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ABSTRACT

Following the rise in popularity of various two-dimensional (2D) materials, e.g., graphene (Gr),
hexagonal boron nitride (h-BN), phosphorene, and transition metal dichalcogenides (TMDs), the
stacked structure of these layered 2D materials (called van der Waals heterostructures) has played an
important role in overcoming the limitations of individual 2D materials and expanding the range of
attainable properties for use in various fields.

In this thesis, we introduced the source contact geometry between a source and a substrate and
optimized the direct growth method to obtain high-quality and uniform WS,/Gr heterostructures with
strong interlayer coupling. The obtained, epitaxially grown WS,/Gr heterostructure possesses
increased domain sizes and an enhanced coverage of monolayer WS, without compromising the
quality of the WS; or significantly damaging the underlying graphene. Particularly, the symmetrical
and narrow photoluminescence (PL) peak reveals the superior crystallinity of the grown WS,. This
result is in contrast to those obtained by different conventional methods, such as the exfoliation
method and CVD growth with conventional opened geometries.

While they host many exciting potential applications, some of these 2D materials are subject to
environmental instability issues induced by interaction between material and gas molecules in air,
which poses a barrier to further application and manufacture. To overcome this, it is necessary to
understand the origin of material instability and degradation processes in air, as well as developing
strategies to extend air-stabilty. The long-term investigations on air stability indicate that the resulting
WS,/Gr heterostructures exhibit outstanding stability, in contrast to the general short-term degradation
of 2H phase TMD (2H-TMDs) flakes grown on conventional substrates. This results not only describe
the superior crystallinity of as-grown WS, on graphene, but electron microscopy images, X-ray
photoelectron spectroscopy (XPS) results, and Photoluminescence (PL) spectra collected over months
suggest that graphene serves a new role by obstructing the aging propagation.

This result shows how important interlayer interactions are in the stacking configuration of the

vdW heterostructure. As an additional study, we show that the characteristics of the subsequent layer



in vertical van der Waals (vdW) heterostructure are considerably affected by the structural defects of
the template layer, comparing two types of directly synthesized WS, flakes on CVD graphene; on the
pristine basal plane of graphene (B-WS,) and on graphene defects (D-WS,). Both of WS, flakes show
the same crystal structure without atomic displacement and lattice distortion. However, they strongly
influenced by interlayer interactions between the stacked layers, affecting the physical and electrical
properties including deformability, thermal stability, and junction property. Combined experimental
and theoretical studies have shown that the difference in the properties of D-WS; flakes could be
originated from the covalent bonds formed via W atomic bridges with hybridized orbitals at defect
sites of graphene. These results suggest that it is importance to understand the interlayer interactions

in 2D vdW heterostructures.
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CHAPTER 1

Introduction to Synthesis of Transition Metal Dichalcogenides

1.1 Introduction

Graphene, a representative two-dimensional material with atomic layer thickness, has drawn great
attention from researchers over the past decade due to its excellent electrical, mechanical and optical
properties that cannot be achieved with conventional three-dimensional materials.! 2”?° The excellent
properties of graphene are attributed to semi-metallic electronic structures with zero-band gap, but they
have limitations that are difficult to apply to semiconductor-based electronics industries such as silicon
due to the disadvantage of not having band gaps in contradiction. Researches on gap-opening strategies
have been actively carried out, but there is a problem that formation of band gap is limited, and charge
mobility is drastically reduced upon formation of band gap.**-3

Thus, other 2D layered vdW materials having excellent semiconductor characteristics have been
investigated beyond graphene in recent years. Especially, group 6 transition metal dichalcogenides,
represented by the formula MX, (M = Mo and W, and X = S, Se, and Te), have opened new viewpoints
for future applications.* 3% 3 For example, the field-effect transistors (FETSs) fabricated with the
monolayer MoS; flakes exhibited superior electrical performance with high on-off ratios of ~108 at room
temperature (RT),* and it could be used in future circuits requiring low standby power. Also, Strong
emission and large exciton binding energy from direct bandgap structure of monolayer MoS; layer can
be utilized for superior optoelectronic applications.** ** Theoretical and experimental results for these
materials have strikingly increased in recent studies. Up to now, “top-down” methods (specifically,
mechanical exfoliation) were used to obtain the best quality 2D vdW flakes.> > However, exfoliation
methods are not only irregular in size, thickness, orientation, and phase, but also process is not suitable
for large scale mass production.

Chemical vapor deposition (CVD) method is the most promising “bottom-up” approach for scalable

635 36 with low defect

synthesis of high crystallinity graphene’ and other 2D vdW materials
concentration for practical applications, such as flexible electronic and optoelectronic devices, sensors,
and catalysts. An evolutionary history of major experimental issues in CVD-based synthesis of 2D
TMDs is shown in Figure 1.1, with the isolation of graphene! and MoS; flakes®. It is well known that
CVD method produces films of high quality and uniformity that are scalable and cost less than those
produced by chemical exfoliation. However, comparing the properties of CVD-produced 2D vdW films
to those of exfoliated flakes, the latter continue to exhibit much better quality thus far.3”-3® Currently,
the controlled CVD growth of large-area, defect-free, and homogeneous films is important, especially
for their optoelectronic and electronic applications. However, in CVD synthesis of 2D vdW films,

different chemical reaction pathway and growth mechanism could be induced by slight changes in

1



growth parameters like precursor, growth temperature, pressure, substrate and flow rate?>3%4°, Thus, in
order to improve the fine control of 2D vdW synthesis with precise composition and crystal structure,
a deeper understanding for the thermodynamics and kinetics associated with the chemical reactions and
growth mechanisms are required. Furthermore, many difficulties remain in realizing pragmatic
applications of 2D materials, such as the formation of vdW heterostructures with abrupt interfaces® !

and the controlled concentration and carrier type in heterojunction devices.*> *
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1.2 Basic Growth Models of 2D Material Growth by CVD Method

In the CVD synthesis of 2D materials, various growth variables including temperature, pressure,
flow rate, substrate are involved in the nucleation and growth. According to previous reports, there are
three major growth models in 2D material synthesis: layer-by-layer (LBL), screw-dislocation-driven
(SDD),* and dendritic growth models.** In addition, the determination of the growth modes depends
on the supersaturation concentration of the reactants. Figure 1.2a shows LBL growth model, commonly
observed in graphene and various 2D TMD synthesis. Because the nucleation of a layer requires
overcoming high energy barriers, high supersaturation conditions are highly important for the initiation
of nucleation and for the appropriate crystal growth rate for LBL model.*® In the synthesis of 2D
materials using CVD process, suitable concentration control of the reactants gives precise
controllability of the number of layers and layered vertical heterostructures. Previously, SDD model
was mainly presented in the synthesis of 1D oxides and nitrides in the solvent.*” Meanwhile, recent
reports have revealed that 2D materials are able to follow SDD model (Figure 1.2b) under low
supersaturation environments in CVD system.*®*’ The new layer occurs at the center of the first layer
with a faster growth rate than the bottom layer, and stop growing when catch up with the bottom layer.
As aresult of this SDD model, the obtained 2D materials exhibit a pyramidal shape, and recent studies
showed that their threading dislocation carry out the helical electrical transport in the vertical direction
with the conductance enhancement.’® These models are important as a potential strategy to control the

rotation angle or number of stacking of layers in 2D materials.

Screw-Dislocation-Driven growth

Figure 1.2 Schematic illustrations of (a) LBL and (b) SDD growth model, respectively. Reproduced

from ref 2,



1.3 Major Variables in CVD Growth of 2D Materials

CVD is the process that includes the activations and chemical reactions of gaseous reactants, with
their nucleation and growth on the target substrate. In particular, CVD process must be able to: 1)
transport the reactants with carrier gases into the growth chamber, ii) provide sufficient energy for the
efficient progression of chemical reactions, and iii) transport and remove of by-products. Growth
parameters for this CVD process are highly important because the structural features of obtained film
(such as morphology, defect concentration, and phase), which can be controlled by growth parameters,

greatly influence the characteristics of the 2D materials.

1.3.1 Reactants and Precursors

Molecular precursors play in a role in reactants for the process of CVD. In short, three reaction
processes (thermal decomposition, chemical transport, and chemical synthesis) are commonly involved
in converting precursors into the target products. Those precursors should be capable of thermal
decomposition at the target temperature and enough volatility to have an acceptable growth rate.
However, as a characteristic of CVD, the energy for activating the entire process varies depending on
their types of precursors. Recently, CVD method was modified to accommodate the expandable growth
for single crystalline graphene, and the layer thickness was reduced to a monolayer.>>*® As C sources
for graphene growth, various hydrocarbon precursors are generally applied, such as CHs, CH,=CHo,,
and CH=CH (the reaction energy of dehydrogenation: 410, 443, and 506 kJ/mol).’! The thermal
activation of methane (CH4) is particularly challenging because dehydrogenation in the gas phase of
CH, to CH,- is highly endothermic, with the calculated values of 4.85, 5.13, 4.93, and 3.72 eV required
for the successive dehydrogenation to CHs;, CH,, CH, and C, respectively.’! 32 Owing to the strong TM-
CH,.; and TM-H interactions, there is a significant reduction in these values on catalytic TM surfaces
such as Cu, Ni, Pt, and Pd (with activation energies ranging from 25 to 60 kJ/mol), and theoretical
studies suggests that even exothermic dehydrogenation processes could occur over some TM surfaces.*!
52 Currently, graphene growth by CVD using a CHy precursor is generally performed on TM surfaces
at low temperatures (~900-1,050 C).> > 3 Besides, graphene can be doped with N or P atoms by

introducing gaseous NH; or PH3.%%



Molybdenum Melting temp. Tungsten Melting temp.[°C] Chalcogenide Melting temp.

precursors (decomposition) precursors (decomposition) precursors (decomposition)
Mo 2,623 °C W 3,422 °C S 120 °C
MoO; 795 °C WO, 1,473 °C Se 221°C
MoO, 1,100 °C WO, 1,700 °C Te 450 °C
MoO.Cl, 175 °C WO.Cl, 266 °C Boiling temp.
MoCls 194 °C WCls 275°C (CHs)S 37.33°C
MoOCl, 101 °C WOCl, 211 °C (C2Hs)2S 92.1°C
Mo(CO)s 150 °C W(CO)s 150 °C (CH3).Se 49.8 °C
heptamalybate 190°C Metatongstate 100°C (CHol:Te 50°C

Table 1.1 Decomposition temperatures of transition metal and chalcogen precursors. Reproduced

from ref %,

In comparison, solid precursors are considerably used for the CVD-based synthesis of various
TMDs at the moment. As described in Table 1.1, metal oxides ((Mo, W)O;), oxychlorides ((Mo,
W)O,Cl,), chlorides (MoCls), or metal thin films (or foils) commonly use as transition metal sources
(Mo or W), while S, Se, or Te powders serve as chalcogen sources.® 7 3% 3¢ Due to the different vapor
pressures depending on the precursors, the parameters, such as temperature, pressure and carrier gas
flow, should be carefully optimized to form a stable vapor flux in CVD process. The vapor pressures of
solid precursors are also very sensitive to temperature, requiring accurate control of temperature. In
particular, the controllable synthesis of W-based TMDs is known to be difficult because the sublimation
temperatures of the W-containing solid precursor is much higher than the temperatures of the Mo-
containing precursors.’® Although gaseous precursors (i.e., Mo(CO)s, WOCLs, WClg, and H,S) have
been shown to enhance the uniformity of the synthesized TMD flakes or films, but the crystal quality

or growth rate has been compromised.® 3

1.3.2 Temperature and Kinetics

In the fabrication of optoelectronic and electronic devices, insulating and passivation films have to
be evaporated to metallize device contacts and interconnects, or to encapsulate various parts of the
internal circuitry. Since the upper limit temperature is about 450 °C, the processing temperature for
semiconductor must be reduced.?"> 37 However, high-temperature is essential for the synthesis of high
quality thin films. In a general theory of nucleation at the vapor-solid interface, a thermodynamic
process is induced at the high synthesis temperature, while a kinetic process is induced at the low

synthesis temperature.®’



<« Gas Film ——>

Figure 1.3 Schematic illustration of Grove model for vapor deposition. Reproduced from ref 2!,

The temperature parameter in CVD generally affects the deposition rate and structural quality of
products on the substrate as well as the chemical reactions of precursors in the gas phase. It is useful to
revisit the treatment of the kinetics of thin film growth by Grove?' to understand the effect of
temperature. The basics of this simple model are shown in Figure 1.3, which shows the environment in
the vicinity of the interface of the film grown by a gas-assisted process. A drop in the concentration of
the reactant from C, in the bulk of the gas to C; at the interface occurs. The corresponding mass flux Jg,
is given by

Jgs = hg(Cy— Cs) =Dy(Cy— G5)/8 (1.1)

where /g is the gas-phase mass transfer coefficient and is relatively insensitive to variations in

temperature (4y = D,/d, where Dy is the gas-phase diffusivity and J is the boundary layer thickness). The

mass flux J; consumed by the surface reaction of the growing film is approximately proportional to Ci:
Js = ksCs = ACsexp(—E,/kT) (1.2)
where k; is the rate constant for the surface reaction, A is a proportional constant and E, is the

activation energy of the surface reaction. In the steady state, J, = J;, S0

C
C, = g
S 1+ks/hg

(1.3)

Equation (3) implies that 1) if 4, << k;, low gas transport through the boundary layer will limit the
rapid surface reaction, a condition referred to as “mass transfer (diffusion) control”; ii) if 4, >> k, the
surface reaction will be stagnant even if sufficient reactant gases are available (i.e., C; approaches C,),
referred to “surface reaction control”. At low temperatures, film growth is surface-reaction-controlled,
whereas at high temperatures, the film growth is mass transfer or diffusion-controlled. In a typical CVD
process, actual film growth is carried out in the gas diffusion-controlled region, where the temperature

response is relatively flat.



