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                                 ABSTRACT OF THE DISSERTATION 

 

Shape Evolution and Characterization of Two-Dimensional MoS2 and NbS2 

             By 

                                                Ibrahim H Bozkurt 

                                                Dissertation Director 

                                                Prof. Manish Chhowalla 

 

Two dimensional (2D) semiconducting transition metal dichalcogenides (TMDs) 

have attracted much attention due to their unique physical and chemical properties. 

Increased interest in the research of 2D layered materials began in 2004 when graphene, a 

monolayer of graphite, was discovered. TMDs are a class of layered materials which 

consist of over 40 members ranging from semiconductors to insulator to metals. There are 

three polytypes crystal structure of TMDs (1T, 2H, and 3R), which represent trigonal, 

hexagonal and rhombohedral, respectively. TMDs can be synthesized by one of two 

different approaches, top-down and bottom-up. Top-down includes mechanical and 

chemical exfoliation, while bottom-up includes physical and chemical vapor deposition. 

Synthesizing these atomically thin materials enables a new set of properties due to the 

quantum confinement effects. 

MoS2 and NbS2 are two significant members of the TMD family and are the main 

topic of work in this thesis. These two materials were successfully synthesized with 

chemical vapor deposition (CVD) by controlling their growth parameters, each of which 

has a great influence on nucleation and the growth mechanism. Their shape evolution 

mechanism provides important insight into their nucleation and growth mechanism. The 
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MoS2 part of this work was dedicated to understand this mechanism and how to apply it to 

other TMDs. To do that, MoS2 was synthesized on different substrates to explore the 

optimum surface chemistry between the substrate atoms and reactants. On the other hand, 

Niobium disulfide (NbS2) has received less attention compared to other TMDS due to its 

unexplored properties. Therefore, analyzing growth parameters and the potential 

applications of NbS2 was also another aim of this thesis. 

 In the NbS2 part of this thesis, two different approaches were pursued growing 

NbS2 flakes. The first approach used sulfur and Nb2O5 powders as the precursors. The 

second approach used an alkali promoter, Nb2O5, and sulfur. The alkali-assisted approach 

yielded high-quality growth of few-layered NbS2 with thicknesses ranging from 2 – 10 nm 

and lateral dimensions in the hundreds of micrometers. Our Raman and transmission 

electron microscopy analyses suggested that the as-grown material is a mixture of 2H and 

3R phases. It was found that there was a substantial amount of incorporated potassium ions 

from the growth process in the NbS2 samples, which leads to doping and metallic behavior. 

In the absence of alkali growth promoters, the lateral dimensions of the crystals are smaller, 

but they displayed metallic behavior. The electrical and HER properties of NbS2 exhibited 

a promising result for future studies. The realization of thin and metallic TMDs is crucial 

for studying potential integration into electronics and catalysis.  
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CHAPTER 1  

 

1. Introduction  

 

1.1 Motivation 

 
Two dimensional (2D) materials, such as hexagonal boron-nitride, graphene, 

molybdenum disulfide,  have captivated the attention of many researchers due to their 

unusual physical phenomena and unique optical properties[1]. The research on 2D 

materials has enormously increased since 2004, when Novoselov and Geim began to work 

on graphene, the monolayer counterpart of graphite and led to explore on 2D materials 

properties[2]. These researchers from Manchester, UK simply used a scotch tape to 

exfoliate graphite to a single layer of graphene. Hence, graphene was the first material that 

sparked a dramatic interest in layered materials. The discovery of single-layer graphene via 

mechanical exfoliation led them to win the Nobel Prize in 2010. Graphene is a desirable 

material in terms of its unique features such as high carrier mobility, thermal electrical and 

thermal conductor [3-6]. The fact that graphene lacks a bandgap and thus is not favorable 

for especially electronic applications. In order to overcome the graphene-zero bandgap 

issue, the alternative TMDCs have been gained a lot of attention. Metal chalcogenides, 

boron nitride, oxides, hydroxides, and oxychlorides are the examples of non-graphene 

layered compounds[7]. 
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Figure 1 Single structure of graphene sheet[8] 

 
Significant effort has been devoted to TMDCs due to their unique features. TMDCs 

are among the most studied layered materials where their monolayer form can be 

successfully synthesized. The researchers have widely studied TMDCs for decades both in 

academia and industry and the attention on these materials has enormously increased since 

2004 when the graphene was discovered. Even though their properties have been explored 

and used in different applications, their role as near atomically thin materials is quite new. 

The range of their applications is not limited only for metallic or semiconductor scope. 

They also exhibit excellent charge density and superconductivity behaviors that enable the 

researchers to study a wide range of applications[2, 9, 10].   

 Although graphene and MoS2 are the best-known family of 2D materials, the 

properties of other 2D materials have also been studied and explored recently. There are 

approximately 40 TMDC`s materials with different types of combination of chalcogen 

atoms and they can easily be classified according to the coordination and oxidation state of 

the metal atoms. The TMDCs, transition metal oxides, and perovskite-based oxides are 
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some examples of this family[2]. They exhibit interesting optical, electronic, mechanical, 

chemical and thermal properties on their atomically thin and bulk layers. Once TMDCs are 

exfoliated, they perform the large range of phenomena that are distinct from graphene.          

TMDCs have a large number of group members and are represented by a chemical formula 

of MX2 where M consists of a hexagonal layer of transition metal atoms from group and X 

is sandwiched between two layers of chalcogen atoms. The examples of the transition 

metals are from group IV (Ti, Hf, Zr), group V (V, Ta, Ta) or group VI (Mo, W). On the 

other hand, S, Se or Te are the examples of a chalcogen atom for creating an MX2 

structure[11, 12].MoS2, MoSe, NbS2, and WS2 can be given as the examples of this family. 

TMDCs exhibit different electronic properties based on the X-M-X formula and show the 

range from metallic to semiconducting as well as the same range of applications both in 

the industry and in academia [2, 13, 14]. 

 

 

Figure 2 Transition metals and three chalcogen elements highlighted in the periodic 

table. M: Transition metal, X: Chalcogen [15] 
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TMDCs possess either a hexagonal or rhombohedral structure and metal atoms in 

the structure have octahedral or trigonal prismatic coordination. Adjacent layers are weekly 

bonded by Vander Waals forces while the same layer of the atoms is held by a covalent 

bond. Having a weak interlayer bond between layers enables to exfoliate of the bulk form 

to atomically thin layers [15]. Thus, the exfoliation of the single layers is feasible for many 

different TMDCs. Discovering the layer-dependent properties of TMDCs has revealed 

many unique phenomena for researchers. Graphene and MoS2, which are one of most 

studied 2D family members, exhibit greatly different properties from their bulk form once 

they are synthesized as an atomically single layer. The electronic structure of the materials 

is tuned for several semiconducting of TMDCs with changing the layers. That’s why the 

band gap value differs. For MoS2, there is a transition from indirect band gap in the bulk 

form to a direct band in the monolayer.  The band gap of bulk MoS2 is 1.3 eV while the 

monolayer forms 1.8 eV[16]. The change of the band structure also enables to have 

photoluminescence from monolayer MoS2, which is crucial for many optoelectronic 

applications[16-18]. 

 

.  
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Figure 3 Illustrations of a typical MX2 structure and all polytopes 2H, 3R and 1T [2] 

 

Table 1 The common two-dimensional transition metal dichalcogenides and their bandgap 

values with different thickness[19] 
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1.2 Objectives of the work  

 
The large family members of TMDCs have been studied in both academia and 

industry to explore their features and use them for different purpose of applications. MoS2 

and NbS2 are well known of this family members and are the main study of this thesis. To 

synthesize these materials, there are two main methods which are top-down and bottom-

up. Chemical Vapor Deposition (CVD) is one of the most studied bottom-up methods and 

has been used for this work to synthesize high-quality crystalline of MoS2 and NbS2 flakes 

and films. The work can be easily categorized into two sections, reproducibility and shape 

evolution of MoS2 by using different substrates and synthesizing and characterization of 

NbS2 with and without alkali-assisted. One of the main challenges of the first section is 

reproducibility. There have been many CVD MoS2 studies that have proved that MoS2 can 

be easily synthesized with the different conditions[9, 20-22] and still enormous effort has 

been continuously devoted to CVD grown MoS2 in order to optimize the conditions. 

Therefore, it is important to know that exploring the shape evolution of TMDCs and 

understanding its mechanism will help researchers to understand and reveal their unique 

properties. Once TMDCs are synthesized atomically thin, the crystallographic structures 

are either trigonal prismatic or hexagonal and final shape evolution of these crystals has 

been straightforwardly shown in this thesis work.  

 Choosing convenient substrate for TMDCs is also crucial to have either large area 

thin films or flakes. In general, Silicon dioxide (SiO2) is preferred by many researchers in 

terms of their features and accessibility[23, 24]. In order to investigate substrate-

dependencies and atomic matching between MoS2 and substrate atoms, MoS2 was 

synthesized on different substrates such as silicon dioxide, sapphire, gold, quartz, and 
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glassy carbon. Demonstrating the study of shape evolution and substrate- dependency will 

be crucial to understanding the properties at the nanoscale to provide a new insight into the 

fundamental growing mechanism of MoS2. 

Synthesizing high quality, thin film niobium disulfide (NbS2) is another scope of 

this work. Traditionally, to form of MX2 is to use metal oxide precursor, in the case of 

MoS2, (MoO3) with sulfurization or selenization during the reaction. However, it is not 

very feasible for NbS2 to grow due to the fact that the metal oxide of Nb has a very high 

melting point (Nb2O5-1512 0C). Thus, alternative methods have been sought to find the 

optimum precursors and halide group to have a large film of NbS2. The alkali assisted of 

halide group has been used for decades in chemistry to enable a mass transport[25-27]. In 

this work, the halide group (KCl, KBr, NaCl, KI) has been also used to create a new eutectic 

point for the reaction temperature and have a maximum vapor pressure of the precursors. 

Hydrogen evolution reaction and conductivity measurement of NbS2 thin films have been 

demonstrated as the result part to elaborate the film performance and activity. Since there 

haven’t been many studied on alkali-assisted CVD NbS2, this work hopefully will give a 

roadmap for the future development of NbS2 and other TMDC compounds.  

