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Abstract 

Graphene, a two dimensional (2D) layered carbon nanomaterial has been the subject of intense interest 

because of its attractive and exceptional physical and chemical properties. Over the past few years, 2D 

layered inorganic nanomaterials (2D-LINs) have attracted attention because of their unique thickness 

dependent physical and chemical properties and potential technological applications. Some 2D-LINs 

like MoS2, WS2 and SnS2 have been recently developed and employed in various applications because 

of their layer-dependent electrical properties. This thesis contributes to the synthesis of large size WS2 

crystal on graphene and hexagonal boron nitride (h-BN) by atmospheric pressure chemical vapor 

deposition (APCVD) and their characterization. 

        Chapter 1 describes the general introduction of 2D layered materials including graphene, h-BN 

and transition metal dichalcogenides (TMDCs), with regard to their properties, applications, physical 

and chemical synthesis methods. 

Chapter 2 deals with the experimental methods for WS2 crystal synthesis, graphene synthesis 

and transfer, h-BN synthesis and transfer. 

Chapter 3 is about the effect of WO3 precursor and sulfurization process on WS2 crystals. The 

quantity of WO3 precursor spread over SiO2/Si substrate significantly affect the nucleation density and 

numbers of layer for triangular-shaped WS2 crystals. Larger triangular crystals (~70 µm) were 

obtained by controlling the amount of WO3 precursor as nucleation and growth sites. Pyramid-like 

few-layers stacked structure of WS2 crystals were obtained from densely spread WO3 powder. By 

controlling the amount of WO3 precursor and the rate of sulfur introduction in the high temperature 

chemical vapor deposition (CVD) zone, large WS2 crystals were synthesized. 

Chapter 4 discusses an effective approach to synthesize high quality monolayer WS2 crystals 

using tungsten hexachloride (WCl6) as solid precursor in APCVD process. In this technique, 0.05M 

solution of WCl6 in ethanol was drop casted on SiO2/Si substrate to create a uniform distribution of the 

precursor, which was reduced and sulfurized at 750 0C in argon atmosphere. The growth of triangular, 

star-shaped, as well as dendritic WS2 crystals on the substrate was observed. The crystal geometry 

evolved with shape and size of the nuclei as observed from the dendritic structures. Our finding shows 

an easier and effective approach to grow WS2 monolayer crystals using tungsten halide coating on 

substrate surface rather than evaporating the precursor for gas phase reaction. 

In Chapter 5, synthesis of graphene and the effect of hydrogen etching were studied upon 

graphene crystals and continuous film. Highly anisotropic and fractal etching was demonstrated with 

the formation of hexagonal graphene hole, ribbon like structures and hexagonal-hexagonal stacking 
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(stacking of three hexagonal layers) along with the snowflake dendritic crystals. This finding can be 

significant to understand the nucleation and growth of graphene crystals as well as their selective 

etching process to fabricate well-defined structures.  

Chapter 6 discusses about the synthesis of WS2 crystals on graphene and h-BN by APCVD. 

Triangular WS2 crystals of around 2-7 µm in size were obtained. Vertically aligned WS2 crystals were 

observed on graphene.  

Chapter 7 summarizes the whole thesis and future prospects. 
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CHAPTER 1 

Introduction 

1.1 Introduction to different 2D layered materials  

1.1.1Graphene  

 

Graphene is a hexagonal structure made of a single layer of sp2 hybridized carbon atoms [1]. 

Graphene is defined as a sheet of carbon atoms bound together with double electron bonds (called a sp2 

bond) in a thin film which is only one atom thick. Atoms in graphene are arranged in a honeycomb-style 

lattice structure as shown in figure 1-1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-1 Schematic diagram of graphene with honeycomb lattice 

 

By stacking of these layers on top of each other, the well-known 3-dimensional graphite crystal 

is formed. Thus, graphene is nothing else than a single graphite layer. The quasi-1-dimensional carbon 

nanotubes are formed by rolling the graphene sheets. By adding five-membered rings it is possible to 

form the quasi-0-dimensional fullerenes. The most prominent one is the Buckminster fullerene (C60), 

which is also known as bucky ball and looks like a football (soccer ball). 
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Figure 1-2 Graphene: the basic building block for other carbon allotropes, graphite (3D), fullerene (0D), 

and CNT (1D) a. 

 

1.1.2 h-BN 

 

BN is a high bandgap semiconductor formed of B and N atoms. BN can be obtained in three 

different crystallographic structures i.e. cubic BN, rutile and h-BN as shown in figure 1-3. The 

hexagonal form (h-BN) is a sp2 hybridized layered structure of B and N atoms analogous to graphene. 

The layered structure can also be stacked in the rhombohedral form. The first synthesis of BN was 

carried out in 1842 by Balmain [2, 3]. h-BN is formed by alternating B and N atoms forming 

honeycomb-like networks, similar to graphene [4, 5] as shown in figure 1-4. However, h-BN with a 

high bandgap is an insulator in contrast to semi metallic (zero bandgap) graphene.  

 

 

 

 

 

 

 

 

ahttp://graphita.bo.imm.cnr.it/graphita2011/graphene.html 
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Figure 1-3 Boron nitride crystal structures 

 

 

 

 

 

 

 

 

 

Figure 1-4 Structure of h-BN is formed by alternating B and N atoms  (reprinted with permission from 

Amir Pakdel et.al Chem. Soc. Rev., 2014) [107] 
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1.1.3 TMDCs  

 

TMDCs monolayers are atomically thin semiconductors of the type MX2, with M a transition 

metal atom (Mo, W, etc.) and X a chalcogen atom (S, Se, or Te.). One layer of M atoms is sandwiched 

between two layers of X atoms [6, 7]. In particular, monolayer Mo and W-based TMDCs (MoS2, MoSe2, 

WS2, WSe2, etc.), which become direct band gap semiconductors, exhibit excellent on/off current ratios 

in field-effect transistors (FETs),[8,9] strong photoluminescence (PL), [10-13] and unique spin-valley 

physics [14-16]. Therefore, TMDCs are expected to be a possible component in future electronic and 

optoelectronic devices [6,17]. WS2 is uniquely interesting for optoelectronic devices because its 

conduction band seems aligned to the Dirac point of graphene and its band gap is well matched to the 

solar spectrum. For WS2, the crystal belongs to the P63/mmc space group (a = 3.155, c = 12.36), [18] 

and its planar projection shows a perfect hexagonal lattice of S atoms, with interleaved W atoms 

coordinated by S in a trigonal prismatic arrangement. The structure is similar to that of MoS2 and some 

of the other dichalcogenides. 

 

 

Figure 1-5 Crystal structures of TMDs with a typical formula of MX2. (a) 2D model of the MoS2 

crystal structure. Reprinted with permission from ref [19]. Copyright 2011 Macmillan Publishers Ltd. 

(b) Unit cell structures of 2H-MX2 and 1T-MX2. 

 

 

 

 

 

 

 

https://en.wikipedia.org/wiki/Semiconductor
https://en.wikipedia.org/wiki/Transition_metal
https://en.wikipedia.org/wiki/Transition_metal
https://en.wikipedia.org/wiki/Molybdenum
https://en.wikipedia.org/wiki/Tungsten
https://en.wikipedia.org/wiki/Chalcogen
https://en.wikipedia.org/wiki/Sulphur
https://en.wikipedia.org/wiki/Selenium
https://en.wikipedia.org/wiki/Tellurium
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1.2 Structural analogy of 2D layered materials 

 

Boron nitride nanosheets (BNNSs), MoS2, and WS2 are hexagonal structures analogous to 

graphene (Figure 1-6). The bond between C-C (in graphene) and Mo/W-S (in MoS2 and WS2) is 

covalent whereas B-N is ionic (in BN). The layers of BNNSs, MoS2, and WS2 are stacked together by 

van der Waals forces similar to graphene [25]. In the case of MoS2 and WS2, weak van der Waals forces 

are holding adjacent sulfur sheets together [20].Three dimensional (3D) crystals are formed by stacking 

up 2D sheets by van der Waals forces [26].Carbon allotropes such as carbon nanotubes (CNTs), 

fullerenes (C60), and graphene have delocalized π electrons [1, 27].The key difference between the 

organic (graphene) and inorganic nanosheets is the presence of the delocalized π electron distribution.  

 

1.3  

 

 

 

 

 

 

 

 

 

Figure 1-6. Layered structure of (a) graphite, (b) hBN, (c) molybdenum disulfide/ tungsten disulfideb 

 

1.3 Properties of 2D layered materials 

Graphene 

Mechanical properties 

 

Single layer of graphene is one of the most rigid materials. Young’s modulus of graphene is a 

remarkably high ~1 TPa with an ultimate tensile strength of 130 GPa [28].Graphene is harder than  

diamond and stronger (~300 times) than steel. Although graphene is robust, this nanosheet can be  

 

bTexas Tech University, Rozana Bari, August 2014 
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stretched up to 20% of its initial length. Having these mechanical properties, mechanically strong 

composite material can be produced with graphene. 

 

Thermal properties 

Graphene has very high thermal conductivity. The thermal conductivity of graphene is 5000 

W m−1 K−1 whereas, the thermal conductivity of single walled nanotube (SWNT) is 3500 W m−1 K−1 

[29]. Ho et al. reported the experimental thermal conductivity of bulk graphite as 2000 W m−1 K−1 [30]. 

Nika et al. compared thermal conductivity of bulk graphite and graphene and they mentioned 

(theoretically) that thermal conductivity of single layer graphene depends on the flake size and ranges 

from 3000-5000 W m−1 K−1 [31]. 

 

Electrical properties 

 

In graphene each C atom is connected to three other C atoms and leaves one free electron. The 

electrical conductivity of graphene is 6000 S cm-1 [33]. Moreover, the resistance of graphene is 10-6 

Ωcm at low temperature. Graphene is a zero-band gap semiconductor with an electronic mobility of 

150,000 cm2 V-1 s-1 at room temperature [34].  

 

Properties of BNNSs and TMDCs  

Electrical insulation 

 

Due to the ionic bonding between B and N, BNNSs are electrically insulating, with a large 

electronic bandgap (~4-6eV) [35, 36]. The electrical resistivity of BNNSs is 1017 and 1014 Ωcm at 

room temperature and at 200°C respectively [37]. BNNSs composites can be used as electrical insulator 

in electronics. 

 

Thermal conductivity 

 

The thermal conductivity of BNNSs is 2000 W m-1 K-1 [38].CNTs and graphene are 

thermally and electrically conductive, therefore cannot be used in thermal management of electronic 

materials. Since BNNSs are electrically insulating and thermally conductive, BNNSs composite can be 
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used in thermal management of high power electronics. In presence of BNNSs the thermal 

conductivity of nanofibrillated cellulose (NFC) increases from 0.035 W m-1 K-1 to 26.2 W m-1 K-1 

while loading by 5% of nanofiller [39].  