1.3.3 Growth Pressure

Before growth, the vacuum level should be minimized to obtain films with high purity. The low
base pressure of the growth chamber reduces the concentration of residual gases, water molecules, and

impurities.?! >

Previously, CVD strategies were used in low pressure (LP) systems of 0.1-1 Torr to
synthesize high quality Si-based films, which improved the controllability of the contamination and
stoichiometry. Practically, large batches of wafers can be processed at a time, and because of the
generally high deposition rates, improved film thickness uniformity, better step coverage, lower particle
density, and fewer structural defects, LPCVD has important advantages relative to atmospheric pressure
(AP) (~760 Torr) CVD processing to grow wafer-scale TMD materials.® 35 While no clear evidence
has been reported that the partial pressure of a precursor can influence to the growth mode of 2D TMD

films,? highly complicated processes and mechanisms with major growth variables are engaged in the

growth pressure. Further investigations are required to reveal the impact of growth parameters for sure.

1.3.4 Substrate

In selecting the growth substrate, variables other than the material or its chemistry should be
considered. Crystal structure and orientation, texture, single- and poly-crystalline character and grain
size, surface morphology, and defects and impurities have proven to be crucial in the nucleation and
growth of 2D materials. The substrate can be simply defined as the surface where the material is
deposited in the CVD process; however, it does more. Catalytic metal substrates (i.e., Ni and Cu) are
widely used as substrates for graphene synthesis as well as catalysts, because of their catalytic abilities
and carbon solubilities.” > *® Meanwhile, TMD materials are commonly synthesized on the conventional
inert substrates without catalytic effect, like sapphire and SiO,. Thus, the synthesis is easily affected by
the substrate treatment before the growth.® Especially, the microstructure and crystal lattice of the
substrate have critical effects on the vapor phase synthesis of TMDs. For instance, because of the
specific lattice orientation of c- sapphire with the atomically smooth terraces, the synthesized TMDs on
c-sapphire substrate showed preference for certain orientation, related to the crystal symmetry and the
surface terraces of the substrates.®® > Meanwhile, in the use of metal foil as a substrate, the
crystallography of substrate metal can mediated a strong effect on the nucleation and domain size of
TMDs by selecting different facets. This preferential growth on certain facets are explained by different
binding energy between TMDs and substrates depending on the facet.” Furthermore, the arrangement
of substrate plays an important role in the morphological control. For instance, MoS2 flakes grew into
a continuous film with large domain sizes of ~20 wm on the target substrate in the vertical position of
the system, as compared to the horizontally arranged substrate, due to the enhanced uniformity of the

precursor.%



1.4 Strategies for Vapor Phase Synthesis for 2D TMDs

Many researches have been focused on the development of scalable synthesis methods for
semiconducting TMD monolayer production with large crystals using various growth techniques such
as PVD, pulsed laser deposition (PLD), ALD, MBE, and CVD. Among these “bottom-up” synthesis
methods, CVD is most likely to achieve high-quality, wafer-scale 2D TMDs at a low cost. Presently,
the CVD synthesis of TMD films can be largely categorized into the following three pathways,
depending on the precursor supply method: i) direct vapor-phase chalcogenation of pre-deposited TM

sources, ii) vapor deposition, and iii) metal-organic chemical vapor deposition (MOCVD).

1.4.1 Direct Chalcogenation of Solid Phase Sources

A simple strategy for obtaining TMD films is the direct chalcogenation of pre-deposited TM
precursor films. The reaction mechanism used to synthesize TMDs can be understood based on the
simple and direct chemical reaction. Taking the synthesis of MoS; as an example, Tarasov et al. reported
thermal annealing of a pre-deposited Mo film on SiO; in S vapors for the preparation of wafer-scale
single- and few-layered MoS; films (Figure 1.4a).°! By controlling the thickness (1-5 nm) of the Mo
film, they showed that the thickness of the atomic MoS; layer depends only on the thickness of the pre-
deposited Mo film. This indicates that direct sulfurization is an easily scalable and controllable method
for depositing atomically thin MoS, layers on target substrates. However, the MoS; layers synthesized
using this method showed poor carrier mobilities ranging from 0.004 to 0.04 cm*V-'s™! at RT, due to the
formation of MoS, layers with small grains of 10 to 30 nm and the presence of unreacted metal
impurities.®? Similarly, Lin et al. reported an alternative strategy that involves replacing the Mo metal
with a MoOs thin film.®* MoO; thin films of the desired thickness were prepared by thermal evaporation
on a sapphire substrate to produce wafer-scale MoS; thin films. First, the MoOs film was reduced to
MoOs., at 500 °C with an H, flow, and then MoS; layers were achieved over a 1 x 1 cm? substrate by
sulfurization at 1,000 °C in a sulphur-rich environment. The as-grown MoS; film was transferred to the
target substrates for electronic device fabrication, and it showed a relatively high on/off ratio of ~10°
(tri-layer). Hussain et al. used radio frequency (RF) magnetron sputtering to deposit MoOs films, which
were sulfurized at 650 °C to prepare MoS,.?> The thickness of the MoS; film can be controlled by
varying the sputtering time. Sputtering times were set to 50, 80, 100 and 150 s using a RF power of 150
W, and the results were matched to monolayer, bilayer, trilayer, and few layers of the MoS, based on

photoluminescence (PL) and Raman measurements.
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Figure 1.4 (a) Typical setup for the direct chalcogenation of the pre-deposited Mo film. Reproduced
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from ref #2. (b) A schematic illustration of the growth process for 1T’ and 2H MoTe; using Mo and
MoO; as precursors with controlled concentration of Te. (c) AFM images of the 1T° MoTe; films

obtained from MoOs (left) and from Mo (right). (b, ¢) Reproduced from ref 2.

A similar strategy has also been adopted for the synthesis of other TMDs (i.e., MoSe,, WS;, and
WSe») layers.®* Moreover, Zhou et al. synthesized high-quality 2H and 1T’ MoTe, films with high
homogeneity.”* Previously, the synthesis of high-quality 1T> MoTe, was difficult due to its inherent
metastability at ambient conditions (details of TM ditellurides are presented in Section 4), with a small
ground-state energy difference (~35 meV/unit cell) sensitive to the excess or deficiency of Te.% %
Therefore, it is important to develop a feasible synthesis method of 1T” MoTe; with high crystal quality.
Using the controlled tellurization of MoOs, as shown in the schematic illustration of Figure 1.4b, 2H
MoTe; would be obtained with a sufficient Te source and 1T" MoTe; would be obtained under
insufficient Te.!® Zhou et al. also found that the TM precursor determines the quality and morphology
of the as-grown 1T’ MoTe,. 1T' MoTe; grown from MoOs has higher quality and better uniformity than
the 1T MoTe, grown from Mo film (Figure 1.4c), due to the different sublimation temperature and
atomic migration behavior.

To obtain high-quality TMDs with the desired number of layers and wafer-scale uniformity, the
thickness of the pre-deposited TM precursor needs to be precisely controlled. However, it is difficult to
achieve uniform and precise thickness of the pre-deposited TM or TM oxide thin films. Furthermore,
the as-synthesized film is generally polycrystalline with a grain size of several nanometers (~20 nm),
due to limited surface diffusion (or migration) of the TM precursors.®> %

In addition to the aforementioned methods, TM precursors have been deposited by dip-coating,

sputtering, electron-beam evaporation, or ALD in order to find a suitable deposition condition for

uniform wafer-scale chalcogenation. By controlling the number of cycles of ALD for WO; deposition,
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Song et al. achieved WS, layers with controlled thickness.®” However, the use of ALD precursors such
as WH,(iPrCp)s is not easy or practicable. In addition, growth is also limited to specific substrates.

In an effort to increase the grain size, Tai et a/. introduced pre-annealed Mo foil as a TM precursor
and obtained MoS, monolayer with a large domain of more than 50 um in size at 600 °C within 1 min.®
The high temperature pre-annealing process was used to enlarge the grains of Mo and improve the
overall sample cleanliness, similar to the pretreatment performed during graphene growth.® According
to the solid-state crystal growth theory, the S atoms around the Mo foil surface will first precipitate
when the surface diffusion rate of S atoms on the Mo foil is higher than the bulk diffusion rate. Then,
the S atoms reach super-saturation and finally react with the top layer of Mo atoms on the Mo foil.”
They also presented the effect of crystal orientation of Mo on the synthesis of MoS; thin films
(preferential growth of MoS, on the Mo(100) facets), due to the higher binding energies of S atoms on
Mo(100) (3.799, 3.038, and 2.599 eV) than on Mo(111) (2.888, 2.875, and 1.939 eV) calculated by
placing the S atom on the surface of a (1 x 1), (2 x 1), and (2 x 2) unit cell of Mo slabs, respectively.

1.4.2 Vapor Deposition

The vapor deposition method is one of the widely studied strategies for producing large-area and
high-quality TMD thin films in order to meet the demands of optoelectronic and electronic applications
and future scale-up fabrication. Therefore, considerable effort has been expanded to fully understand
the growth of TMDs using vapor deposition. Figure 1.5a presents a typical experimental setup for vapor
deposition. Each TM and S precursor (MoO3 and S powders, representatively) was placed in a quartz
tube. The reaction process for the vapor deposition of 2D TMDs using MoQO; as a TM precursor is as
follows: 1) the evaporated metal oxide precursor is initially reduced by S vapor to form a volatile
MoQ.S, intermediate phase; ii) MoO,S, diffuses from the carrier gas onto the target substrate; iii) on
further reaction with the S vapor during the migration, MoOxS, initiates nucleation and forms
MoS:flakes. As a result, the concentration of individual chemical species and their ratios, the flow rate
of the carrier gas, the growth temperature, and the source—substrate configuration are key parameters
governing the quality as well as uniformity of the TMDs grown. The control and optimization of these
factors pose challenges for controlling the nucleation density and sheet size of the 2D TMD materials.
In particular, the source—substrate configuration, including precursor methods, is very crucial because
it can control all the factors listed above. With regard to the configuration of the target substrate with
respect to TM precursor, there are three different approaches as shown in Figure 1.5b: i) point-to-face,*

25,71 4i) horizontal,*”->* and iii) face-to-face.”> 73
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Figure 1.5 (a) Experimental setup of the vapor deposition furnace. (b) Schematic illustrations of three
configurations of the target substrate with respect to metal precursor: point-to-face, horizontal, and

face-to-face. Reproduced from ref 4,

In the early stage, point-to-face and horizontal precursor supply approaches have been proposed for
growing TMD monolayers with controllable thickness and large grain size. These approaches have
involved the use of a solid TM oxide powder as a precursor (e.g., MoQO3). Lee et al. proposed a point-
to-face precursor supply approach to grow large-domain TMDs with controllable thicknesses. They
reported the successful synthesis of single-crystalline MoS; flakes directly on SiO; substrate by facing
downwardly towards the MoQOj3 precursor. It has been widely used as a framework for the fabrication of
TMD films.® However, with the point-to-face configuration, it is not easy to reproducibly obtain
uniform large-area monolayer films by using this powder-based approach. This is attributed to the
inhomogeneous distribution of the MoO3; powder and the limited control over the nucleation density
from the fast-kinetic reactions at high temperatures.?> ’ In this regard, Wang ef al. and Rajan et al.
studied intensively the relationship between the mass ratio of the precursor to the morphology evolution
of MoS; and the temperature and flow rate.?>”! As shown in Figure 1.6a, the MoO; vapor concentration
varies depending on the Mo source and the growth position on the substrate, based on which the ratio

between Mo and S varies in the reaction, as shown in Figure 1.6b.
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Figure 1.6 (a) Schematic diagram of point-to-face CVD process showing the spatial sectioning of the
growth substrate with various MoO3 vapor concentrations as a function of distance between Mo
source and substrate. (b) AFM images for shape evolution of MoS; crystals depending on the spatial

location of the substrate. (a, b) Reproduced from ref 2.

As a result, the shape and size of the grown MoS; differs depending on the location. Based on the
results of these studies, strategies are needed to deliver TM precursors sufficiently and uniformly
because the point-to-face structure is difficult to be applied to a variety of reactor types and conditions
and has limited reproducibility.

In order to demonstrate the synthesis of triangular domains and continuous MoS; films, Najmaei et
al. used a horizontal supply configuration instead of the point-to-face configuration, by placing MoOs-
nanoribbon-covered plate alongside the target Si substrates.’” However, the MoS; flakes obtained using
horizontal configuration were also irregular and showed a position-dependent result with low
coverage.”” Both the configurations have shown that controlling the nucleation reaction at the initial
growth stage is one of the important factors for obtaining a large domain size. Ozden et al. showed that
larger flakes can be obtained even with the point-to-face approach by using closed crucibles to achieve
a higher transition metal precursor confinement effect in the growth zone.” In their study, they were
able to control the size and shape of the flakes by changing the substrate crucible types and adjusting
the S/MoO:; ratio.

To address this issue, Wang et al. oriented the growth substrate in a vertical position with its surface
perpendicular to the gas flow direction and improved the uniformity of the precursor feed-stock
compared to the horizontally positioned growth substrates.”” Such vertically loaded substrates can
decrease the thickness of the boundary layer (6) and reduce the diffusion energy barrier for precursors

to reach the substrate. In contrast, with a horizontally positioned substrate, the boundary layer is much
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thicker than that with a vertical substrate, resulting in a sharp reduction in the precursor concentration
as it passes through the boundary layer, which limits the growth of the TMD films.