1.3 Organization of the thesis 

 
This thesis covers two main members of TMDCs which are MoS2 and NbS2 whose 

properties and applications have been demonstrated in the different chapters. The thesis 

consists of 6 chapters and each of this chapter is significantly important to understand the 

fundamental mechanism of TMDCs and their potential applications. Each chapter is 

meticulously well divided to provide important information. Chapter 1 includes the 

introduction and motivation of TMDC family. Best known members of the TMDCs have 
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been explicitly explained in this chapter as well. The advanced literature review of the 

layered materials and two main examples of them establish the Chapter 2. In this chapter, 

detailed information of these two members has been provided including the structure, 

synthesizing methods and applications area of MoS2 and NbS2. This chapter also 

meticulously discusses potential applications of NbS2 whose properties has not been well 

studied to apply them for further electronic and optoelectronic systems. Chapter 3 covers 

the characterizations of TMDC. Once the materials are synthesized, their properties are 

probed and characterized through the utilization tools such as Raman spectroscopy, 

electron spectroscopy, atomic force microscopy, and others in order to do further 

investigations. Each of this characterization method has been shown with their basis 

working principals. The experimental studies and results are the topics of chapter 4. CVD 

technique straightforwardly is explained for each material. Moreover, growing parameters 

and conditions are also listed in these chapters. Chapter 5 establishes the HER result of 

NbS2 after the transferring the flakes from the silicon dioxide substrate to glassy carbon or 

gold.  Chapter 5 also covers the conductivity measurements of alkali-assisted and without 

alkali-assisted NbS2 flakes at room temperature measurement. Lastly, Chapter 6 completes 

the thesis with potential future works. 

CHAPTER 2 

 

2. Layered Materials  

 

2.1 MoS2 

 
  MoS2 is a member of layered materials and there are two different bands in its 

structure, covalent and weak Van der Walls.  While the weak Van der Walls interaction 

takes place between the molecules of MoS2, the atoms within each layer (Mo-S) are 
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covalently bonded in a MoS2 molecule with its vertically stacked structure. MoS2, 

molybdenite, is a naturally occurring compound found in copper deposits and it has three 

different polymorphs that are 2H, 1T, and 3R. Since the 3R structure is uncommon, there 

have been extensive studies only on 2H and1T phase and 3R is not pertinent to present 

study. [28, 29] 

 

Figure 4 MoS2 Structure, Ball-and-stick drawing of (a) 2H-MoS2 and (b) 1T-MoS2. The 

color scheme is as follows: Molybdenum, green; sulfur, yellow 

 
2H-MoS2 structure has P63/mmc crystal symmetry where a = b = 3.15 Å; 

c = 12.27 Å and its unit cell consist of two complete MoS2 layers with an aBa ••• cBc repeat 

pattern in the c direction that is already held together by the force which is known as weak 

van der Waals.[30] There is a closed packed structure with molybdenum coordinated to six 

sulfur atoms with trigonal prismatic geometry for 2H-MoS2.  The 2H polymorph shows 

semiconductor behavior and it can be modulated by doping foreign compounds in the 

material`s interlayer spaces. On the other hand, for 1T-MoS2, the Mo – S coordination is 

metastable and there is a change from trigonal prismatic to octahedral through 
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simultaneous glide motion by the molybdenum and sulfur planes. The geometry change 

causes the unit cell to one aBc layer. [31] Since there is no band gap for the 1T-MoS2 

polymorph, it exhibits metallic behavior and the effect of this behavior there is a structural 

transition with decreasing the crystal symmetry from P63/mmc to P3. [31] 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2 Characteristics of MoS2 Polymorphs. 

 

Due to MoS2 `s exceptional mechanical strength properties, it is favorable to make 

this material desirable for use in use in flexible electronics and optoelectronic devices. 

MoS2 nanosheets have 0.33±0.07 TPa Young modulus value which makes it strong enough 

to undergo elastic deformations of tens of nanometers without breaking due to having a 

low pre-strain and high strength.[32] Having these mechanical properties enable 

researchers to make flexible and high mobility FETs devices[33]. Like other TMDCs, 

 2H-MoS2 1T-MoS2 

 

MoS6 

Coordination 

 

Trigonal 

Prismatic 

 

Octahedral 

Crystal Symmetry P 63/mmc P 3 

 

Magnetism 

 

Diamagnetic 

 

Paramagnetic 

 

 

Mo oxidation 

 

Mo(IV), d2 

 

Mo(IV), d2 

 

Conductivity 

 

semiconductor 

 

metallic 
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MoS2 s band gap value is thickness dependent which increases from bulk to single layer. 

Theoretically, bulk MoS2 has an indirect bandgap semiconductor whose bandgap energy is 

1.2 eV while a single layer of MoS2 shows 1.8 eV.[34] As MoS2 goes to atomically thin 

layer, its bandgap value and its gap properties change. With decreasing the thickness, 

atomically thin layer MoS2 can be observed with increasing band gap value since it exhibits 

dimensional confinement effects as the material becomes 2D.[24, 34, 35]  This value 

change causes 0.6eV increase on bandgap value due to a crossover to a direct gap material 

in monolayers of MoS2 [34, 36]. 

 

 

Figure 5 Band structures of bulk and monolayer MoX2 compounds obtained using DFT 

calculations[36] 
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To understand better of this confinement effect, the Brillouin zone mechanism of 

MoS2 can be studied. Brillouin zone has certain points, which are represented in Figure 5, 

Γ-, K- M-and these points exhibit high symmetry in the zone. Due to the fact that the K-

point in the Brillouin zone is more localized within the layer and there is a little bit increase 

in energy with decreasing layer thickness, the monolayer of MoS2 shows bright 

photoluminescence [37]. Many studies on the calculation of the electronic structure of both 

bulk and monolayers of MoX2 have dedicated to a better understanding of these 

compounds including MoS2. These calculations show that the density states around the 

Fermi level are essentially significant due to the molybdenum d states. Moreover, with 

these calculations, it can be observed that there is a strong hybridization between 

molybdenum d states and chalcogen p states below the Femi level. The calculations also 

present that there is a transition of the band structure from indirect to direct bandgap that 

takes place as decreasing the slab thickness from bulk to monolayer, which occurs due to 

changes in hybridization.  It is clearly proved that thickness differences between bulk and 

monolayer of MoX2 reflect on their photoluminescence behavior that has been well studied 

to demonstrate the transition from indirect to direct band gap [11, 36, 38]. 

2.1.1 Synthesize methods of MoS2 and other TMDCs  

 
There are two main approaches to synthesize layered 2D materials, which are either 

top-down (mechanical or chemical exfoliations) or bottom-up (Chemical or physical vapor 

deposition) methods. In this section of the thesis, the example of each mechanism will be 

briefly explained and illustrated. It is worth mentioning that each method provides a 

different thickness of films or flakes and their properties. Knowing this will be significantly 

important to use them for further characterization and applications. Even though chemical 



13 
 

 
 

vapor deposition method is the main work of this thesis, besides that, some of the other 

methods including, chemical exfoliation, mechanical exfoliation, laser thinning and solid-

state reaction method will be briefly discussed in this section. 

2.1.1.1 Chemical / Liquid-phase exfoliation  

 
Chemical phase exfoliation, known as also liquid phase exfoliation, is the method 

that intercalation chemistry takes an important role to exfoliate layers of 2D materials by 

interacting between the layers to separate.[31]. As mentioned earlier, there is a strong ionic 

or polar covalent between M – X bonds while weak van der Waals forces are held between 

the layers. Having this weak interlayer forces enable the layers to be exfoliated during any 

intercalation reaction. The host-guest material interaction causes some changes in physical 

properties which means that additional or removal of an electron to the empty or partially 

filled band possesses the material new feature and interaction. Many studies have been 

dedicated to exploring this property changes to insight the surface chemistry after an 

intercalation occurs to the layers. Host materials give rise to changes many material 

characteristic properties. Conductivity changes including; metallic to the insulator, a 

semiconductor to metallic, insulator to the semiconductor, paramagnetic to diamagnetic, 

or diamagnetic to paramagnetic are the example of these property changes [31, 39, 40]. 

The fact that MX2 compounds exhibit many different forms, known as polymorphs and 

these forms can undergo further structural changes upon intercalation. The intercalates size 

and orientation within the host indicate the interlayer expansion[41]. 

Molybdenite has a low electron affinity which means that it cannot be directly 

intercalated with large guest molecules. Therefore, MoS2 can only react with a guest that 

has low ionization potential, in other words, it requires to have a donated electron that can 
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occupy electronic levels above the bandgap[42]. 2H-MoS2 reacts with n-butyl lithium to 

achieve a stoichiometric product LiMoS2 according to Eq. 1. [43, 44] 

 

MoS2 + n-BuLi → LiMoS2 + ½ C4H10 + ½ C4H8 

 

LiMoS2 adopts the 1T-MoS2 structure with P3 crystal symmetry where a = b = 3.360 Å 

and c = 6.311 Å. [45] 

 

 

Figure 6 Ball-and-stick drawing of LiMoS2 structure perpendicular to the c axis. The 

coloring scheme is as follows: molybdenum, green; sulfur, yellow; lithium, purple. 

 
Due to the aqueous solution that a single layer of MoS2 is suspended in, the majority 

of lithium ions are removed as lithium hydroxide. It has been well documented that 

approximately 10 % of the lithium remains intercalated in the MoS2 layers.  

 

LiMoS2 + H2O → LiOH(aq) + ½H2(g) + Li0.1MoS2 (exfoliated) 

 

The production entails the time and some crucial points during the synthesis. It is 

important that the proposed reaction mechanism for dispersed MoS2 particles occurs when 
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the lithium is able to disperse the structure of MoS2. The reaction process can be 

represented below in Figure 7: 

 

 

Figure 7 Proposed Reaction Mechanism for Dispersed MoS2 particles [32] 

 

During the process, it is important to mention that there is no need to use non- toxic gases 

that are environmentally friendly already. 

Liquid phase intercalation/exfoliation method has been used since the early 1970`s 

both in industry and research [46]. There have been a number of studies recently proposed 

that especially on liquid-phase exfoliation of bulk MoS2 powders in an appropriate organic 

solvent with aid of ultra-sonication as a viable route is achievable. This method enables to 

have facile fabrication of bulk films and composites of the exfoliated material.[47] The 

main purpose of intercalation engineering is to introduce the guest species in-between the 

gaps of the host layered materials and then separating them using various ways[48]. 

By using this method, the yield of thin sheets of MoS2 thicknesses can vary of 

between 3 and 12 nm. Note that the thickness of monolayer sheet is corresponding to 5- 20 

nm; however, monolayers might not be observed and it has been previously shown by 

Morrison and co-workers[47]. This study exhibits that Li-intercalated MoS2 (LixMoS2) can 

be exfoliated into monolayers via forced hydration, yielding a stable colloidal 
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suspension[49]. By using a different substrate that could be quartz and Si/SiO2 wafers 

micro exfoliation method can be used to obtain ultrathin MoS2 layers [48]. 

2.1.1.2 Mechanical Exfoliation  
 

Mechanical Exfoliation is another top-down method of synthesizing 2D materials 

to obtain them atomically thin layer. This method has been used widely since 2004 when 

two researchers from Manchester University discovered the graphene by using carbon 

scotch tape to exfoliate graphite. Ranging from a monolayer to a few layers or bulk can be 

obtained via this method. Working principle of this method is that a mechanical force is 

required to separate the layers by using an adhesive tape to exfoliate the bulk materials to 

a single layer. Even though the method has some critical steps to make an atomically thin 

layer of the sheet, there is some disadvantage for this method. The uncontrollable thickness 

and flakes size can be obtained. Another limitation of the method is that a large area scale 

cannot be implemented. Transferring the flakes on the substrate for further characterization 

has been a big challenge as well as the second transferring process to another substrate. 