For applications such as high-speed electronics and dielectronics, a material with property of 

quick heat releasing as well as electrical insulation is necessary. BNNSs can be used as nanofiller in 

polymer materials to improve the thermal stability, thermal conductivity, and dielectric properties in 

polymeric composites. For example, the dielectric constant increases with BNNSs loading in polymer 

composite of poly (methylmethacrylate) (PMMA) [40]. 

 

Chemical inertness and thermal stability 

 

BNNSs are oxidation-resistant and chemically inert. Oxidation resistance of metals can be 

improved at high temperatures by applying BNNSs coatings on metal surface. A very recent study by 

Li et al. has shown that BNNSs can sustain up to 850 ºC [41]. Another study performed by Liu et al. 

indicated that very thin BNNSs coating (~5nm) on top of nickel prevents oxidation upto 1100°C [42]. 

Hence, BNNSs are more suitable for high-temperature applications since it is more resistant to 

oxidation than graphene [43]. 

 

Optoelectronic properties 

 

WS2 and MoS2 nanosheets possess different optical and electrical properties than from bulk form. 

For an example, MoS2 nanosheets are semiconducting, with a direct electronic band gap of ~1.9 eV [59, 

60], while the bulk material exhibits indirect band gap of 1.2 eV (Figure 1-7). Similarly, monolayer WS2 

has a direct band gap of ~2.1 eV that is different from bulk WS2 (1.3 eV) (Figure1-8) [43, 2]. For both 

of these materials, the bulk material shows indirect band gap since the bottom of the conduction band 

and the top of the valence band is situated at different reciprocal lattice points (K, M, and Γ) . However, 

for the monolayer materials, the positions of bottom of the conduction band and the top of the valence 

band are at same K point of the x (wave vector) axis. In the figures, 1 Hartree (Eh) is equivalent to 

27.21 eV. Since these materials exhibit direct band gap behavior, they have strong photoluminescence 

[45, 46] and spin polarization (degree of alignment of electron's spin) [47]. These materials are also 

suitable for photovoltaics in a sense that they can be used as absorber materials in thin film solar cell 

[48]. So, these TMDCs show various potential applications in nano and optoelectronics [23]. 

 

http://en.wikipedia.org/wiki/Poly(methyl_methacrylate)
http://en.wikipedia.org/wiki/Poly(methyl_methacrylate)
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Figure 1-7. Electronic band gap structure of bulk and monolayer MoS2 (Reprinted with permission from 

Wang et al., 2012) [43]. 

Figure 1-8. Electronic band gap structure of bulk and monolayer WS2 (Reprinted with permission from 

Wang et al., Nature Nanotechnology, 2012) [43]. 
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1.4 Applications of 2D layered material 

Applications of graphene 

 

Graphene is extensively used in fabricating sensors, solar cells, flexible electronics, 

electrically conductive composites, and also as thermal management material in electronic circuits 

[32]. Moreover, the high surface area of graphene is also relevant for various applications such as 

catalysis, oil absorption, electrodes for super-capacitors, and batteries, energy storage applications. 

Graphene is also used as nanofiller in polymer to make polymer nanocomposite. The incorporation of 

graphene (with a very low filler content) makes the insulating polymer to electrically conductive 

nanocomposite and these composite are widely used in electrostatic dissipation devices and 

electromagnetic interference shielding which require electrical conductivity at the range of about 

10-6 Sm-1 [48]. The cost effectiveness and lightweight of these composites are attractive features 

[49-63]. Figure 1-9 shows the diversity of applications of graphene 

 

Figure 1-9. Numerous applications of graphenec 

 

 

cTexas Tech University, Rozana Bari, August 2014 
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Applications of BNNSs and TMDCs 

 

BNNSs adsorb organic contaminations and thermally stable [41]. Also BNNSs are thermally 

conductive and mechanically strong; these collective properties are used to fabricate cellulose wires 

with BNNSs [23, 39]. The combination of thermal conductivity and electrical insulating property of 

BNNSs has potential applications in fabricating die attachments, encapsulation of electric wire, and 

electronic packaging materials [40, 64]. The direct band gap of MoS2 nanosheets can be potentially used 

in transistors, light-emitting diodes, solar cells [65] and field-effect transistors (FET) [66, 67], ultra-high 

strength nanocomposites. WS2 is a potential semiconducting material for solar energy conversion [68 - 

72] and also extensively used as electrode in lithium batteries, [21, 73, 74], catalyst shock absorbers [22, 

75], and hydrogen storage [76]. These different types of applications are shown in Figure1-10. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-10. Numerous applications of BNNSs, MoS2, and WS2
d 

 

dTexas Tech University, Rozana Bari, August 2014 
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1.5 Methods of 2D materials synthesis  

 

There are several methods to approaches to synthesize 2D materials. A short introduction to 

different synthesis method is discussed .This thesis mainly discusses APCVD. 

 

Mechanical exfoliation 

( a )  Micromechanical cleavage 

In cooperation the graphene flake and Nobel Prize for Physics in 2010 are credited to the 

micro mechanical cleavage of HOPG (Highly Ordered Pyrolytic Graphite) in 2004 [77, 78, 79]. The 

common idea of this method is the cleavage of graphene layers from the bulk HOPG surface. The 

procedure is presented in Figure.1-11. 

Figure 1-11 An illustrative procedure of the Scotch-tape based micro- mechanical cleavage  

HOPG (Reprinted with permission from Min Yi et al, J. Mater. Chem. A, 2015) [106]. 
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(b) Sonication 

Sonication assisted liquid-phase exfoliation of graphite to give graphene has made the 

large-scale production of graphene possible. Following their experience in dispersing carbon nanotubes 

by sonication, Coleman's group first reported the high-yield production of graphene by the sonication 

assisted liquid-phase exfoliation of graphite in 2008 [80]. 

 

Figure 1-12 (a) Sonication of graphite dispersion giving graphene dispersion. (b) SEM image of the 

initial graphite flakes. (c) TEM image of the exfoliated graphene. (Reprinted with permission from Min 

Yi et al, J. Mater. Chem. A, 2015) [106]. 

 

(c) Ball milling 

 

Ball milling, a common technique in the powder production industry, is a good candidate for 

generating shear force. The mechanical mechanism of ball milling in exfoliating graphene can be 

illustrated in Figure .1-13. 
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Figure 1-13 Illustration of mechanical mechanism for exfoliation via ball milling. (Reprinted with 

permission from Min Yi et al, J. Mater. Chem. A, 2015) [106]. 

 

Liquid exfoliation 

 

The recent developments in the liquid exfoliation of layered crystals using Geim and 

Novoselov’s 2004. To date, liquid exfoliation has produced graphene, h-BN, a number of TMDs, a 

range of clays, many oxides and hydroxides, and a scattering of other exfoliated nanosheets. Figure 1-14 

illustrates the outline the four main liquid exfoliation techniques for layered materials. 
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Figure 1-14 Schematic description of the main liquid exfoliation mechanisms, where 

(A) Ion intercalation: Ions (yellow spheres) are intercalated between the layers in a liquid 

environment, swelling the crystal and weakening the interlayer attraction.  

(B) Ion exchange: Some layered compounds contain ions between the layers so as to balance 

surface charge on the layers. These ions (red spheres) can be exchanged in a liquid environment 

for other, often larger ions (yellow spheres). As above, agitation results in an exfoliated 

dispersion. 

(C) Sonication assisted exfoliation: The layered crystal is sonicated in a solvent, resulting in 

exfoliation and nanosheet formation. (Reprinted with permission from Min Yi et al, J. Mater. Chem. 

A, 2015) [106]. 
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Chemical vapor deposition 

CVD growth of graphene 

The earliest reports on CVD synthesized thin graphite materials are from the 1970s in the 

early days of investigation into the CVD process [81-83]. One of the most important advances in the 

CVD growth of single layer graphene was reported in 2009. Li et al. prepared large-area graphene films 

via CVD on copper foils [84] and the grown graphene films were mostly of single-layer thickness, with 

less than 5% double or triple layers. Besides single or bilayer graphene, it is also important to gain 

control over the number of layers in CVD grown graphene. Gong et al. controlled the number of layers 

of CVD graphene to within [85-94] layers mainly by controlling the flow of hydrogen, the thickness of 

the deposited nickel catalyst, and the growth temperature and time [95] 

CVD growth of single crystal graphene was successfully executed on commercial transition 

metal substrates like copper foils. Vlassiouk et al. [91] grew large single crystal graphene via a CVD 

process under an atmosphere of hydrogen, methane and argon with copper foils as substrates and 

catalysts, and hydrogen as a co-catalyst. The size of the obtained graphene was around 10 mm, and the 

graphene showed weak binding to the copper foil substrates. 

CVD growth of 2D boron nitride (BN) 

Since the 1970s, GaAs thin films have been widely studied via molecular beam epitaxy. Other 

group III–V compounds such as BN have also attracted much interest from the scientific community. 

However, due to the high cost of molecular beam epitaxy BN, CVD is introduced to lower the cost and 

promote the widespread production. BN is very suitable for CVD growth since the precursors of B and 

N are mostly gaseous sources. Several works have demonstrated the CVD growth of 2D BN thin films. 

For example, Shi et al. demonstrated CVD growth of h-BN thin films with a thickness of a few to tens 

of nanometers [96]. Similar work by Song et al. demonstrated the large-scale CVD growth of high 

quality h-BN films consisting of 2 to 5 atomic layers [97]. Ammonia borane (NH3–BH3) was applied as 

the precursor of BN, and was carried along by a gas flow of H2/Ar (15% vol H2, 85% vol Ar). The 

deposition was done at a temperature of around 1000ºC with a typical growth time of 30–60 minutes 

CVD growth of 2D transition metal dichalcogenides 

Single- and few-layer 2D TMDC nanosheets can be obtained from either top-down routes like 

mechanical exfoliation or bottom-up processes like CVD. The aims of the CVD growth of TMDCs are 

to grow few- and single- layer sheets, and to prepare single crystal TMD atomic layers. CVD growth of 

TMDCs dates back to 1988 when Hofmann demonstrated MOCVD growth of MoS2 and WS2 on 

various substrates [98]. The precursors of Mo and W were hexacarbonyls of the corresponding 
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transition metals and the precursor of S was vaporized sulfur or hydrogen sulfide gas. However, the 

films are normally thick. To prepare two dimensional atomic layers or single layers, several techniques 

in CVD have been developed. Liu et al. reported a two-step thermolysis process [99], in which 

ammonium thiomolybdates [(NH4)2MoS4] were dip-coated onto the substrates, and were converted to 

MoS2 by annealing at 500º C under an Ar/H2 atmosphere followed by sulfurization at 1000º C using 

sulfur vapor along with Ar gas. High-resolution TEM analysis identified that the thickness of MoS2 is 

three layers, and the MoS2 films could be easily transferred onto other arbitrary substrates. The 

sulfurization process with S vapor drastically enhanced the crystallinity of MoS2. In another work, few 

layer TMDs were obtained through conventional CVD processes. Zhan et al. reported the CVD growth 

of large-area MoS2 few-layer atomic layers based on the sulfurization of Mo metal films [100]. A thin 

layer of Mo was deposited on SiO2 using an electronic beam evaporator before being placed in the tube 

furnace for CVD growth. Sulfur vapor was introduced into the process by heating the sulfur powder. 