Unlike transition metal or transition metal oxide precursors, which have a high melting temperature
(see Table 1.1), volatile compound precursors (such as Mo(CO)s, MoCls, and WClg) have a high vapor
pressure even at rather low temperatures (<500 °C), thus having a higher pressure than that of TM
precursor in the atmosphere.” For instance, Yu ef al. used MoCls as a precursor to synthesize MoS,
over a wafer-scale. Depending on the partial pressure of MoCls, they also obtained MoS; films with the
controlled layer numbers. They suggested that the growth mechanism of uniform MoS; films using
MoCls source is a “self-limiting” process, which is assumed to be the formation of gaseous MoS,
followed by diffusion to the substrate and further precipitation to the MoS, flakes.” However, the
quality and growth rate of the grown material were reduced,”° for example, the carrier mobilities of the
MoS;-based FETs were only 0.003-0.03 cm?V-!s'. Furthermore, transition metal halides and
hexacarbonyls can release highly corrosive HCl and carbonaceous residues upon decomposition,
respectively, and these residuals can cause degradation of the grown crystals.” 8

O’Brien et al. proposed a face-to-face geometry for the growth of MoS, monolayers by using liquid
exfoliated MoOj; nanosheets as the TM precursor.® This close proximity precursor supply was achieved
by drop-casting the MoOs nanosheets onto the substrates, and then placing the growth substrates face

down on top of them.

1.4.3 Metal-Organic Chemical Vapor Deposition (MOCVD)

As described earlier, solid-phase precursors such as TM oxide and S powders have been used for
both direct vapor-phase chalcogenation and vapor deposition.”® > However, solid-phase precursors have
limitations in the continuous and constant supply of precursors during the growth process, since it is
difficult to control the vaporization of the solid precursor with temperature.?> *® Consequently, the
thickness and coverage of the grown TMD films exhibit undesirable variations.

On the other hand, a gas-phase precursor has the advantage of providing controllability.®! Though a
gas-phase precursor for Mo and W has not yet been reported, a liquid-phase precursor can be an
alternative. MOCVD has been used widely for the synthesis of III-V semiconductors (such as (Al, Ga,
In)(N, P, As)) using liquid precursors with a bubbler system.** Kang et al. reported the MOCVD growth
of highly homogeneous and 4-inch scale MoS, and WS; at a growth temperature of ~550 °C using a
combination of diethyl sulfide ((C:Hs),S, liquid phase with a melting point of 92.1 °C) and molybdenum
hexacarbonyl (Mo(CO)s, solid phase with a low melting point of 150 °C) (Figure 1.7a).° The resulting
films showed highly constant electrical properties over the entire 4-inch area (the average grain size
increases from hundreds of nanometers to more than 10 pm by controlling H, flow), including a high

electron mobility of 30 cm?V~'s™! for MoS; and 18 cm?*V~'s™! for WS; at RT. Using monolayer MoS,
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film, they fabricated wafer-scale FETs with a 99% device yield and vertically stacked transistor devices
through multi-level fabrication for 3D circuitry. This work suggested the feasibility of wafer-scale batch
fabrication of high-performance devices and next-generation integrated circuits (ICs) with TMD
monolayers (Figure 1.7b). However, the growth time for the complete monolayer MoS; film was long,
~27 h; this case brings into question the whole purpose of the MOCVD process and therefore, it is still
necessary to find new development strategies. In addition, carbon-based contaminations from the metal-
organic compounds in precursors could be introduced during the reaction, which may be undesirable
for electronic applications.

In an effort to resolve the issue of growth time, Kalanyan et al. proposed a pulsed MOCVD
method.®® The pulsed injection strategy contributed to achieving layered MoS; at a comparatively low
reaction temperature of 591 °C and short deposition times (approximately 90 s for few-layer films).
They also grew films of various thicknesses by varying the number of injected pulses. This relatively
low temperature and fast processing could be advantageous for applications requiring thermal
compatibility with flexible glass substrates and low cycle times for roll-to-roll processing. However, the
grain sizes of these continuous films are still limited to a few micrometers, which undermine their

performance and applications in electronics because of the scattering of carriers at GBs.
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Figure 1.7 (a) Diagram of MOCVD growth setup and photographs of monolayer MoS; and WS films
grown on 4-inch fused silica substrates with bare silica for comparison. (b) Schematic illustration for
multilayer device fabrication of MoS, device/SiO; by alternating MOCVD process (top). False-color

SEM image of two-layer MoS, FET arrays, and Isp—Vsp curves obtained from the first and second

layers of MoS; FETs, respectively (bottom). Reproduced from ref .
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CHAPTER 2
Synthesis of 2D TMDs on Graphene for Vertical vdW Heterostructures

2.1 Vapor-Phase Growth of TMDs-Based Vertical Heterostructures

These atomically thin TMDs can also be combined with other 2D materials such as graphene, A-
BN, and different TMDs materials to form vdW heterostructures, in which multiple layers of 2D
material are vertically stacked layer—by—layer or stitched together seamlessly in a plane to form lateral
heterojunctions. Heterostructures based on 2D materials have recently emerged as a new area of
research in condensed matter physics and materials science. Many novel physical properties, related to
electron—electron bonding and electron—phonon bonding due to layer—layer interactions, have been
explored in these vdW heterostructures. In addition, the energy band alignment and charge carrier
mobility of such heterostructures can be adjusted by selecting the components of the heterostructure
that meet various application requirements. Thus, new materials and systems can be designed by
accurately designing the components and sequences used to construct heterostructures.

There are generally two types of 2D heterostructure materials: a vertical heterostructure in which
different 2D materials are stacked vertically without overlapping between layers, and a lateral
heterostructure, where different 2D materials are perfectly bonded to one another in the same plane via
covalent bonds. In the case of vertical 2D heterostructures, multiple step layer—by—layer stacking was
easily implemented because interlayer interactions are mainly due to the vdW heterostructure and there
is little or no demand for lattice matching between the different layers. Yu et al. reported a typical
example of a vertical transistor developed by combining exfoliated graphene and MoS, flakes.** They
proposed a new device structure, instead of a conventional device structure that horizontally connects
the electrodes, and reported that the Schottky barrier formed between graphene and MoS; can be
efficiently controlled to have a high current density over 5000 A/cm?. As another example, single layer
MoS»/WSe; heterostructures were obtained by transferring flakes of different materials to a flake of
another material using a poly(methyl methacrylate) (PMMA )-assisted method.®

However, the aligned stacking of individual exfoliated or transferred flakes is time consuming and
suitable only for manufacturing one device at a time, which is disadvantageous to mass production. In
addition, contamination caused by trapped impurities or residues at the interface and damage during the
transfer process can adversely alter the intrinsic properties of each individual material and the resulting
heterostructures. Therefore, the development of CVD-based methods to prepare 2D heterostructures
has been explored to not only prevent contamination at the interlayer interface but also to control the

lamination direction, which greatly affects the electrical and optical properties of the structures.® 3¢

16



2.1.1. TMD-Based Vertical Heterostructures with Different TMDs

TMD/TMD heterostructures have attracted much attention because the stacking of different TMDs
can be used to form several types of heterostructures owing to their wide bandgap and electron affinity.
To fabricate artificial TMD/TMD vertical heterostructures with atomically clean and sharp interfaces,
a one-step CVD method was developed with the addition of Te for accelerating the melting of W powder
during the growth process.® In this study, MoO; powder is placed in front of a bare SiO,/Si wafer for
growing MoS,, while a mixed powder of W and Te is scattered on the wafer for growing WS, (Figure
2.1a-c). The differences in nucleation and growth rates cause the sequential growth of MoS; and WS,,
instead of Mo,W .S, alloy formation, and the precise reaction temperature determines the structure of
the final product. At high temperatures (~850 °C), WS, monolayer was epitaxially grown on top of
MoS; and predominantly vertically stacked with the preferred 2H stacking order.® Several similar
reports of CVD growth for various vertical heterostructures, such as WS>/MoS,, WSe:/MoSe,,
WSe»/MoS,, and MoS,/WSe;, have been demonstrated through the simultaneous reaction of either TM-
based precursors or chalcogens.’” ¥ Furthermore, the sequential two-step synthesis of TMD
heterostructures was also reported by Gong et al. for the first time, where MoSe; was synthesized first,
followed by the epitaxial growth of WSe» on the edge and on the top surface of MoSe». Their two-step
growth process generated well-defined 2H and 3R stacking in the WSe»/MoSe; bilayer regions.*

a
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Figure 2.1 (a) Schematic of the synthesis process for both vertical and lateral heterostructures. (b)
Optical image of the WS»/MoS; vertical heterostructure (synthesized at 850 °C) for Raman

characterization. (c) Raman spectra measured on the four points in b). (a-c) Reproduced from ref ®.
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However, these heteroepitaxy-based CVD-grown 2D TMD heterostructures have limitations in that
their location, size, thickness, and uniformity cannot be controlled. A chalcogenation of TM precursor
films can provide scalability and patternability to the resulting vertical heterostructures.”®°' Through a
two-step individual chalcogenation process, Xue et al. obtained periodic arrays of MoS,/WS; vertical

heterostructures by preventing the phase mixing of TMDs effectively in an unpredicted manner.”!

2.1.2 TMDs-Based Vertical Heterostructures with Graphene or #-BN

TMDs/Graphene-based semiconductor/metal vertical heterostructures are noted in that they utilize
both the advantages of TMDs with a wide choice of compositions and band gaps and graphene with
tunable work function, excellent electrical and mechanical properties. Accordingly, these
heterostructures show unique characteristics in electronic and optoelectronic applications.’> ** When
considering that the most commonly used mechanical exfoliation and aligned stacking methods are
difficult and only available for individual device fabrication, it is highly important to develop the CVD-
based fabrication method for heterostructure.

However, at the typical growth temperatures for high-quality graphene or 4#-BN over 1000 °C,
TMDs can possibly decompose (see Table 2.1).

LP LP
in air (10°to 10® in air (10°to 10®
torr) torr)
MoS; 350 °C 1090 °C WS, 440 °C 1040 °C
MoSe, 400 °C 980 °C WSe, 350 °C 930 °C
MoTe, 400 °C 700 °C WTe, 427 °C 700 °C

Table 2.1 Dissociation temperatures of group VI TMDs. Reproduced from ref 2.

Moreover, metal substrates such as Cu or Ni, which are most commonly used for graphene growth,
can be corroded by the chalcogen vapor at an elevated temperature. Thus, there is no way but to
synthesize TMDs on transferred graphene or #-BN for CVD-based heterostructure synthesis.”* *> One
of the earliest reported attempts to fabricate the MoS,/graphene heterostructure was by Ago et al. using
APCVD.*: %6 Figure 2.2a-b shows that the orientation of MoS, coincides with the orientation of the

graphene template, exhibiting heteroepitaxial growth.?
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Figure 2.2 (a) SEM image of the obtained MoS,/graphene heterostructure. Inset: a current map of the

MoS; grain. (b) Selected-area diffraction from one MoS; grain. (a, b) Reproduced from ref 6.

Similarly, Wang et al. reported a scalable CVD method for achieving MoS,/A-BN vertical
heterostructures. A large-area #-BN film was grown on a Cu substrate by the CVD method and
transferred onto a SiO,/Si substrate. Then, MoOs and S powders were used as precursors to grow the
individual MoS, domains directly on the entire #-BN surface.’* Yan et al. also reported the direct growth
of monolayer MoS, on 4-BN flakes exfoliated by scotch tape.”” The as-grown MoS»/A-BN
heterostructure showed considerably stable electrical environmental scattering and a high potential.

However, regardless of the target structure, these previous reports have shown common difficulties
associated with a localized growth area and a limited flake size of approximately several hundred
nanometers because of the high-energy barrier from the inert surface of the growth template. Therefore,
the growth should be further studied to obtain large-area, uniform heterostructures of high crystal
quality for potential applications. In addition to the uniformity and crystal quality, efficient interlayer
interactions are another critical factor for the preparation of the heterostructures. In particular, for the
photodetectors and photovoltaic devices that use TMDs as the light absorption layer and graphene as
the charge-transport layer, the generated photocarriers are effectively transferred from the TMDs to
graphene before recombination.