    Depending on the thicknesses of the sheet, optical and electrical properties 

substantially show different features. For practical applications, a scalable and controlled 

deposition technique is required. Hence, mechanical exfoliation cannot be considered to be 

the most effective technique in establishing proof-of-concept studies. One of the most 

important advantages of using this method is that high quality intrinsic 2D materials can 

be synthesized as well as high quality of the sheet. [50]. Since the single precursors are 

used for mechanical exfoliation technique, not only it produces high quality intrinsic 2D 

materials, but also it can be considered to be the most effective technique in terms of 

establishing proof-of-concept studies. 
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2.1.1.3 Laser thinning 

 
This method has been reported by Steele et al and it is a novel method to make 

monolayers 2D materials. [46]. Heat is a crucial point in terms of triggering the process 

that depends on the sublimation of 2D material. Due to the weak the van der Waals gap, in 

dissipating the laser-induced heat, therefore, sublimating only top layers in a multilayered 

flake is possible. If the fabrication of the large-scale production of electronic devices based 

on 2D materials is taken into the consideration, this technique can be potentially favorable. 

Even though the method has not been common in academia and industry since it is a new 

method, it is a significant way to synthesize monolayer 2D including MoS2. However, the 

accessibility of the tools considering the laser and experimental set up is a big disadvantage 

for this method.   

2.1.1.4 Solid State reaction 

 
Searching for an alternative and decent way to fabricate 2D materials has been a 

big dedication for the researcher. Like laser thinning, solid state reaction is another novel 

method to fabricate 2D materials.  Many research groups have been studied this method, 

however, the approach of by Bonneau et al enlightened and explored many unknown facts 

about solid state reaction. The production of layered MoS2 and MoSe2 through rapid solid-

state reactions between molybdenum chlorides and alkali metal chalcogenides has been 

successfully studied.  The reaction has some steps and these steps are significant to generate 

crystals instantaneously and the layered materials to be simply separated by washing the 

final product. The method has not been used directly for forming exfoliated layers yet[51]. 

Prior to CVD detailed explanation which will be in the next section, all the techniques can 

be illustrated below in Figure 8. 
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Figure 8 Illustration of the different methods to synthesize 2D materials. [52] 
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2.1.1.5 Chemical Vapor Deposition (CVD) 

 

2.1.1.5.1 CVD systems 

 
        One of the most pillar methods of synthesizing high-quality large nanosheet is 

chemical vapor deposition. Many studies have been devoted to this method to improve the 

experimental set-up of CVD and its final products[53, 54]. The chemical vapor deposition 

process is very similar in some respects to physical vapor deposition that is known as PVD. 

The purpose of these two methods is to deposit a solid material from a gaseous phase onto 

the substrate for further characterization and applications. There are several types of CVD 

mechanisms that are listed below:   

 Atmospheric Pressure Chemical Vapor Deposition (APCVD) 

  Low-Pressure Chemical Vapor Deposition (LPCVD) 

  Metal-Organic Chemical Vapor Deposition (MOCVD) 

  Plasma Assisted Chemical Vapor Deposition (PACVD) or Plasma Enhance 

 Chemical Vapor Deposition (PECVD) 

  Laser Chemical Vapor Deposition (LCVD) 

  Photochemical Vapor Deposition (PCVD) 

  Chemical Vapor Infiltration (CVI) 

  Chemical Beam Epitaxy (CBE) 

Basic CVD process can be easily explained as follows: The solid form of precursors 

is placed in the reaction chamber which is generally a quartz tube and then the gases 

molecules from the precursors are formed and diluted in carrier gases at high temperature. 

The carrier gases entail to be inert not to have any reactions with precursors, for instance, 
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argon or nitrogen and can be delivered into the reaction chamber about at the ambient 

temperatures. Once the gases come into contact with a heated substrate, they react or 

decompose forming a solid state phase that is deposited onto the substrate. Substrate 

temperature and its position in the reaction chamber is very important for a successful CVD 

growth. All of the parameters that can effect on the nucleation and growth will be explicitly 

explained in the next chapter.   

In order to build the CVD system, there are some crucial components which are 

listed below: 

 Gas delivery system – For a supply of precursors to the reactor chamber 

  Reactor chamber – A reaction chamber where deposition occurs  

 Substrate loading mechanism – A system for introducing and removing 

substrates, mandrels etc. 

 Energy source – Provide the energy/heat that is required to get the precursors to 

react/decompose. 

 Vacuum system – A system for removal of all other gaseous species other than 

those required for the reaction/deposition 

 Exhaust system – System for removing of unreacted volatiles from the reaction 

chamber. 

 Exhaust treatment systems – In some instances, exhaust gases may not be suitable 

for release into the atmosphere and may require treatment or conversion to 

safe/harmless compounds. 
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 Process control equipment – Gauges, controls etc. to monitor process parameters 

such as pressure, temperature and time. Alarms and safety devices would also be 

included in this category.[3] 

           During a CVD reaction, choosing the precursors is a vital step since it requires 

them to be volatile to allow the deposition process occurred. The reaction temperature and 

time totally depend on the precursors, for instance, oxide precursors require a higher 

temperature to start to vaporize and longer time to consume all reactants from the 

precursors.  There are many materials that can be synthesized by CVD method with a 

correct experimental set-up. The examples of these materials can be elements metals, 

alloys carbides nitrides borides and oxides intermetallic compounds[55]. 

2.1.1.5.2 CVD growth parameters  

          Each member of TMDCs has been widely studied via chemical vapor deposition. 

MoS2 is the most potential for producing large scalable, uniform and single or multilayers 

of film or flakes[56]. Synthesizing of the films or crystals successfully is achieved once 

the precursors are vapored in an environmentally isolated chamber. Diffusion of the 

precursors is the main process for nucleation and growth in terms of having a large and 

uniform crystal of any TMDC compound. In order to clarify the reaction, it is important to 

analyze each variable parameter.  

       There is a certain temperature for synthesizing monolayer materials. In the case of 

MoS2, it is more crucial to indicate the optimizing temperature for a single layer. The 

crystal formation occurs with the nucleation and growth once the reaction equilibrium 

temperature is completed on the surface of the substrate. Another key point is to take into 
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the consideration of the precursors melting points in terms of determining the activity of 

the synthesis reaction. In addition, choosing correct inert gas and its flow rate is significant 

in order to provide the reactants to the substrate surface as well as creating an oxygen-free 

environment that allows unreacted species to leave the furnace. The flow of inert gas also 

moderates the partial pressure and diffusion of all vapor-phase species. Driving force is a 

key element in order for a crystal grow. In the case of synthesizing MoS2, the driving forces 

are a temperature below the melting point of the desired crystal structure and energy 

liberated when adding an atom or molecule to the crystal. The reaction temperature of each 

reactant and their diffusion flux to the surface allows the reduction and oxidation. The 

following reaction occurs once sulfur atoms reduce MoO3 [57]:  

2𝑀𝑜𝑂3+4𝑆→2𝑀𝑜𝑆2+3𝑂2       

      It is important to know that MoO3 and sulfur powder has a different melting point, 

795 Co and 115 Co respectively. Hence, each reactant requires to be placed in a different 

zone furnace or more than a single zone furnace needs to control the reaction environment. 

The most of MoS2 studies have demonstrated a successful thin film or flake once the 

substrate is placed at the same temperature as MoO3 powder while sulfur powder located 

upstream somewhere between central hot zone of the furnace and the room temperature[58-

61] Many research groups have claimed different growth conditions with the different 

lateral size and thickness and it is important to know that there is no only one way to 

synthesize TMDC materials as it is explained earlier. The following parameters are 

significant to grow monolayer or a few layers flakes or films:  
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1. Reaction growth temperature, 

2. Precursors (MoO3 and Sulfur) growth temperature (for the case of MoS2), 

3. Precursors amount (mg), 

4. Flow rate standard cubic centimeters per second (SCCM), 

5. Growth time (min) 

6. Cooling ramps of furnaces 

Based on these parameters, the following table shows the sample of parameters used in the 

literature for CVD growth of MoS2[62] 

 

Table 3 The summary of some MoS2 studies from literature with different parameters and 

conditions[62] 
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As shown in the table, synthesizing MoS2 has a large range of parameters with the 

similar results. There are a few reasons why this range is occurring during the growth. The 

sample preparation, the type of furnaces (single-multi zones), place of precursors and 

cooling ramp of the furnaces can explain the reason. Especially, cleaning a quartz tube 

prior to every experiment is a key parameter in terms of not removing residue. Since there 

is a temperature gradient in the furnace between the zones, the location of the precursors 

also gives rise to different results. 

Nucleation and growth rate are significant phenome to insight synthesizing films 

or flakes. Grow rate (Gr) simply depends on the substrate temperature, the partial pressure 

of molybdenum and sulfur reactants. It can be represented:  

𝐺𝑟=𝑓(𝑇𝐺𝑆,𝑃𝑠,𝑃𝑀𝑜), 

 

where TGS is the temperature at the growth surface, 

 

𝑃𝑠=𝑓(𝑇𝑠,𝑆𝐴𝑆,𝐹𝑅), 

 

the partial pressure of sulfur source and each parameter can be presented, 

 

𝑃𝑀𝑜=𝑓(𝑇𝑀𝑜,𝑆𝐴𝑀𝑜,𝐹𝑅), 
 

is the partial pressure of molybdenum source where the partial pressures of each reactant 

depends on their temperatures (TS/dependrface areas (SAS/Mo), and the flow rate (FR) of 

inert gas. It is fact that very less amount (one microgram of each reactant)is required to 

cover a substrate with a monolayer of MoS2, it is apparent that growth sensitively depends 

on all three of these variables [62]. 
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2.1.2 CVD MoS2 Applications 

After having a successful CVD growth, it is important to exhibit some potential 

applications. Each different method of synthesizing atomically thin films yields a various 

range of applications. As is listed above, CVD method requires more equipment and is a 

more complicated process than the other methods such as micromechanical exfoliation 

method, therefore, the yield and consistency are greatly superior to that of the 

micromechanical exfoliation method. Synthesizing large area and thin nanosheet of 2D 

captivates the researchers to use this method more often. For instance, a few layers of CVD 

MoS2 exhibits a high electronic quality and a low defect density. Moreover, since the CVD 

method has yielded the highest crystalline quality of monolayer islands and films, it can be 

promising for the future semiconductor industry.[19, 41]. 

