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Abstract

Two-dimensional (2D) materials and their heterostructures are
promising for next-generation optoelectronics, spintronics, valleytronics,
and electronics. Despite recent progress in various growth studies of 2D
materials, mechanical exfoliation of flakes is still the most common
method to obtain high-quality 2D materials because precisely controlling
material growth and synthesizing a single domain during the growth
process of 2D materials, for the desired shape and quality, is challenging.

In this thesis, most of works are focused on the growth of 2D
transition metal dichalcogenides materials to tailor their physical
properties. Prior to introducing the detailed studies, brief general
background about 2D materials properties and growth including
importance of analyzing growth mechanisms are given in chapter 1.
Then, to growth of desired transition metal dichalcogenides, three growth
methods are described in chapter 2.

Here, | successfully modified and modulated the PL of MoS..
Through PL imaging, | observed a gradual enhancement in PL intensity
within the imaging area, resulting from repetitive light illumination. The
point PL measurements provided guantitative evidence of approximately
7-fold enhancement in PL intensity. And the low-temperature PL and

. 7]
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XPS measurements show that tins enhancement has relationship with
defect healing. So, this enhancement can be attributed to increased
radiative recombination of excitons and defect healing facilitated by
repetitive light illumination.

Also, | find that liquid phase tungsten oxide (WOx), an
intermediate phase produced during the growth process, facilitates the
growth of multilayer WS2. The intermediate WOx with high oxygen ratio
(x>3) becomes a liquid phase so that sulfur can be dissolved in liquid
WOy, resulting in nucleation of multilayer WSz on the WOx surface.
Then, the WS> grows laterally by squeezing out the liquid WOx outward
due to higher interface energies between WS, and WOx. The grown
multilayer WS: single crystals have various stacking orders of 2H and
3R, which is confirmed by second-harmonic generation (SHG) signals
and photoluminescence (PL).

Finally, 1 report the nucleation and growth behaviors of
monolayer MoS: by sulfurizing a faceted monoclinic MoO: crystal. The
MoS: layers nucleated at the thickness steps of the MoO: crystal and
grew epitaxially with crystalline correlation to the MoO2 surface. The
epitaxially grown MoS: layer expands outwardly on the SiO2 substrate,
resulting in a monolayer single-crystal film, despite multiple nucleations

of MoS: layers on the MoO:2 surface owing to several thickness steps.

1]
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Although the photoluminescence of MoS: is quenched owing to efficient
charge transfer between MoS2 and metallic MoO2, the MoS: stretched
out to the SiO2 substrate shows a high carrier mobility of (15 cm2V-1s1),
indicating that a high-quality monolayer MoS: film can be grown using
the MoO: crystal as a seed and precursor. Our work demonstrates a route
to grow high-quality MoS: using a faceted MoO: crystal and provides a
deeper understanding of the nucleation and growth of 2D materials on a
step-like surface.

Our findings can provide a better understanding of growth in 2D
materials, which can be applied to design a new growth method for 2D

materials

Keyword: Two-dimensional materials, Transition metal chalcogenides,
Growth mechanism, Chemical Vapor Deposition, Physical Vapor Deposition,

Chalcogenization

Student Number: 2020-28958
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Chapter 1. Introduction

1.1 Properties of Transition Metal Chalcogenides

Structure of Transition metal chalcogenides

Transition metal chalcogenides are the most studied layered
materials beyond graphene. They typically have the formula MX: and
consist of a sandwich of two chalcogen atoms (X) centered on a
transition metal(M) forming one atomic layer. Transition metal
chalcogenides are composed of strong covalent bonding within the
intralayer, but stacking vertically interlayer with relatively weak van
der Waals forces. ! This unique bonding structure makes it possible to
reveal and exploit the layer-by-layer physicochemical properties of
transition metal chalcogenides as layered materials. Transition metal
chalcogenides have the same chemical formula of MX32, but have
several phases due to the difference in arrangement within three atoms
thick. There is the 1H phase, which is in the form of a trigonal
prismatic around the metal atom center, and the 1T phase, which has
an octahedral coordination. In addition, the 1T' phase is representative,
2.3 in which the chalcogen atom is also distorted by the distortion

between adjacent metal atoms in the 1T phase.



In general, crystal structures with high periodicity such as 2H
and 1T phases are thermodynamically stable and 1T' is metastable, but
in certain situations, 1T phase can be kept stable even at room
temperature. In addition, phases such as 2H or 3R exist depending on
the stacking order of transition metal chalcogenides between
interlayers instead of within intralayers.* > The degree of freedom
provided by the various crystal structures of transition metal
chalcogenides shows a variety of properties despite the fact that the
structure is simply composed of one metal atom and two chalcogen
atoms, which has numerous potential applications in the next-

generation nanoscale industry.
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Figure 1.1 Structure of TMDCs. a) Atomic structure of single layers
of transition metal dichalcogenides (TMDCs) in their trigonal
prismatic (2H), distorted octahedral (1T), and dimerized (1T") phases.
Lattice vectors and the stacking of atomic planes are indicated. ¢ b)
Structural representation of 1T, 2H, and 3R TMDC polytypes together
with their metal atom coordination. The numbers indicate the number
of layers in the unit cell and the letters stand for trigonal, hexagonal,

and rhombohedral, respectively. ’



Band properties of Transition metal chalcogenides

The diversity of properties arising from the different structural
phases and changes in chemical composition of transition metal
chalcogenides shows the potential to diversify the band properties of
transition metal chalcogenides and exploit a wide range of electrical
and optoelectronic properties. These band properties range from
metallic to semiconducting and beyond, and include charge density
wave, superconducting, and topological properties. Typical and most
widely studied transition metal chalcogenides are sulfur or selenium
compounds with Mo and W as transition metal centers. These
transition metal dichalcogenides have different band properties
depending on the number of layers, and the peculiarity is that when
only a three-atom-thick monolayer is present, the indirect band
properties in the conventional bulk change to direct band properties at
the K-K momentum. 810 This direct band characteristic implies that
these two-dimensional semiconducting materials can be utilized not
only for electrical but also optical properties. These transition metal
chalcogenides show not only band characteristic changes with the
number of layers, but also inequivalence at high symmetry points in
the Brillouin zone, where the Valley degeneracy decay makes the
transition metal chalcogenides selective to certain circularly polarized

4 1



light. This increased degree of freedom holds promise for
valleytronics applications that utilize the valley selectivity within
transition metal chalcogenides.

A special property exhibited by these monolayer transition
metal chalcogenides is the spin splitting of electronic bands by spin-
orbit coupling (SOC). The strong SOC of the two-dimensional
transition metal chalcogenides collapses the spin degeneracy of the
VBM and CBM. The spin splitting at the valence band maximum in
monolayers has relatively large energies, ranging from 0.15 eV in
MoS> to 0.46 eV in WSe2 with heavier atoms.!! In CBM, spin splitting
occurs for the same reason, but the contribution of the orbital of the
metal atom involved in CB is lower,’2 showing about an order of
magnitude lower splitting compared to VB. The transition metal
chalcogenide shows opposite spin splitting in the two K, K' of the
Brillouin zone due to the time-reversal symmetry caused by the
asymmetry of each atom at 3-fold as opposed to graphene at 6-fold.
This unique spin-valley polarization 13 enables spintronic applications
in transition metal chalcogenides without the need for any magnetic

materials. 14 15
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Figure 1.2 a) Evolution of the band structure of 2H-MoS:2 calculated

for samples of decreasing thickness. b) Schematic representation of
the band structure of monolayer 2H-MoS2, showing the spin splitting
of the bands at the K and K points on the corners of the Brillouin
zone. Orange and blue colors indicate up-and- down spin polarization.
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1.2 Fabrication method of Transition Metal Chalcogenides

Top-down method

The intrinsic inter- and intralayer anisotropy, as seen in the
structure of transition metal chalcogenides described earlier, allows
for the separation of several layers of thin nanosheets from bulk two-
dimensional materials. 16 There are various ways to overcome these
interlayer van der Waals forces. 1  First of all, as shown in Figure 1.3,
micromechanical methods can be used to peel off the bulk two-
dimensional material, induce interlayer distortion through
compression to weaken the van der Waals force, or apply shear stress
1719 to obtain single or multiple layers of two-dimensional material.
For peel-off, the best known example is the scotch tape method. 20 21

Another method is exfoliation in a solvent. There are also
physical methods (vibration and cavitation) 22 and chemical
intercalation methods. 227 In the case of the physical method, the
crystal is separated by applying vibration energy through sonication to
the two-dimensional bulk material or forming a cavitation field

through the control of fluid flow in the solvent and applying the



resulting force to the two-dimensional bulk material to obtain a
thinner flake of transition metal chalcogenides.