In here, we introduced the source contact geometry between source and substrate and optimized
direct growth method for high quality and uniform WS, flakes on graphene with strong interlayer
coupling. This approach allows the formation of WSy/graphene heterostructure having increased
domain sizes and enhanced coverage of monolayer WS, without a compromise with the quality of WS,
and significant damage on graphene. Particularly, the symmetrical and narrow photoluminescence peak
reveal the superior crystallinity of grown WS;, compared to that obtained by different conventional

method, such as exfoliation method and CVD growth with opened geometries. Our efforts to synthesize
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high quality and enlarged size of TMD layers directly on Graphene with high-surface coverage can pave

the way for various applications in the future of TMD heterostructures.
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2.2 Experimental Methods

Preparation of graphene substrate

Graphene was grown on 25-pm-thick Cu foils (Alfa Aesar, 99.8% purity) that had been previously
cut with razorblade into 4 cm x 4 cm strips, using a homemade hot-walled CVD system. These strips
were electrochemically polished in phosphoric acid for 15 min to clean the bare Cu surface and were
subsequently rinsed with distilled water followed by isopropyl alcohol. Then the Cu strips were loaded
into a 4 inch quartz tube followed by evacuating the chamber to ~3 mTorr; the temperature was then
increased to 1,000~1,050°C under an H» environment (H, flow rate of 5 sccm). After annealing of the
Cu strips for 10 min, the graphene was synthesized by introducing methane gas (CHs flow rate of 10
sccm) and then cooling the Cu strips under the same conditions. Following the growth, graphene layers
were transferred onto SiO»/Si for further investigation using a conventional wet-transfer method
assisted by poly(methyl methacrylate) supporting layer and an aqueous solution of 1M ammonium
persulfate.
Direct synthesis of WS»/Gr heterostructures

Growth of WS, was carried out on using a two-zone furnace system with a WO3 thin film as the W
source and S powder (99.998%, Sigma-Aldrich) as the S source. For the uniform source, 1 nm of WO;
thin film was evenly deposited onto SiO»/Si using an e-beam evaporator (WOs pellets, Tae Won,
99.99%). The obtained graphene substrate was placed face-to-face on top of WOs film. This WO3/Gr
assembly was loaded at the center of the heat zone of the furnace, with S powder containing boat at the
upstream of the furnace. Before heating, the whole furnace system was purged with 500 sccm Ar gas
(99.999 %). Then, 30 sccm Ar was introduced into the system as a carrier gas and the system was
gradually heated up to 950 °C. After reaching 950 °C, S powder was started to melt (heated to 200 °C)
using the equipped heating jacket and kept constant for whole growth process (40 min).
Characterizations

SE mode and BSE mode SEM measurements were performed using a Cold FE-SEM (Hitachi SU-
8220) with an accelerating voltage of 1kV. The surface morphologies of WS,/Gr samples were observed
using an AFM (Bruker Multimode 8) operating in tapping mode. The optical absorbance of a WS,/Gr
that was transferred onto a glass substrate was measured using UV-vis spectroscopy (Varian, Cary 5000)
between 200 to 800 nm in dual-beam mode. The Raman spectroscopy and mapping were obtained using
a WiTec Alpha 300R M-Raman system equipped with a computer-controlled x-y translation stage and
a 532 nm excitation source. During the measurements, the laser power was kept below 0.5 mW at the
sample to avoid laser-induced thermal effects or damage. The XPS spectra were measured by a K-alpha
spectrometer (Thermo Fisher) using a non-monochromatic aluminum Ko X-ray excitation source
operated at a power of 72 W; the diameter of the analysis area was ~0.4 mm and the pass energy for the

electron analysis was 50 eV. The base pressure of the analysis chamber was less than ~1 x 10 mbar.
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For TEM observations, the WS,/Gr heterostructures and individual WS, flakes grown on SiO»/Si
were transferred onto TEM grids by wet transfer method. High-resolution (HR-TEM) images and the
corresponding SAED patterns of the samples were obtained on a FEI Titan cube G2 60-300 at UNIST,
which was equipped with an image-aberration corrector and monochromator. The microscope was
operated at an acceleration voltage of 80 kV to decrease beam damage to the samples.

PL spectra were collected using the 514.5 nm (2.41 eV) line of an Ar ion laser as the excitation
source. For micro PL measurements, the laser beam was focused onto a sample by a 50x microscope
objective lens (0.8 NA), and the scattered light was collected and collimated by the same objective lens.
The laser power was kept below 100 pW. To investigate the temperature dependence of the PL signal,
we used a macro-PL system in quasi-back scattering geometry. The laser beam was focused with a
spherical lens to a spot of ~50 um size. The sample was mounted in a closed-cycle-refrigerator (CCR),
and the temperature was varied from 10 to 298 K. The laser power was maintained below 1 mW for all
of the measurements. The scattered signal was dispersed by a Jobin-Yvon Horiba iHR550 spectrometer
(300 grooves/mm) and detected with a liquid-nitrogen-cooled back-illuminated charge-coupled-device

detector.
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2.3 Epitaxial Growth of TMDs on CVD-Grown Graphene using Contact Mode

Figure 2.3a presents a schematic of a two-zone furnace system for the direct growth of WS; layers
on graphene with WOj thin film as a tungsten source and S powder as a sulfur source. For the uniform
source supply, 1 nm of WO3 thin film was deposited evenly using electron-beam evaporator, then it
placed on graphene substrate with face-to-face contact (Figure 2.3a) for increasing the evaporated mass
ratio per area in surface source model by decreasing the source-substrate distance.’” %

Prior to a deeper analysis of the grown WS; or its heterostructure using the source contact geometry,
the directly grown heterostructure was compared to different WS,/Gr heterostructures prepared using
an opened geometry and indirect growth, as depicted in Figure 2.3a: (type B) the direct growth of WS,
on Gr/SiO,/Si using WOs3 powder evaporation with an opened geometry; and (type C) the growth of
WS, flakes on bare SiO»/Si using the contact geometry and the subsequent transfer of those flakes to
Gr/Si0,/Si.
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Figure 2.3 (a) Schematic of the various setup for preparing three different types of the WS,/Gr
heterostructures: (type A) the direct growth of WS, on Gr/SiO,/Si using the source contact geometry
and (type B) the direct growth of WS, on Gr/Si0O,/Si using WO3 powder evaporation with an opened
geometry, and (type C) the growth of WS, flakes on bare SiO,/Si using the contact geometry and the
subsequent transfer of those flakes to Gr/SiO,/Si. (b) The normalized PL spectra of three types of the

WS,/Gr heterostructures, and the exfoliated WS, monolayer flake.
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As a powerful tool for the characterization of crystal quality and optical properties, PL spectroscopy
was used to characterize and compare these heterostructures (Figure 2.3b). All of the heterostructures
show a strong emission peak at approximately 2 eV, which indicates the presence of monolayer WS.
The smallest full-width at half-maximum (FWHM) of ~28 meV for the emission was obtained for type
A, which was prepared using the source contact method; this narrow FWHM indicates a crystalline
quality superior to that of the other samples and even superior to that of mechanically exfoliated WSo.
In the case of type C, an emission that was much stronger than others was observed because of the
inefficient charge transfer. This relatively weak interlayer coupling and broad FWHM suggest that
impurities from the wet-transfer process are the main drawback of the type C heterostructure. The higher
peak center for type C is consistent with previous reports of thermally induced strain effect during high-
temperature growth;”® this strain effect is described below. Meanwhile, type B shows a relatively weak
emission at lower PL energy (~1.95 e¢V), which matches the result for bilayer WS,.” This result
indicates the growth of few-layered WS, and suggests a poor uniformity in the type B heterostructure.
On the basis of the aforementioned results, the direct growth with the source contact geometry is the
most promising method for preparing high-quality TMD-based heterostructures. For a deeper
understanding and evaluation of WS, and the heterostructures grown using the source contact geometry,

we characterized these heterostructures using various techniques.

Figure 2.4 SEM image of WS flakes directly grown on graphene using the source contact geometry.

Inset is the magnified SEM image.
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A representative secondary electron microscopy (SEM) image of the WS, flakes grown on graphene
is depicted in Figure 2.4. The inset image reveals two types of WS, flakes: relatively small irregular
flakes nucleated in line (marked with a red line) and large triangular flakes with sharp and parallel edges
(marked with yellow lines). Furthermore, the color-coded dark-field transmission electron microscopy
(DF-TEM) image shows the presence of WS, flakes at various points of growth (Figure 2.5), which
could be occasionally found in the samples: such as the basal plane (bordered with the yellow line),
seed nanoparticles (marked by the black arrow), graphene wrinkles ~2 nm in height (marked by the
blue dotted line), and graphene grain boundaries (GBs) (marked with the red line), as confirmed by SE
mode and backscattered SE (BSE) mode SEM images in Figure 2.6. To clearly observe the early stage
of the growth, we obtained Figure 2.5 and Figures 2.6 after a reduced growth time (20 min).

<=« Graphene

Figure 2.5 Color-coded BF-TEM image, SAED pattern, and DF-TEM images (corresponding to the
white- and green-circled diffraction spots) of WS, grown on graphene, which show the presence of

WS, flakes on various points of growth.
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Figure 2.6 (a) SE mode and (b) BSE mode SEM images of WS, flakes grown on graphene using a

shorter growth time (20 min).

So far, the nucleation and growth processes on the basal plane of graphene are known to proceed
with great difficulty because of the weak van der Waals energy.'® Instead, the structural line defects of
graphene (e.g., wrinkles or GBs) are viewed as prevalent nucleation sites for common growth and
adsorption because of the higher reactivity of the strained sp’ bond and exposed dangling bonds.!"> 102
However, the large binding energy of those defect sites is intimately related to a high diffusion barrier,
which further hinders growth on graphene. In addition, the large roughness of wrinkles makes the
growth difficult and inhibits the van der Waals epitaxy,'® which is the basic growth principle of the 2D
heterostructure. As a result, in previous reports on the direct synthesis of TMDs on graphene, the limited
coverage and limited size of flakes with irregular edges were unavoidable because of the preferential
adsorption onto the structural line defects of graphene.'™ This phenomenon is consistent with the WS>
flakes on the red line in the inset of Figure 2.4. Nevertheless, in our growth geometry, a high portion of
relatively large and parallel triangular flakes were initiated on the graphene basal plane without certain
structural defects, as shown in Figure 2.4 and 2.5. This result can also be explained by the merits of the
source contact geometry. Similar to the results of Subhedar ef al.’s study on graphene growth, the
closely contacted geometry may trap the applied sources and flux in the interlayer space. As a result,
during the whole growth time, the slow accumulation of evaporated WOy and S vapor can behave quasi-
statically on the graphene surface. The vapor in this configuration is more highly concentrated than
those of opened geometries, such as type B in Figure 2.3a, and where the distance between the source
and substrate is substantial.'® A high surface concentration is known to facilitate nucleation through
supersaturation; therefore, nucleation and growth of WS flakes likely occur equally at flat surfaces and
defective sites.!” Furthermore, the relatively large domain size of the basal plane, unlike the case of
initiation at defect sites, enabled the enhanced coverage; we consequently obtained a nearly complete

WS,/Gr structure by decreasing the distance between the WOy assembly and the S powder (Figure 2.7).
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Figure 2.7 SEM image of the fully grown WS,/Gr heterostructure generated by narrowing the
distance between the WO3 assembly and S source. Inset is the magnified SEM image.

The inset of Figure 2.7 shows a magnified image of the fully grown WS,, revealing the contrast
with the underlying graphene layer (the bright region bordered with a yellow dotted line). This result
exemplifies the exceptional coverage of the TMD/Gr 2D heterostructure obtained with the direct growth
method. To clarify the merits of the source contact geometry in terms of the growth on an inert surface,
we conducted a comparative study with the evaporation of WO; powder in the opened geometry (type
B) under the same conditions. As expected, the density of the WS, flakes substantially decreased and
the irregularly shaped WS, was attained following the structural line defects of graphene (Figure 2.8).

Figure 2.8 (a) Representative SEM images of the WS,/Gr heterostructure obtained using the powder
evaporation method (type B in Figure S1a). (b) A high-magnification SEM image of (a).
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Figure 2.9a shows an atomic force microscopy (AFM) image and height profile of the WS, flakes.
Most of the triangular WS, exhibited little color contrasts, consistent with the uniform thickness. The
height profile along the white-dashed arrow indicates a thickness of ~0.8 nm, suggesting the formation
of monolayer WS,. Raman spectroscopy was also conducted; the spectrum is presented in Figure 2.9b.
This spectrum shows the unique in-plane E', (356.3 cm™') and out-of-plane A, (419.1 cm™) vibration
modes of WS, with a frequency difference of ~62 cm™! between E'; and A, which corresponds to that
of monolayer WS,.!%” Figure 2.9¢ shows a typical PL spectrum for evaluating the thickness and quality
of WS,. It shows a distinct emission at 1.98 eV, which well matches the previously reported bandgap of
monolayer WS,. Furthermore, the sample emitted a very symmetric and narrow PL peak, without a low-
energy tail, suggesting that the emission from neutral excitons is stronger than that from charged
excitons. Thus, these results indicate a dominant population of neutral excitons and the growth of high-

quality WS, with low densities of defects and charged impurities.'®
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Figure 2.9 (a) An AFM image, (b) Raman spectrum, and (c) PL spectrum of WS, grown on graphene.
(d) The temperature dependence of the PL from 10 to 298 K. (e) The dissociation energy obtained

from the measured temperature dependence PL in (d), and (f) the absorbance spectrum.
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The temperature dependence of PL spectra is a helpful tool for studying the structural defects in
crystals. Figure 2.9d presents the normalized PL spectra of WS, grown on graphene; the spectra were
collected at temperatures from 10 to 298 K. Consistent with the spectra of common semiconductors,
the spectra show an upshift of the peak position and a sharper peak width with decreasing
temperature.'” Below 100 K, the spectra contain an emission peak from trions (charged excitons, X)
in addition to that from neutral excitons (X°). A dissociation energy of 37+1.8 meV is deduced from the
splitting value between X° and X as a function of temperature in Figure 2.9¢; this result agrees well

1 are not

with previously reported values.'"” Otherwise, the defect-related levels in previous reports
observed, even at high temperatures. This fact indicates that our WS, sample grown on graphene has
minimal charged impurities and defects. The absorbance in Figure 2.9f exhibits three distinct peaks
related to the characteristic excitons from direct transitions at the K point (exciton A and B)'!? and from
the optical transitions between the valence band and the conduction band (exciton C) of WS,.!'* The
energy difference between exciton A and B is ~380 meV, which is attributed to the energy splitting
induced by the spin-orbit coupling.''*

Another striking feature is that most of the WS, flakes have parallel edges with a specific rotation
angle on individual domains of graphene (as marked with the yellow lines in Figure 2.4). This
observation indicates that the growth of WS, flakes was epitaxial, following the most energetically
preferred orientations on graphene. To study in detail the lattice orientations and atomic structure of
WS; on graphene, TEM was employed for examining various regions of the sample (Figure 2.10).
Figure 2.10a shows a representative bright-field (BF) TEM image of a WS, flake and graphene
supported on an Au TEM grid. The selected-area electron diffraction (SAED) pattern of the triangular
flake in Figure 2.10a was collected, as shown in Figure 2.10b. Two sets of well-arranged six-fold
symmetry diffraction spots indicate the good quality and the single crystallinity of both crystals. The
six spots of the inner set (marked as “1’) correspond to WS, (a¢ = 0.272 nm), and the six spots of the
outer set (marked as ‘2’) correspond to graphene (¢ = 0.213 nm). These two sets of diffraction spots are
well-aligned in the same orientation. Generally, it is difficult for two highly mismatched lattices to
commensurate their lattice orientations because of the large induced strain between the two layers.
Nevertheless, it is possible because all of the remaining strain is expected to be accommodated in the
van der Waals gap, which is called van der Waals epitaxy.'® We recorded DF-TEM images by setting
the aperture to WS, (Figure 2.10c) and graphene (Figure 2.10d) diffractions in the SAED pattern.
Notably, a clear and uniform contrast of the entire triangular flake indicates that the grown WS; flake
consists of a single domain with no misoriented or defective regions. In addition, a typical high-
resolution (HR) TEM image (Figure 2.10e) shows the periodic hexagonal arrangement of WS, atoms
and the absence of any observed atomic defects or voids. These observations support the high quality

and single crystallinity of triangular WS flakes grown on graphene.
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Figure 2.10 Crystallinity investigation and growth study of WS, on graphene. (a) A BF-TEM image,

(b) SAED pattern, and (¢, d) DF-TEM images of WS, grown on graphene. The two DF images were

obtained by setting the aperture to colored diffraction spot (c) 1 and (d) 2 in the SAED pattern. (e) A
HR-TEM image and atomistic model of the WS,/Gr heterostructure.
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2.4 Additional Strategies for Enhancing Lateral Growth of TMDs on Graphene

The thin film growth mechanism depends on the surface energy and chemical potentials of the
deposited layers and their substrates.''> When the surface adhesive force is stronger than the adatom
cohesive force, layer growth is preferred. Otherwise, island growth is dominant, since the evaporation
of the source during growth is inevitable due to the poor adhesion of the source to the inert substrate.
As a strategy for overcoming poor adhesion, certain substances such as graphene-like seeding promoters
or salt additives have been increasingly used to promote the layered 2D growth of TMDs.