Semiconductor materials such as MoS2, 3R-NbS2 have been used on different 

applications due to their unique physical properties. Especially, MoS2 has a wide range of 

applications in the semiconductor industry, for instance as transistors. Some of the MoS2 

applications that have been used both in academia and in the industry are lubricant (in 

engines), valleytronics, microelectronics (chips), transistors for digital electronics, 

heterojunction solar cell (home, industry) etc.  

 Transistors are semiconductor devices that can be used 

to amplify and switch electronic signals and electrical power of electronic devices. The 

MoS2 transistor is one of the most important application areas in the semiconductor 

industry. [55]. There are many other materials that have been used in the industry including 

silicon and silicon-based materials, especially, the MoS2 transistor has been extremely 

studied to make them faster and thinner. Fabrication of a successful MoS2 film for a 
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transistor material depends on the band gap features. The single layer of MoS2 is much 

more desirable to make a transistor device since it has a direct band gap of 1.8 eV while 

bulk MoS2 has an indirect band gap of 1.2 eV. The thinner film of MoS2, the better 

transistor`s features. The figure below exhibits that the first implementation of a top-gated 

MoS2 FET shows excellent on/off ratio of 108, a mobility of 200 cm2 V-1s-1and n-type 

conduction.  

 

 

Figure 9 Top-gated MoS2 FET with HfO2 top gate dielectric [4] 
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2.2 NbS2 

 
 The electronic and structural properties of TMDCs have been widely studied for 

the last decades. Their unusual physical phenomena have offered many potential 

technological applications, especially, since two-dimensional graphene properties were 

discovered [63-67]. Unlike, other 2D materials such as graphene and MoS2, there haven’t 

been many studies on NbS2. Thus, the properties and applications of this material have 

been unexplored for many years. However, the unique physical and optical properties of 

TMDCs have pushed the researchers to discover the new compounds of this family. The 

fact that the basic structure and properties of NbS2 have been presented early 1980 `s [68], 

yet, there need to be many other studies to be done to reveal their features. This chapter 

will provide the fundamental properties and applications of NbS2 and condense all NbS2 

studies.  

NbS2 exhibits a typical structure of TMDCs where metal atoms (M) are bonded by 

two chalcogenide atoms (X) to create XMX or MX2 formula. The layers are separated by 

a weak van der Waals type of bonding between the adjacent layers while the atoms in a 

layer bounded covalently. There have been four different phases of niobium disulfide 

which are stoichiometric 2H-NbS2 and 3R-NbS2 and nonstoichiometric 2H-Nb1+S2 and 3R-

Nb1+S2 [68] [69].  The excessive niobium atoms that take place between adjacent 

sandwiches cause the nonstoichiometric of Nb1+S2. The properties of these non-

stoichiometric structures remarkably differ based on where excessive atoms are placed 

[70]. The recent studies have classified the NbS2 structure mainly in three categories that 

are 1T, 2H and 3R NbS2. While the number, 1, 2, or 3 represents the number of layers in 



28 
 

 
 

one unit cell, R(Rhombohedral), H(Hexagonal), or T(Trigonal) indicates the name of the 

crystal structure[63]. In this work, 2H and 3R NbS2 have been investigated and their results 

have been shown in the experimental and result section. The morphology of NbS2 differs 

based on stoichiometric NbS2[63, 64]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10 All polytope of NbS2 crystallographic structure with Side and Top view; T 

represents Nb atom while X is a chalcogen atom.[71] 

 
 

NbS2 
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Once the crystal structure is detailed, it can be observed that 2H structure consists 

of close-packed sulfur atoms with a repeat unit of AABB, Niobium atom is located in the 

half of the trigonal prismatic sites. The double layer repeat unit is shown in Figure 10 

above, the structure in the xy plane is of edge-linked NbS6 trigonal prisms. The other 

crystallographic structure 1T possesses hexagonal close-packed sulfur atoms (AB repeat 

unit) with Nb filling half of the octahedral holes in every other layer. Therefore, the 

structure is of edge linked NbS6 octahedral. The lattice parameters of NbS2, a, b, and c are 

a significant way to reveal the crystal structure and its orientation and these parameters can 

be calculated in terms of computing and experimental approaches[72-76]. 

 

Table 4 The comparison of the calculated lattice constants for different NbS2 structure 

 

The layered structure of 2D materials allows them to slice in many ways as in the 

example of graphene in order to produce ribbons. Once graphene is cut, 1D stripes or 

ribbons can be obtained with different types of edge terminations. There are two types of 

edges in the case of graphene nanoribbons, are called zig-zag and armchair. These edges 

take place a significant role in terms of preserving the stoichiometry of the bulk 

structure[77]. 
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Figure 11 As cut chains from NbS2 layer (a) NbS2 zig-zag. (b) NbS2 armchair. 

 

2.2.1 NbS2 Synthesizing  

 
There have been many studies reported on NbS2 synthesizes like many other 

TMDCs. Based on the synthesized methods, various forms, sizes, and thickness of NbS2 

have been produced[78]. Nanotubes [79], nanowires [80], bulk powders [81] and bulk 

single crystal are the examples of NbS2[78]. Even though there have been very limited 

studies of CVD NbS2, synthesizing NbS2 with CVD method is one of the most feasible 

methods in terms of controlling bottom-up growth characteristics. Thanks to this approach, 

nanoscale or even atomically controlled morphology can be synthesized. 

The difficulty in sample preparation has been a serious challenge for synthesizing 

a good quality of NbS2. Different preparation approach has been studied on many 2D 

materials like NbS2. The choices of the precursors and the growth conditions are significant 

to have a large area film as well as feasible substrate matching. There have been many 

reports that NbS2 has been successfully grown on the different substrates such as 

graphene[78], hBN [82], silicon dioxide [83]. The ideal substrate for NbS2 has not been 

reported. Sulfur has used for most of these studies as a chalcogenide source with the carrier 

gas of nitrogen or argon to enable the reaction in an inert environment. Hydrogen has been 

also used in the form of argon or nitrogen mixture for the in the purpose of carrier gas as 

well as reducing the oxidation state of the reaction[84]. By using chloride source of Nb and 

the possible reaction with and without using hydrogen source as follows:  

          NbCl5 + 5/2H2 + 2S → NbS2 + 5HCl (with hydrogen)  
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There are two possible reactions may occur in the system without using hydrogen 

source: 

1-     NbCl5 + 2S → NbS2 + 5/2Cl2    

2-     NbCl5 + 7S → NbS2 + 5/2S2Cl2   [83] 

Once the hydrogen is introduced in the reaction chamber the equilibrium of the 

system: 

     NbS2 + x/2H2 ↔ NbHx + 2S        [83] 

 

 

 

 

Figure 12 Schematic illustration of some synthesis methods of NbS2[84, 85] 
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  Selecting the precursors is another key parameter to synthesize NbS2. Based on 

these precursors or promoters, NbS2 shows a different crystallographic structure and 

nonstoichiometric compound. Many studies have investigated convenient precursors to 

have the optimum conditions for synthesizing NbS2 and they have used NbCl4, Nb2O5, 

NaNbO3 and many others [86-89] to explore how the precursors affect the delicate 

structure of NbS2[25, 65].  

2.2.2 Intercalations of NbS2 

 
Intercalation is a chemical process to reversibly insert foreign species at the crystal 

gap. There are many factors that can determine the degree of an intercalation in 2D 

materials. The physical size of intercalating species, structural stability of hosting materials 

after the intercalations and charge stage of intercalating species are significant to be able 

to observe the interaction between the species and TMD layers. Many studies have revealed 

that intercalating transition metal dichalcogenides (TMDs) with ions gives rise to charge 

density waves, two-dimensional superconductivity, and interesting phase transitions[90, 

91]. It is a fact that the chemical intercalation for TMD is a significant way to tune the 

physical and chemical properties. Novel functional of these materials provide a remarkable 

enhancement on the various performance when the fundamental synthesizing parameters 

of chemical intercalation is well studied as well as the designing and adjusting for these 

materials[92] 
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Figure 13 Once the appropriate chemical intercalation species are inserted, functional 

materials in the transition metal chalcogenides can be regulated.[92] 

 

 

Figure 14 The illustration of intercalation in the TMD-type layered materials, where 

guest species can break into the van der Waals gap by diverse methods.[90] 
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The intercalation engineering of NbS2 has been also widely studied and it totally 

depends on which polytope of NbS2 is. It is known that 2H NbS2 exhibit a metallic behavior 

and its intercalation is possible with an appropriate organic molecule such as Lewis bases. 

On the other hand, the 3R NbS2 behaves as a semimetal and it is very difficult to do any 

molecular intercalation[93-95]. 

 

 

Figure 15 Both crystallographic structures of NbS2 has been shown  (a) 2H-NbS2 (space 

group: P63/mmc, No.: 194) and (b) 3R-NbS2 (space group: R3m, No.: 160)   with LiS6 

octahedral sites (pink in color).[94] 

 
 The intercalation engineering of TMDCs has been extensively a focus for decades. 

Although there have been many intercalated studies by 3d transition metals, the most 

common intercalation of the host alkali ions is Li+ and Na+ [89, 96, 97]. Once the host ions 

are intercalated, they significantly induce the electrochemical properties of the structure 

due to their size differences. The fact that NbS2 layers are bonded weakly by van der Waals 

forces and this host (Li or Na) can easily intercalate into the empty octahedral sites of the 

gallery space in the van der Waals gap. The main difference between 2H and 3R NbS2 

structure is the stacking order of the NbS6 trigonal prisms. As is shown above Figure 15, 
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Octahedral-site Li takes place between two NbS6 prisms along the c-axis. On the other 

hand, 3R-NbS2 Li accommodates on a site with a NbS6 prism on one side, an empty prism 

on the other side [90, 98-100]. 

The formation of niobium disulfide may occur at the different morphology with the 

range from a large area monolayer thin film to a few hundred microns hexagonal or 

triangles flakes. The following parameters effect on the type, morphology and the thickness 

of NbS2:  

 The type of precursor (Sulfur or niobium source impurity effects the type of 

crystal structure) 

 The reaction time (from a thin film to bulk crystal flakes) 

 The reaction temperature (phase transformation may occur) 

 The pressure (atmospheric or high pressure, vacuum – NbS2 flake stability) 
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Table 5 Raman spectroscopy and XRD patterns of NbS2 thin film by using different Sulfur 

precursors.[101] 

 

2.2.3 Applications of NbS2 

 
As a member of TMDCs family, NbS2 has a layered structure and has been used in 

different applications for decades. NbS2 `s layer structure enables us to discover its large 

anisotropic electrical, optical and magnetic properties. Unlike other members of TMDCs, 

NbS2 does not show a charge density wave (CDW)[102]. However, it shows 

superconductivity at the transition temperature of Tc: 6K. Surprisingly, this transition 

temperature increases with the pressure change, 6K at zero pressure to ~8.9K at 20 
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GPa[103]. It is known that different NbS2 shows different low dimensional behaviors and 

applications and its bulk form can be exfoliated to the low dimensions[72, 85]. NbS2 has 

been applied as a catalyst for purification of petroleum, hydrogen evolution reaction for 

producing pure hydrogen, cathode materials in secondary batteries and humidity 

sensor[104-107]. It is a fact that NbS2 properties haven’t completely discovered yet and 

once the properties have been uncovered, their applications also will start to be used in 

various areas including academia and industry. They can also be applied on field effect 

transistors. Here below Figure 16 is the example of using NbS2 as the source-drain contact 

to demonstrate the feasibility of using NbS2 as a high-performance transparent electrode. 