Chemically exfoliated methods in solvent typically overcome
interlayer van der Waals forces by inducing interlayer expansion
through intercalation. The most commonly used intercalation
materials are alkali metal cations with small electronegativity. The
alkali metal cation is inserted into the interlayer of the two-
dimensional TMD, causing orbital hybridization and charge transfer to
the d-band of the transition metal chalcogenide. 2830 To stabilize the
change in charge distribution, a phase transition of the transition metal
chalcogenide occurs, and the weakened interlayer distance is separated
into independent layers by gas generation in a specific solvent
medium.

In addition, there are methods such as etching, 3% which is
not a peeling method that overcomes the van der Waals between
interlayers, but a method that uses a laser or other destructive method
to create a layer of the desired thickness in the bulk, starting from the
most surface layer sequentially.

Although these various methods have been studied, the main
disadvantage is that it is difficult to control the energy delivered for
separation and destruction of layers, making it difficult to produce

7
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two-dimensional materials with the desired size and number of layers.
To overcome this disadvantage, many researchers have studied how to
grow two-dimensional materials from the bottom up through a

combination of atomic steps rather than from bulk materials.
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Figure 1.3 Representation of the forces used to exfoliate nanosheets in

‘top-down’ methods. 37
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Bottom-up synthesis

Unlike the top-down method, the bottom-up synthesis of two-
dimensional transition metal chalcogenides proceeds through the
reaction of a precursor(s) containing the elements of the transition
metal chalcogenide. In general, the types of precursors involved in the
synthesis of transition metal chalcogenides include solid, liquid, and
gaseous phases and are accompanied by various types of chemical
reactions. In theory, any material containing the elements of the target
transition metal chalcogenide can be used as a precursor, but
difficulties in controlling the energetics and reaction kinetics 38  limit
the number of precursors that can be utilized in practice. As mentioned
earlier, transition metal chalcogenides are anisotropic to energy in
certain planes due to their unique layered structure. The inherent
anisotropy of energy of the basal and edge planes in transition metal
chalcogenides forces growth in the lateral direction in layered material
growth, unlike conventional non-layered materials. 3° This is due to
the absence of dangling bonds in the basal plane. 3° At the edge sites
of relatively high-energy of layered materials, the unbalanced charge
distribution formed by dangling bonds allows for the formation of
continuous covalent bonding of atoms supplied from precursors. This

anisotropy in growth enables the self-limited growth of atom thick

11



nanosheets in two-dimensional materials for scale-down to next-
generation semiconductor materials.

Although many researchers have devised synthetic methods to
grow various types of transition metal chalcogenides and elucidated
their growth mechanisms, there is still much work to be done to
provide a comprehensive description of all aspects of growth. In this
article, I will discuss chemical vapor deposition, physical vapor
deposition, and chalcogenization of metal precursor films as

representative bottom-up growth methods.

Vapor Deposition

Vapor deposition is the most widely recognized material growth
method for forming thin films on substrates. The chemical reaction of
a precursor supplied in a gas phase chamber allows the target material
to be grown on the substrate. There are many different variations of
vapor deposition methods 49, but the basic process is similar regardless.
41,42 As shown in Figure 1.4, a reactant (usually vapor) is introduced
into the chamber through an inert carrier gas, 43 44 which forms
intermediate reactants or gaseous byproducts through a gas phase
reaction, and then adsorbs on the substrate to cause nucleation and
grain growth, or the reactant itself is adsorbed on the boundary layer

12 1



of the substrate and then directly diffuses to cause nucleation and
grain growth of the target material. At this time, the gas phase reaction
occurring in the chamber requires sufficient energy to overcome the
activation energy, so a sufficiently high temperature is applied to the
chamber or additional energy such as plasma is applied. In the vapor
deposition method of transition metal chalcogenides, monomer units
of transition metal chalcogenides are formed and then nanosheets are
formed on the substrate. In the case of two-dimensional transition
metal chalcogenides, there are many reports of atomic-thickness
monolayer growth using vapor deposition. 4°47 The vapor deposition
method has the advantage of fundamentally solving the problem of the
dependence of the scale of the nanosheet 434 on the properties of the
starting material, which is the biggest drawback of the top-down
method introduced earlier. Therefore, the vapor deposition method of
two-dimensional transition metal chalcogenides remains a major
challenge for future research to catch up with the quality obtained by
the microexfoliation method from bulk crystals obtained by chemical
vapor transport, etc. and to maintain reproducibility during the growth

process through the control of various variables.

13
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Figure 1.4 Schematic of general elementary steps of a typical CVD
process. First, reactant gases (blue circles) are transported into the
reactor (step a). Then, there are two possible routes for the reactant
gases: directly diffusing through the boundary layer (step b) and
adsorbing onto the substrate (step c); or forming intermediate
reactants (green circles) and by-products (red circles) via the gas-
phase reaction (step d) and being deposited onto the substrate by
diffusion (step b) and adsorption (step c). Surface diffusion and
heterogeneous reactions (step e) take place on the surface of substrate
before the formation of thin films or coatings. Finally, by-products and
unreacted species are desorbed from the surface and forced out of the

reactor as exhausts (step f). CVD, chemical vapour deposition. 40
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Chalcogenization

Chalcogenization is an alternative to gas phase reactions. Gas-
phase reactions suffer from low yields and low growth selectivity due
to transport steps in the vapor deposition process. These are factors
that reduce the reproducibility of the growth of transition metal
chalcogenides. Chalcogenization is a method to overcome these
problems and directly synthesize two-dimensional transition metal
chalcogenides at targeted locations by directly chalcogenizing a
substrate coated with a precursor containing a metal atom as one of
the precursors. Unlike the previous vapor deposition method, this
method does not force a path for gas diffusion after the gas-phase
reaction, resulting in a high yield of transition metal chalcogenides
and high growth selectivity that allows growth only at the desired
location through pre-patterning of the precursor. The types of metal
precursors used for this chalcogenization range from metal films to
sources such as metal oxides and alloys. 49-% Howeuver, in the case of
this chalcogenization, the film thickness and crystal size of the
transition metal chalcogenide grown by random nucleation and grain
growth on the surface of the metal-containing film are random, and
this plays a major role in reducing the uniformity of the film. As a
result, the grain boundaries and defect density are high, and the grains

15 S



are often misaligned and cannot form a monolayer. °2 These structural
features are manifested in the deterioration of the electro-optical
properties of transition metal chalcogenides formed by
chalcogenization of metal source-containing films compared to
transition metal chalcogenides synthesized by conventional vapor
deposition methods. Therefore, controlling the nucleation of these
films and controlling the alignment of the growing grains remain the

most important issues.

16
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1.3 Analyze of growth mechanisms in two-dimensional
materials

For practical applications of two-dimensional materials, it is
not only important to synthesize two-dimensional transition metal
chalcogenides with desired properties, but it is also crucial to increase
the reproducibility of the process. In order to improve the
reproducibility, it is necessary to understand the mechanism of growth
by identifying the influence of different factors on the process.
Therefore, it is essential to study the connection between the material
growth theory of two-dimensional transition metal chalcogenides and
the synthesis process of various methods. In this respect, single crystal
materials offer the possibility to understand the nucleation and growth
mechanisms and control the material properties.