The size of the grown MoS2 depended on the size of the substrates, and the thickness of the MoS2 

depended on the thickness of the Mo films deposited on the substrates. Besides elemental precursors, 

transition metal oxides could also be applied as the precursors. For example, Lee et al. synthesized 

few-layer MoS2 using CVD [101].  In this work, MoO3 was converted to MoS2 by sulfurization. 

McCreary et al. grew monolayer MoS2 films on graphene substrates [102] .In this study, the precursor 

for Mo was MoCl5 which was different from most other works, and MoS2 films with 1, 2 or 3 layers 

were obtained by altering the amount of MoCl5. CVD growth of single crystal TMDCs is still a big 

challenge to date, and the obtained single crystal TMDC flakes or domains achieved so far are relatively 

small compared to the single crystal graphene flakes. However, some success in the CVD growth of 

single crystal TMDCs with large domain sizes has been realized recently. To grow single crystal 

TMDCs, the main solutions are still to reduce the nucleation density to form larger domains/grains, and 

to control the growth process to obtain individual domains that form fewer or no domain boundaries. 

Zhang et al. demonstrated the CVD growth of monolayer single crystal WS2 nanosheets on single 

crystal sapphire substrates using WO3 and S as precursors [103]. The products were monolayer single 

crystal WS2 nanosheets with sizes up to 50 µm. Rong et al. demonstrated the CVD growth of large 

single crystal domains of WS2 [104]. By controlling the time and amount of sulfur introduced before 

and during the CVD process, monolayer WS2 domains with sizes up to 370 µm were obtained. Besides 

the TMDC materials mentioned above, hetero structures based on TMDC materials are attracting great 

interest. Bernardi et al. have theoretically demonstrated that bilayer solar cells of MoS2/graphene of 1 

nm thickness could achieve over 1% power conversion efficiency [105]. These theoretical works 

predicted that bilayers of TMDC/TMDC or TMDC/graphene could be promising in various fields of 

applications. There are several experimental works on TMDC based hetero structures. 
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1.6 Motivation and objectives of current work 

 

TMDCs are fundamentally and technologically intriguing due to their unique electronic and 

optical properties. The behaviors of TMDCs are varied, ranging from insulating, semiconducting, truly 

metallic to superconducting. TMDCs such as MoS2, MoSe2, WS2 and WSe2 possess a bandgap which 

can be suitable for field-effect transistors (FETs) and optoelectronic devices. Among the TMDCs, WS2 

is uniquely interesting for optoelectronic devices because its conduction band seems aligned to the 

Dirac point of graphene and its band gap is well matched to the solar spectrum. We have used APCVD 

method to synthesis WS2 crystals. The main advantages of APCVD technique is large area synthesis of 

atomic thin layer of TMDCs and larger size crystals can be grown. Synthesis of WS2 crystals on various 

substrates such as SiO2/Si, graphene and h-BN can be significant. Large number of theoretical work on 

synthesis of WS2 on graphene and h-BN has been done using exfoliation. Normally exfoliated samples 

are only few microns, it cannot be suitable for large area applications. Hence substrate dependent WS2 

crystal growth was explored by CVD technique. The sulfurization of WO3 with introduction of sulfur 

vapor is critical to obtain WS2 crystals by APCVD 

The objective of this work is the development of the growth methods for monolayer WS2 

crystals by APCVD using various precursors on transferred CVD graphene and h-BN. The final goal is  

to synthesize high quality and large size monolayer WS2 crystals. The synthesis of large area individual 

crystals with controllable thickness is desirable for various applications. To achieve the goal WS2 

crystals with the sulfurization of WO3 and WCl6 precursor at Ar atmosphere was tackled. In parellel the 

growth and hydrogen etching of graphene, on which WS2 grows, was investigated. Finally, the direct 

growth of WS2 crystals on transferred CVD grown graphene and h-BN film was challenged. The size of 

obtained WS2 crystals on the CVD grown and graphene were small, around 5-7 µm.  
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1.7 Organization of the dissertation 

This thesis contributes to the synthesis of large size WS2 crystal using various precursors and 

substrates such as graphene, h-BN and SiO2/Si and graphene synthesis by APCVD and their 

characterization. 

Chapter 1 describes the general introduction of 2D layered materials including graphene 

h-BN and TMDCs, with regard to their properties, applications and physical and chemical synthesis 

methods. 

Chapter 2 deals with the experimental set-up for synthesis WS2 crystal, graphene and 

hexagonal boron nitride. 

Chapter 3 is about the effect of WO3 precursor and sulfurization process on WS2 crystals 

sample were grown on SiO2/Si substrate. Larger triangular crystals (~70 µm) were obtained by 

controlling the amount of WO3 precursor to control the nucleation and growth sites. Pyramid-like 

few-layers stacked structure of WS2 crystals were obtained from densely spread WO3 powder. 

Chapter 4 discusses the synthesis monolayer WS2 crystals using tungsten halide precursor. 

WCl6 is used as a precursor and SiO2/Si is used as a substrate. Larger triangular monolayer crystals 

(~100µm) were obtained. Six pointed and 3 pointed star shaped and butterfly like structures were 

obtained because of mirror twin boundaries and cyclic twinning of boundaries. 

In chapter 5, the synthesis of graphene and the effect of hydrogen etching were studied upon 

graphene crystals and continuous film. Highly anisotropic and fractal etching was demonstrated with 

the formation of hexagonal graphene hole, ribbon like structures and hexagonal-hexagonal stacking 

(stacking of three hexagonal layers) along with the snowflake dendritic crystals. This finding can be 

significant to understand the nucleation and growth of graphene crystals as well as their selective 

etching process to fabricate well-defined structures.  

Chapter 6 discusses the synthesis of WS2 crystals on transferred CVD grown graphene and 

h-BN. Triangular WS2 crystal size around 2-7 µm were obtained. Vertically aligned WS2 crystals were 

observed on graphene.  

Chapter 7 Summarizes the whole thesis and future prospects. 
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CHAPTER 2 

Experimental 

2.1 WS2 Synthesis 

 

There are several methods to synthesize WS2 crystals such as (top-down routes) mechanical 

exfoliation, liquid exfoliation and chemical exfoliation or (bottom-up process) chemical vapor 

deposition. In this thesis work we have used atmospheric pressure chemical vapor deposition method. It 

is one of the promising method to synthesize WS2 because of its scalability and wide tunability in 

growth parameters such as pressure, temperature and source. The aims of the CVD growth of WS2 are 

to grow few- and single- layer sheets, and to prepare single crystal WS2 atomic layers. In a more 

systematic approach, different strategies for supplying metal sources are adopted before sulfurization in 

CVD: (i) tungsten or solid tungsten oxide thin-film with various thicknesses and (ii) vaporized solid 

precursors. Large-area WS2 thin- film is obtained by a simple sulfurization of thin tungsten film or thin 

tungsten oxide film deposited by various methods including e-beam evaporation, magnetron sputtering, 

and atomic layer deposition (iii) tungsten oxides and solid sulfur sources are vaporized simultaneously 

on the insulating substrate during CVD process 

2.1.1 Synthesis of WS2 crystals using tungsten oxides: 

 

We have used two individual temperature controlled furnace. One is high temperature and 

another one is low temperature furnace.  

 

Figure 2-1 Schematic diagram of experimental set up for WS2 crystal synthesis 

 

Synthesis of WS2 triangular crystals is investigated by one step sulfurization of WO3 powder by an 

APCVD technique. WO3 powder was spread on 100 nm SiO2 coated Si substrate and sulfurized in Ar 

atmosphere. The quantity of WO3 powder was varied (2 and 10 mg) to explore the sulfurization process. 
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Sulfurization of WO3 powder was carried out in a quartz tube using two individually controlled 

temperature zones. S powder was placed in the center of low temperature furnace and the WO3 powder 

spread SiO2/Si substrate, which was kept in the small ceramic tube and placed in the center of high 

temperature furnace. Subsequently, Ar gas was purged in the quartz tube for 5 min after which the high 

temperature furnace was started. As the temperature reached to 550 °C, the low temperature furnace was 

also started. S vapor was introduced with Ar flow rate of 80 sccm (standard cubic centimeter per 

minute). Now, the temperature of growth zone (SiO2/Si substrate with WO3 powder) was increased upto 

750 °C. The ramping rate of growth zone was fixed as 3°C/min. The growth was carried out for 30 min 

at 750 °C and subsequently furnace was cooled down to room temperature.  

Synthesized materials were analyzed by optical microscopy, Raman spectroscopy and 

field-emission scanning electron microscopy (FE-SEM). Optical microscopy analysis were performed 

with the digital optical microscope VHX-500 in reflectance mode with a Moticam 2000 2.0 M pixel 

camera. Raman analysis was carried out using NRS 3300 laser Raman spectrometer with a laser 

excitation energy of 532.08 nm. FE-SEM studies were performed with JEOL JSM-7800F using lower 

electron detector (LED) with an accelerating voltage of 5kV  

Experimental parameters for WS2 crystals synthesis using WO3 

Expt Amt. of 

WO3 (mg) 

Amt. of 

S (mg) 

Growth 

Temp (ºC) 

Growth 

Gas(sccm) 

Growth 

time (min) 

Growth 

substrate 

WS2 2 & 10 100 750 & 950 Ar/80 30 SiO2/Si,Graphene 

&h-BN 

 

Table 2-1. Experimental parameters of WS2 crystal synthesis using WO3 

 

2.1.2 Synthesis of WS2 crystals using tungsten chloride 

 

Here, we investigate WS2 crystal growth using a tungsten halide precursor coated on SiO2/Si 

substrate. In the developed process, a 0.05M solution of WCl6 was drop casted on the SiO2/Si substrate, 

which was reduced and sulfurized in Ar atmosphere by the APCVD process. The growth of triangular, 

star-shaped, as well as dendritic monolayer WS2 crystals on the substrate was observed; where triangular 

crystals were obtained with a lateral size of more than 100 µm. The developed growth technique using 

drop casted WCl6 solid precursor can be significant to obtain large single crystals on arbitrary substrates. 

Synthesis of WS2 monolayer crystals of various geometries is achieved by one step sulfurization of 

WCl6 solid precursor by the APCVD technique. In this technique, we prepared 0.1, 0.05 and 0.01M 

solution of WCl6 powder in ethanol. Subsequently, the solution was drop casted on SiO2/Si substrates 
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and dried. The SiO2/Si substrates with WCl6 precursor were loaded in the center of small diameter 

ceramic tube sealed at one-end and placed in the center of high temperature furnace. A boat with 200 

mg of S powder was placed in the center of low temperature furnace. Experiments were performed at a 

reaction temperature of 750◦C. Ar gas was purged in the quartz tube for 5 minutes prior to the high 

temperature furnace was started. After the temperature was reached to 750◦C, the low temperature 

furnace was also started. S powder was mildly sublimated at 350◦C and growth was carried out for 30 

min in 80 sccm (standard cubic centimeter per minute) of Ar atmosphere. Finally, the furnace was 

cooled down to room temperature and samples were removed from the ceramic tube for analysis.  