It is known that Mo is a good n-type contact metal that provides lower resistance for the 

MoS2 field effect transistors than other noble metals. Using NbS2 electrodes provides a 

better device performance than using Mo electrodes[84].  

 

 

 

 

 

 

 

 

 

 

Figure 16 Electrical characterization of NbS2–MoS2 field effect transistor (FET) 

devices.[84] 
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CHAPTER 3 

 

3. Characterizations of TMDCs  

 
The family of TMDCs has unique properties that can be used in different 

applications in terms of their electronic and optical behaviors. In order to explore their 

outstanding features, there have been many techniques used in research world such as 

Raman spectra, Photoluminescence (PL), Optical Microscope (OM), Scanning Electron 

Microscope(SEM), X-ray diffractions (XRD), X-ray photoelectron spectroscopy (XPS), 

Transition Electron Microscopy (TEM), Atomic Force Microscopy (AFM), and Energy 

Disperse Spectroscopy (EDS).  Each TMDC has considerably gained the attention of many 

researchers and there have been many studies on each of this family member. However, 

the scope of this thesis will be predominantly on MoS2 and NbS2 and their data will be 

exhibited at the Result and Experimental chapter. 

3.1 Raman and Photoluminescence Spectra of MoS2 and NbS2  

 
The fact that TMDCs have many polytypes, in other words, even though they have 

the same compositions, their crystal structures are different. The main difference of these 

polytypes stems from the registry of the stacking of the layers in the lateral directions. The 

thickness of the films depends on the supplementary of the sources as well as reaction 

temperature and time. Raman spectroscopy is a form of molecular spectroscopy – the 

scattering of electromagnetic radiation by atoms or molecules and it is a significant way to 

show molecular fingerprinting. It has many advantages to indicate the molecular identity 

in terms of little sample preparation requirements and using transparent containers to 

analysis directly. Raman Spectra enables to do both qualitative and quantitative analysis 

very fast. On the other hand, Photoluminescence is also an important way to reveal the 
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composition and solid structure of a material. After the electron is in the excited electronic 

state or conduction band, it can undergo either radiation less decay or a photon can be 

emitted as the electron returns to the ground state or valence band. Once the emission 

occurs, this process is called photoluminescence[108]. It is a widely used technique for 

characterization of the optical and electronic properties of semiconductors and molecules.  

Using Raman and Photoluminescence spectroscopy together simultaneously is very 

advantageous when studying two-dimensional crystals[109].  

 

 

Figure 17 Illustration of the fundamental principle of Raman Spectra [109] 

 

Molybdenum disulfide (MoS2), a naturally occurring molybdenite, is one of the 

most studied and stable layered family members of transition metal dichalcogenides. It has 

polytypes like many other TMDCs, 1T, 2H, and 3R. But, only 2H- MoS2 has been studied 

in this work without doing any phase transformation engineering. Therefore, the most of 
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the literature view and experimental results will be mostly on 2H-MoS2 unless it is 

mentioned the different phase. MoS2 can be easily deposited on silicon dioxide or other 

substrates and synthesized with different methods such as via chemical vapor deposition, 

mechanical exfoliation of the bulk crystal. There are two significant Raman modes of 

MoS2, E
1

2g, and A1g [110]. These two modes exhibit sensitive to layer thickness dependence 

with the shifted frequency of the modes. The frequency of E1
2g decreases while the latter 

increases from single layer to bulk.  This opposite frequency change is the result of 

Columbic interaction and possible stacking induced of the interlayer bonding[110, 111]. 

MoS2 has four first-order Raman active mode, 32 cm-1, 286 cm-1 ,383 cm-1 and 408 cm-1 

which are represented by E2
2g, E1g, E

1
2g, A1g respectively[112]. The different PL spectra 

value of MoS2 with changing layer numbers exhibits the fact that monolayer MoS2 is a 

direct bandgap material while the multilayer is an indirect material[110, 113]. 

  



41 
 

 
 

  

Figure 18 a) The Raman spectra of thin and bulk MoS2 with an arbitrary unit of intensity. 

b)Peak frequencies with the different layer numbers c) Height profile of the film and d) 

PL spectra value of MoS2 with changing layer numbers [110, 112] 

 
It is known that NbS2 has two major polytypes, which are 2H and 3R. The basic 

explanation of the numbers in front of the letters is to consist of two and three layers, in a 

unit cell, respectively. To differentiate these two structures might be a big challenge in 

some characterization methods. For instances, they almost have the same XRD patterns in 

the basal plane since the interlayer spacing between S-Nb-S is almost identical[114]. They 

also have the same value of van der Waals gap among the polytypes. It has been studied 

that one of the major differences for both polytypes is their electronic behavior. 2H-NbS2 

is superconducting whilst 3R-NbS2 is not[83].  The Raman spectra is also a reliable method 

and have been used to differentiate the polytypes of TMDs that exhibit different intensity 

based on their crystal phase. 2H-NbS2 has four Raman modes which are E2
2g, E1g, E

1
1g, A1g, 

shows 31,260, 304 and 379 cm-1 respectively, 3R-NbS2 has different four Raman modes as 

E1, E2, A1 and A2 at 290, 330, 386, 458 cm-1[115]. The Raman spectra active modes may 

differ based on the method that has been selected to grow thin film and it can also depend 

on the precursors material for the synthesizing.  The study of 3R-NbS2 takes a significant 
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role in understanding the peak intensity with different thickness. It is known that there are 

four typical Raman active modes for 3R-NbS2 that are E1, E2, A1, and A2. The Raman 

peaks at 386 and 405 cm-1 represent A1 and A2, respectively while A2 mode may not be 

observed in monolayer film. E1 and E2 peaks can be observed at approximately 280 and 

327 cm-1, respectively[83].  The actual vibrational mode of E2 and A1 are also shown 

below Figure 19 [78].  

  

Figure 19Raman spectra of films that exhibit different thickness range from a monolayer 

to 80 nm (left)  with the vibrational  active modes of E2 and A1 (right) [78, 83] 

 

3.2 XPS and XRD analysis 

  

3.1.1 X-ray Photoelectron Spectroscopy (XPS) 

 
 XPS or Electron Spectroscopy for Chemical Analysis (ESCA) is a significant 

technique to obtain quantitative information about the chemical composition. Once the 

analysis is done, the clearer picture of relative quantities of each phase can be obtained 

from the test sample. By irradiating x-rays on the sample surface, and measuring the kinetic 

energy of the photoelectrons emitted from the sample surface, the tested sample can give 
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information about the elements constituting, the sample surface its chemical bonding state 

and its composition[116]. In order to create the information, Al Kα rays can be generally 

used for XPS instruments and they usually come from a few nm thicknesses of the sample 

surface. 

XPS is very important for TMDCs to provide quantitative information especially for Mo: 

S and Nb: S ratio. Theoretically, the stoichiometry ration for these two materials is 1:2 even 

though experimentally it might slightly vary due to the synthesizing method and phase 

transformation engineering[116, 117]. 

 

 

Figure 20 The schematic representation and working principle of XPS [117] 

 
Synthesizing NbS2 is very challenging in terms of avoiding oxygen from the surface 

of the films or flakes. There have been many works on synthesizing NbS2 with oxide 

precursors or after growth, the oxidation layer might take place on the surface of NbS2. In 

order to indicate, the amount of oxidation XPS is a crucial technique. For NbS2 XPS 

analysis, there are five peaks appear on the spectrum while binding energy calculated 
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which are Nb 3d5/2, Nb 3d3/2, S 2p3/2, S 2p1/2, and O 1s. Nb and S elements can be 

observed from the elemental survey[63] 

 

 

Figure 21 X-ray photoelectron spectroscopy spectrum of the synthesized NbS2 film[63] 

 

3.2.2 X-ray Diffraction (XRD) 

 
X-ray powder diffraction (XRD) is another important analytical technique that is 

generally used for phase identification of a crystalline material and can provide information 

on unit cell dimensions. The following information can be revealed by this technique: 

- The crystal structure,  

- Chemical composition  

- Physical properties of the materials and thin films.  
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The principal of this technique is based on the observing the scattered intensity of an X-

ray beam hitting a sample as a function of incident and scattered angle, polarization and 

wavelength or energy[118, 119].  

 

 

Figure 22 vector K = ke - ki as the difference between the wave vector ke of the scattered 

wave, and the wave vector ki of the incident X-ray  [119] 

 
The general relationship between the wavelength of the incident X-rays, the angle 

of incidence and spacing between the crystal lattice planes of atoms is known as Bragg's 

Law, expressed as:  

n λ = 2d sinΘ 

where n (an integer) is the "order" of reflection, λ is the wavelength of the incident X-rays, 

d is the interplanar spacing of the crystal and Θ is the angle of incidence[118]. 
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Since the most of TMDCs family have polytypes, XRD is the crucial method to 

indicate their crystal structure which can be 1T, 2H and 3R and their lattice parameters. 

Especially for MoS2, the phase transformation occurs from 2H to 1T after the lithiation 

treatment after a long time. Once the transformation successfully is completed, the 

electronic features and application of MoS2 totally change. The intercalation of guest 

elements such as Na, Li, and K can also alter the chemical composition and crystal 

structure[120]. 