Especially, salt additives such as alkali metal halides (NaCl, KI, and KCI), sodium cholate, and
NaOH have been increasingly used to promote the growth of TMDs. Initially, alkali metal halides were
proposed to decrease the high growth temperature of TMDs. Li et al. reported that various alkali metal
halides react with TM oxides to form volatile TM oxyhalide species, thereby promoting the transport
of TM to the growth substrate.” In addition, remarkably suppressed nucleation in the presence of alkali
metal halides was observed.” 116 Kang ef al. assumed that alkali halides would reduce the concentration
of water in the vapor-phase environment of the MOCVD system encouraging the 2D growth of nuclei.’
To confirm this, Kim et al. investigated the effects of CaCl, and CaO, which are known to be more
effective desiccants than alkali metal halides, but they did not observe significant suppression of
nucleation density.!'® This result inferred that alkali metal halides act as seeding promoters (not as a
dessicant) and increase the lateral size in the growth stage, since their geometry can stabilize the 2D
nuclei of TMDs. Consequently, it was confirmed that alkali metals play a role not only in suppressing

nucleation but also in promoting adsorption of Mo in the pre-exposure step.

wio NaCl

Figure 2.11 (a,b) SEM images of the MoS, monolayer grown onto graphene (a) with and (b) without
NaCl, respectively.
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To increase the flake size of TMDs on graphene for practical applications with easy handling, NaCl,
one of alkali salts, has tried to introduce into the growth process. Figure 2.11 shows SEM images of
MoS; flakes grown on CVD-grown graphene with NaCl. In 10 minutes, which is very short compared
to the previous one, we could see the average flake size and area increased by more than three times.
However, the deposition of alkali-metal residual particles or layers onto the substrate surface is
unavoidable. Figure 2.12 is SEM images of MoS; layer grown onto SiO; substrate using NaCl as an
additive. Residual salt crystals of various sizes remain below the MoS, layer and cause wrinkles to
MoS; layer. In addition, the optical images in Figure 2.13 also show that MoS; layer is completely gone
when it is dipped in water. This suggests that a water-soluble residual layer is formed under MoS, during
the growth process, and XPS spectra (Figure 2.14) clearly shows a strong Na s, also suggesting that
NaOx or NaSq layer is deposited on the SiO; surface.

Figure 2.12 SEM images of the residual salts remaining with MoS, layer grown with NaCl.

Figure 2.13 Optical images of MoS; after immersed in Acetone and IPA, and immersed in water,

respectively.

32



Mo 3d,,

Na 1s

Intensity (a.u.)
Intensity (a.u.)

235 230 225 1078 1073 1068 1063

Binding energy (eV) Binding energy (eV)

Figure 2.14 XPS spectra of the as-grown MoS, flakes using NaCl additives. (a) Mo 3d and (b) Na s

core-level peak of MoS; flakes, respectively.

Due to the complexity of the CVD process, the underlying mechanism or role of alkali metal halides
has not been clearly established. Furthermore, there is also a concern that the introduction of alkali
metal halides may lead to the formation of impurities and loss clean interfaces, which may affect the
electron and photon characteristics of composite semiconductors.” ' In addition, alkali metals such as
potassium (K*), can cause degenerate doping of TMDs.!"” Thus, a large area heterostructure synthesis
using alkali metals requires a deeper understanding of the roles and mechanisms of alkali metal halides,

including negative effects, and future works are also needed to discover other new strategies.
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2.5 Summary and Outlook

By virtue of their natural sizable and tunable bandgap,* 3* 3 2D TMDs can potentially serve as a
viable nanotechnology or semiconductor fabrication platform with multiple physical features for
applications ranging from fundamental research to future optoelectronic and electronic applications.
The diversity of TMD materials (with around 40 different types of compounds) and their versatile and
tunable properties permit a wide degree of control for designing efficient and on-demand heterojunction
devices.? Lately, layer-by-layer stacking of monolayer MX, and Gr has aroused more scientific concerns.
Many intriguing physical issues have been detected in such heterostructures, and novel devices
(tunneling transistors and light-emitting diodes, etc.) with unprecedented performance have been
constructed.

The construction of MX,/Gr vertical heterostructures with clean interfaces is prerequisite for
preserving their unique properties. For the moment, layer-by-layer stacking of mechanically exfoliated
MX; and Gr with scotch tapes is commonly used for the heterostructure construction.!'® However, this
method usually leads to the adsorption of polymeric impurities, primarily at the heterostructure
interfaces, and affords little control over the film thickness and domain size (MoS; and Gr), undoubtedly
resulting in degrading device performances.'! In this regard, it is logical to develop a reliable synthetic
approach for directly obtaining large-scale, thickness controllable/uniform, and high quality MX,/Gr
vertical heterostructures.

In summary, by exploiting an all-CVD approach, we developed an optimized CVD-based method
for the synthesis of high-quality TMDs and TMD/Gr heterostructures with highly enhanced coverage.
Especially, by introducing source contact geometry, we achieved a uniform nucleation of TMD flakes
with minimal charged impurities and defects, even on the inert graphene basal plane. This uniform
nucleation results in a genuine van der Waals epitaxy without the interruption of locally strained defect
sites and also promotes charge transfer between the two layers because of the uniform contact
throughout the interface. The availability of large scale MX,-graphene heterostructures will stimulate
investigations into photonic, electronic, and spintronic properties of this new structure and will be a

benefit to the scientific community.
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CHAPTER 3
Air-Stability Enhancement of TMDs depending on the Substrate

3.1 Environmental Stability of TMDs

Unlike the fast degradation of black phosphorus in air,'? TMDs have been considered as air-stable
semiconductors under ambient conditions.'?! However, some reports indicate the decomposition of
TMDs in extreme conditions such as temperatures above 250 © C and exposure to ultraviolet light, heat
and moisture.'?? In recent study, severe surface degradation has occurred through preferential oxidation
along the less stable grain boundaries (GBs) and crystal edges during long-term observations of the
surface of MoS; and WS, flakes exposed to air.'”® This result motivated that the weak air stability of
TMDs and improvement strategy have attracted considerable attention because stable device fabrication
and operation is required for most applications under ambient environmental conditions.

Prior efforts at shielding TMDs from the environment have been primarily motivated by the need
to prevent molecular adsorbates and charge traps from affecting the carrier mobility of TMDs. In one
approach, Gao et al. introduced polymer-based encapsulation methods and demonstrated delayed aging
of these materials.'*> However, not only does the inevitable water permeability of polymer films disturb
the thorough protection by causing distinct degradation after a year,'** but polymer encapsulation can
also add another restriction on some applications such as by demanding high temperature conditions.
Moreover, to prevent surface contamination with adsorbates, a few studies have suggested the use of
surface shielding methods, such as the transfer of h-BN layers'> and metal oxide deposition via atomic
layer deposition.'?” However, these methods are also imperfect because of limitations such as crack
generation under strain or the inevitable contamination during the encapsulation process.'?® Therefore,
it is important to find a new pathway towards air-stable TMDs.

In this chapter, based on the observed oxidation behavior of 2H-phase TMDs using MoTe; single
crystals, increasing the quality of fabricated TMDs might be key for enhancing their stability. In ongoing
studies for developing high-quality monolayer TMDs, the growth substrate is regarded as the most
important factor. In particular, many studies have identified graphene as an ideal substrate for high-
quality TMDs.!?” In this light, compared to the common short-term degradation of TMD flakes grown
on Si0,/Si substrate (representatively, WS,/SiO,), we investigated the air stability of WS, grown on
graphene (WS,/Gr) and confirmed the predicted relation between defects and the aging phenomena.
Furthermore, electron microscopy images, x-ray photoelectron spectroscopy (XPS), photoluminescence,
and Raman spectra collected over 300 days suggest that graphene plays a unique role by obstructing
the air degradation. By demonstrating the direct growth of high quality and highly stable TMDs on
graphene and proposing the consistent contribution of the charge transfer effect to the prevention of
aging, our work can pave the way for practical TMDs applications with optimized performance.
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3.2 Air-Degradation Observation of 2H Phase TMDs

3.2.1 Sample Preparations

Growth of 2H-MoTe; Crystals

A more detailed procedure for the synthesis of MoTe; crystal has been described in elsewhere.!”
MoTe; single crystal was selected as a representative material for the analysis of oxidation behavior of
2H-TMDs for long time tracking in ambient air condition. For the synthesis of 2H-MoTe; single crystal,
the growth experiments were carried out using Te-rich eutectic metal alloys as a Te reservoir. This
Cu/Mo/substrate multilayer sample in conjunction with Te powder (~0.1 g) was then sealed in a quartz
tube filled with inert Ar gas (500 sccm) and simply heated for 10 min at 600°C. During crystal growth,
a Cu film functions as a Te reservoir by forming a liquid-like, Te-rich eutectic alloy, i.e. Cu,Te,(/), which
prevents the Te deficiency in the resulting MoTe, crystal. This characteristic allows M atoms to
effectively diffuse into the Cu,Te, matrix during growth and then to rapidly react with sufficient Te
atoms, leading to the formation of high-yield, single-crystalline nanostructures of MoTe, within the
Cu,Te, droplets. Following the growth, the by-products related to various Cu,Te, phases were
completely etched away using a 1M ammonium persulfate (APS) aqueous solution leaving behind high-
density MoTe; crystal on the substrate.
Characterizations

Using HR-TEM imaging and SAED analysis on a MoTe; crystal of a BF-TEM image in Figure 3.1a,
as-grown MoTe; crystals were shown to be single-crystalline 2H structures (Figure 3.1b and 3.1d-f).
Also, by comparing relative angles in three SAED patterns obtained from different regions in a crystal,
we confirmed that as-grown crystals were also single-crystalline. The combined TEM-EDS studies
(Figure 3.1¢) confirm that Mo, Te, crystals are highly stoichiometric with an atomic ratio of (x:y) ~ (1:2).
Transfer

To avoid the effect from residual metal film used for growth process, as-grown MoTe; crystals were
transferred on the target substrate. We used an all-dry transfer method that relies on viscoelastic PDMS
stamps to avoid external contamination of the fabricated structures and crystals were transferred with
this method without employing any wet chemistry. At first, the piece of PDMS is gently placed and
pressed on the substrate with MoTe; crystals. In order to transfer the flake to the acceptor surface, the
PDMS is pressed against the surface and it is peeled off very slowly. After PDMS stamp is aligned to

the target substrate, a simple pressing step make to release the MoTe; crystal, as shown in Figure 3.2.
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Figure 3.1 TEM and EDS results of 2H-MoTe; crystals. (a) A BF-TEM image and (b) corresponding
atomic resolution image of MoTe; crystal. Inset: Intensity line profiles taken from a blue line in (b).
(c) EDS spectra taken from several MoTe; crystals. (d)-(f) SAED patterns taken from (d) blue-, (e)

red-, and (f) yellow-dotted circles in (a), respectively. Reproduced from ref ¢.

Target Substrate

Figure 3.2 Simple schematic illustrations showing a dry transfer process of MoTe: crystal to the

target substrate using PDMS.
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3.2.2 Tracking Air-Degradation Behaviors of 2H TMDs Crystals

As-grown 2H-MoTe; crystals on SiO,/Si were fabricated with size of tens of micrometers, as shown
in Figure 3.3a. The BSE mode SEM image in Figure 3.3b present that the surface of as-grown crystal
is uniform and clean. However, after being stored at room temperature (~25 °C) without desiccant
(relative humidity ~40%) for 3 months, a significant surface degradation with triangular or hexagonal
pits was observed as shown in Figure 3.3c. Several shallow pits also can be found on the surface through
the zoomed-in BSE image (Figure 3.3d), although they are not observed in the SE image. This
degradation phenomenon was observed to be progressively worse over time as shown in Figure 3.3e

and f.

Figure 3.3 (a-f) SE and BSE mode SEM images of MoTe; crystal in time sequence. BSE mode

images (b,d,f) are the zoomed-in surfaces obtained from each yellow box in SE mode images (a,c,e).