The synthesized materials were characterized by optical microscopy, FE-SEM, 

Raman Spectroscopy and atomic force microscopy (AFM). Optical microscopy analysis 

were performed with the digital optical microscope VHX-500 in reflectance mode with 

a Moticam 2000 2.0 Mpixel camera. Raman analysis was carried out using NRS 3300 

laser Raman spectrometer. FE-SEM studies were performed with JEOL JSM-7800F 

using an accelerating voltage of 2 kV. AFM analysis were performed with a 

JSPM-5200 scanning probe microscope. 

Figure 2-2. Schematic diagram of experimental set up for WS2 crystal synthesis 

Figure 2-3. Schematic diagram of drop casted WCl6 solution on SiO2/Si substrate 
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Experimental parameters for WS2 crystals synthesis using WCl6 

Experiment Amount of WCl6 

(0.05M) 

Amount of Sulfur 

(mg) 

Growth 

Temperature 

(ºC) 

Growth 

gas 

(sccm) 

Growth 

time 

(min) 

WS2 2 drop 200 750 80 30 

 

Table 2-3. Experimental parameters of WS2 crystal synthesis using WCl6 

 

2.2 Graphene synthesis 

2.2.1 Graphene synthesis by APCVD 

 

In this study, electro-polished Cu foil (thickness 20 µm, purity 99.98%, Nilaco) was used for 

  graphene synthesis. Electro-polishing of Cu foil was carried out using a thick Cu plate (300 µm) as 

cathode. The electropolishing solution was composed of water (50 ml), ortho- Phosphoric acid (25 ml), 

ethanol (25 ml), isopropyl alcohol (5 ml), and urea (0.8 g). The Cu foil was placed into the solution, 

while it was supported by an alligator clip. AE-8135 my Power II 300 system as DC power source was 

used to supply constant voltage/ current, and a voltage in the range of 3.0–7.0 V was applied for 2 min. 

After electro polishing, the Cu foil was rinsed with deionized water and used for graphene synthesis. 

The experimental set up of graphene synthesis like as WS2 crystal synthesis. We used camphor and 

polystyrene as solid source for graphene synthesis in an atmospheric pressure CVD. The Cu foil was 

annealed at 1055ºC under H2 gas flow of 100 sccm for30 min. H2 was reduced from 100 sccm to 2.5 

sccm and Ar was introduced with the flow rate of 98 sccm for growth. Heating the low temperature 

zone camphor was evaporated and introduced in the CVD reactor. We annealed the graphene samples in 

Ar: H2 gas mixture after growth was completed to explore the influence of H2 in etching behavior. 
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2.2.2Transfer of graphene 

 

Figure 2-4 Schematic diagram of graphene transfer process on the substrate 

 

Figure 2-4 is a schematic of the steps used to transfer graphene from copper foil to substrates using Fe 

(NO3)2 etching method. First, PMMA solution was spin coated on the surface of the graphene-Cu foils. 

The PMMA spin coated graphene-cu foil was soaked in Fe (NO3)2 for 15hrs. Once Cu etched 

completely, PMMA/ Graphene membrane was transferred on the SiO2/Si substrate. Finally the PMMA 

from the graphene was dissolved in hot acetone. The transferred h-BN was used as a substrate for WS2 

growth. The experimental set up for WS2 crystals synthesis on transferred graphene substrate as shown 

in the Table 2-1. 

 

2.3 h-BN synthesis 

2.3.1 h-BN synthesis by APCVD 

 

In this work, electropolished cu foil was used as a substrate. The electropolishing solution of 

cu foil was made for h-BN synthesis like as we discussed in the graphene synthesis. We used Ammonia 

borane as solid source for h-BN synthesis in an APCVD. The Cu foil was annealed at 1020ºC under H2 

gas flow of 100 sccm for 30 min. H2 was reduced from 100 sccm to 2 sccm and Ar was introduced with 

the flow rate of 80 sccm for growth. Heating the low temperature zone, Ammonia borane was 

evaporated and introduced in the CVD reactor. 
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2.3.2 Transfer of h-BN  

 

Transfer of as synthesized h-BN on the insulating SiO2/Si substrate like as we discussed in 

Graphene transfer process. The transferred h-BN was used as a substrate for WS2 growth. The 

experimental set up for WS2 crystals synthesis on transferred h-BN substrate as shown in the Table 

2-1
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CHAPTER 3 

Effect of WO3 precursor and sulfurization process on WS2 crystals 

growth by atmospheric pressure CVD 

3.1 Introduction 

The synthesis of graphene and h-BN crystals has brought tremendous excitement in 

nano-electronics and various other applications [1-5]. While, graphene does not possess a band 

gap and h-BN is insulating, many important applications need intermediate properties, i.e. 

semiconductors [6]. Monolayers of TMDCs have recently caught the attention as 2D 

semiconductor crystals [7-10]. These 2D layered materials are formed with strong in-plane 

covalent bonding of individual atomic layers and weak van der Waals interaction between two 

adjacent layers [11]. TMDC layers have opened up new opportunities for nano-electronic and 

optoelectronic device applications and it has bandgap i.e. around 1~2 eV can be more suitable 

for FETs application, as the on/off ratio of graphene device is significantly poor [6, 

12-20].Monolayer WS2 with a direct band gap, coupled spin and valley physics and band 

structure tunability with strain has significant importance for nano-electronics and 

optoelectronics application [21-28]. In these prospects, growth of high quality WS2 crystals can 

be the most key aspect for device integration. 

Recently, synthesis of MoS2 and WS2 layered materials have been explored by several 

approach, such as, mechanical exfoliation, liquid exfoliation, and sulfurization of transition 

metal and metal oxides [29-31]. Significant efforts have been made to grow large WS2 crystals 

by a CVD process. The CVD technique can be more advantageous to grow high-quality WS2 

sheet with wafer-scale uniformity. However, there are several challenges to grow high quality 

WS2 layers with the possibility of forming nanoparticles and few-layers structure, thereby 

limiting the growth of large-area crystals.  
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Synthesis of WS2 crystal has been investigated by sulfurization of WO3 at an elevated 

temperature. The possibility of large crystal growth has been explored using WO3 dispersed 

powder on SiO2/Si substrate. In the growth process, the quantity of dispersed powder, growth 

temperature and sulfurization significantly affect the lateral growth of an individual crystal. 

Here, we demonstrate the influence of various parameters in the APCVD process to achieve 

growth of high quality WS2 crystals. 

3.2. Materials and methods 

As explained in the chapter 2 section 2.1.1 (A) 

3.3 Results and Discussions 

Optical microscopy study 

Figure 3-1(a) shows an optical microscope image of a large WS2 crystal nucleated 

from the WO3 powder on the SiO2/Si substrate. The crystal nucleated from a cluster of WO3 

powder with reduction and sulfurization process. The lateral growth of a large WS2 crystal 

enhance with continuous supply of the S vapor, thereby obtaining a 70 µm large crystal. Figure 

3-1 (b) shows an optical microscope image of small triangular mono and multilayer WS2 

crystals which result of more amount of WO3 powder spread on the SiO2/Si substrate. 
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Figure 3-1 Optical microscopy images of synthesized WS2 crystals on SiO2/Si substrate  

with sulfurization of the densely spread (a) 2mg WO3 powder (b) 10mg WO3 powder. 

FE-SEM Study 

The growth of individual crystal with sulfurization of WO3 powder on a 

SiO2/Si substrate is investigated by varying the growth temperature. Figure 3-2(a) 

shows formation of WS2 crystals on the insulating substrate with sulfurization of the 

densely spread WO3 powder at 750 0C. Growths of thicker triangular and star-shaped 

crystals are obtained. While, some of the places thinner crystals are observed. Now, 

elevating the growth temperature to 950 0C, we observed formation of small triangular 

crystals overlapped each other to form densely packed structures. However, we also 

observed formation of very small monolayer crystals as indicated by the arrow marks 

in figure 3-2 (b). These results suggest that the thicker WS2 crystals can be grown with 

a wide temperature range without affecting the few-layer structures. Figure 3-3(a) 

shows FE-SEM images of small triangular WS2 crystals grown on the SiO2/Si 

substrate at the growth temperature of 750 0C. The images clearly show that the top 
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layers grown with a pyramid structure, where the bottom monolayer is with largest lateral size. 

The formation of pyramid like structure of few-layer WS2 crystals is an interesting prospect to 

achieve controllable synthesis of monolayer WS2. Figure 3-3 (b) shows FE-SEM images of 

much larger WS2 crystal. In this case we are able to grow larger crystals by spreading less 

amount of WO3 powder on the substrate to reduce the nucleation site.  

 

Figure 3-2 FE-SEM images of synthesized WS2 crystals on SiO2/Si substrate with sulfurization 

of the densely spread WO3 powder at (a), 750 0C and (b) 950 0C. 

 

We introduce the S vapor at a temperature around 550 0C, as the growth temperature was kept 

fixed at 750 0C similar to the previous conditions. The gas mixture and flow rate are other key 

aspects to control the S exposure during the WS2 growth process. The S flow was controlled by 

Ar gas (80 sccm), such that an effective reaction can occur with the reduction of WO3 powder. 

In this process, we have obtained more than 30 µm large triangular WS2 crystals. 
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Figure 3-3(a) FE-SEM image of triangular WS2 crystals on SiO2/Si substrate where the layers 

are stacked to form a pyramid-like structure. (b) Much larger triangular WS2 crystals. 

 

Raman Spectroscopy Study 

Figure 3-4 (a) shows a Raman spectra of the thicker WS2 crystal, presenting the plane 

vibrational (E1
2g) and out of-plane vibrational (A1g) mode at ~348.8 and ~419.8 cm-1, 

respectively [31]. The frequency differences of the E1
2g and A1g mode is around 71 cm-1, where 

the two peaks intensity ratio (A1g/E1
2g) is around 0.59. The high intensity of the A1g peak 

confirmed the few layer structure of the crystals. Figure 3-4 (b) shows Raman spectra of the 

synthesized crystals, presenting the E1
2g and A1g mode peaks at ~348.8 and ~419.8 cm-1, 

respectively. The intensity ratio of the peaks of A1g and E1
2g (A1g/E1

2g) is around 0.18, which is 

corresponding to monolayer WS2 crystal. The Raman study confirms almost similar quality of 

WS2 obtained at 750 and 9500C. 
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Figure 3-4(a) Raman spectra of the WS2 crystal, presenting the plane vibrational (E1
2g) and out 

of-plane vibrational (A1g) mode at ~348.8 and ~419.8 cm-1.(b) Raman spectra of the synthesized 

crystals, presenting the E1
2g and A1g mode peaks at ~348.8 and ~419.8 cm-1. 