 

 

Figure 23 XRD analysis of different intercalated and exfoliated MoS2 
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3.3 SEM, AFM and Optical Microscope Analysis of MoS2 and NbS2  

 

3.3.1 SEM 

 
The working principle of scanning electron, atomic force and optical microscope 

will be presented in this section with some examples of TMDCs. SEM stands for scanning 

electron microscope and it uses electron instead of light to create an image. Its development 

started early 1950`s, and since then, the development of SEM has reached a significant tool 

for the researchers to image especially atomically thin films. Compare to the traditional 

microscopes, SEM has a much higher resolution that is important to magnify closely 

spaced specimens at much higher levels[121]. Another crucial thing for SEM is that it has 

a large depth of field which is very important to focus many specimens at one time. Since 

SEM uses electromagnets rather than lenses, the degree of magnifications can be easily 

controlled.  For TMDCs, surface morphology and its coverage are significant to be 

observed in terms of their features and applications, and SEM takes a key role in analyzing 

the materials. 
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Figure 24 Scanning Electron Microscope[121] 

 
 

3.3.2 AFM  
 

Atomic Force Microscopy is a very high-resolution type of scanning probe 

microscopy and it provides a topological map of the surface by monitoring the deflection 

of a cantilever with an attached nanoscale tip that is scanned in a raster pattern across a 

sample surface. AFM was invented in the early 1980`s by Binnig, Quate, and Gerber. They 

were granted a Nobel Prize for Physic in !986 to contribute many works on both AFM and 

Scanning tunneling microscope (STM)[122]. The working principle of AFM is to have 

mechanically interaction with the surface by feeling or touching. It probes the sample 

surface with less interaction from electronic properties and does not rely on a tunneling 

current to operate. Piezoelectric elements that facilitate tiny but accurate and precise 

movements on (electronic) command enable precise scanning [123, 124]. 

https://en.wikipedia.org/wiki/Piezoelectricity
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Figure 25 A schematic depicting the operation of an AFM[125] 

 

3.3.3 Optical Microscope 

 
   Since TMDCs provides unusual phenomena based on their thickness dependency, 

such as single layer MoS2 direct band, bulk MoS2 indirect band, their thickness 

measurement and morphologic shape are important. Thus, Atomic Force Microscopy and 

Optical Microscope are significant to characterize the flake properties. The design of 

optical microscopy has developed recently in terms of incorporating multiple lenses, filters, 

polarizers, beam splitters, sensors, monitoring, and the illumination sources. Especially, 

for TMDCs higher resolution of the optical instrument gives a better insight into analyses 

of atomically thin flakes.  
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Figure 26 Components of a compound optical microscopy[126] 

 

Here it is represented how scanning electron microscope, atomic force microscope 

and optical microscope have been used to get depth insight of TMDCs. The examples 

below are from MoS2 and NbS2.  
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Figure 27 a,b and c shows SEM images of CVD MoS2 on SiO2 coated Si substrate, d and 

e represents AFM picture of MoS2 on Silicon dioxide substrate and the last images f and 

g shows NbS2 grow on a silicon substrate, the references  are shown, respectively  [82, 

127, 128] 
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CHAPTER 4 

 

4. Experimental Works and Results  

 

4.1 Chemical Vapor Deposition of MoS2  

 

4.1.1 CVD MoS2 Experimental Set-up 

 
Chemical vapor deposition of TMDCS is one of the best reliable methods in terms 

of having a large area of films and flakes. As we discussed earlier, there have been many 

studies on CVD to explore new properties of the materials with reasonable in a short 

time[10, 12, 129, 130]. During my research, I have utilized two different furnaces to grow 

MoS2 and NbS2 since they both had different temperature gradient and cooling ramp. The 

set up that I modified for synthesizing MoS2 and NbS2 was very similar to many works in 

literature. As it can be seen below Figure 28, the single zone clam-shell furnace with 1-inc 

quartz tube was used for synthesizing MoS2 thin films and flakes by CVD. There are many 

empirical parameters for CVD MoS2 synthesis and each of these parameters will be 

explicitly explained in this chapter. 

  

Figure 28 Single zone furnace that was used for synthesizing MoS2, the substrates were 

placed in the center on the top of alumina boat with face-up position. 
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One of the main challenges that I had to deal with was to optimize the conditions 

that could be led to synthesize reproducible materials. In order to do that, it was significant 

to understand each key variables. My first grad year was dedicated to understand these 

variables from the literature and how to apply them to our lab conditions. After a deep 

literature survey, I finally made substantial progress towards a basic understanding of the 

influence of key parameters on the growth of MoS2. Prior to having my own CVD set up, 

I first attempted to reproduce experimental results reported in the literature. Several 

precursors have been used in the literature such as Mo film[131, 132], MoCl5[133], 

(NH4)2MoS4[134], MoO3[132], my initial grow study started by using the common 

precursors, commercially available MoO3 and sulfur powder for Mo and S reactants 

respectively. ≥99.5% purity MoO3 powder from Sigma Aldrich and 325 mesh (≤44 μm 

particle size) sulfur powder was obtained from Alfa Aesar with ≥99.5% purity.  

The amount of the precursors and their locations in the furnace are one of the most 

key parameters of synthesizing reproducible MoS2. Since the MoO3 has a much higher 

melting temperature (795 Co) than sulfur powder (115 Co), the MoO3 was placed in an 

alumina boat in the center of the tube furnace, the hottest region of the furnace. On the 

other hand, sulfur was placed in a region upstream, relatively cooler region and closer to 

room temperature zone due to its lower melting point. MoS2 was successfully grown on 

the silicon dioxide substrates of which position were face down or up on the top of the 

aluminum boat that has Mo source. The concentration of the precursors was changed in 

time with increasing temperature and this change has been demonstrated clearly.  
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Figure 29 Concentration of the vapored gases from the precursors in time (top). Alumina 

boat is placed in the center of the furnace, having Mo source in it (left) and the substrate 

(right) shows the deposition of MoS2 after the reaction. 

 
 Prior to beginning any deposition, it is important to have a clean tube for 

synthesizing any TMDC. Otherwise, the growth reaction will be influenced by initial 

oxygen concentration and unwanted impurities. To avoid that, the reaction tube was purged 

with an inert gas to minimize unwanted oxygen, dust and other impurities from the reaction 

environment before beginning any deposition. The furnace that I used for MoS2 

synthesizing was slightly different than the other one for the NbS2 grow. The maximum 
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temperature that furnace could ramp up was approximately 900 C0 while the other one was 

over 1200 C0. Once the set up was ready, the temperature of the furnace was slowly ramped 

up to the growth temperature that was approximately 800 C0 at a rate of 20 - 25 C0/min for 

MoS2 growth. Then, the temperature was held at that temperature the amount of 10-45 

minutes based on the desired film thickness. Once the reaction was over, the tube furnace 

was allowed to cool to room temperature before the samples were removed for further 

characterization. It is important to know that the modifying cooling rate is significantly 

important to have a uniform, large area films. During MoS2 growth, the furnace was 

allowed spontaneously to the room temperature in approximately 2 hours.  The possible 

reaction has been taking place in the reaction chamber as follows: 

 

 

 

Figure 30 CVD MoS2 growth set up. The precursors are located in the different region, 

18 cm distance from each other, the silicon is at the face-up position on the top of 

alumina boat. 

  

The experimental set-up that has shown above, the most of the time led to successful 

deposition of MoS2 with having a different thickness on the substrate surface. 

Inhomogeneity and variable thickness on the sample surface was the main challenges to 

 

MoO3  

2MoO3 + 7S → 2MoS2 + 3SO2 
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overcome. The formation of MoS2 has differed in many ways once the parameters were 

slightly changed resulting to have different crystal morphology and their forms, monolayer 

to bulk. With the substrate-face-down approach typically led to having thicker film and 

flakes compare to placing the substrate face up on the aluminum boat. Monolayer MoS2 

were found on the surface where silicon dioxide made contact to alumina boat. Increasing 

monolayer area of MoS2 was the most difficult challenge to characterize the film for further 

applications. Modifying the time-temperature variant was not the only parameter to reduce 

the solution simply. Many CVD published worked claimed that 5 minutes of growth time 

would be enough to have a monolayer region of MoS2. On the other, having that less of 

growing time is not sufficient enough to vaporize the precursors and allow unwanted 

components to leave the reaction. Due to the fact that the precursors are placed in the 

different region in the tube, their vaporizing time and temperature will be different. MoO3 

vaporizes long before appreciable sulfur is produced. Since the experiment takes place in 

the single zone furnace, the relative partial pressure drastically changes. Once MoO3 starts 

to vaporize, the relative partial pressures shift dramatically from sulfur deficient to sulfur-

rich in a short time. While the reaction continues, the partial pressures of the precursors 

change with the flow of the inert gas. This and the huge variation in experimental 

parameters cause to have different thickness and morphology of MoS2 after the reaction. 

To reduce the effect of the variant and achieve reproducible products, some researchers 

have used heating tape. The aim of using the heating belt is to control sulfur temperature 

by placing it outside of the furnace temperature zone. However, this might bring another 

parameter to the system especially once it is started to use slightly different time than the 

previous experiment or placing it differently on the quartz tube. In this work, the heating 
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tape was not used for any deposition of MoS2 and NbS2 in order not create another 

uncontrollable variant. 

4.1.2 Parameters for CVD growth  

 
 There have been many variables for the CVD growth of any TMDCs materials and 

some of them were mentioned briefly earlier. However, it is crucial to focus on the highest 

contributing ones so that the reproducibility of CVD grown samples can be engineered for 

phase transformation and characterizations. The following parameters are significant for 

successful CVD growth:  

 Temperature (precursors vaporizing, reaction growth) 

 Mass (the amount of the precursors, needs to be milligram or less)  

 The surface area of the reactants 

 Inert gas flow rate (even though the type of the inert gas does not effect on the 

deposition for CVD, its flow rate is extremely important- 100 sccm ideal)  

  Substrate position (usually the substrate is placed at the center but its position- face 

up or face down- effects on the growth) 

 Cooling rate (the temperature is spontaneously brought down to room temperature, 

the faster cooling rate causes an undesired crack on the flakes) 

 Time (longer growth time usually results in thicker films although monolayer flakes 

can be obtained in shorter time depending on the materials) 

   Temperature zone of the furnace (the larger zone furnace is desired in terms of 

keeping the heat longer with higher efficiency) 

     There are many more factors for CVD growth that are harder to manage including 

using cleaner substrates, the height differences between the precursor's source and the 
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substrates, roughness of the surface for the substrates, humidity of the precursors. The last 

but not the least, the type of the substrates impacts on CVD growth of any TMDCs. As it 

can be observed, the CVD method is much more complicated than it seems. I have 

meticulously focused on each of these parameters during my project. The journey of 

synthesizing a successful film and its characterization has been successfully demonstrated 

in this section. 

4.1.3 Characterizations of CVD MoS2  

 
       Synthesizing a high quality and large area of CVD MoS2 directly depends on the 

amount of sulfur. Sulfur takes two important key roles during the CVD reaction, the first, 

it makes a bond with Mo atoms to create a MoS2 structure as expected, the second is to 

reduce oxygen in the reaction by creating an SO2 bond. MoOS2 compounds might take a 

place on the substrate surface once there is an insufficient amount of sulfur as shown Figure 

(a). The Raman spectra of this compound have given extra peaks around 200 cm -1 besides 

385 and 404 cm -1 which corresponds to a single layer of MoS2, E2g, and A1g respectively. 