Currently, several growth models have been proposed for two-
dimensional materials. These include Layer-By-Layer, Layer-Over-
Layer, Screw-Dislocation-Driven, °8-61 and Dendritic models. 2 For
all condensed solid state materials, including two-dimensional
materials, the degree of saturation of the reactant determines the
growth model of the material. As shown in Figure 1.6, the

concentration of reactants contributes to different growth models.
s J &1l



Layer-by-layer (LBL) growth is commonly observed in two-
dimensional materials such as transition metal chalcogenides,
including graphene. This is due to the intrinsic structural anisotropy of
layered materials, which is difficult to overcome because the
activation energy for nucleation of a new layer is higher than the
activation energy for lateral growth of edge sites with dangling bonds.
To overcome this difficulty, supersaturation conditions of the reactants
are required so that the vertical growth of LBL growth can be
dominant. In addition, screw-dislocation-driven growth, which has
previously been shown in one-dimensional nanomaterials (nanotubes
or nanochannels), has been confirmed to occur in two-dimensional
materials at low supersaturation concentrations. Understanding this
growth model goes beyond controlling the properties of two-
dimensional transition metal chalcogenides, which appear in a single
three-atom-thick layer, and allows for control of the number of layers
and morphology, increasing the probability that certain crystals will be
synthesized over others, leading to a broader range of applications for

low-dimensional materials.
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Chapter 2. Growth control of transition metal
chalcogenides by metal precursors and promoters

2.1. Enhanced Photoluminescence and Defect Healing in
Large-Scale MoS, via NaBr promoter-assisted growth

2.1.1. Introduction
Two-dimensional materials have attracted significant attention in
recent years due to their unique properties and potential applications
in various fields, including optoelectronics, 55 energy storage, 70
Among them, molybdenum disulfide (MoS2), a transition metal
dichalcogenide, has gained particular interest owing to its
semiconducting nature and excellent optical properties. 768 However,
the synthesis of large-scale MoS2 with controlled quality remains a
challenge. Conventional chemical vapor deposition (CVD) methods
have been widely employed for MoS: synthesis; however, they are
often limited by the high thermal stability of the precursor and the
fundamental issues associated with chemical wvapor deposition
techniques. To overcome these limitations and achieve large-scale
synthesis of high-quality MoS2, the use of promoters has been
explored.
In this study, | utilized a NaBr promoter in the synthesis
process of MoS:. The incorporation of the NaBr promoter enabled the

21



successful fabrication of MoS2 with large sizes. The obtained films
exhibited typical optical properties of MoS2. Nevertheless, |
investigated the optical properties of the synthesized MoS2 through
repeated light illumination. 1 observed a significant enhancement in
the photoluminescence (PL) intensity across the entire spectrum upon
continuous light illumination. This finding suggests that the optical
properties of the MoS:2 via promoted grown can be modulated through
light-induced effects. To gain insights into the origin of this enhanced
PL, I performed low-temperature PL measurements. The results of the
low-temperature PL measurements revealed distinct characteristics
depending on the illumination conditions. Immediately after synthesis
without any illumination, the low-temperature PL spectra exhibited a
high ratio of trions and defect-bound excitons to neutral exciton.
However, after sufficient illumination, the defect-bound exciton peak
significantly decreased, accompanied by a decrease in the trion ratio.
These observations indicate that the enhanced PL intensity is
associated with the modification of defect-related states in the MoS:
upon illumination. To further investigate the characteristics of the
promoted-grown MoS2 films and the role of defect healing, |
conducted X-ray photoelectron spectroscopy (XPS) measurements.
The analysis of the XPS spectra demonstrated the disappearance of

22 1



trap states formed by sulfur vacancies, leading to a lower Fermi level
of the MoS; grains. Consequently, the binding energy of Mo and S
exhibited a redshift. This result confirms the successful defect healing
in the promoted-grown MoS2, which can be achieved through light
illumination.
2.1.2. Experimental procedure

PL imaging

To ensure specific excitation of the MoS2 band, a short pass
filter was installed in the path of the incident light in the microscope
setup. This filter effectively blocked wavelengths that could lead to
band excitation in MoSz. Additionally, a long pass filter was placed in
the path of the emitted light, after it passed through the sample and the
dichroic mirror, and before reaching the CCD camera. This
arrangement allowed us to eliminate any reflected light and focus
solely on the PL emission. Figure 2.1 illustrates the modified

microscope setup.

23
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CVD growth of MoSz

Monolayer MoS2z on SiO2 (285nm)/Si substrate was
synthesized using an APCVD (atmospheric pressure CVD) system.
Before the growth process, substrates (2.3 x 2.3 cm?) were cleaned via
sonication in acetone and isopropyl alcohol for 10 min each.
Molybdenum trioxide powder (MoOs, 3 mg, Sigma-Aldrich) and
NaBr powder (3mg, Alfa-Aesar) mixture loaded quartz boat was
heated to 750 °C at center of the furnace. Another quartz boat filled
with sulfur powder (S, 180 mg, Sigma-Aldrich) was placed at 21 cm
away from the center toward the upstream (temperature of sulfur is
measured as 220 °C). The substrate was positioned upside-down on
MoOs powder filled quartz boat. The temperature of furnace was
ramping up to the reaction temperature of 750 °C with a ramping rate
of 50 °C /min. Reaction maintained for 5min with supplying Ar gas
(300 sccm) to the substrate. After growth, the furnace was cooled

naturally to 300 °C, followed by rapid cooling.

Raman Spectroscopy
The Raman intensity map image and spectra were acquired

using Raman spectroscopy (LabRAM HR Evolution) with a 532 nm

7
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laser. To minimize the damage to the sample from laser irradiation, a
power of < 5mW was used. As the laser spot size was =<1 pm. The
measurements were conducted at room temperature and low

temperature(77K) using linkam stage.

XPS measurement
XPS spectra were collected in a PHI VERSAPROBE IlI

SCANNING XPS MICROPROBE system using a monochromatic Al

Ka X-ray source.

26



2.1.3. Results and Discussion

In order to investigate the photoluminescence (PL) imaging of
MoS2, | modified a microscope setup (See Methods for detail). Using
PL imaging setup, | performed PL imaging of MoS2 samples and
observed intriguing behavior. Initially, in bright field (BF) image of
MoS2(Figure 2.2a), PL signal appeared relatively weak across the
image, as shown in Figure 2.2b. However, through repetitive light
illumination, | observed a gradual enhancement in the PL intensity
within the imaging area. Figure 2.2c clearly demonstrates the
progressive brightening of previously dark regions in the PL imaging.

To quantify the observed enhancement in PL intensity, |
performed point PL measurements on each sample. The results, as
depicted in Figure 2.2d, revealed an approximate 7-fold increase in PL

intensity compared to non-enhanced MoSa.
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Figure 2.2 PL enhancement of MoS: by light illumination. (a) OM

image of promoted grown MoSz, (b) PL image of promoted grown

MoS: (b) before and (c) after illumination. PL spectra before and after

illumination.
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To investigate the origin of photoluminescence (PL) in the synthesized
MoS2, | performed low-temperature PL measurements on three
different types of CVD-grown MoS2 samples: (Red) non-enhanced
promoted grown MoSz, (Black) fully enhanced promoted grown MoSz:,
and (Blue) conventionally grown MoS». (Figure 2.3)

Our results revealed distinct PL characteristics among the
three samples. In the PL spectra of sample (Red) and sample (Blue), a
prominent peak corresponding to defect-bound excitons was observed.
However, in sample (Black), the intensity of the defect-bound exciton
peak was significantly reduced. This observation suggests that the use
of a promoter during the growth process has a notable effect on the
self-abandonment of defect-bound PL in MoS: (Figure 2.3 (red)).

To further analyze the PL peaks, | utilized the peak
corresponding to the neutral exciton as a reference. The A-B spin-orbit
splitting for all three types of samples was found to be approximately
170 meV, 7 80 indicating similar spin-orbit coupling strength.
However, for the defect-bound exciton peaks, two distinct peaks with
energy differences of approximately 130 meV and 180 meV were
observed. According to previous studies 8! the peak with a 130 meV
energy difference is attributed to mono-sulfur vacancies, while the
peak with a 180 meV energy difference is associated with di-sulfur
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vacancies. 81 This discrepancy in peak energies suggests that the
defect types differ between the two samples(Figure 2.3;Red and Blue).

The disparity in defect types can be attributed to the growth
conditions and the influence of the promoter. According to the
referenced studies, 82 he MoS: synthesized with a promoter under Mo-
rich conditions exhibits a lower chemical potential of sulfur, which
leads to a relatively lower formation energy for di-sulfur vacancies. 82
This condition favors the formation of di-sulfur vacancies rather than
mono-sulfur vacancies, resulting in the observed peak energy
difference of approximately 180 meV.

These findings highlight the role of the promoter in
modulating the defect characteristics of MoS2 during growth. The
incorporation of a promoter under Mo-rich conditions can effectively
enhance the formation of di-sulfur vacancies, leading to a higher

density of defect-bound PL in MoS..
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Figure 2.3 Low-temperature PL of MoSz, as a function of growth
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In order to investigate the effect of defect healing on the
electronic properties of MoS2, | performed X-ray photoelectron
spectroscopy (XPS) measurements before and after the healing
process. By comparing the XPS spectra, | was able to analyze the
changes in the Fermi level and gain insights into the healing
mechanism of defects in MoS..