 

We have carried out Raman studies at various points to identify the WS2 crystal layers number. 

Figure 3-5(a) shows a Raman spectra of the WS2 crystal at position 1 of SEM image (figure 

3-3(a). The peaks for E1
2g and A1g mode are observed at ~348 .8 and ~419.8 cm-1, respectively. 

The intensity ratio of the peaks of A1g and E1
2g (A1g/E1

2g) is around0.23. The significant 

reduction in the intensity of A1g peak than that of the E1
2g peak as shown in the inset of the 

figure 3-5(a), confirm a monolayer WS2. Similarly, figure 3-5(b) shows Raman spectra of the 

WS2 crystal at position 2 of SEM image (at the top of the pyramid structure). The peaks for E1
2g 

and A1g mode are observed at ~348.8 and ~419.8 cm-1, respectively. In this position, we 

observed higher intense A1g peak, corresponding to the few-layer structure. In this case we 

observed that the WO3 spread on the SiO2/Si substrate and subsequent sulfurization process 

significantly influence the crystals growth. The nucleation of such crystals is observed near the 

cluster of WO3 powder spread on the substrate. 
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Figure 3-5 (a) and (b) Raman spectra of the WS2 crystal at two different positions of (1  

and 2) of figure 3-3(a) 

 

Figure 3-6(a) shows Raman spectra at the edge of the WS2 crystal, presenting the E1
2g and A1g 

mode peaks at ~363.8 and ~433 cm-1, respectively. The intensity ratio of the A1g and E1
2g peaks 

(A1g/E1
2g) is around 0.27, which is almost same as that of the monolayer of pyramid structure 

WS2 crystal. Figure 3-6(d) shows Raman spectra at the middle part of the crystal. We observed 

two splitted peaks at 715 and 813 cm-1, corresponding to O-W-O stretching peaks. These results 

clearly suggest that the lateral growth of WS2 crystal occurred from the center with the 

sulfurization. Thus, the additional layers of pyramid structures grow with further sulfurization of 

the WO3 powder at the center. 
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Figure 3-6 Raman spectra at the (a) edge, and (b) center part of the figure 3-1 (a) 

3.4. Conclusions 

We have revealed the effect of sulfurization process and quantity of WO3 precursor on 

WS2 crystals growth in the APCVD technique. The quantity of WO3 precursor spread over 

SiO2/Si substrate significantly influenced the nucleation density and layer numbers of 

triangular-shaped WS2 crystals. Pyramid-like few-layers stacked structure of WS2 crystals were 

obtained from densely spread WO3 powder. Larger triangular crystals (~70 µm) are obtained by 

reducing the amount of WO3 precursor to control the nucleation and growth sites. At the same 

time, the sulfurization of WO3 with introduction of S vapor was critical to obtain larger WS2 

crystals. Controlling the amount of WO3 precursor and rate of S introduction in the high 

temperature CVD zone, large monolayer WS2 crystals can be grown. This finding can be 

significant to understand WS2 crystals growth by the CVD process at atmospheric pressure and 

thereby realizing synthesis of larger single crystals. 
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CHAPTER 4 

An effective approach to synthesize monolayer tungsten disulphide 

crystals using tungsten halide 

4.1 Introduction 

TMDCs based layered materials (MoS2, WS2 etc.) have attracted significant interest as 

2D semiconductors with a direct band gap [1-3]. There is strong in-plane covalent bonding of 

individual atomic layers and weak van der Waals interaction between two adjacent layers of 

TMDCs materials. These atomically thin layered materials are attractive for wide range of novel 

electronic, optoelectronic devices, sensors and other applications considering presence of a 

suitable band gap [2-10]. Recently, WS2 has gaining a lot of attention as it possesses a band gap 

matching to the solar spectrum, which can be significant for optoelectronic devices [11-13]. A 

monolayer WS2 is constructed with a sandwich of two atomic layers of S and one atomic layer 

of W through covalent W–S bonds, respectively. WS2 shows a transition with a bulk indirect 

band gap to monolayer direct band gap of 1.4 eV and ~1.8 eV, respectively [14, 15].It has been 

reported that WS2 can act as an effective photoconductive layer in photo-detectors, photovoltaic 

devices and other optoelectronic devices [12, 13, 15]. Furthermore, hybridization of WS2 layers 

with other 2D layered materials has been explored to fabricate vertical and in-plane hetero 

structure devices [16-18]. Considering the significant potential of WS2 monolayer crystals in 

wide range of applications, the key challenge is controllable synthesis of large-area WS2 

crystals. 

Recently, MoS2 and WS2 layered materials have been derived by various approaches, 

such as, mechanical exfoliation, liquid exfoliation, and sulfurization of transition metal and 

metal oxides [19-25]. Among these processes, CVD technique has attracted significant interest 

to obtain layered materials with control layer numbers, higher crystalline quality and large 
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single crystal [23-2]. The atomic layer growth process has significant advantages to obtain 

high-quality monolayer with wafer-scale uniformity [27]. At the same time, fabricating in-plane 

hetero structures of these materials is only possible by a growth technique [28]. However, there 

are several challenges to grow high quality WS2 layers with the possibility of forming 

nanoparticles, few-layers structure and presence of residues thereby limiting the growth of 

individual crystals. In this work we have investigated WS2 crystal growth using a tungsten 

halide precursor coated on SiO2/Si substrate. In the developed process, a 0.05M solution of 

WCl6 was drop-casted on the substrate, which was reduced and sulfurized by the APCVD 

process. We observed growth of triangular, star-shaped, as well as dendritic monolayer WS2 

crystals; where triangular crystals were obtained with a lateral size of more than 50 µm. The 

developed growth technique using solution-casted WCl6 solid precursor can be significant to 

obtain large single crystals on arbitrary substrates. 

4.2 Materials and methods 

As explained in the chapter 2 section 2.1.2 

4.3 Results and Discussion 

The solution-casted WCl6 precursor decompose effectively to react with S vapor for 

growth of WS2 crystals. The density of WCl6 precursor on substrate surface plays significant role 

in the nucleation and growth of WS2 crystals.  

Optical microscopy study 

Figure 4-1 (a-d) shows optical microscope images of the synthesized WS2 crystals with 

different shapes. We observed triangular monolayer WS2 crystal along with six pointed 

star-shaped crystal. A nucleation point and growth of additional dendritic layers from the center 

can be observed for the star-shaped-crystals as shown in figure 4-1 (c-d). Various studies have 

been carried out on MoS2 crystal synthesis and their geometrical structure evolution. It has been 
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reported that the geometry of MoS2 crystals can changed with pressure, temperature, substrates, 

precursors, cooling rates and other CVD parameters [29, 30]. In our experiments, we observed 

that various WS2 crystal geometries can be obtained on the same sample substrate (figure4-1 

(a)), without changing any CVD parameters. This finding indicates that the sulfurization process 

of the precursor has strong effect on the growth of individual domain. In the developed CVD 

process, S vapor flows along with Ar to the growth zone, where S reacts with W precursors for 

WS2 crystal growth. Previously, Wang et al. has reported formation of triangular and hexagonal 

geometries of MoS2 domains with variation of MoO3 precursor distribution [31]. Recent study 

has also confirmed that mirror twin boundaries develop within a nucleated crystal, which 

determines the final geometry of the crystal [32]. Thus, the initial nuclei has significant role in 

determining the final geometry of the WS2 crystal. 
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Figure 4-1 Optical microscope images of WS2 crystals (a) with two different geometries on the 

same sample substrate, without changing any CVD parameters, (b) a triangular crystal. Six-arm 

star-shaped crystal with (c) and without (d) additional layer structures from the nuclei. 

 

We have also observed growth of non-uniform triangular WS2 crystal with a lateral size more 

than 100 µm. Figure 4-2 (a, b) shows optical microscope images of triangular-shaped WS2 

crystals with lateral size of 100 µm. However, we observed additional layers in the large 

crystals.  
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Figure 4-2 (a), (b) optical microscope image of triangular-shaped WS2 crystal with lateral size 

of around 100 µm. 

FE-SEM Study 

Figure 4-3 shows FE-SEM analysis of the synthesized WS2 crystals on the same 

sample substrate. As explained for the optical microscope images, we obtained WS2 crystals 

with various geometries, which also can be confirmed by FE-SEM analysis. 
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Figure 4-3 FE-SEM images of (a) triangular monolayer WS2 crystal. (b) Uncompleted growth 

of triangular-shaped WS2 crystal (size ~123 µm). FE-SEM images of WS2 crystal with a 

geometry of (d) butterfly and (e) six-arm star-shaped. 

 

Figure 4-3(a) shows a triangular monolayer WS2 crystal of 50 µm size. Similarly, figure 4-3 (b) 

shows a FE-SEM image of triangular shaped crystal with a lateral size of 123µm. Figure 4-3 (c) 

shows a WS2 crystal with a geometry of butterfly with much smaller size. Similarly, figure 4-3 

(d) shows a six pointed star-shaped crystal, where in the center we can observe the nucleation 

point and growth of additional layers. As explained previously WS2 crystals with various 

geometries are obtained on the same sample substrate, without changing any CVD parameters. 
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This indicates strong influence of W precursor and S vapor reaction process at a particular 

nucleation site. The mirror twin boundaries in a nucleated crystal can determine final butterfly, 

six pointed star-shaped and other various geometries of the crystals. As well as, thicker 

truncated triangular WS2 crystals formation is observed with merging of smaller triangles. We 

also observed vertical growth of WS2 sheets from the SiO2/Si substrate with sulfurization of a 

larger cluster of WCl6 precursor. Our findings show that the nucleation of WS2 crystals 

significantly affects the final crystal geometry. 

 

Figure 4-4 (a-d) FE-SEM images of the as grown WS2 crystals on SiO2/Si substrate with 

various geometries. 
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Figure 4-4 (a-d) shows FE-SEM images of the as-grown WS2 crystals on SiO2/Si substrates with 

various geometries. Not only the above mentioned WS2 crystals are observed, but also several 

other geometries are obtained as shown in the FE-SEM images. Figure 4-4 (b) shows two 

triangular crystals nucleated from two different nuclei creating an overlapped structure, where a 

grain boundary forms at the point of interconnection [34, 35].Similarly, figure 4-4 (d) shows 

two triangular crystals with 1800 rotation to each other, similar crystals growth has been also 

reported for MoS2 [36, 37]. As explained in the manuscript the nuclei of induvial crystal 

significantly influence on the final geometry. Figure 4-5 (a) shows formation of 3 pointed 

star-shaped WS2 crystals. This type of structure form with formation of series of triangles, which 

merged together to create a thicker truncated triangular structure. Previously Cong et al, has 

reported that the 3 pointed star structure transformed into monolayer triangular crystal with 

continuous heating and growth process [38]. Figure 4-5 (c) shows vertical growth of WS2 sheets 

from the SiO2/Si substrate surface with sulfurization of a cluster of WCl6 precursor. Our 

findings show that the nucleation of WS2 crystals significantly affects the final crystal geometry. 
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Figure 4-5 (a) Formation of 3 pointed star-shaped WS2 crystal. (b) Growth of WS2 sheets 

vertically from the SiO2/Si substrate surface with sulfurization of a cluster of WCl6 precursor. 