In particular, by observing many samples, it was confirmed that the degradation phenomenon
occured faster and more severely in structural defects such as screw dislocation, grain boundary and
crystal edges (Figure 3.4a-c). In addition, it can be estimataed that the etch pits of surfaces that are not
directly associated with structural defects were caused around vacancy defects (red arrow in Figure
3.4c¢). To study the expansion of these pits, SEM images (Figure 3.4d) from the previous point in time

were compared. SE mode SEM image in Figure 3.4d shows that agglomerates forming in hexagonal
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and triangular shallow pits (cyan colored lines). In BSE mode image (Figure 3.4¢), those agglomerates

shows darker contrast compared to homogeneous MoTe, surface area.

b

BSE (screyilisk.Center)

BSE (1 nioh:aged)

Figure 3.4 (a-c) BSE mode SEM images of severe degradation point on the aged MoTe; crystals.
Each image is a representative image of (a) screw dislocation center, (b) crystal edge, and (c) grain

boundary in the crystal. (d,e) SE and BSE mode SEM images on the 1 month aged MoTe; crystal.

The BSE mode primarily detects elastically scattered electrons formed during interaction between
an accelerated electron beam and a sample; therefore, the contrast in a BSE-SEM image is more
sensitive to the atomic number (Z) of the sample than to its surface morphology reveals. Therfore, since
the heaviest element in MoTe; is Te which determines the contrast, it can be interpreted that the darker
contrast of agglomerates means the relative defficiency of Te. Until now, the mechanism for the loss of
chalcogen atom (X) is not clear at this point and will require additional study. One assumption raised in
previous study is that O is first bonded to X, followed by breaking of the X—metal bond, followed by

substitution of the X by O or OH radicals.'*® The possible reactions are as follows:'?

2MoS; + 70, > 2MoO; + 4S80, (3.1)
MoO;s + 20H" — MoO4> + H,O (3.2)
MoS: + 9/20, +3H,0 > MoO4> + 2S04 + 6H (3.3)
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From these result, it can be inferred that degradation process is preferentially initiated and expanded
at structurally unstable regions (such as defects and grain boundaries) with O or OH substitution, and
then gradually propagated deeply by making agglomerates and decomposing them into air.

Besides, according to above equation (3.1)-(3.3) and based on lower formation energy of chalcogen

vacancy,'?

plain surfaces also experience air degradation over time, although it is relatively slow than
structural and morphological defect sites. Figure 3.5 presents the BSE-SEM images of the crystal
surface in sequence. In these images, dark spots occur over time on the crystal surface that used to have
a bright and uniform contrast (Figure 3.5a), and are eventually completely covered as shown in Figure
3.5f. Along with the zoomed-in SE image of Figure 3.6b, an AFM topography image (Figure 3.6a)
measured on the same sample in Figure 3.5¢ shows that those dark spots are triangular shaped hillock
with small aggregates (marked by blue arrows) at the center (~2 nm of height). Especially, BSE mode
image (Figure 3.6¢) indirectly suggested that these small aggregates are the most Te-deficient. These

aggregates expand within the triangular hillocks as the degradation intensifies, as shown in Figure 3.6d

and e.

Figure 3.5 (a-f) BSE mode SEM images measured on the surface of MoTe; crystals in time

sequence.
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Figure 3.6 (2) AFM topography image and height profile (white dotted line in topography image)
measured on the same sample in Figure 3.5¢. (b-¢) Zoomed-in SE and BSE mode SEM images from

white dotted boxes in Figure 3.5¢ and e, respectively.
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3.3 Strategy for Air-Stability Enhancement of TMDs using Graphene Substrate

This chapter was mostly copied from reference %,

Considering the neutral defects that initiate aging, as predicted in previous chapter, increasing the
quality of fabricated TMDs might be key for enhancing their stability. In ongoing studies for developing
high-quality monolayer TMDs, the growth substrate is regarded as the most important factor. Thus, we
investigated the air stability of this stacked sample (WS,/Gr) at room temperature in ambient air without
desiccant (relative humidity ~40%) and compared the sample with WS, flakes grown on a SiO; surface.
As shown in Figure 3.7a and d (the bordered dot-line is included for easy viewing), both the as-grown
WS, monolayers on CVD-Gr and SiO; have clean and uniform surfaces. After exposure for over 300
days without any encapsulation, the WS,/Gr samples maintained their uniform surface and pristine
atomic lattice (Figure 3.7b and ¢). However, in the case of the samples grown on SiO», severe surface

degradation started after only 14 days, which left behind several triangular-shaped holes both on the

basal planes and edges of WS; and progressed to the complete disappearance of the surface after over

300 days (Figure 3.7¢ and f).
a

Figure 3.7 (a,b) BSE mode SEM images of (a) as-grown and (b) 300-days-aged WS,/Gr. (c) Low-
magnification TEM image (HR-TEM image in the inset) of the suspended WS,/Gr (aged for 300
days). (d,e) BSE mode SEM images of (d) as-grown and (¢) 14-days-aged WS,/SiO; (aged for 300
days in the inset). (f) Low-magnification TEM image (HR-TEM image in the inset) of the suspended
WS,/Si0; (aged for 7 days).
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Previous studies have proposed that the surface degradation is mainly initiated at the reactive edges
and structural defects of TMDs.!?> 3! However, subsequent experimental and theoretical results to
elucidate the concrete mechanism for the aging-related deterioration in TMDs have not yet
demonstrated this. To verify the previous prediction and this significant discrepancy in the air-stability
of WS,/Gr flakes, we paid significant attention to the high crystallinity and low defect density of WS»/Gr
flakes. First, we compared the intrinsic defect concentration in both crystals using the defect-related
levels in the emission properties of the samples. Figure 3.8a shows a distinct PL emission of WS,/Gr at
1.98 eV, which matches well with the previously reported bandgap of monolayer WS,. It has a very
symmetric and narrow PL peak (FWHM of ~28 meV) consisting of a single Lorentzian line without a
low-energy tail, which indicates that the emission from neutral excitons is stronger than that from
charged excitons. Compared to the PL spectra of WS,/SiO, (FWHM of ~51 meV), this result
demonstrates that charged impurities and structural defects have extremely small impact on WS,/Gr.
However, the broadening of the PL peak is not only due to the crystal quality, the substrate effect also
plays an important role. For dielectric materials, charged impurities in the substrate are closely
connected to doping. The high density of charged impurities in SiO, may influence the phonon vibration
compared to graphene with few charged impurities.'*> However, the WS,/SiO> flakes still show broad
PL emission peaks even after they are detached from SiO; using HF solution and then transferred onto
CVD-Gr substrate (WS,-tf-Gr). Thus, we can propose that the narrower emission reflects the high
quality of WS»/Gr with a low concentration of defects and charged impurities and excludes the effect
of the substrate.!?® In addition, we observe a small PL emission at 2.08 eV, which matches well with the
reported 2D vibration mode of graphene (2,680 cm™) when PL spectra are collected using the 514.5 nm
line of an Ar laser as the excitation source.'*?

Apart from the intrinsically generated defects in as-grown crystals, additional defects can be formed
and propagated over time by the existence of localized strain within the crystal.'** Thus, to evaluate the
applied local strain in both crystals, we utilized PL and Raman mappings and compared the color
contrasts induced from the shifts of each signal. For both the intensity and position mappings, WS,/Gr
shows homogeneous contrast through the entire single flake (Figure 3.8b-c), which contrasts with the
inhomogeneous map of WS,/SiO, within a single domain (Figure 3.8d-e). In a previous study, a
significant mismatch in the thermal expansion coefficient (TEC) causes a large difference in the
contraction between each layers. Thus, since SiO; has a significantly smaller TEC (0.60 p/K) than WS;
(10.1 wK), inhomogeneous tensile strain may be applied to the WS, lattice during the cooling process.”®
Though graphene also has a large difference in TEC (-8.0 wK), WS is essentially free from friction

and lateral strain during the growth process because of the atomically flat surface of CVD-Gr.
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Figure 3.8 (a) PL spectra of WS,/Gr, WS,/Si0,, and WS;,-tf-Gr. (b-¢) Emission mapping images of
(b-c) WS»/Gr and (d-e) WS2/Si0z: (b, d) the intensity maps and (¢, ) the position maps of the

emission peaks.

Although most of the WS,/Gr flakes exhibit high air stability, as shown above, a partial degradation
occurred in a few small flakes after 180 days (Figure 3.9c). Using SEM at various growth points of
WS,/Gr (Figures 3.9d-f), we confirmed that those small flakes all nucleated at the structural defects
(e.g., wrinkles or GBs) of graphene. However, the large binding energy of those defect sites is intimately
related to a high diffusion barrier, which further hinders their growth on graphene. In addition, as noted
in a recent report, the structural defects of the substrate layer can promote a structural disorder in the

overlayer during growth.!%- 35 Unlike the basal plane, the locally strained C-C bonding of a structural
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defect can strongly influence the crystal quality of the overgrown WS, flakes. These results imply that
high crystallinity with extremely low density of intrinsic defects and negligible spatial strain play a

significant role in the excellent air stability of WS,/Gr.

basal plane

Figure 3.9 (2) BSE mode SEM images of WS, flakes grown on graphene using a shorter growth time
(20 min) to show various growth points as studied in Figure 2.6a. SEM images of (b) as-grown and
(c-f) aged WS2/Gr. The images in (d-f) are zoomed-in images of WS, grown at (d) basal plane, (e)
GBs, and (f) wrinkled region after aging for 180 days. The red and blue lines serve as guides for the

GBs and wrinkles in graphene, respectively.
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3.4 Charge-Transfer-Induced Doping Effect

However, although the results above provide a reasonable explanation for the stable inner crystal of
WS,/Gr, they are insufficient in explaining the absence of degradation in the sheet edges (Figure 3.10)
despite the high reactivity at these edges. Furthermore, in clear contrast to the nearly vanished WS,
flakes of the same sample aged for 300 days (Figure 3.7e and bottom area in Figure 3.11), the delayed
aging in the defect site-nucleated WS,/Gr flakes (along the blue line in Figure 3.11) and WS,-tf-Gr
flakes (Figure 3.12) provides insight into the comparative influence of graphene as a substrate for

preventing the propagation of aging.

Figure 3.10 DF-TEM image (left) and Low HR-TEM images (right) of 180 days aged WS,/Gr

obtained at the normal edge (corresponding to the area in the green box in DF-TEM image).

Figure 3.11 SEM images of 300 days aged WS,/Gr and WS,/Si0», obtained from the region of
partially transferred graphene with uncovered SiO» substrate. The blue lines serve as guides for the

wrinkle in graphene.
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Figure 3.12 BF-TEM images of the transferred WS,/SiO; (7 days aged) onto graphene supporting
layer after removing SiO; using HF solution; measured (left) at initial transfer and (right) after another

300 days of aging.

In addition, we notice a fast charge transfer as a result of the strong interlayer interaction between
WS, and graphene, as confirmed by the intensive quenching in the emission spectra of WS,/Gr (Figure
3.8a), which is in agreement with the previous theoretical and experimental reports.'*
Thermodynamically, the S vacancies or W edges have high molecular affinities and bond with absorbing
species in ambient air, such as H>O and O,, to compensate the unsaturated charges of the W 5d
orbitals.’’ In the case of WS,/Gr, we propose that the transferred extra charges may compensate the
unsaturated W orbitals by strong binding between the two layers, such as a strong charge-transfer-
induced doping effect.*® As a result, WS,/Gr may be stable without adsorption of external charged
molecules. To demonstrate the chemical binding as time elapsed, we investigated the as-grown and aged
WS, flakes using XPS. The W 4f spectra for the as-grown WS,/Gr (Figure 3.13a) and WS,/SiO- (Figure
3.13b) consisted of three main peaks (W 4fs,, W 4f7,, and W 5ps») that indicate the growth of WS,
flakes. After aging, those peaks of the aged WS,/SiO; exhibit a shift toward lower binding energies such
as a p-doping effect, which indicates an increase of S vacancy sites and partial oxidation. However, it
is noted that aged WS,/Gr shows a ~0.35 eV peak shift toward higher binding energies. It is proposed
that graphene progressively donates electrons to WS, via charge transfer, which leads to an n-doping
effect over time."*® Consequently, the PL intensity of the aged WS,/Gr becomes weaker after the aging
process, which indicates that the excess electrons could be bound to photo-excited electron-hole pairs
to form trions (Figure 3.13¢).!**

We also observed the aged WS,/Gr sample in the atomic scale using HR-TEM analysis. The dark
field TEM image in Figure 3.13d) showed WS; flakes with torn regions. In contrast with the previous

predictions and observations,'? the torn edge of WS,/Gr has a W-terminated Klein edge without S
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passivation despite the high reactivity of bare W edges, as shown in Figure 3.13e. Moreover, defective
edges of 2D materials are generally enlarged by the 80 kV e-beam irradiation after a few seconds.!'!
However, dramatic reconstruction or expansion of torn edges was not observed in our WS,/Gr samples
under continuous e-beam exposure (Figure 3.13f). The presence of stable W edges, even without S
passivation or oxidation from the absorbents, supports the idea that the surface charge transfer from

graphene effectively compensates the unsaturated metal orbitals.
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Figure 3.13 (a, b) W 4f XPS spectra of the as-grown and aged (a) WS,/Gr and (b) WS»/SiO,,

respectively. (c) The representative PL spectra of the as-grown WS,/Gr and the sample aged for 180
days. (d) DF-TEM image of 180-days-aged WS,/Gr. (e, f) HR-TEM images of () the initial and (f)
electron irradiated-aged WS,/Gr (for 180 days) obtained at the torn edge corresponding to the area in
the yellow box in (d).
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3.5 Summary and Outlook

To conclude, we have shown that chemical vapor deposited monolayer TMD materials are not air
stable under ambient conditions (room temperature and atmospheric pressure) and are prone to
environmental degradation over a period of several months. The gradual oxidation of these atomically
thin materials in ambient conditions occurs due to the presence of oxygen and moisture. Then we have
presented an epitaxial growth of remarkably air-stable TMDs monolayers obtained by simply utilizing
graphene as a substrate without encapsulation; that is in contrast to the common short-term degradation
of TMD flakes grown on the conventional dielectric substrates observed in recent reports. We showed
that graphene causes the uniform nucleation of monolayer WS, flakes, which results in a genuine vdW
epitaxy with negligible lateral strain and strong interlayer coupling in the uniform WS,/graphene
heterostructures. Because of the high crystallinity and charge transfer effect, the WS,/graphene samples
have a clean, uniform surface without any encapsulation even after 300 days in ambient air conditions.
Moreover, we propose the possible mechanism for the lack of aging-related deterioration in our
encapsulation-free WS»/graphene samples. Our results can pave the way for the realization of high-
performance and air-stable vdW heterostructure-based electronic and optoelectronic devices.