To accurately assess the changes in the XPS spectra, |
calibrated the spectra using a C calibration. By aligning the carbon
peak, | ensured that any observed shifts in the spectra were not due to
instrumental factors but rather inherent changes in the MoS2 material.

Upon examining the XPS spectra before and after defect
healing, | observed an intriguing behavior. The peak corresponding to
oxygen, which is not directly involved in defect-related processes,
remained unchanged in both spectra. However, significant redshifts
were observed in the XPS spectra of both Mo and S elements.

The redshift observed in the Mo XPS spectrum indicates a
downward shift of the binding energy (Figure 2.4a). suggesting a
decrease in the Fermi level. This shift is consistent with the healing of
defects, particularly sulfur vacancies, which are known to introduce
mid-gap states in MoS;. The disappearance of these mid-gap states

due to defect healing leads to a reduction in electron trap states,
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thereby lowering the Fermi level.

Similarly, the redshift observed in the S XPS spectrum further
supports the healing of sulfur vacancies. The decrease in binding
energy for sulfur indicates a change in its electronic state (Figure 2.4b).
which is associated with the elimination of sulfur vacancies and the
reduction of mid-gap states. 8384
The observed redshifts in both Mo and S XPS spectra provide strong
evidence for the healing of defects in MoS: through our defect healing

process.
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2.1.4. Conclusion

In conclusion, | successfully modified a microscope setup to
investigate the PL of MoSz. Through PL imaging, | observed a gradual
enhancement in PL intensity within the imaging area, resulting from
repetitive light illumination. The point PL measurements provided
quantitative evidence of approximately 7-fold enhancement in PL
intensity. And low-temperature PL measurements on the synthesized
MoS: films revealed distinct PL characteristics among the samples
with different growth conditions. The use of a promoter resulted in a
significant reduction in defect-bound PL intensity after repeatable
light illumination. The energy differences in the defect-bound exciton
peaks further suggested different defect types, with di-sulfur vacancies
being favored under Mo-rich growth conditions. These findings
contribute to our understanding of the influence of growth conditions
and promoters on the defect properties of MoS.. These findings
contribute to our understanding of the behavior of MoS: under light
exposure and provide insights for developing strategies to enhance the

PL properties of MoS: for various optoelectronic applications.
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2.2. WOy-driven growth of 2H- and 3R-WS, multilayers by
physical vapor deposition

2.2.1. Introduction

Numerous studies have focused on the distinctive optical and
electronic properties of monolayer TMDs. 8-8 However, multilayers
with various stacking orders, such as trigonal, hexagonal, and
rhombohedral, have shown intriguing atomic-scale optical properties
with non-linearity, which is beneficial for various optical applications.
Nevertheless, controlling the stacking order of TMD multilayers is
still challenging because of low-yield expectations from mechanical
exfoliation and difficulties in fabrication of artificial stacks with
specific angles. 90-%2 Despite efforts to control stacking order through
artificial stacks, impurities and partial atomic reconstruction during
the interlayer transfer process often lead to non-uniform properties in
artificially formed multilayers, limiting industrial-scale applications.
Although various growth methods for 2D materials have been
developed to overcome this challenge, growth mechanisms remain
unclear. Here, | report the growth of multilayer WS2 single crystals
with 2H- and 3R- stacking orders using liquid-phase tungsten oxide

(WOx)-driven growth. | find that the WOx plays an important role
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during growth of WS2. The liquid phase WOx with high concentration
of tungsten efficiently nucleates and grows the multilayer WS2
crystals with various layer numbers and stacking orders, facilitating
the Vapor-Liquid-Solid (VLS) growth of WS;. The few-layers (>1L)
of WS: exhibits changes in indirect exciton and Raman shift due to
differences in band characteristics and interlayer coupling depending
on the stacking order, and even shows second harmonic signals
depending on the presence of inversion symmetry breaking.
2.2.2. Experimental procedure

PVD process

WS, growth by physical vapor deposition: WSz on SiO2 (285
nm)/si substrate was grown using the PVD system. Before the growth
process, the substrates (2 x 6 cm?) were cleaned via sonication in
acetone and isopropyl alcohol for 10 min each. A tungsten disulfide
powder (WS, 1.2 g, Alfa Aesar)-loaded alumina boat was heated to
1100 °C at the center of the furnace. The substrate was positioned 14 ~
20 cm away from the center of the furnace. And the temperature of
furnace was ramped up to the reaction temperature of 1100 °C with a
ramping rate of 22 °C /min. The reaction was maintained for 1 hr by
supplying Ar gas (500 sccm) for carrying W-contained species vapors
to the substrate. After the growth, the furnace was cooled naturally to
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300 °C followed by rapid cooling.

Scanning Transmission Electron Microscopy

A focused ion beam (FIB) system (Helios G4, Thermo Fisher
Scientific, USA) was used for cross-sectional TEM. | used STEM
(JEM-ARM200F (Cold FEG, JEOL Ltd., Japan)) at a low operating

voltage of 80 keV.

Atomic force microscopy
AFM images were measured using NX-10 (Park Systems).
Both contact and noncontact modes were performed considering the

status of the samples and environment.

Second Harmonic Generation measurement

For the SHG measurements, | used a supercontinuum laser
combined with a monochromator (LLTF CONTRAST-SR-
EXTENDED-HPS) as the excitation source. A short-pass filter with a
cutoff wavelength of 1,000 nm was used to block the laser beam from
entering the spectrometer (Horiba TRIAX 320). The SHG signal was
detected using a thermoelectrically cooled back-illuminated CCD
detector. The laser power measured just before the objective was kept

7
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at 3mW. To measure the polarization dependence of the SHG, a
superachromatic half-waveplate (Thorlabs SAHWP05M-700) was
used to rotate the polarization of the linearly polarized laser beam to
the desired direction. The analyzer angle was set such that only the
photons with a polarization parallel to the incident polarization passed
through. Another achromatic half-waveplate was placed in front of the
spectrometer to keep the polarization direction of the signal entering
the spectrometer constant with respect to the groove direction of the

grating.

Raman Spectroscopy

The Raman intensity map image and spectra were acquired
using Raman spectroscopy (LabRAM HR Evolution) with a 532 nm
laser. To minimize the damage to the sample from laser irradiation, a
power of < 5 mW was used for an acquisition time of 10 s. As the
laser spot size was =1 pum, the mapping area was scanned at a point-
to-point distance of 1 um. All the measurements were conducted at

room temperature after cooling the annealed samples.
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2.2.3. Results and Discussion

| synthesized the multilayer WS; crystals on a SiO2 substrate at
1000°C by physical vapor deposition as shown in Fig. 2.5a (see
Methods for details). The WS, powder was placed in the middle of the
furnace as a precursor for thermal decomposition. The SiO2 substrate
near the outlet zone has different temperature of 800-1000°C.
Depending on the temperature of the substrate, the grown WS:

crystals showed different morphologies (Fig. 2.5b).
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Figure 2.5 (a) Schematic illustration of PVD process for synthesis of
the multilayer WS; crystals. (b) Optical microscopic images of the
grown WSy crystals on different positions of the SiO: substrate at

different temperatures. The scale bar is 10 pm.
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Even though the uniform multilayers WS> crystals are observed
on some location of the substrate, the synthesized WS: crystal in the
middle of the substrate has different thicknesses and cyan particles as
shown in Figure 2.6a. To investigate the crystal structure of WS> and
particles, | measured Raman spectra from different positions of Fig.
2.6a (indicated by blue, green, pink, red, and black circles) as shown
in Fig. 2.6b. The black Raman spectrum was obtained from the black
particle at the edge of WS: grain. No vibration mode was observed
here. Blue and pink Raman are 3L and 4L Raman spectra, respectively.
In the Raman of 3L, the Raman shift difference between the El2q and
A1g peaks is 68 cm1, and the 4L is 68.7 cm?, showing the difference
depending on the layer thickness. °> The red Raman spectrum was
obtained from the cyan particle in WSz grain inner. No vibration mode
was observed here except the Raman peak of WS>. This indicates that
the cyan particles are amorphous materials. The black Raman
spectrum was obtained from the SiO2 substrate for comparison. As a
result, peaks with different crystals than the signature peak of WS: did
not appear. For elemental analysis of the cyan particles, |1 obtained
elemental line profile along the white dotted line of Fig. 2.6a using the
energy dispersive spectroscopy (EDS) in scanning electron
microscopy (SEM). The EDS profiles of Fig. 2.6¢ and d for tungsten
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and oxygen show that the particle is highly concentrated region of
tungsten and oxygen, indicating that the elongated particles in the WS>