 

The formation of additional layer at the center part of was further investigated by FE-SEM 

analysis. Figure 4-6 (a) shows star-shaped-crystals with highly symmetric six-arm structures. 

Now, if we concentrate at the center part of crystal around the nucleation site, dendritic growth 

is visible as shown in figure 4-6 (b) . The dendrite propagates in different directions from the 

nuclei. Similarly, figure 4-6 (c) shows a WS2 triangular crystal coexisting with other growth 

fronts. 
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Figure 4-6 FE-SEM images of (a) star-shaped crystal with additional dendritic growth from the 

nuclei, (b) propagation of dendritic structure from the nuclei, (c) triangular crystal coexisting 

with other growth fronts and (d) dendritic growth fronts from the nuclei of the original crystal. 

 

Previous studies have revealed presence of grain boundaries of such complicated WS2 domains. 

The final geometry of the domain significantly affect by the nuclei. Figure 4-6 (d) shows 

dendritic growth fronts from the nuclei of the original crystal. As observed from the images 

dendritic growth fronts are significantly differ with initial shape of the nuclei. The grain 

boundaries are originated in the early stage of growth depending on the size and shape of the 



53 

 

nuclei which define the final geometries of WS2 crystal. The observations of dendritic growth 

fronts from individual nuclei for various different geometries of WS2 domain provide significant 

insight of the growth process in our developed CVD process. 

Raman Study 

Figure 4-7 shows a Raman mapping images of the six pointed star-shaped and 

triangular WS2 crystals. Figure 4-7 (a, b) shows mapping images for the E1
2g (363 cm-1) and A1

g 

(430 cm-1) peaks for the six pointed star-shaped crystal with a laser excitation energy of 532.08 

nm. Much higher intensity of E1
2g peak is observed than that of A1

g peak from the mapping 

images; however the intensity distribution is not uniform for the star-shaped crystal. The 

intensity of E1
2g peak reduces at the center, while increases for the A1

g peak. This confirms the 

nucleation point and additional layers growth at the center of the star-shaped crystal. As well as, 

it has been confirmed that the frequency of E1
2g peak decreases while for the A1

g peak increases 

with increasing layer number. Figure 4-7 (c, d) shows mapping images of full width at half 

maximum (FWHM) for the E1
2g and A1

g peaks of star shaped crystals. The FWHM of E1
2g peak 

is slightly higher than that of the A1
g peak. Other significant change in FWHM was not observed 

for both the E1
2g and A1

g peaks. 
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Figure 4-7 Raman mapping images for the six-arm star-shaped crystal (a) E1
2g (363 cm-1), (b) 

A1
g (430 cm-1) peak intensities and (c)E1

2g, (d) A1
g full width at half maximum (FWHM) of the 

peaks. 
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Figure 4-8 Raman mapping images for the triangular crystal (a) E1
2g (363 cm-1), (b) A1

g (430 

cm-1) peak intensities and (c) E1
2g, (d) A1

g FWHM of the peaks. (Laser excitation energy 

~532.08 nm) 

 

Figure 4-8 (a, b) shows mapping images for the E1
2g and A1

g peaks for the triangular crystal with 

same laser excitation energy. The intensity distribution for the A1
g peak does not change 

significantly in contrast to star shaped crystal. Figure 4-8 (c, d) shows mapping images of 
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FWHM for the E1
2g and A1

g peaks of the triangular crystal. Similar to previous case, the FWHM 

for the E1
2g peak is higher than that of the A1

g. Again, FWHM for both the E1
2g and A1

g peaks are 

almost uniform. Raman analysis showed that the triangular WS2 crystal is a monolayer, which 

was further confirmed by AFM. The Raman mapping analysis provided a detail view of the 

star-shaped and triangular WS2 crystals formation and nucleation sites. Further, layer 

distribution can be confirmed with blue and red-shift of Raman peaks, where the Van der Waals 

and Coulombic interlayer interactions plays significant roles in atomic vibration [34]. 

 

Figure 4-9 (a) Raman spectra of triangular WS2 crystal and (b) Raman spectra of six armed 

star-shaped crystal (inset of the figure) at three different positions (1, 2 and 3) 

 

Correlating the mapping analysis point Raman spectra were also analyzed. Figure 4-9 (a) shows 

Raman spectra of the triangular crystal. The peaks for E1
2g and A1

g mode are observed at around 

~360 and ~430 cm-1, respectively. The intensity ratio of the peaks of A1g and E1
2g (A1g/E1

2g) is 

around0.22, which corresponds a monolayer WS2. Similarly, Raman analysis was performed for 

six-armed star-shaped crystal at three different points as shown in the figure. Figure 4-9 (b) 

shows Raman spectra at positions 1, 2 and 3 optical microscope images. Similar E1
2g and A1g 

peaks are observed; however the intensity ratio of the two peaks significantly changes. 
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AFM Study 

Figure 4-10 shows an AFM image of the as-synthesized WS2 crystal on SiO2/Si substrate. Line 

profile at the edge, presenting an approximate thickness of around ~0.9 nm, which is almost 

comparable to monolayer WS2 crystal. 

 

Figure 4-10 AFM image and line profile of the as-synthesized WS2 crystal on SiO2/Si substrate. 

PL Spectroscopy Study 

Figure 4-11 (a) shows PL spectra of a triangular-shaped WS2 crystal at room temperature. PL 

measurements are carried out with an excitation wavelength of ~532 nm and laser power of ~16 

mW. We did not observed much change in the PL spectra at two different locations of the 

crystal. It has been reported that PL peak is difficult to obtain for multi-layer WS2 crystals, as 

band gap changes from direct to indirect with number of layers increasing from mono to 

multi-layer [26]. Peak position of the PL spectra is obtained at ~ 641.47 nm, corresponding to 

1.93 eV, similar to reported previous values [21, 22]. The FWHM of the PL peak was 

obtained as 60 meV, which is comparable to other CVD-grown WS2 crystals [22].  
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Figure 4-11 (a) PL spectra of the triangular-shaped (inset of the figure) WS2 crystal. 

4.4 Conclusion 

We have demonstrated a simpler and effective approach to synthesis WS2 crystals using 

drop-casted WCl6 precursor on SiO2/Si substrate. We observed high quality WS2 crystals growth 

using 0.05M WCl6 precursor with well distribution of nucleation sites on the in dendritic growth 

fronts were observed depending on the initial shape of the nuclei. The observation of dendritic 

growth front from individual nuclei for various different geometries of WS2 domain provide 

significant insight of the growth process in the CVD substrate. Triangular, star-shaped and 

various other WS2 crystal geometries were obtained in this growth process. We observed 

formation of dendritic additional layer structures at the center of six arm star-shaped and some 

of the other crystals. Significant differences process. These results showed that a 

solution-casting technique can be adopted for tungsten halide precursors for control growth of 

WS2 monolayer crystals. 
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CHAPTER 5  

Synthesis of Graphene and study of hydrogen etching of its crystal and 

film 

5.1 Introduction 

Synthesis of graphene by CVD process has been significantly explored owing to the 

possibility of depositing on a large-area with controllable layers number and large single crystal 

domains.[1-5] Synthesis of large single crystal graphene has been reported on Cu substrates 

using the LP and APCVD techniques.[6-12] Graphene growth on Cu surface is influenced by 

several factors such as, native oxygen, H2, gas compositions, growth temperatures, flow rate of 

carbon source, and surface structure of substrate [6,13-17]. Thus, the morphology and structure 

of graphene crystals significantly differ with CVD processes and experimental conditions. 

Single and multilayer graphene with variety of shapes can be synthesized by the CVD method, 

which allows to fabricate controlled stacking and assembly of graphene. Hierarchical graphene 

architectures of hexagonal-snowflake-dendritic stacking have been also obtained by the CVD 

technique. [18] The graphene crystal nucleation and growth kinetics are important aspects, 

which control the monolayer, few-layer, hexagonal structure, layer stacking, and dendrite 

growth process. As various studies showed the effect of H2 in the graphene growth process, 

there is significant influence of H2 on etching process as well. [13, 19-21] H2 induced etching of 

graphene is a fascinating tool to fabricate nanoribbons, hexagonal holes, Y-shaped junctions, 

and other nanostructures with control edges. [22– 24] Anisotropic etching behavior of graphene 

has been explored with metal nanoparticles in presence of H2, oxidation, and introduction of 

water vapor at high temperature annealing. [25-28] Hexagonal holes were created with 

well-defined edges by the etching process for fabrication of inplane heterostructure with h-BN. 

[29] Very recently, we have demonstrated nanoribbons and Y-shaped junctions fabrication by H2 
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induced anisotropic etching. [24] The graphene nanoribbons with armchair edges possess a band 

gap changing with the width of ribbons, while zigzag edges shows magnetically ordered edge 

states [30-33]. These features of nanoribbons only can be observed with very regular and 

pronounced edge structures. Regular edge structures can be obtained with highly anisotropy 

etching of graphene depending on the chemical reactivity of zigzag and armchair edges. This is 

an important aspect to fabricate well-defined structures of high quality CVD graphene for 

nano-electronics application. However, the etching process of individual graphene crystals can 

significantly differ with their original structure and morphology. In this prospect, exploring the 

etching behavior of snowflake-dendritic and other graphene crystals provide us an important 

information of growth and etching process. Significant differences in H2 induced etching 

behavior were observed for the snowflake dendritic and other graphene crystals by annealing at 

1055º C in a H2 and Ar gas mixture 

5.2 Materials and methods 

Graphene synthesis 

As explained in the chapter 2 section 2.2.1 

Graphene transfer  

As explained in the chapter 2 section 2.2.2 

5.3 Results and discussion  

On the electro-polished Cu foil, dendritic hexagonal shaped graphene crystals were 

obtained using solid camphor source in the APCVD process. While, graphene crystals apart 

from dendritic structures were also obtained in the same sample. This suggests that in particular, 

conditions graphene nucleation and growth of individual domains are not homogenous. At a 

steady atmosphere, six-fold symmetric hexagons can be obtained. Again, the growth of 

snowflake-dendritic structures indicate a diffusion limited growth kinetic as reported 
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previously.[34] Now, we observed interesting etching behavior of such graphene crystals by 

annealing at 1055 ºC in Ar:H2 gas mixture. 

Optical microscope study 

Figure 5-1(a) shows optical microscope image of H2 induced etching of the hexagonal 

shaped dendritic structure along with non-dendritic graphene crystals. Inset of Figure 5-1(a) 

shows magnified view of the etched dendritic graphene. All the dendritic crystals were etched 

symmetrically from the branches of individual lob creating fractal pattern. [28] Figure 5-1(b) 

shows the etching features of graphene, where there were no dendrite crystals. Hexagonal 

holesand formation ribbon like structures can be confirmed owing to anisotropic etching process. 