A closer examination on the thickness analysis has been done by atomic force microscopy 

(AFM). Typically, the thickness of a single layer of MoS2 measured by AFM ranges 

between 0.6 and 1 nm. In this work, the thickness of the flakes measured 0.98 nm which is 

a good match to the thickness value of monolayer MoS2 in the literature. The AFM image 

and the thickness analysis has been shown in Figure 31 below. 
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Figure 31 The oxidation state of MoS2 once insufficient sulfur in the reaction (a), optical 

and SEM images of the flakes, scale bar of 30 microns (b), The AFM picture of the flakes 

(c) and its thickness is approximately 1 nm, which corresponds to a monolayer of MoS2 

(d) 

    

The qualitative information about the film and flakes can be obtained by Raman 

spectroscopy and the structural data including phases, a number of MoS2 layers can be 

clearly determined via the vibrational spectrum as discussed earlier. Raman spectra have 

been employed on the same sample at the different regions to have a better picture of the 

sample as shown below. The experiment was done at 700 Co – 45 minutes by using 0.4 gr 

of sulfur with 100 mg of MoO3 powder. The different thickness of CVD grown MoS2 has 

been synthesized with clear E2g and A1g peaks as well as PL peak which shows pronounced 
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emission peak of 677 nm for CVD MoS2. On the other hand, X-ray photoelectron 

spectroscopy (XPS) is a very useful device to give information about the chemical 

composition of the materials with a better picture. In this project, the Thermo Scientific K-

Alpha spectrometer was used to do further characterization for CVD-grown MoS2 

samples. In addition, all spectra were taken using an Al Kα micro-focused 

monochromatized source (1486.7 eV) with a resolution of 0.6 eV and a spot size of 400 

μm. XPS to correlate experimental parameters with resultant film stoichiometry. Survey 

spectra from XPS show that the presence of S, Si, O, C, and Mo have been obtained in all 

CVD experiments. 

 The atomic ratios of each element can be easily compared by fitting Gaussian 

curves. The calculation can be done directly on their areas above the baseline of this fitting. 

As seen below Figure 32, the relative areas of each element peaks yield the ratio of Mo and 

S. The ratio indicates the stoichiometry of MoS2 films. By scanning for specified photon 

energies more slowly, higher resolution binding energy peaks are obtained. The Mo3d scan 

contains two peaks at 233.5 eV and 230.2 eV as well as a small S2s peak at 227.5 eV. The 

sulfur scan resolves two overlapping peaks at 163.5 eV and 162.5 eV. The atomic ratio of 

Mo: S was approximately 1:2 indicating that the region where the substrates located might 

show the different ratio. The ratio is directly dependent on the sulfur or Mo-rich region. 

The striking finding from the XPS analysis was that measurements made on the same 

exposed central region of a sample sometimes showed drastically different S: Mo ratios. 

For instance, once the substrate was located at the center of the furnace- right above the 

MoO3 source, the ratio showed the highest average of S: Mo = 2.33 while it was 0.72 once 

the samples were placed closer to the reaction cold zone. Based on the XPS the result, it 
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can be said that the ratio is dependent on a few parameters, which are the substrate location, 

the precursor's location, the alumina boat location and the flow rate of the carrier gas. The 

reaction temperature is another key parameter in terms of consuming all the precursors 

during the reaction. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 32The Raman spectra (a) and PL measurements (b) of the flakes. The 

measurements have done on the same sample at the different location by using 514 nm 

laser wavelength with a 1-micron diameter size of the laser. XPS survey of CVD-grown 

MoS2 (c) Mo3d and S2p XPS scans (d) 
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4.2 Shape evolution of CVD- grown MoS2 

 
        Once the successful growth is achieved via CVD method on TMDCs, the flakes 

can take many different domain shapes. Those domain shapes have been shown in the 

literature including triangles, hexagons, truncated triangles, three-point stars and six-point 

stars[135-137]. Even though there has been great attention on TMDCs applications and 

synthesizing, understanding of the shape evolution of MoS2 or any other domains is still 

limited. In this section, the study of shape evolution will be straightforwardly explained 

and this approach can be applied to any other TMDCs materials. In order to show the shape 

evolution, different morphology and evolution of MoS2 have been demonstrated in this 

section. This experimental method to study the shape evolution of the CVD grown MoS2 

domains is employed on the Si substrates with a 300 nm silicon dioxide surface within the 

same growth conditions after each growth. The shape evolution approach is employed to 

comprehensively study the crystal structure of MoS2 and it has been supported many 

techniques including Raman Spectroscopy, Scanning Electron, and Optical Microscopy 

and Atomic Force Microscopy. The different crystal growth mechanism with shape 

transformation have been illustrated with the dependence on Mo: S atom ratio. The 

fundamental principles of crystal growth, the shape of a crystal is determined by the 

growing rate of different crystal faces[138]. To elaborate on this, the slowest growing faces 

causes the largest face of a morphology. On the other hand, the rapidly growing faces either 

become smaller or disappear altogether. This mechanism can be explained by surface free 

energy for 2D materials. Based on these edge energies, the final morphology can be shaped 

in triangles, hexagonal or any other forms. Prior to any shape, the crystal morphology is 

initiated with a nanoscale hexagonal nucleus and it finalizes the morphology.   
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Figure 33 The nucleation and grows starts with nanoscales flake and continues its final 

shape based on the highest energy edge terminations, the lateral size of the hexagon 

flakes is approximately 100 nm. (scale bar 100nm) 

 
The surface free energy pertains to the edge free energy in this case. Since the low-

energy faces tend to grow slowly, the final shape evolution of MoS2 is related to the growth 

rate of different edge terminations. In the case of MoS2, the most commonly observed 

terminations are Mo-zigzag and S-zigzag terminations, Mo-zz and S-zz respectively. Those 

two terminations are known the most energetically stable structures[135]. As it can be seen 

below, these two terminations have zigzag edges. However, the position of S and Mo atoms 

differ. The S atoms are exposed to the outside and each S atoms has two bonds with Mo 

atoms. On the other hand, for Mo-zz terminations, the Mo atoms are exposed to the outside 

and each has only four bonds with S atoms. 
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Figure 34 The most energetically edge terminations, Mo-zz and S-zz, the first nucleation  

starts and grows. 

 

4.2.1 Case 1 (Mo: S >1:2) 

 

Mo-zz and S-zz terminations and their energy are responsible for the final 

morphology. We can categorize this in three conditions which are If Mo: S >1:2 If Mo: S 

=1:2 and If Mo<S 1:2. As we mentioned that earlier, all shapes of domains start growing 

from the nanoscale hexagonal nucleus. In the first case, Mo: S>1:2, since Mo atoms are 

rich in the environment, S-zz terminations grow faster than Mo-zz terminations. Indeed, S-

zz terminations with unsaturated S atoms exposed to the outside are more energetically 

unstable than Mo-zz terminations. In addition, the fact that there is a higher probability of 

meeting and bonding with free Mo atoms for S-zz terminations. Under this condition, 

hexagonal nucleus starts to grow from S-zz terminations and the final morphology is three 

sides of Mo-zz terminations. 
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Figure 35 The domain shape will change from a hexagon to a triangle with three sides of 

Mo-zz terminations since the S-zz terminations grow faster. 

 

4.2.2 Case 2 (Mo: S =1:2) 
 

              In the second case, there is a similar growth rate where Mo: S =1:2 corresponds 

to the stoichiometric ratio of MoS2. The free atoms that meet in sufficient environment of 

Mo and S have the same termination stability and probability. Since both terminations grow 

rate are similar, the hexagonal morphology is observed at the end of the reaction. The 

lateral size is relatively larger than the first hexagonal nucleus.  
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Figure 36 The domain shape will not change but the lateral size will. Mo-zz terminations 

and S-zz terminations grow similarly. 

 
 

4.2.3 Case 3 (Mo: S <1:2) 

 

Under the final condition, where S atoms are rich in the reaction environment, the 

result is similar to the first condition in terms of the final morphology. The S-zz termination 

will take place at the final stage instead of Mo-zz termination. The growth rate differences 

between Mo and S is the main parameter of MoS2 ratio that is influenced by the energy 

stability of Mo-zz and S-zz terminations.  

 

 

 

     
 

Figure 37 Mo-zz terminations grow faster than the S-zz terminations grow under the 

third case. Final morphology shapes sulfur edge triangles. 

 
         There are many parameters that effect on the shape evolution morphology, including 

the amount and the location of the precursors in the furnace, type of the precursors, the 

distance between the precursors and the growth temperature. the correlation between the 

domain shape and Mo: S ratio has been proved with previous studies[136, 139] and our 

approach of different shapes of MoS2 domains evolution has been exhibited the similar 

Case 3 

If Mo<S 1:2 
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results to the other TMDCs including NbS2, the further information will be provided 

upcoming chapters[140]. 

 

 
 

 

Figure 38 The summary of all three conditions is illustrated with the different final 

morphology - presented at NASA New Jersey Space Grand Consortium, Rutgers 

University 2015 

 

4.2.4 Precursors and gas flow effect on shape evolution   

 

             The number of parameters that effects on the shape evolution of CVD MoS2 have 

demonstrated that Mo: S atomic ratio along the substrate surface is significantly important 

to explore the final morphology of the crystals. Not only the distance that is between the 

precursors and the heat zone but the precursor's distance to each other takes a key role for 

the nucleus to grow. If Mo: S ratio is >>1:2, this means that S-zz termination grow much 
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faster than that of Mo-zz making crystal domain transform to a triangular shape in a very 

short time. This will cause to form the star shapes of flakes. On the other hand, the truncated 

triangles will be formed within the same period of growing time once Mo: S ratio is slightly 

above 1:2 atomic ratios. The figure below shows the change of the shape evolution once 

the distance between the precursor's increases, from stars to truncated triangles is formed 

with the different average of the flake size including the standard deviation of the flakes 

size for each condition. The sulfur distance to MoO3 source exhibits the optimum flake size 

and triangle shape once the distance to each other is approximately 19 cm. Increasing the 

distance between the sources leads to relatively smaller flake sizes. 

 

Figure 39 The top figure presents the distance between the sources vs the average size of 

the triangles, the optimum size, and distance of about 19 cm. The figure below shows the 

shape morphology vs distance between the precursors. 

 
           A carrier gas is one of the main components during CVD reaction. Career gases are 

generally selected depending on the application and they help to achieve the best separation 

in the whole process since they are inert, don’t react with any reactants. They have used in 
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many chemical reactions including CVD process. The choice of the carrier gases is related 

to their usage either in the industry or individual performing the process. Their accessibility 

and price are also important parameters to select them as well as obtaining maximum 

efficiency[141]. The linear velocity of the gas and its purity are the major factors to use 

them as a carrier gas due to the fact that a minor impurity can affect the results significantly 

for CVD or any other chemical reactions[142]. Several gas carriers have been used in this 

work, nitrogen (99,9%), argon (99,9%), the argon-hydrogen mixture ((90% argon and 10% 

hydrogen) with different flow rate during the CVD growth. Although using the type of 

carrier gases did not affect the deposition amount on the silicon/silicon dioxide substrate, 

the flow rate of the carrier gases moderated the final morphology during the CVD reaction. 

The Figure below shows the final morphology of MoS2 flakes versus changing the flow 

rate. 