crystal is WOx.
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Figure 2.6 Structural and elemental analyses of the PVD-grown WS;
crystals. (a) Optical microscopic image of the PVD-grown WS;
crystal with different thicknesses and cyan particles. (b) Raman
spectra of the PVD-grown WS». The Raman spectra of different colors
corresponds to the colored circles in Fig. 2.6a. Elemental line profiles

obtained from the white dotted line of Fig. 2.6a: (c) W and (d) O.
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To conduct a thorough structural analysis of the WOx and
WS2/WOx area, | utilized cross-sectional TEM and EDS mapping (Fig.
2.7). Figure 2.7a shows the cross-sectional TEM of the spherical
particle obtained along the white dotted line in the inset of Fig. 2.7a,
which is formed in the substrate region of (7). Figure 2.7a clearly
shows that the SiO2 is etched by the particle. The EDS maps of Fig.
2.7b show that W and O are uniformly detected without any signal of
S, indicating that the spherical particles formed on the SiO2 region of
(7) are WOx. Figure 2.7c shows the cross-section TEM of the ellipsed
particle with WS> grain obtained along the white dotted line in the
inset of Fig. 2.7c, which is formed in the substrate region of (3~4). In
Figure 2.7c shows that the WOx located under the WS; layer with
SiO2 etching. The EDS maps of Figure 2.7d show that W and O are
uniformly detected in lower particle. And W and S signal detected in
upper WS: layer. Indicating that WOx is located under the WS: layer.
Through XPS measurements of WOx and WS2/WOx area, it shows that
only tungsten oxide was formed in the region of (7), and in both types
of samples, bonding between W and O was formed in oxygen bonding.

(Figure 2.8a - h)
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Figure 2.7 Structural analysis of the WOx particle and WS2/WOx
heterostructure. (a) Cross-sectional TEM image of the WOx patrticle
obtained from the white dotted line of the inset. The inset is optical
microscopic image of the WOx particles formed on the SiO2 region (7).
(b) EDS maps of Si, O, W, and S for the WOx particle formed on the
SiO2 region (7). (c) Cross-sectional TEM image of the WS2/WOx
heterostructure obtained from the white dotted line of the inset. The
inset is optical microscopic image of the WS2/WOx heterostructure
formed on the SiO:2 region (4). (b) EDS maps of Si, O, W, and S for

the WS2/WOx heterostructure formed on the SiO2 region (4).
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Figure 2.8 XPS measurement results for each region. (a) OM image

and (b) binding energies of O, (¢) S, and (d) W for the WO particle in
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W for the WS2/WOx heterostructure in region (4).
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In Figure 2.9a, a tilted SEM analysis was performed to investigate the
presence of tungsten oxide at the edges of the WS particles. Tilted
SEM images were captured to visualize the interface between WS
and tungsten oxide and to study their spatial relationship. The results
show that the tungsten oxide is triply folded within the particles,
which indirectly shows that the position of tungsten oxide is related to
the growth direction of WSz. As shown in the Figure 2.10, there are
WOy at the corners and edges of the grain, regardless of the shape of
the grain in WS2. The AFM height and lateral images (Figure 2.9b and
c) provide a detailed view of the hexagonal shape of the WS> grain,
offering valuable insights into its morphology. The images reveal
distinct features that are crucial for understanding the growth and
structural characteristics of the grain. In Figure 2.9b, it is intriguing to
observe that the hexagonal-shaped grain exhibits a unique
characteristic: one type of edge appears shorter and nearly straight,
while the other edges display a slightly convex curvature. This
difference in edge morphology is attributed to variations in the growth
rates along different zigzag edges °4. The contrasting growth rates
contribute to the distinct edge shapes observed in the hexagonal WS>
grain. Despite the variations in edge morphology, the formed WS>
grain, as demonstrated in Figure 2.9c, exhibits a single lateral image
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with a consistent phase throughout its structure. This suggests that the
grain has grown conformally, maintaining a uniform phase across its
surface. This observation aligns with the conformal growth

characteristics typically associated with WS> growth processes.
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Figure 2.9 Structural analysis of grown WS with tungsten oxide. (a)
tilted SEM image of WSz grain with tungsten oxide at edge of the
grain. (b) AFM height image and (c) lateral image of hexagonal shape
WSs. (d) height line profile of SiO2-WS2-SiOz (red dot line in b) and

(e) height line profile of WS> with canal. (sky blue dot line in b)
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Figure 2.10 Verification of WOx in grain corners by AFM and SEM
measurements. (a) AFM image, (b) SEM image of a triangular-shaped
grain corner. (c) AFM image, (d) SEM image of a hexagonal-shaped

grain corner.
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Bilayer WS: single crystals exhibit two distinct shapes: triangular and
hexagonal. These shapes were observed in the grown WS> samples,
indicating the presence of different crystal structures in the bilayer
configuration (Figure 2.11a and b). The height profiles of the
triangular and hexagonal shapes were determined using atomic force
microscopy (AFM). For the triangular shape, the height was measured
to be 1.96 nm relative to the SiO2 substrate (Figure 2.11c). In contrast,
the hexagonal shape exhibited a height of 1.94 nm (Figure 2.11d).

To investigate the stacking order of the two types of bilayer
WS, grains, SHG measurements were performed. The SHG signals
provide valuable information about the crystal symmetry and stacking
arrangement. The results revealed that the triangular-shaped grains
exhibited a strong SHG signal, indicating the breaking of inversion
symmetry. This observation suggests the presence of the 3R stacking
order in triangular-shaped bilayer WS;. In contrast, the hexagonal-
shaped grains did not show an SHG signal, indicating the dominance
of the 2H stacking order in hexagonal-shaped bilayer WS> grains with
inversion symmetry. (Figure 2.11e) In order to further characterize the
optical properties of bilayer WSz structures, PL and Raman
spectroscopy were conducted on the samples with confirmed stacking
orders obtained from the SHG measurements. The PL spectrum of the
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bilayer WS; structures revealed distinct features associated with band
transitions. A prominent direct band transition corresponding to the A-
exciton was observed at 1.94 eV. Additionally, an indirect band
transition was observed near 1.72 eV. It is worth noting that the
bilayers with different stacking orders exhibited variations in the
valence band splitting, % leading to an approximately 20 meV
difference in the energy of the indirect band transition (Figure 2.11f).
Raman spectroscopy was employed to analyze the vibrational modes
and interlayer coupling in the bilayer WS> structures. In Figure 2.11g,
The Raman spectra revealed the presence of two characteristic
fingerprinting peaks, namely Aig and E'2g. The E mode originates
from the in-plane vibration and typically exhibits a slight shift to
lower frequency with increasing interlayer coupling. This behavior
can be attributed to long-range Coulombic interlayer interactions and
the associated dielectric screening effect. In contrast, the A' mode
arises from the out-of-plane vibration and is slightly blue-shifted. This
is due to interlayer coupling, which increases as the van der Waals

restoring force strengthens. °6
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Figure 2.11 Optical properties and AFM measurement of grown two-
types of WSz with different shape. (a) Optical microscope image of 3R
bilayer WS2. And (b) its AFM height image. (c) Optical microscope
image of 2H bilayer WS.. And (d) its AFM height image. (e) SHG
spectrum of 2H and 3R bilayer WS2. (f) Photoluminescence spectrum
of 2H and 3R bilayer WS:. (g) Raman spectrum of 2H and 3R bilayer