Hexagonal-hexagonal-hexagonal stacking (stacking of three hexagonal layers) along with the 

snow- flake dendritic crystals is also observed. Figure 5-1(c) shows an optical microscope 

image of the etched dendritic and regular graphene crystals overlapping each other on the Cu 

foil. The graphene crystals were also transferred to SiO2/Si substrate to obtain much clear 

information. 
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Figure 5-1. Optical microscope image of H2 induced etching of (a) dendritic graphene along 

with regular graphene crystals (inset of the image magnified view). (b) Etching features of 

regular graphene. (c) Etched hierarchical graphene structures on Cu foil 

 

Figure 5-2(a) shows an optical microscope image of the etched graphene crystals after 

transferring to SiO2/Si substrate. The morphology of etched six-lobed dendritic and regular 

graphene crystals remains undamaged after the transfer process. Now, the graphene crystals on 

SiO2/Si substrate show significant difference in color contrast. The six-lobed dendritic graphene 

is darker blue color than that of regular graphene crystals. Graphene stacking structures on 

SiO2/Si substrate can be clearly recognized from the color contrast in the optical microscope 

image.  
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Figure 5-2 Optical microscope image of (a) Etched graphene crystals after transferring to 

SiO2/Si substrate. (b) Stacking of hexagonal-hexagonal-hexagonal graphene (stacking of three 

hexagonal layers) along with the snowflake dendritic crystals on SiO2/Si. 

 

In the sample, we have also observed growth of graphene crystals with hierarchical structures.  

Such type of hierarchical structures of graphene is obtained with multiple nuclei of 

non-simultaneous seeding on the Cu surface, in addition to simultaneous seeding at the center of 

hexagonal crystal. Thus, the dendrite crystal grows from a separate seed, while the hexagonal 

three layers stacked structure grow from simultaneous seeding in this particular growth 

conditions. Non-simultaneous seeding occurs when the active carbon atoms find a more 

energetically favorable location rather than contributing to former domain growth [18].  

FE-SEM Study 

Figure 5-3(a) shows a FE-SEM image of etched six-lobed dendrite graphene crystals. 

Inset of Figure 5-3(a) shows a higher resolution FE-SEM image of the etched dendrite. From 

the image, it can be observed that the lobs are not fully etched and etching occurs from edges of 

branches, where all the hexagonal shaped snowflake-dendritic crystals have similar etching 
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pattern. Figure 5-3 (b) shows FE-SEM images of etched graphene crystals across two Cu grains. 

The etching occurs with clear edge structures, in contrast to the etching pattern of dendritic 

graphene. The graphene edges create angle of 60 and 120 as observed from the FE-SEM image, 

indicating etching along crystallographic directions. Thus, we observed simultaneous 

anisotropic and fractal etching behavior of the graphene domains depending on their original 

structures. The understanding of graphene etching process can be critical to fabricate 

well-defined shape with controlled edge structures. Figure 5-3(c) shows a FE-SEM image of the 

etched six lobed dendritic graphene and usual graphene crystals.  

Figure 5-3 FE-SEM images of the etched (a) six-lobed dendritic graphene crystals (inset of the 

image magnified view). (b) Regular graphene crystals across two Cu grains. (c) six-lobed 

dendritic graphene along with regular graphene crystals. 
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Raman Study 

Raman studies were carried out to investigate the structural properties of these two 

kinds of graphene crystals. Figure 5-4 (a) shows Raman spectra of the etched six-lobed dendritic 

and regular graphene crystals on Cu foil. For the dendritic graphene (position 1 of Figure5-3 (c) 

FE-SEM image), graphitic G and second-order 2D Raman peaks are observed at around 1587 

and 2712 cm-1, respectively. The intensity of G peak is higher than that of 2D peak indicates 

more than a single layer graphene. The FWHM of G and 2D peaks are found to be around 19 

and 50 cm-1, respectively. Subsequently, for the regular graphene crystals (position 2 of 

Figure5-3 (c) FE-SEM image), graphitic G and second-order 2D Raman peaks are observed at 

around 1588 and 2715 cm-1, respectively. The higher intensity of 2D peak than that of G peak 

corresponds to monolayer or bi-layer graphene. The FWHM of G and 2D peaks are around 15 

and 44 cm-1, respectively. The Raman analysis shows a significant difference in structural 

morphology of the six-lobed dendritic graphene and other graphene crystals. This suggests non 

uniform growth of individual graphene crystals with the particular conditions of CVD process, 

which also affect the H2 induced etching process. The etched graphene crystals were also 

investigated transferring to a SiO2/Si substrate, where the color contrast indicates the thickness 

differences of graphene layers. Figure 5-4 (b) shows Raman spectra of the etched six-lobed 

dendritic and regular graphene on SiO2/Si substrate. For the dendritic graphene (position 1 of 

Figure 5-2 (a)), graphitic G and second-order 2D Raman peaks are observed around 1580 and 

2698 cm-1, respectively. The FWHM of G and 2D peaks are around 22 and 64 cm-1, respectively. 

Similarly, for the regular graphene (position 2 of Figure 5-2 (a)), graphitic G and second-order 

2D Raman peaks were observed around 1588 and 2715 cm-1, respectively. The higher intensity 

of 2D peak than that of G peak corresponds to monolayer graphene. Again, FWHM of G and 2D 
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peaks are obtained as 19 and 33 cm-1, respectively. The Raman analysis of six-lobed dendritic 

graphene on Cu foil and SiO2/Si substrate shows similar few-layer characteristics. This is due to 

fact that the six-lobed snowflake dendrite can grow faster than that of regular graphene 

crystals.[14] For a longer growth duration, growth of dendritic graphene crystals progress faster 

to form few-layer structure, while the regular crystals form monolayer or bilayer. Figure 5-4(c) 

shows Raman spectra of the hexagonal stacked graphene crystals at three different points. The 

graphitic G and second-order 2D Raman peaks for all three positions were observed around 

1590 and 2698 cm-1, respectively. At position 1of Figure 5-2 (b), the 2D peak intensity is around 

4 times higher than that of G peak, corresponding to monolayer graphene. At positions 2 and 3 

of Figure 5-2 (b), the 2D peak intensity reduced corresponding to a bi- and tri-layer hexagonal 

graphene, respectively. The H2 induced etching of dendritic graphene and edges of larger 

hexagonal graphene is observed for the hierarchical structure as well. The branches and lobs of 

the dendritic crystals were pronounced, whereas the hexagonal graphene etching creates clear 

edges. Thus, these results show significant difference in H2 induced etching process of the 

graphene crystals depending on their original structures.  
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Figure 5-4. Raman spectra of etched (a) six-lobed dendritic graphene and regular graphene 

(position 1 of Figure 5-3 (c)). (b)Raman spectra of etched six-lobed dendritic graphene and 

regular graphene crystal (position 1 and 2 of Figure 5-2 (a)) on SiO2/Si substrate (c) Raman 

spectra of the hexagonal stacked graphene crystals at three different points (mentioned in the 

Figure 5-2 (b)) 

5.4 Conclusions 

In conclusions, we have demonstrated H2 induced etching features of graphene 

crystals with different structures. We synthesized six-lobed dendritic graphene along with 

regular graphene crystals on electro-polished Cu foil by an APCVD process. Significant 

differences in H2 induced etching behavior were observed for the snowflake-dendritic and 
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regular graphene crystal by annealing at 1055º C in a gas mixture of H2 and Ar. Depending on 

the original structures anisotropic and fractal etching behavior of the graphene domains were 

observed. The etching of all snowflake dendritic crystals occurred from the branches of lobs 

creating symmetrical fractal pattern. Simultaneously, the regular crystals were etched 

anisotropic ally to form hexagonal hole and ribbon like structures with pronounced edges. The 

hexagonal-hexagonal stacking (stacking of three hexagonal layers) formation along with the 

snowflake dendritic crystals and their particular etching behavior also was observed. This 

finding can be significant to understand the nucleation and growth of graphene crystals as well 

as their selective etching process to fabricate well-defined structures. 
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CHAPTER 6 

Direct Growth of WS2 crystals on CVD grown graphene and hBN  

6.1 Introduction 

TMDCs have attracted significant attention in recent years due to their intriguing 

physical and chemical properties.[1, 2] In particular, monolayer Mo and W-based TMDCs 

(MoS2, MoSe2, WS2, WSe2, etc.), which become direct band gap semiconductors, exhibit 

excellent on/off current ratios in FETs [3, 4] strong PL, [5-8] and unique spin-valley 

physics.[9-11] Therefore, TMDCs are expected to be a possible component in future electronic 

and optoelectronic devices.[1, 12] However, the quality of available samples still poses serious 

problems, such as in homogeneous lattice strain, charge doping, and structural defects. For 

example, high-resolution electron microscopy reveals various structural defects, such as 

monosulfur and disulfur vacancies in TMDCs. [13]  

In recent years, many studies have been reported for the growth of high-quality 

TMDCs, mainly using CVD and metal film sulfurization. [20-29] In particular, several groups 

have used atomically flat surfaces of graphite (or graphene) and hBN as the growth substrates of 

TMDCs.[25-30] Considering monolayer growth on commonly used substrates such as SiO2/Si 

and sapphire, this indicates that the growth substrate is one of the essential factors for reducing 

charged impurities and structural defects. Monolayer WS2 grown by CVD on h-BN was very 

recently reported to exhibit a PL peak with a relatively narrow fwhm of 26 meV and a weak 

asymmetric profile.[25] h-BN has been proven to be the best substrate to observe intrinsic 

properties of atomic-layer materials.[14] h-BN is an insulator with a bandgap of about 6.4 eV 

and has the identical structure of graphene with boron and nitrogen atoms occupying the A and 

B sub lattices.[15, 16] h-BN can, therefore, provide an atomically flat surface without dangling 

bonds and charged impurity: one can mimic the free-standing situation using h-BN as substrates. 
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In fact, very high carrier mobility (∼60 000 cm2 V-1 s-1 at room temperature) has been reported 

on graphene transferred onto h-BN, Opening the possibilities of exploring new physics and 

electronics applications of graphene [17]. TMDCs sitting on h-BN are therefore the key 

structure to explore the intrinsic physical properties of TMDCs such as the photoinduced 

spin-Hall effect and the valley Hall effect. [19] 

Here, we report the growth of high-quality monolayer WS2 on a transferred CVD 

grown graphene and h-BN by CVD. Although the TMDC/h-BN structure can also be realized 

by the mechanical-exfoliation transfer method, the formation of TMDC/h-BN or graphene by 

direct CVD growth has great advantages over the transfer method. [18] We have used 

transferred CVD graphene and h-BN to cover the large area because exfoliated samples are 

usually few microns. Exfoliated samples are not suitable for large area applications. The 

single-crystal domains are triangular shaped with sizes of up to 2-7 μm. 