Future work should investigate the air-stability of TMDs with chalcogens other than S, as well as
careful optimization of the capping or encapsulation layer for prolonged stability under ambient
conditions. Another factor that needs to be studied in detail is the role of the substrate. Substrates that
give better epitaxy for TMDs could render them more robust against ambient attack. Also, the
wettability or surface charge of the substrate could also play an important role. For example, subtrates
that are significantly more hydrophobic than SiO/Si could be far more resistant to environmental attack
under wet and humid conditions. Most importantly, in-depth modeling and simulation work of corrosion
in monolayer TMD materials to understand the mechanisms by which sulfur is lost and replaced by

oxygen is necessary.
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CHAPTER 4

Different Properties of vdW Heterostructures Depending on Defects in Template Layer

This chapter was mostly copied from reference 2.

4.1 Introduction

As the family of two-dimensional (2D) materials expands, vertical or in-plane van der Waals (vdW)
heterostructures are of great interests® '4* due to the novel fundamental properties and wide range of
capabilities of these 2D materials. A unique characteristic of these 2D materials is the facile formation
of vdW heterostructures by stacking layers of different materials and thicknesses. The properties and
performances of the vdW heterostructures are significantly affected by their stacking geometries and
interlayer coupling (including interlayer charge transfer and energy transfer), and their application in
devices like transistors'** and diodes'** have triggered a great deal of enthusiasm. However, the large-
scale formation of high-quality vdW heterostructures with atomically clean and sharp hetero-interfaces,
essential for preserving optoelectronic properties generated by interlayer coupling, remains a critical
technological issue.

Chemical vapor deposition (CVD) has so far been utilized for the synthesis of layered 2D materials
and their heterostructures,® 87- 14 which are regular and scalable in principle. In essence, typical films
of large-scale 2D materials produced by CVD are polycrystalline in nature and contain a high density
of atomic and structural defects like vacancies, adatoms, wrinkles, and line defects, which are associated
with a broken lattice symmetry, a modified energy landscape, and quantum confinement. 146
Particularly, these localized heterogeneities strongly affect the electronic properties of 2D materials
(e.g., electron scattering, transport, excitation, etc.).!*’ In addition, defects in the template layer can have
a profound effect on the nucleation and growth of heterostructures, because dangling bonds at vacancy
defects, curved wrinkles, and grain boundaries (GBs) are more reactive and have interaction strengths
different from that of a pristine region.'® However, the effects of atomic and structural defects on the
interlayer properties or configuration have not previously been considered. Instead, previous theoretical
and experimental studies have considered only the defect-free templates.®” 14

Herein, the effects of atomic and structural defects on the interlayer properties in vertically-stacked
van der Waals Heterostructures were rationalized using two types of WS, grown on polycrystalline
graphene; WS flakes on the graphene defects (D-WS>) and pristine basal plane (B-WS). Interestingly,
although B- and D-WS, flakes exhibit different layer deformability, thermal stability and physical and
electrical properties, both types of WS, flakes have the same crystal structure despite the atomic
displacement and lattice distortion beneath the D-WS; flakes. This discrepancy in material properties
suggests that the defects of the underlying template (graphene) have a strong influence on the interlayer
interactions between the stacking layers of WS, and graphene, an observation is supported by a

50



combination of theoretical and experimental results. Furthermore, D-WS; flakes have more effective
charge transport at the interface than that of B-WS; flakes because of covalent bonding and larger orbital
overlap compared to van der Waals (vdW) contacts. This result can readily be applicable to other 2D
vdW heterostructures and unravels the importance of understanding interlayer coupling and its effect

on obtaining desirable properties.
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4.2 Experimental Methods

Preparation of WS»/Gr heterostructures

B- and D-WS; flakes were simultaneously synthesized by direct growth on CVD graphene, which
had been transferred on SiO,/Si substrate. A detailed description of the preparation method is presented
in Chapter 2.2.

Characterizations

We performed SEM measurements in SE and BSE modes using a cold field emission SEM (FE-
SEM) (Hitachi SU-8220) with an accelerating voltage of 1 kV. The Raman spectroscopy and mapping
were obtained using a WiTec Alpha 300R M-Raman system equipped with a computer-controlled x-y
translation stage and a 532 nm excitation source. During the measurements, the laser power was kept
below 0.5 mW at the sample to avoid laser-induced thermal effects or damage.

All AFM experiments were performed using a commercial AFM instrument (Multimode 8, Bruker)
equipped with a scanner (100 x 100 um?) under ambient conditions. The topology and phase imaging
were recorded using the tapping mode and antimony-doped silicon tips with the normal resonance
frequency of ~300 kHz and a spring constant of ~40 N/m. Electrically conductive platinum-iridium
coated tips with the normal resonance frequency of ~13 kHz and a spring constant of ~0.2 N/m were
used in contact mode to measure the current map and I-V curve. Both electrical characterizations were
operated at 0.5 V DC bias.

WS,/Gr heterostructures were analyzed using an aberration-corrected FEI Titan cube G2 60-300
with a monochromator. It was operated at 80 kV and typical electron beam densities were approximately
5 x 10° ¢/nm? in order to reduce beam damage to the specimen. Selected area electron diffraction
(SAED) and dark-field TEM (DF-TEM) mode were applied for analysis of the GB in graphene. In
addition, a sub-angstrom resolution STEM image with probe-aberration correction was analyzed for the
atomic structure of B-WS, and D-WS, flakes with Z contrast. Low-loss EELS analyses were carried
out for comparing electronic structures. The energy resolution was ~1.0 eV and energy dispersion was
0.1 eV.

DFT calculations

Spin-polarized DFT calculations were carried out using Vienna ab-initio simulation package (VASP)
code.'® The calculations were performed within the generalized gradient approximation (GGA) of the
Perdew—Burke-Ernzerhof (PBE) functional'® and vdW interaction was considered using DFT-D3
scheme.!’! Basis set contains plane waves up to an energy cutoff of 400 eV for ionic relaxation and 600
eV for cell relaxation and all the structural relaxations were performed until the total energy differences
between each relaxation steps are smaller than 10 eV. We modeled two types of supercell to investigate
interactions between WS, monolayer and graphene. The first model is a hexagonal supercell which was

made of 4 x 4 graphene and 3 x 3 WS,. The second model is an orthorhombic supercell which was
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made of one of the most stable large-angle GB structure of graphene!*? (misorientation angle ~32.2°)
and 6 x 3 orthorhombic WS, structure. Vacuum region of ~23 A was also contained in the perpendicular
direction of graphene and WS,. We chose the appropriate size of supercell to reduce both lattice
mismatch and computational cost. Lattice mismatches are 3.3% for a hexagonal supercell and 6.4%,
7.0% (x and y directions, correspondingly) for an orthorhombic supercell but it does not have significant
effect on the results. Monkhorst-Pack scheme'*® was used to sample the Brillouin zone with 4 x 4 x |

grid for a hexagonal supercell and 2 x 4 x 1 grid for an orthorhombic supercell.
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4.3 Classification of TMDs/Gr Heterostructure According to Morphological Differences of
Graphene

A representative scanning electron microscopy (SEM) image of WS, flakes simultaneously grown
on graphene is depicted in Figure 4.1a, revealing two types of WS, flakes: relatively small irregular
flakes (D-WS; flakes, marked with a red circle) that appear along line features and large triangular

flakes with sharp and parallel edges (B-WS; flakes, marked with a blue circle).

d ‘ v o

L3

Graphene-basal plane

Figure 4.1 (a) SEM images of WS flakes directly grown on a graphene template. Inset: the
corresponding schematic illustration for B- and D-WS; flakes, marked (a) using blue and red circles,
respectively. (b, ¢) Low-magnitude TEM images with SAED patterns and (d, e) atomic-resolution

STEM images of (b, d) B- and (c, e) D-WS; flakes.

The structural defects of graphene (e.g., vacancies, wrinkles and GBs) are common nucleation sites
for growth and adsorption because of the high reactivities of the strained sp’ bond and exposed dangling
bonds.!? Therefore, nucleation of D-WS; flakes is achieved earlier than that of B-WS; flakes, as
observed early in the growth process (Figure 4.2). Instead, the large binding energy of these defect sites
is intimately related to a high diffusion barrier that further hinders the growth and enlargement of D-
WS, flakes. Transmission electron microscopy (TEM) was used to characterize the crystal structure and
quality of both types of WS, flakes on graphene. Figures 4.1b and ¢ show low-magnification TEM

images and the corresponding selective area electron diffraction (SAED) patterns of B- and D-WS,
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flakes, respectively. The inset image in Figure 4.1b depicts two well-arranged sets of hexagonal
diffraction spots: the inner set from WS, flakes (¢ = 0.272 nm) and the outer set from graphene (a =
0.213 nm). This figure confirms that the crystal quality is good and both B-WS; and graphene are single-
crystals with the same orientation as expected from epitaxial growth. The SAED pattern from the yellow
dotted line in Figure 4.1c is in good agreement with Figure 4.1b, although the two sets of diffraction
spots indicate a GB between two graphene grains. Figures 4.1d and e show the representative atomic-
resolution scanning TEM (STEM) images from the same flakes as shown in Figures 4.1b and c,
respectively. No noticeable defects or structural modulation is observed in either of these images,

suggesting that both B-WS; and D-WS; flakes possess high crystallinity.

Figure 4.2 (a) Representative SEM images of WS, grown on graphene obtained at the early stage of
growth with a reduced growth time (10 min). (b) A high-magnification SEM image of (a).

55



4.4 Impact of Defects on Properties of TMDs/Graphene Heterostructures
4.4.1 Comparative Study of Physical Properties in Heterostructures

An AFM topography image is also presented in Figure 4.3a to study the morphologies of the as-
grown WS, flakes. The uniform color contrast indicates that the thickness of the grown WS, flakes is
homogeneous. The corresponding height profiles in two types of WS, flakes display an average height
of ~0.7 nm relative to that of graphene (Figure 4.3b), verifying the formation of monolayer WS,;'**
however, an obvious contrast difference is observed in the phase image (Figure 4.3c) that was
simultaneously acquired with Figure 4.3a using tapping mode AFM. Compared to both B-WS; flakes
and an exposed graphene surface, D-WS; flakes show much brighter contrast. A phase image is obtained
by recording the phase shift between the excitation force and the tip response. Presently, this AFM
technique is a versatile tool for mapping variations in the composition, friction, viscoelasticity, and
adhesion of surfaces with nanoscale spatial resolution. The phase shift angle (Ag) is related to the local
energy dissipation (Ey;5) on the surface,'>® according to the following Equation (4.1):

Egis = [sin (5 — ap) — 22| x T2 @.1)

where Ag, is the amplitude set-point of the AFM cantilever oscillations, A, is the free-oscillation
amplitude, and k and Q are the force constants of the AFM cantilever and quality factor, respectively.
Based on Figure 4.3c, the measured A of B-WS,, D-WS,, and graphene are 4°, 0°, and -1°,
respectively. This measurement was performed simultaneously with the same AFM cantilever and
imaging condition, so Equation (4.1) is determined only by the value of Ag. As a result, the brighter
phase contrast of D-WS; flakes indicates a smaller value of Ej;,, suggesting that D-WS; flakes are less
deformable than B-WS, flakes and the exposed graphene area. However, according to the previous
studies that used multilayered vdW materials, the top layer is prone to deformation and has a larger
contact area that dissipates more energy.'>® This discrepancy suggests that D-WS, flakes have an
unusually tight interaction with the underlying graphene without significant disorders and defects as
observed in Figure 4.1e, unlike B-WS; flakes and other typical vdW stacked materials.