WSo.
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| propose a growth mechanism for WSz grown by PVD based on
the combined results. The WOx liquid intermediate is formed through
the embedding process of tungsten and oxygen, as shown in Figure
2.12a. During the physical vapor deposition (PVD) of WS», even at
high temperatures, oxygen cannot be supplied for the decomposition
of WS,. However, the formation of WOx during the synthesis process
is attributed to the reaction between the decomposed species of WS>
and oxygen from the SiO2 substrate, as shown in Figure 2.12b and
Figure 2.13. °7:% The formed WOx liquid allows for the dissolution of
sulfur, and the dissolved S exhibits a significantly long diffusion
length within the liquid medium. It acts as a mediator for WS:
nucleation at the surface of the liquid, as shown in Figure 2.12c. As a
result of WS: nucleation, multiple layers of WS> grains are formed on
the surface of the WO« liquid. Subsequently, the additional dissolved S
leads to the further growth of WS» grains at the edges of the WS>
nuclei (Figure 2.12d). This growth mechanism differs from the
previously reported self-limited monolayer growth reactions. 29 100 |n
this case, the liquid surface acts as a mediator, eliminating the
blocking effect caused by the increased dissolution and extended
diffusion length of S within the liquid medium. 191 Unlike
conventional self-limited reactions, where the reconfiguration of
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surface metal atoms in the medium occurs and the transition metal
dichalcogenide (TMD) is converted, the supply of chalcogen is
hindered, making it difficult for additional layer growth to occur 9.
The WOx liquid present between the WS layers is squeezed out
towards the outer side of the WS, grains due to the difference in
surface energy. 102183 (Figure 2.12e) The final growth morphology
depends on the relationship between the grain growth rate and the
diffusion velocity of the WOx liquid droplet. If the diffusivity of the
WOx liquid droplet is faster than the grain growth rate of WSy, the
WOy continuously grows on the surface of the WS grain, supplying
the W source and extending the WSz grain. Ultimately, it solidifies at
the edge of the grain, exposing itself as a WOx droplet in the interface
of the grown WS grain. (Figure 2.12f and 2.12g) If the diffusivity of
the WOx liquid droplet is slower than the grain growth rate of WS,
the WS, growth is terminated when it fully covers the surface of the
WOx droplet, leading to the solidification of the WOx within. As a
result, the remaining WOx takes on an elongated elliptical shape
following the slower growth direction of the WS> grain. This shape is
due to the blocked supply of S within the WOx droplet. (Figure 2.12h

and i)
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Figure 2.12 Phase diagram and Schematic illustration of the WS>
growth assisted by liquid tungsten oxide. (a) Phase diagram of
tungsten — oxygen system. The proposed mechanism of WOy assisted
growth of WSz: (b) liquid droplet formation due to the reactions of
vapor-phase tungsten species with oxygen in SiO2 substrate by
decomposition of WS powder at high temperature. (c) Nucleation of
WS: by dissolve S species by decompose of WS, powder. (d) Lateral
growth of WS, continuous S dissolving. (e) Squeeze out of liquid
Tungsten oxide droplet by driving force according to different surface
energy. (f) If liquid droplet diffusivity was faster than WS2 grain
growth, tungsten oxide droplet fully driven and solidified out of the
WS grain edge. And (g) its optical image. (h) If liquid droplet
diffusivity was slower than WS> grain growth, tungsten oxide droplet
was confined at inner of the WS: grain. And (i) its optical microscope

image.
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Figure 2.13 Proposed formation mechanisms of WOx liquid
intermediates. (i) The vaporized WSs4x is adsorbed onto the SiO:
substrate. (ii) It reacts with -OH groups on the SiO2 surface to form
the intermediate state of WOxSy. (iii-iv) Further reactions consume S.
(v-vi) After S is consumed, M-O is formed. (v-vi) After all the S is

consumed, the bond with Si is broken by the strong M-O bonding.
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2.2.4. Conclusion

In this study, | synthesized few-layer single crystal WS2 on the
SiO2 substrate using PVD process and proposed growth mechanism of
WOx liquid intermediate. | demonstrated the growth of single crystal
WS, with various layer numbers and stacking orders by forming a
molten tungsten oxide with high oxygen ratio (more than 3) mediated
by oxygen in SiO2 substrate and utilizing it as an intermediate in the
growth process. The W-O liquid not only serves as a precursor that
supplies W for WS growth but also provides a driving force for the
continuous lateral growth of single crystal WS, grain based on the
difference in surface energy. By controlling the degree of dissolution
of sulfur, | have not only formed various layers of WS (>1L) but also
grown controlled various types of stacking order (2H or 3R) of single-
crystal WS». Furthermore, the grown various types of WS> exhibits
different second harmonic generation and photoluminescence
properties depending on the layer number and stacking order because
of band structure changes due to different interlayer couplings. Our
results provide insight into the potential of non-linear optics in 2D
materials using various layer numbers and stacking orders, as well as

the growth of large-scale single crystal TMDs using metal oxide
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intermediate assistance.
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2.3. High quality monolayer MoS, film growth by
sulfurization of faceted MoO;

2.3.1. Introduction

Promising properties of 2D semiconductor materials have
previously been reported. 194110 Most studies on 2D materials still use
2D material flakes obtained by mechanical exfoliation. Various
synthetic methods have been developed to improve the yield and scale
of 2D materials, including Pulsed Layer Deposition (PLD), 111-113
Atomic Layer Deposition (ALD), 114-116 Chemical Vapor Deposition
(CVD), 17 Metal-Organic Chemical Vapor Deposition (MOCVD), 118
119 and sulfurization of Mo film 120121 or molybdenum oxide 122123 to
synthesize MoSz. However, several challenges are faced regarding the
understanding of Kinetics of the growth process and control of the
quality and growth at the desired location. Among these methods,
sulfurization has attracted attention for producing large-scale MoS:
through the substitution of large-area films and homogeneous films.
However, MoS; formed by sulfurization of various Mo-source-based
materials (such as Mo metal film 120.121 and MoO3 122:123) has been
crystallized in a polycrystalline form with numerous randomly
oriented domains and domain boundaries. Therefore, the quality of the

film thereby formed shows relatively poor properties compared with
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single-crystal two-dimensional materials synthesized differently. Here,
| succeeded in synthesizing single-crystal MoS: by pre-growing
metallic monoclinic MoO: crystals, followed by sulfurization. It was
confirmed that the MoS: crystallized on the top surface of MoO2 was
crystallized epitaxially and aligned with a specific crystal direction of
MoO;. Although several layers of MoS2 grow randomly by multi-
nucleation near the edge of MoO2, the top MoS: layer epitaxially
crystallized on MoO2 grows outward on SiO2 to produce a high-

quality single-layer MoS:2 grain and continuous film.

2.3.2. Experimental procedure
Monoclinic MoO2 growth

MoO2 on SiO2 (285 nm)/Si substrate was grown using the
atmospheric pressure CVD (APCVD) system. Before the growth
process, the substrates (2 x 2 cm?) were cleaned via sonication in
acetone and isopropyl alcohol for 10 min each. A molybdenum
trioxide powder (MoOs, 5 mg, Sigma-Aldrich)-loaded alumina boat
was heated to 750 °C at the center of the furnace. The substrate was
positioned upside down on the MoO3 powder-filled alumina boat, and
the temperature of furnace was ramped up to the reaction temperature

of 750 °C with a ramping rate of 50 °C/min. The reaction was
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maintained for 15 min by supplying Ar gas (300 sccm) for carrying
MoOs x vapors to the substrate. After the growth, the furnace was

cooled naturally to 600 °C followed by rapid cooling.

Sulfurization of Pre-grown MoO:>

The substrate on which MoO2 was pre-grown was placed at
the center of the furnace. Alumina boat filled with sulfur powder (S,
180 mg, Sigma-Aldrich) was placed 24 cm away from the furnace
center toward the upstream (temperature of sulfur was measured as
180 °C). Monolayer MoSzon a SiO2 (285 nm)/Si substrate was
synthesized using the APCVD system. The temperature of furnace
was ramped up to the reaction temperature of 750 °C at a rate of
50 °C/min. The reaction was maintained for 15 min by supplying Ar
gas (300 sccm) to carry the sulfur vapor to the substrate. After the
growth, the furnace was cooled naturally to 300 °C followed by rapid

cooling.

Raman Spectroscopy
Raman and PL spectra were acquired using a Raman
spectroscope with a 532 nm laser (Renishaw Raman, InVia Reflex

Confocal Raman Microscope).
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Scanning Transmission Electron Microscopy

A focused ion beam (FIB) system (Helios G4, Thermo Fisher
Scientific, USA) was used for cross-sectional TEM. | used STEM
(JEM-ARM200F (Cold FEG, JEOL Ltd., Japan)) at a low operating

voltage of 80 keV.