6.2 Materials and methods 

As explained in the chapter 2 section 2.1.1 (A) 

Graphene transfer  

As explained in the chapter 2 section 2.2.2 

6.3 Results and discussion 

The growth of individual crystal with sulfurization of WO3 powder on a transferred 

graphene and h-BN substrate is investigated by atmospheric chemical vapor deposition method. 

 

 

 

Optical Microscopy Study  
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Figure 6-1 Optical microscopy images of (a) Graphene on SiO2/Si (b) h-BN on SiO2/Si 

Figure 6-1(a) and (b) shows optical microscopy images of transferred graphene and h-BN on 

SiO2/Si substrate for WS2 crystals growth.. 

SEM Study  

Synthesized materials are characterized by Scanning electron microscopy. Figure 6-2 

(a) and (b) shows formation of WS2 crystals on the graphene transferred SiO2/Si substrate with 

sulfurization of the densely spread WO3 powder at 750 0C.The size of obtained WS2 triangular 

crystal is around 2-5 µm. In this case we are able to grow WS2 crystals by spreading less 

amount of WO3 powder on the substrate to reduce the nucleation site. We also observed 

vertically aligned WS2 crystal on graphene and SiO2/Si substrate. We have obtained vertically 

aligned WS2 crystal on both substrate from densely spread WO3 powder. Figure 6-3 (a) and (b) 

shows FE-SEM image of vertically aligned WS2 crystals on SiO2and graphene transferred on 

SiO2/Si substrate. 
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Figure 6-2 FE-SEM images of WS2 triangular crystals on transferred graphene.   

 

 

Figure 6-3 FE-SEM image of vertically aligned WS
2
 crystal on (a) SiO2/Si substrate and insert 

image is magnified view of vertically aligned WS2 crystal (b) Graphene  
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Figure 6-4 FE-SEM images of WS2 triangular crystals on transferred h-BN. 

 

6-4 (a) shows FE-SEM image of WS2 crystals on transferred h-BN. On h-BN also we have 

observed the size of WS2 triangular crystal is around 2-7 µm. We are able to grow WS2 crystals 

on h-BN by using same method as graphene. Spreading less amount of WO3 powder on the 

substrate to reduce the nucleation site and at the same time its help to stimulate the crystals 

growth.  

Raman Study 

We have carried out the Raman spectra studies for further confirmation of WS2 

crystals on graphene and h-BN substrate. 
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Figure 6-5. Raman spectra of (a) Graphene on SiO2/Si (b) WS2 crystal on SiO2/Si. 

 

Figure 6-5 (a) shows Raman spectra of Graphene on SiO2/Si. Graphene can be identified by the 

position and shape of its G (1580 cm-1) and 2D (2890 cm -1) peak. Figure 6-5 (b) shows a 

Raman spectra of WS2 crystals SiO2/Si. The peaks for E1
2g and A1g mode are observed at ~354 

and 424 cm-1, respectively. We observed higher intense A1g peak, corresponding to the few-layer 

structure. The intensity ratio of two peaks (A1g /E1
2g) is around 0.56 which confirm it is a few 

layer WS2 crystals. 
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Figure 6-7. Raman spectra of (a) h-BN (b) WS2 crystal on SiO2/Si 

 

Figure 6-7 shows Raman spectra of transferred h-BN SiO2/Si substrate. For h-BN Raman peak 

occurs at 1366 cm-1.The peaks for E1
2g and A1g mode are observed at ~354 and 424 cm-1, 

respectively. The high intensity of A1g peak confirms its few layer WS2 crystals. The frequency 

differences of the E1
2g and A1g mode is around 70 cm-1, where the two peaks intensity ratio 

(A1g/E1
2g) is around 0.55. The high intensity of the A1g peak confirmed the few layer structure of 

the crystals. 

6.4  Conclusions 

We have investigated the WS2 triangular crystals synthesis using WO3 and S powder precursors 

on the CVD grown graphene and h-BN films by the APCVD technique. We observed that the 

quantity of WO3 powder spread on the substrate surface significantly affects the nucleation and 

layer numbers of triangular-shaped WS2 crystals. 2-7µm size WS2 triangular crystals were 

obtained on a SiO2/Si substrate than the substrates of graphene and h-BN. We observed the 

vertically aligned WS2 sheet from densely spread WO3 powder. 
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CHAPTER 7 

Conclusions and future prospects 

7.1 Conclusions 

TMDCs, WS2, have great attention due to their bandgap which is suitable for optoelectronics 

and nano-electronics applications. In this work high quality of WS2 crystals were synthesized 

using APCVD technique. Various experimental parameters of the developed CVD process were 

optimized to synthesize large WS2 monolayer crystals. 

Chapter 1 describes mainly the general introduction of 2D materials with their physical and 

chemical properties, together with methods of their synthesis.  

Chapter 2 deals with the experimental details, including APCVD for the synthesis of 2D 

materials and transfer methods for graphene and h-BN.  

In chapter 3, the effect of sulfurization process and quantity of WO3 precursor on the growth of 

WS2 crystals is revealed. Pyramid-like few-layers stacked structure of WS2 crystals were 

obtained from densely spread WO3 powder. Larger triangular crystals (~70 µm) were obtained 

by reducing the amount of WO3 precursor.  

Chapter 4 deals with a simpler and effective approach to synthesis high quality monolayer WS2 

crystals using drop-casted WCl6 precursor on SiO2/Si substrate. The high quality WS2 crystals 

grew using 0.05M WCl6 precursor with well distribution of nucleation sites on the substrate. 

Depending on the amount of the precursor, various shapes of WS2 crystals were formed, such as 

triangular, star-shaped, and dendritic structures of six arm-star-shaped, like a snowflake crystal. 

From the comparative study of precursors, it is concluded that the WO3 precursor is suitable for 

the synthesis of higher quality WS2 crystals. 

Chapter 5 describes the H2 induced etching features of graphene crystals of six-lobed dendritic 

structures along with regular hexagonal structures on electro-polished Cu foils. The etching of 
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all snowflake dendritic crystals occurred from the branches of lobs, creating symmetrical fractal 

pattern. On the other hand, the regular hexagonal crystals were etched anisotropically to form 

hexagonal hole and ribbon like structures with pronounced edges. It is believed that these 

findings should be fundamental to the formation of well-defined graphene structures with 

controlled edges for the future nano-electronics applications. 

In Chapter 6, it is demonstrated that WS2 triangular crystals of 2-7 µm in size were synthesized 

using WO3 and S powder precursors on the CVD grown graphene and h-BN films. On the other 

hand, the vertically aligned WS2 sheet formed using densely spread WO3 powders on SiO2/Si 

and graphene substrates. 

Chapter 7 summarizes the whole thesis and future prospects. 

 

7.2 Future prospects 

As seen in Chapters 3 and 4, although 123 m size WS2 crystals were synthesized on 

SiO2/Si substrate, the crystal size of WS2 grown on graphene and h-BN was as small as 2-7µm  

This implies that the APCVD has the potential to grow the larger sized WS2 also on graphene 

and h-BN. So the further optimization of the growth parameters or improvement of the APCVD 

system will be necessary to achieve growth of the larger crystals in the future work.  In 

addition, extension in material synthesis from WS2 to other TMDCs, such as MoS2, WS2, 

MoSe2.WSe2, NbS2.SnS2, will be interesting for wider range of applications.  This will be also 

the future subjects. 
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FE-SEM images of WS2 crystal with a geometry of (d) butterfly and (e) 

six-arm star-shaped 

Figure 4-4  (a-d) FE-SEM images of the as-grown WS2 crystals on SiO2/Si 

substrates with various geometries. 

Figure 4-5  (a) Formation of 3 pointed star-shaped WS2 crystal. (b) Growth of WS2 

sheets vertically from the SiO2/Si substrate surface with sulfurization of 

a cluster of WCl6 precursor. 

Figure 4-6 FE-SEM images of (a) star-shaped crystal with additional dendritic 

growth from the nuclei, (b) propagation of dendritic structure from the 

nuclei, (c) triangular crystal coexisting with other growth fronts and (d) 

dendritic growth fronts from the nuclei of the original crystal 

Figure 4-7 Raman mapping imagesfor the six-arm star-shaped crystal (a) E1
2g (363 

cm-1), (b) A1
g (430 cm-1) peak intensities and (c)E1

2g, (d) A1
g full width at 

half maximum (FWHM) of the peaks. 

Figure 4-8   Raman mapping images for the triangular crystal (a) E1
2g (363 cm-1), 

            (b) A1
g (430 cm-1) peak intensities and (c) E1

2g, (d) A1
g FWHM of the 

            peaks. (Laser excitation energy ~532.08 nm) 

Figure 4-9   (a) Raman spectra of triangular WS2 crystal and (b) Raman spectra of six 

            armed star-shaped crystal (inset of the figure) at three different positions 
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(1, 2 and 3) 

Figure 4-10 AFM image and line profile of the as-synthesized WS2 crystal on 

SiO2/Si substrate. 

Figure 4-11  PL spectra of the triangular-shaped (inset of the figure) WS2 

crystal. 

Figure 5-1  Optical microscope image ofH2 induced etching of (a) dendritic 

graphene along with regular graphene crystals (inset of the image 

magnified view). (b) Etching features of regular graphene. (c) Etched 

hierarchical graphene structures on Cu foil, 

Figure. 5-2  Optical microscope image of (a) Etched graphene crystals after 

transferring to SiO2/Si substrate. (b) Stacking of 

hexagonal-hexagonal-hexagonal graphene (stacking of three 

hexagonal layers) along with the snowflake dendritic crystals on 

SiO2/Si. 

Figure 5-3  FE-SEM image of the etched (a) six-lobed dendritic graphene crystals 

(inset of the image magnified view). (b) Regular graphene crystals 

across two Cu grains. (c) six-lobed dendritic graphene along with 

regular graphene crystals. 

Figure5-2  Raman spectra of the etched (a) six-lobed dendritic graphene and 

regular graphene (position 1 of Figure5-3 (c)), (b) Raman spectra of 

etched six-lobed dendritic graphene and regular graphene crystal 

(position 1 and 2 of Figure 5-2 (a)) on SiO2/Si substrate (c) Raman 

spectra of the hexagonal stacked graphene crystals at three different 

              points (mentioned in the Figure 5-2 (b)) 
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Figure 6-1    Optical microscopy images of (a) Graphene on SiO2/Si (b) h-BN on 

SiO2/Si 

Figure 6-2 FE-SEM images of WS2 triangular crystals on transferred graphene. 

Figure 6-3 FE-SEM image of vertically aligned WS2 crystal on (a) SiO2/Si 

substrate and insert image is magnified view of vertically aligned WS2 

crystal (b) Graphene substrate. 

Figure 6-4 FE-SEM images of WS2 triangular crystals on transferred h-BN. 

Figure 6-5 Raman spectra of (a) Graphene on SiO2/Si (b) WS2 crystal on SiO2/Si. 

Figure 6-7  Raman spectra of (a) h-BN (b) WS2 crystal on SiO2/Si 
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