Previous studies reported layer-by-layer thermal etching of TMDs from top to bottom when exposed
to air at temperatures over 300 °C due to the strong covalent bonding within the TMD layer and the
weak interaction between the stacked layers.'”’” Figures 4.4a and b show backscattered electron (BSE)
mode SEM images of WS, flakes on graphene before and after annealing at 500 °C in ambient air.
Figure 4.4b shows that B-WS, flakes are removed completely after a thermal treatment for 1 h, as
expected. However, under the same conditions, D-WS; flakes are thermally stable on graphene with
just a little broadening of the Raman peaks (Figure 4.4c). This result also suggests that the interlayer
interaction exists between D-WS, and graphene, different than that of B-WS, and graphene.
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Figure 4.3 (a) The topography (height) image and line profiles across isolated B-WS, flakes (blue
line) and D-WS; flakes (red line). (c) The phase image of WS, flakes grown on graphene measured
using the tapping mode AFM.
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Figure 4.4 (a,b) SEM images of B- and D-WS, flakes (a) before and (b) after annealing at 500 °C in

air for 1 h. (c) Raman spectra measured on D-WS,; flakes before and after annealing.
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Additional evidence comes from the beam damage test. Figure 4.5 shows the knock-on damaged
HR-TEM images of B-WS; and D-WS, flakes. Knock-on damage refers to the process involving direct
elastic collisions between imaging electrons and target atoms induced by high electron energy. This
damage is substantial in 2D materials because the accelerating voltage in TEM is comparable to the
threshold energy of knock-on damage, such as 86 kV for carbon'*® and 80 kV for sulfur.*® Knock-on
damage from TEM is particularly dominant in the bottom layer due to transmitted electrons. Because
transferring the sample to the TEM grid creates a flipped-over structure, knock-on damage is prevalent
in the WS, layer. Therefore, as shown in Figure 4.5a, the graphene lattice is observed in the damaged
WS; region with the missing atoms from the B-WS; layer. On the other hand, D-WS; flakes in Figure
4.5b exhibit damage from e-beam irradiation, meaning that both WS flakes and graphene are damaged
simultaneously. Previous work reported that the rate of knock-on damage reflects the extent of
interatomic bonding.'® Ionic or covalent bonding with sp’ hybrid orbitals is weaker than interatomic
bonding with sp” hybrid orbitals. Thus, we can predict how the difference in the interatomic bonding

between the two types of WS flakes and graphene results in substantially different knock-on damage.
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Figure 4.5 (a,b) Atomic resolution TEM images of knock-on damaged area in (a) B- and (b) D-WS;

flakes, respectively, with simple schematic illustrations.
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4.4.2 Understanding Interfacial Geometries

To unravel the different interfacial properties of D-WS; flakes, the binding energies between WS,
and graphene GBs (Gr-GBs) were investigated using spin-polarized DFT calculations including vdW

151

correction (Grimme’s D3 method)."”' The binding energy is defined as following Equation (4.2):

E, = EWSZ + Egraphene — Etotats 4.2)

where Eys,, Egraphene, and Eiorqr denote the total energy of isolated WS,, graphene, and
WS,/graphene system, respectively. We first consider the B-WS, case using a periodic 3 X 3 supercell
of WS, and defect-free 4 x 4 of graphene (Figure 4.6a). The binding energy (E}) per functional unit
(0.18 eV) indicates that interaction between WS, and defect-free graphene is vdW force, as described
in previous reports. For D-WS,, we take the orthorhombic supercell (Detailed information seen in
experimental section) which was made of one of the most stable large-angle GB structure of graphene!>?
(misorientation angle ~32.2°) and 6 X 3 orthorhombic WS, structure. Besides the pristine Gr-GB,
defective Gr-GBs with vacancies or substitutional atoms are also common in graphene due to the high
reactivity and adsorption energy of Gr-GBs.!'¢! Therefore, calculations were performed to investigate
the optimized geometries of pristine Gr-GBs and GBs with defects, e.g., vacancies and source atoms

(W and S) substituted vacancies.

59



» IR * .’o o oD o
O W T \...
I ..:? o2 ¢
Jo .0eNE . od). .
«’ﬁs} : 'Q,"'

W atom

B-WS, f D-WS,

50 ] T 1 T 1 r
Graphene

L 40} e pW82

[ . W bridge

d o "Graphene
- WS,

530 - 4 30
Aoy |

54 3 2 1 0 1 2 3 4 5

DOS (a.u.)
N WA OO

-t

;=5 4 05 0 05 T 15
E-Er (eV)

Figure 4.6 (a,b) The optimized structure of (a) WS, on pristine graphene (B-WS; case) and (b) WS>
on W-substituted Gr-GB (D-WS, case) after full relaxation. Solid lines denote boundary of each
supercell. GBs of graphene are indicated with pink colored regions. (¢) The isosurface maps of charge
density for the optimized structure in (a) and (b), respectively. The isosurface level is 4.9 x 10 e/ag
(ao is a Bohr radius). (d-g) Density of states (DOS) of (d,f) WS, on pristine graphene and (e,g) WS on
We-substituted Gr-GB near the Fermi level. Dotted rectangular regions in (d) and (e) are shown in the
magnified view of (f) and (g). Blue and red shaded areas in (g) indicate electron sharing between WS,

flakes and graphene with W atomic bridge.
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W-

Perfect Gr Pristine Gr-GB S-substituted substituted
basal plane Gr-GB with vacancy Gr-GB Gr-GB
Binding E 0.18 0.17 0.17 0.15 0.23
per f.u. (eV)
Bond between vdw vdw vdw vdw Covalent

graphene and WS,

Table 4.1 Computed binding energies and bonding predictions of WS, on pristine and defect-
containing graphene cases.

The obtained binding energies of Gr-GBs for WS, are presented in Table 4.1. Among the possible
Gr-GB cases, the most stable structure for a WS, layer is found to be a W-substituted Gr-GB case. The
fairly high binding energy difference (almost 1 eV in total energy) drives the formation of a graphene-
W-WS; network.'%? Accordingly, Figure 4.6b shows the optimized structure of fully relaxed WS, on the
W-substituted Gr-GB that includes a covalent bond between the substituted W atom and the edge S
atom of the WS, monolayer. We observe that the optimized structure of the WS; layer is nearly
unaffected by their local environments and similar to the structure of isolated WS,, as shown in the
TEM images in Figures 4.1b-e. To further confirm bonding between WS, and graphene, we performed
charge density analysis (Figure 4.6¢). Compared with WS, on pristine graphene (the B-WS; case), the
predicted D-WS, case shows that charge redistribution mostly occurs in the contact region between
WS, and W-substituted Gr-GB, originating from the hybrid orbitals.

In addition to the calculations, we also performed an EELS study to have a better understanding of
the bonding nature between two heterostructures. An EELS in STEM provides information on «
plasmon and wt+c plasmon with considerable in-plane components from several milliradians of
collection angles.'® As observed in Figures 4.1b-e, there are no differences between the lattice
parameters or structures of B- and D-WS, flakes. However, Figure 4.7 shows significantly different
low-loss electron excitations of graphene in B-WS, and D-WS; flakes. The & plasmon peak at around
~5 eV is presented in B-WS, flakes like a pristine graphene monolayer,'®* whereas the reduced =
plasmon peak in D-WS; flakes indicates the degradation of this characteristic of intrinsic graphene. In
addition, there is a significant blue shift in the n+oc plasmon region of B-WS; flakes, compared to that
of D-WS,; flakes (and the reported n+c plasmon region (~15-16 eV) of pristine graphene monolayer!®*-
165), In previous research, the bulk plasmon region (a combination of * and c* electronic excitations)
of a semiconductor was suggested to reflect weakly bound valence electrons.'® Therefore, a shift in the
n+o plasmon peak is related to the density of valence electrons. In the case of B-WS; flakes, the valence
electrons in WS, and graphene are superimposed upon each other via vdW bonding (with no practical

bonds between valence electrons), resulting in increased valence electron density and a significant blue
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shift in the bulk plasmon peak.!®” On the contrary, in the case of D-WS, flakes, we can estimate that
valence electrons are shared between WS, flakes and graphene defects with substituted W atoms that
have numerous unfilled valence electrons.'® We then validate the estimation using density of state
(DOS) analysis (Figure 4.6d-g), and demonstrate that valence electrons of WS, graphene, and W atomic
bridge near the Fermi level are shared each other (red shaded area in Figure 4.6g). In other words, the

valence electrons of D-WS, flakes and defective graphene are strongly coupled.
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Figure 4.7 Low-loss EELS spectra in B-WS; flakes (blue curve) and D-WS; flakes (red curve) on
graphene.
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4.5 Electrical Characterizations for Electronic and Junction Properties

The formation of interfacial bonding should have a direct effect on the electronic and junction
properties of heterostructures.'® C-AFM measurements, using graphene as a back electrode, were
performed to evaluate out-of-plane charge transport at the interfaces between B- and D-WS; flakes and
graphene. A Pt-Ir-coated conductive tip measured the current generated by the applied bias voltage as a
function of x-y position, while maintaining mechanical contact with the surface. The topography of the
as-grown monolayer of WS, flakes on graphene (Figure 4.8a) shows no contrast between flakes of B-
and D-WS,, as described above. The simultaneously recorded current map is given in Figure 4.8b. As
predicted based on the individual electrical properties of WS, flakes and graphene, lower currents are
recorded on B-WS, flakes, which makes the flake distinct from the surrounding graphene. It has been
reported previously that Schottky contacts are formed between WS, and graphene with small Schottky
barrier. Consistent results are obtained from the I-V curves on B-WS; flakes (blue-colored curve) in
Figure 4.8c, showing the non-linear characteristics typical of a metal-semiconductor junction. However,
compared with B-WS;, the current map on D-WS; flakes shows enhancement of electrical conductance

with uniform current contrast through the entire flake due to the current spreading in WS, layer.
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Figure 4.8 (a) The topography (height) image and (b) corresponding current image (recorded at
+0.2V) of WS, flakes grown on graphene. (c) I-V curves recorded with Pt-Ir coated tip on B-WS;
flakes (blue curve) and D-WS; flakes (red curve) on graphene.

63



It is worthwhile to note that a strong current spreading in TMDs was experimentally observed in the
MoS: monolayer of approximately 1 um in diameter,'”® which is greater than the triangle sizes of our
monolayer WS, flakes. Moreover, -V curves of D-WS, (red-colored curve) show a strong linear
dependence, implying low resistance Ohmic contacts between D-WS; and graphene. These electrical
characterization results suggest the formation of electrical connections between D-WS; and graphene.!”!
In the DOS analysis, we also found that D-WS; and graphene share electronic states near the Fermi
level that can contribute electrical conductivity of D-WS, (blue shaded area in Figure 4.6g). In other
words, the formation of larger overlapping hybrid orbitals improves the intrinsic conductivity of D-WS,,

as opposed to general vdW bonded heterostructures.'’
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4.6 Summary and Outlook

The availability of various isolated two-dimensional (2D) materials allows the facile formation of
van der Waals (vdW) heterostructures by stacking layers of different materials and thicknesses. The
physical properties of the vdW heterostructures are significantly affected by their stacking geometries
and interlayer coupling (including interlayer charge transfer and energy transfer). In a previous study,
we showed that monolayer WS, flakes grown onto a graphene substrate exhibit outstanding air stability
compared to the flakes grown on a SiO,/Si substrate.'*® Using various characterization tools and based
on previous reports, we demonstrated that the surface charge transfer significantly affects the prevention
of air degradation for the first time. This result suggested that understanding the effect of interlayer
coupling in the stacking geometry of vdW heterostructures is highly important for obtaining materials
with desirable properties.

In this work, we discover that the intrinsic properties of subsequent layers of a heterostructure are
dependent on the structural features of the template layer (e.g., the basal plane and GB of graphene).
We have compared the intrinsic characteristics of vertical 2D heterostructures using two types of WS,
flakes grown directly on graphene defects (D-WS;) and a pristine basal plane (B-WS,). In contrast to
B-WS; flakes, D-WS, flakes are highly conductive and exhibit lower contact resistance with effective
charge transport at the interface, even though both types of WS, flakes have the same crystal structure
without atomic distortions or defect formation. Using experimental and computational studies, this
difference in behavior of D-WS; flakes is attributed to the formation of covalent bonds via W atomic
bridges at defect sites. Our results reveal the importance of understanding the interlayer bonding and
structural differences can affect the fundamental properties of 2D heterostructures and provide materials
useful for a wide spectrum of engineering applications. This new defect-mediated heterostructure and
its new properties extend the various possibilities for a wide spectrum of engineering applications, and
also emphasize the importance of understanding the interlayer coupling in the stacking and interlayer

geometries and its correlation effect for designing desirable properties.
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CHAPTER S

Conclusion and Discussion

As mentioned in the previous chapter, although vertical heterostructures can be easily fabricated
through a multiple-step aligned transfer method, this method is time-consuming and residual polymer
and unavoidable contaminants have negative effects on the properties of as-made heterostructures.
Controlled scalable synthesis of multi-junction van der Waals (vdW) heterostructures with clean
interface is still the bottleneck of practical applications. Therefore, an all-CVD method must be
developed for growing high quality vertical heterostructures.

In this dissertation, I have deat with the with the synthesis and characterization of semiconducting
2D TMDs and their heterostructures, especially with graphene, for emerging applications. At first, the
direct growth method for obtaining high-quality uniform WS,/graphene heterostructure with strong
interlayer coupling was proposed. We achieved the uniform nucleation of monolayer WS2 flakes on
an inert basal plane of graphene by introducing source contact geometry. This uniform nucleation
results in a genuine vdW epitaxy with negligible lateral strain and promotes charge transfer between
the two layers. Thus, our epitaxially grown WS,/graphene samples show superior strain homogeneity
and high crystal quality with extremely low levels of charged impurities and defects.

Furthermore, for stable device fabrication and operation, understanding of their air-stability is
highly important. In this work, the investigation on environmental stability and oxidation mechanism
of 2H-TMDs were observed in time sequence. Meanwhile, our epitaxially grown WS,/Gr samples
have a clean, uniform surface without any encapsulation, even after 1 years in ambient air conditions.
We also show that graphene substrates prohibit the aging phenomena in both of the basal planes and
edges of 2D TMDs flakes, compared to the commonly observed short-term degradation of TMD
flakes. Based on these result, we demonstrate that high crystallinity is a key factor that determines the
high air stability, and firstly reveal the charge transfer-induced doping as an additional factor for the
enhanced air stability.

Since dangling bonds at vacancy defects, curved wrinkles, and grain boundaries (GBs) are more
reactive and have interaction strengths different from that of a pristine region, the structural
characteristics of graphene, as well as just graphene itself, can affect to the properties of TMDs. Using
our WS,/Gr samples, we also studied the effects of atomic and structural defects on the interlayer
properties or configuration in the van der Waals heterostructures have been thoroughly investigated
and presented that the differences are attributed to the formation of covalent bonds at defect sites on
graphene surface.

These results reveal the importance of understanding the interlayer coupling in stacking

geometries and its correlation effect for designing desirable properties in 2D vdW heterostructures for
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future device applications. The practical application of heterostructures is still at an early stage. In this
sense, it is expected that our results can pave the way for the realization of high-performance and air-

stable vdW heterostructure-based electronic and optoelectronic devices in the near future.
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