Device Fabrication

To fabricate two-terminal MoO: devices, the regions for
electrical contacts were patterned on a poly(methyl methacrylate)
(PMMA) layer using e-beam lithography (Raith, Pioneer 2). Ti/Au (10
nm/40 nm) metal was deposited using an e-beam evaporator (KVE-
E2000L, Korea Vacuum Tech). The samples were removed by soaking
in acetone for 2 h at room temperature. Two-terminal MoS2 devices
were fabricated using the shaped MoS.. To shape the MoS., PMMA
layer was patterned via e-beam lithography, and XeF. gas was
exposed to an open window using an XeF2 etcher (SAMCO, VPE-4F).
| exposed MoS2 to XeF2 gas for 12 min under an XeF2 pressure of 3
Torr for complete etching. The electrode patterning and metallization
process of the MoS2 devices were the same as those used for the

fabrication of MoO> devices.
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Electrical Measurement
The electrical measurements of the MoO2and MoS: two-
terminal devices were conducted using a semiconductor parameter

analyzer (Keithley, 4200A-SCS 2400) under ambient conditions.

2.3.3. Results and Discussion

| first synthesized monoclinic MoO:z crystals on a
SiO2 substrate using CVD, followed by sulfurization of the
MoO: crystals, as shown in the schematic procedure and optical
images in Figure 2.14 (see Experimental Procedures for details). To
synthesize the MoO: crystals, MoOs powder was placed in the furnace
in an alumina boat. Subsequently, a SiO2 substrate was placed upside
down on the boat, and the sublimation of MoO3s powder was induced
by ramping the furnace to 750 °C. MoO3s x vapor species generated by
MoOs sublimation led to MoOz2 nucleation and growth on
SiO2 substrates. As shown in the optical image in Figure 2.14a,
rhombus-shaped MoO: crystals, tens of micrometers in size, were
synthesized with sharp edges and a clean top surface. The Raman
spectrum in Figure 2.14b shows that only MoO: crystals grow without
formation of other phases such as MoQs. 124 For sulfurization of the
MoO:; crystals, sulfur was supplied at 750 °C using sulfur powder in a

65 S



flow of Ar gas. The sulfur powder in the alumina boat was placed
away from the furnace heating zone. As shown in the optical image
of Figure 2.14c, MoS2 was grown on the MoO2 surface and stretched
outward from MoO2, whereas no dramatic change in the shape and
size of the MoO: crystal was observed. The Raman spectra of the
synthesized heterostructure in Figure 2.14d show that MoS2 grew

without collapse of the structure or crystallinity of MoOo..
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Figure 2.14 Growth of monoclinic MoO:2 crystals and sulfurization of
MoO; into MoS2/Mo0O: heterostructure. (a) Schematic illustration of
MoO:2 crystal growth and optical microscopic image of the faceted
MoO: crystal, (b) Raman spectrum of the MoO: crystal, (c) Schematic
illustration of sulfurization of MoO2 and optical microscopic image of
the MoS2/MoQ: heterostructure. The 1L MoS: is grown on the SiO>
substrate around edge of MoS2/MoO: heterostructure, (d) Raman

spectrum of the MoS2/MoO2 heterostructure.
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Atomic force microscopy (AFM) was used to characterize the
grown MoS2/MoO2 heterostructures, as shown in Figure 2.15; Figures
2.15a, b, and ¢ show the AFM images of the synthesized MoO: crystal,
whereas Figures 2.15d, e, and f show the AFM images of the
sulfurized MoS2/MoQO: heterostructure. Figure 2.15a shows that a
rhombus-shaped MoO: crystal was synthesized with an uneven top

surface. As shown in Figure 2.15b, the grown MoO: has a thickness of

~23 nm. As shown in Figure 2.15c (obtained from the red area

in Figure 2.15a), the top surface of MoOz has multiple steps and
terraces owing to its nonlayered structure. After sulfurization of MoO2,
MoS: covers the entire MoO: crystal and stretches out to the
SiO2 region, as shown inFigure 2.15d and e. Meanwhile, the
MoO: crystal maintains its shape after sulfurization. Although the
MoO:; crystal was fully covered by MoS, multiple steps and terraces

were observed on the MoO: top surface in Figure 2.15f.
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Figure 2.15 Morphologies of synthesized MoO: and MoS2/MoO:
heterostructure. (a) AFM image of the MoO:2 crystal. The magnified
AFM images of (b) blue-dashed and (c) red-dashed regions of (a). (d)
AFM image of the M0S2/MoO: heterostructure. The magnified AFM

images of (e) blue-dashed and (f) red-dashed regions of (d).
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The atomic  structures of the synthesized MoO:2 and
MoS2/MoO: heterostructures were investigated using transmission
electron microscopy (TEM). The high-resolution TEM image
in Figure 2.16a and selected area electron diffraction (SAED) pattern
in Figure 2.16b shows that the synthesized MoO:z is a monoclinic
single crystal with a top surface of [11]. The (02) and (111) planes
grew with lattice spacings of 0.280 and 0.232 nm,
respectively. 125 TEM images in Figure 2.16¢ and e show the center
and edge regions of the MoS2/MoO: heterostructure, respectively. The
Moiré pattern in Figure 2.16¢ appeared because of the difference in
the crystal structures of MoS2 and MoO:2 grown on the MoO: surface.
126 The SAED pattern in Figure 2.16d indicates that the crystalline
MoS: is aligned to the MoO2 crystal. Figure 2.16e shows that the edge
region of the heterostructure has a Moiré pattern with two MoS: layers.
As shown in the SAED pattern in Figure 2.16f, the two MoS: layers
have a twist angle of 15.4°. Meanwhile, a single MoS: layer was
observed on the SiO2 region away from the edge of the heterostructure,
as shown in Figure 2.16g and h. This result indicates that twisted
MoS: layers are grown on the edge of the MoO: crystal, whereas only

the MoS2 monolayer stretches out toward the SiO2 region.
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Figure 2.16 Atomic structures of the MoO: crystal, MoS2/MoO:2
heterostructure, and 1L MoS. (a) TEM image (b) SAED pattern of
monoclinic MoOz2 crystal. (c) TEM image and (d) SAED pattern of the
center region of MoS2/MoO; heterostructure. (€) STEM image and (f)
FFT pattern of the edge region of MoS2/MoQO: heterostructure. (g)
STEM image and (h) SAED pattern of 1L MoS2 grown on SiO2

around the edge of MoO:5..
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To verify the nucleation sites and layered structure of MoSz on the
MoO: crystal, the cross-section of the MoS2/MoO: heterostructure
was investigated using scanning transmission electron microscopy
(STEM), as shown in Figure 2.17. In MoO2, nucleation of
MoS; occurs at the edge terrace and top surface sites of MoO:.
Therefore, MoS2 grown from nucleation formed on different surfaces
of MoO:2 grew while covering MoO:. Figure 2.17a and b indicate that
MoS: grown on the top surface covered the other MoS2 grown on the
edge. Thus, the top surface of MoO: is covered with only a single
layer of MoSz, and several layers of MoS> grow at the edge. Unusually,
the MoS: layer initiated and grew from the top surface, extended to
SiO2, and grew (Figure 2.17c). This implies a different tendency than
other MoS: growing in the existing layer-by-layer mode (LBL); in the
conventional growth of multilayer MoS2 by LBL growth, the layer at
the bottom is the widest with a smaller grain size toward the top 12:
128 and ledge epitaxy by guidance of crystal direction of the
substrate. 12° The result of the tilted MoS: grain in Figure 2.16e and
cross-sectional image inFigure 2.17a confirm that MoS:2 grows
independently at the top surface and edge of MoO: in the sulfurization
of MoOg; this is attributed to MoO:2 having different surface energies,

depending on the Mo plane. 130 The twisted layers of MoS2 grow at the
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edge site of MoO:2 because of the nucleation of each layer at different

steps.
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Figure 2.17 Growth of MoS: from the steps of MoO2 crystal. (a)
Cross-sectional STEM image of the MoS2/MoO:2 heterostructure. (b)
Combined two STEM images of the edge region of MoS2/MoO2
heterostructure. The MoS:2 layers nucleate from the steps of MoOz:. (c)
Combined three STEM images of the MoS: extended onto the SiO2

substrate. Note that only monolayer MoS: is grown on the SiOo.
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| performed optical measurements of the grown MoS: using Raman
spectroscopy and photoluminescence (PL) measurements. Figure
2.18a shows an  optical image of the  measured
MoS2/MoO: heterostructure and extended grown monolayer MoS: on
SiO2. The two fingerprint Raman peaks of MoS2, Elgand Aig,
represent the in-plane and out-of-plane modes, respectively. 131 By
plotting the two Raman peaks, E'2gand Auig, the degree of strain and
doping applied to MoS: can be confirmed. 132 In Figure 2.18b, the
peaks of Elgand Aigare plotted by measuring the Raman spectra of
the MoS2 monolayer area on SiO2 and MoO: in the sample shown
in Figure 2.18a. The plot in Figure 2.18b shows that MoS: crystallized
by sulfurization on MoO:2 (blue dots) exhibits a small compressive
strain compared with MoS:2 grown on SiO2 (red dots). The MoS: in the
Mo0S2/MoO:> heterostructure is highly p-doped (n=-1.5 x 1012 to —2.0
x 10'?) compared with the MoS: on the SiO2 substrate owing to the
efficient charge transfer between MoS2 and MoO>. 133 | proceeded to
measure the PL of MoS: to confirm that charge transfer occurs at the
junction. The red spectra in Figure 2.18c are the PL spectra measured
in the region corresponding to 1L MoS:z in Figure 2.18a, and the blue
spectra are the PL results measured in the MoS2/MoQO: heterostructure

in Figure 2.18a. The PL of MoSz grown on SiO2 is 5-fold stronger
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than that of MoS2 on MoO: because charge was transferred from
MoS2 to MoO:2 owing to the metallic characteristic (Figure 2.19) of
MoOz. Therefore, exciton recombination is reduced in case of
MoS2 on MoOz, and the PL of MoS2 on MoO: is quenched. 134

As shown in the optical microscopic image in Figure 2.18d, the
sulfurization of MoO2 grown at an appropriate distance can produce a
continuous film of outwardly grown monolayer MoSz. | measured the
optical properties of the continuous structure of MoS2/MoO2-
MoS2/Si02—Mo0S2/Mo0O:2 through line Raman spectroscopy of the
sample in Figure 2.18d. The existence of each material and trend of
the MoS; Raman peak were confirmed through the waterfall plot
in Figure 2.18d and contour plot image in Figure 2.20. To investigate
the properties of grain boundary in the MoS2 grown between two
MoO: crystals, | obtained the waterfall plot of Raman spectra
in Figure 2.18d and contour plot image of PL spectra in Figure 2.21.
This result indicated that there is no recognizable difference at the
grain boundary between two MoS: grains. 135 1% As indicated by the
out-of-plane and cross-sectional TEM and STEM results, MoS2 grown
on MoO:2 shows a relatively wide Raman shift difference compared
with MoS: on SiO2, despite the same monolayer. In the case of the

MoS2 monolayer grown on SiOz2, the Raman shift difference between
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Elygand Aigis 20.6 cm~! because the monolayer MoS2 grown by CVD
is affected by the substrate during the growth process, unlike

mechanically  exfoliated = monolayer =~ MoS2.  37In  the
MoS2/Mo0O2 heterostructure, a Raman-shift difference of ~23 cm-
1 was observed because the A1g peak of MoS2 on MoO: is blue-shifted

relative to that of MoS2 on SiO2. These results show that the Raman

peak shift of MoS2 is dominated by the effect of doping with MoO¢..
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Figure 2.18 Optical properties of the MoS: and MoS2/MoO:2
heterostructure. (a) Optical microscopic image of the MoS2/MoO:
heterostructure used for measurements of Raman and PL spectra. (b)
Plot of Raman peak positions of the synthesized MoS2 on the SiO2
(red dots) and MoO2 (blue dots). Strain and doping can be measured
by using the red and blue axes, respectively. The red and blue
distributions on the top and right panels indicate that the strain and
doping levels are different for two MoS2 regions on SiO2 and MoOz:.
(c) PL spectra of the 1L MoS2 on the SiO2 (red) and MoOz2 (blue). (d)

Waterfall plots of Raman spectra measured from the MoS2 grown
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between two MoO: crystals. The Raman spectra were measured from

the position as indicated in the optical image.
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Figure 2.19 Electrical properties of monoclinic MoO2. (a) Optical
image of the MoO2 grown on SiO2/Si substrate. (b) Output curves

(Ips-Vps) of the MoO> device
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Figure 2.20 Contour plot of Raman spectra measured from the MoS:
grown between two MoO: crystals. The Raman spectra were

measured from the position as indicated in the optical image.
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Figure 2.21 Contour plot of PL spectra measured from the MoS:
grown between two MoO: crystals. The PL spectra were measured

from the position as indicated in the optical image.
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To characterize the electronic quality of the monolayer MoS: film
grown on faceted MoO2, | measured the transfer and output
characteristics of the synthesized MoS2 using SiOz as the back
gate. Figure 2.22a shows an optical image of the patterned
MoS; fabricated for the two-probe measurement. The output curve
in Figure 2.22b shows that the synthesized MoS: transistor exhibited
n-type characteristics and gate dependence. From the transfer curve

in Figure 2.22c, the MoS; device has a mobility of 15.45 cm? V-1 s~

Lwith an on/off ratio of ~10% This result suggests that the

synthesized MoS2 based on faceted MoO:2 has high quality and

electrical properties.
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Figure 2.22 Electrical properties of the MoS: synthesized from MoO..
(@) Optical microscopic image of the MoS: device. (b) Output curves

(Ios-Vps) and (c) transfer curves (Ips-Ves) of the MoS: device.
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2.3.4. Conclusion

In conclusion, | developed a growth method for high-quality
MoS: using pre-grown faceted monoclinic MoO. as a growth template
by improving the existing vapor-phase deposition method of the Mo-
containing source. | succeeded in epitaxially growing MoS; by

sulfurizing the [11] plane of monoclinic MoO.. The top MoS; layer

epitaxially grown on MoO,was continuously grown on the
SiO, substrate to form a monolayer of high-quality MoS,, and the
MoS; FET thus grown had a mobility of 15 cm?V-*stand an on/off
ratio of 10°. This study not only demonstrates the growth potential of
high-quality  two-dimensional transition metal dichalcogenide
materials and heterostructures by epitaxial growth of nonlayered and
layered materials but also provides a methodology for crystal direction
control and patterning of growing transition metal dichalcogenides
(TMDs) by aligning MoO:. crystals, in contrast to the sulfurization of

amorphous Mo or MoO,, which yields polycrystalline MoS..

85



Chapter 3. Summary

In this thesis, | introduced novel strategies for growth of
desired transition metal dichalcogenides by modifying growth method.
| have resolved many of the previously reported synthesis problems
(high quality, scalability, growth rate, layer selectivity, stacking order
control, etc.) by optimizing different growth methods and studying the
growth mechanism. The novel growth strategies | studied are
summarized in below.

- This study demonstrates the successful synthesis of large-scale
MoS: using a NaBr promoter. The resulting films exhibit enhanced
photoluminescence upon repeated light illumination. Low-temperature
PL measurements and XPS analysis provide insights into the origin of
the enhanced photoluminescence and confirm defect healing in the
promoted-grown MoS; films. These findings contribute to advancing
our understanding of the optical properties and defect engineering in
large-scale MoS2, paving the way for their utilization in various
optoelectronic applications.

- Through physical vapor deposition of WSz, | improved the
problem of monolayer growth dominated by self-limited growth and
synthesized WS: with several layers of different stacking orders.

7
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During this process, | identified the growth mechanism driven by the
WOx liquid intermediate and found a way to overcome the self-limited
growth.

- | report the nucleation and growth behaviors of monolayer
MoS: by sulfurizing a faceted monoclinic MoO: crystal. The MoS:
layers nucleated at the thickness steps of the MoO:2 crystal and grew
epitaxially with crystalline correlation to the MoO2 surface. The
epitaxially grown MoS: layer expands outwardly on the SiO2 substrate,
resulting in a monolayer single-crystal film, despite multiple
nucleation of MoS:2 layers on the MoO: surface owing to several
thickness steps. High-quality monolayer MoS:2 film can be grown
using the MoO2 crystal as a seed and precursor. Our work
demonstrates a route to grow high-quality MoS: using a faceted MoO>
crystal and provides a deeper understanding of the nucleation and
growth of 2D materials on a step-like surface.

As  two-dimensional ~ semiconductor  transition  metal
chalcogenides are a key player in the scale-down of the next-
generation semiconductor industry, | believe our strategy offers insight

into the challenges currently facing mass production.
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