 

Figure 40 The flow rate between 80 -100 cubic centimeters per second (SCCM), has 

shown decent size and coverage of the triangles. Each experiment was done under the 

same time condition, approximately 30 minutes. 
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4.3 Substrate effect on CVD MoS2  

 
               Thin film deposition technology engineers applying a thin film with good step 

coverage. The technology employs between a few nanometers to about 100 micrometers 

or in some cases, the thickness of a few atoms. Many materials can be deposited with this 

technology resulting in the range of different thickness[143]. Choosing the substrate for 

thin film technology is considerably important for the final materials and their thicknesses. 

It is a fact that the thin film manufacturing process is the heart of today’s semiconductor 

industry. Thus, the choosing optimum substrate for each material gives rise to a successful 

CVD growth. Nucleation and growth mechanism occur on the substrate surface where the 

deposition and further island evolution form the nucleation and cluster. There are certain 

places on the surface where the possibility of deposition is higher. The first place is called 

kink; the following second deposition takes place on the step. The terrace is the third 

favorable place for atoms to deposit and create an island for further growth process[144]. 

  

 

Figure 41 Deposition and surface deposition diffusion process of adatoms, nucleation  

mechanism on the substrate.[144] 
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4.3.1 Substrate locations for CVD MoS2 

 

             In this work, selecting a feasible substrate for each CVD growth process of MoS2 

and NbS2 was one of the most challenging issues that I had to overcome. The deposition 

of MoS2 and NbS2 were done with the different substrates such as silicon, silicon dioxide, 

sapphire, gold, quartz, doped silicon, glassy carbon in order to create an efficient surface 

chemistry for CVD growth. In the CVD process, the substrate is placed in the quartz tube 

chamber either face-up (the polish part positioning up), face-down and sometimes side 

position. Silicon dioxide was the most used substrate for further characterization. However, 

the result of other substrates will be also presented in terms of a better understanding of the 

substrate effect on CVD growth. After each deposition using the different substrates, the 

further characterization will be presented in the next section. The fact that the reaction 

chamber is isolated, there is a limited region in the quartz tube where the substrates can 

take the position of. 

 

 

 

 

 

 

 

Figure 42 The possible positions of the substrate can place in the quartz tube. Three 

different positions of silicon dioxide substrate in the quartz tube for CVD MoS2 growth, 

the scale bar is 20 microns for the SEM images. 

 

Face down 
Face up Side position 
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 Using the optimum substrates and its location in the reaction chamber is a key to 

understanding the mechanism of CVD system. After trying each position of the substrate 

in the quartz tube, the face-up position has given much more controllable coverage and 

deposition compare to other two positions, face-down and side. To clarify this better, 

Figure above and figure below has been demonstrated to have an insight on the substrate 

surface. Once the substrate is placed in the quartz tube with face-down position, the 

partial pressure of MoO3 is relatively higher than any other two positions resulting in 

having a large and dense coverage on the surface. The vaporized molecules from the 

MoO3 powder meets with vaporized sulfur with higher possibility. In addition, the 

diffusion of these molecules along the substrate surface causes a high gas flux in a short 

time span. The large range of deposition from bulk to monolayer is still formed. 

However, the region where a few layered and monolayer flakes are occupied is limited 

and isolated. On the other hand, the side position gives relatively a better form. The gap 

between the flakes is reasonably decent for making a contact to do further applications. 

Nevertheless, the size of the flakes is smaller in the range of a few microns to 10 microns. 

Therefore, the applications and further characterizations of these flakes might be a 

challenge for the side position. Placing substrate face-up position gives a desirable flake 

size including from a few microns to up to 100 microns at the same experimental 

conditions. As shown figure below Figure 43, the regions are labeled to explore each 

location features and morphology for a better understanding.  

The semiconductor device applications and hydrogen evolution reactions require 

to have an applicable size of the flakes starting from 10 microns lateral size. The partial 

vapor pressure of the gases and their diffusions along substrate have enabled to make a 
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sufficient environment. Due to the fact that the activation energy is the lowest on the 

edge of the substrate to overcome the energy barrier for nucleation and growth, the gases 

initiate to deposit on the edge first, then later, they diffuse along the substrate surface 

based on their surface energy. The dangling bonds are one of the main reasons why 

nucleation and growth continues along the substrate surface. Once unstable and high 

energy molecules reach the substrate surface, they desire to release their energy to 

become stable. Adsorption and desorption reactions continuously take place on the 

surface until the reaction is over and the furnace temperature is brought to the room 

temperature.  

4.3.2 Substrate mapping 

 

Controllable coverage density for CVD mechanism has easily been developed by 

using the substrate face-up position. The figure below presents the information about the 

substrate surface by labeling the regions. The region number 3 and 11 are predominantly 

bulk (>100 nm) while the flakes are usually formed a single layer or bilayers on number 

1,5,9 and 13 regions. Since the diffusion and mass transport of the precursors gas form 

are limited on the region 6,7 and 8, the insufficient deposition and uncompleted growth 

take place in the middle of the substrate. Multilayer deposition generally is formed on 

number 4 and 10 regions. 
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Figure 43 Substrate mapping with the face-up position, SEM images represent each 

region coverage and morphology 

 

                 The face-up substrate positions also makes the further characterization possible 

due to their desired lateral size. As mentioned previous chapter, one of the most important 

challenges for CVD growth is to synthesize reproducible film and flakes. Therefore, a great 

deal of attention has dedicated to the film and flakes formation on the substrate surface in 
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order to have a successful and reproducible CVD growth. This evolution has been 

demonstrated below with more detailed information. The average size of the triangles 

varies from region to region. Note, however, that the formation of the film and flakes on 

silicon dioxide may show a different evolution for other substrates. Even though this 

formation difference will be explained in the following section, it is important to know that 

the correlation between the substrate surface atoms and the vaporized precursors molecules 

must have chemically and thermodynamically convenient reaction on the substrate surface.  
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Figure 44 The average size of the triangles has been formed on the different regions of 

the substrate, from bulk (substrate edges) to monolayer (generally close to the middle of 

the substrate) formation- the distance is represented by microns. 

 

4.3.3 Synthesizing CVD MoS2 on different substrates  

 
                 Silicon dioxide is the most preferable substrate for much different growth 

mechanisms including, CVD, PVD, mechanical exfoliation, ALD and many more in terms 

of their reasonable accessibilities. Several studies have been also dedicated to synthesizing 

TMDCs on different substrates such as silicon, silicon nitride, quartz, graphene, boron 

nitride, sapphire and gold foil[53, 54, 56, 145, 146]. Not only in the literature studies but 

also in this work, the single step synthesize method has been observed, there was no 

pretreatment of either the precursors or the substrate. 

4.3.3.1 Characterizations of CVD MoS2 on different substrates  

 
                The ability of this readily synthesize these samples on a range of the substrates 

makes possible to use them directly implemented on the different applications, including 

in a variety of nanoelectronic, optoelectronic and catalytic systems. In addition, the 

deposition on the different substrates is easily characterized by many atomic scales 

characterization techniques such as Raman Spectroscopy, SEM and AFM. In this work, in 

order to have a better insight CVD growth mechanism has been employed on silicon 

dioxide, quartz, doped silicon, graphene oxide, and the gold substrate. Based on the results, 

the growth of CVD on silicon dioxide has shown a better film and flake formation compare 

to other substrates since there is a perfect matching between silicon dioxide surface atoms 

and the vaporized precursors and the surface energy of the molecules are 

thermodynamically more stable.  
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                In order to prevent the contaminations from the previous reaction, each 

experiment has been done in a different quartz tube. For instance, the melting point of gold 

foil (~850 C0) is very close to the reaction temperature (750 C0). The quartz tube was also 

meticulously cleaned prior to each experiment to avoid any residue and its reaction. 
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Figure 45 The growth mechanism of CVD MoS2 on different substrates, the formation 

can be range from nanoislands to triangles crystals using the same recipe. (The optical 

images are shown the top, SEM images are shown bottom) 

               The different thickness of CVD MoS2 samples was successfully synthesized by 

direct sulfurization of MoO3 as a precursor without any treatment to the precursor or the 

substrates. Due to the fact that pretreatment of the precursors might be detrimental to the 

intrinsic properties of any 2D materials, not using any treatment to the substrates, except 

that acetone or IPA is required for the substrate cleaning, is quite useful in terms of having 

the maximum efficiencies from their applications. As shown figure below, the average size 

of the flakes for CVD growth by using silicon dioxide is much bigger than the other 

substrates at the same experimental conditions since the possibility of creating a dangling 

bond on the surface of the substrate is the highest for silicon dioxide substrate. Another 

key important point for the growth is the substrate conductivity resulting in that the 

conductive or insulator substrate has not been favorable for CVD MoS2 growth. The 
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semiconductor substrate, silicon dioxide, has offered a larger and applicable size for further 

characterization and applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 46 The average size of triangles has been presented by using a different substrate. 

Approximately 400 flakes have been analyzed for each substrate growth condition. 

Raman spectra and photoluminescence has been employed on the synthesized film 

and flakes for further characterizations. It is known that Raman spectroscopy provides 

information about the structure including the type of phases and number of the layers on 

2D materials. This qualitative information enables analyzing crystal quality of the flakes. 

By using the vibrational spectrum, this information can be measured.  

The Renishaw Invia with a 514 nm laser has been used for this thesis work to do 

further characterization. The device produces a spot of approximately 1μm in diameter that 

allows having information even from relatively small flakes. As explained in the previous 

chapter, Raman Spectra exhibits a unique means of exploring the vibrational modes and 

electromagnetic scattering mechanism for TMDCs. There are two specific vibrational 

modes for MoS2, E2g and A1g modes- 385 cm-1 and 406 cm -1, respectively. These two main 

peaks have been obtained from each substrate with different intensities as well as PL 
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intensity. The perfect stoichiometry of MoS2 is 1:2 for any growth mechanism. However, 

it is experimentally quite difficult to obtain this structure due to the fact that there is always 

a defect formation in the material structure resulting in the nonstoichiometric compound.  

The nonstoichiometric formation of MoS2 has been observed by using the different 

substrates while searching the optimum substrate for CVD MoS2. Excessive Mo or S atoms 

caused the intensity different and Raman shift. Especially, the reason why the Raman peak 

quite low on the gold substrate is that the flake formation is too small to be determined by 

the laser. On the other hand, the PL spectra were not obtained from the films that were 

synthesized on gold and glassy carbon substrate as expected since these two substrates are 

conductive and probably the laser was distorted while extracting the phonons for analyzing. 

Nevertheless, the film synthesized on silicon dioxide and graphene oxide have provided 

the signal at approximately 1.85 eV which is a good fit with many works in the literature. 
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Figure 47 Raman spectra and PL values of the different substrates of the same 

experimental recipe and conditions. As expected, silicon dioxide has provided a better 

signal for Raman and PL. 
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4.3.3.2 A statistical study of CVD MoS2 on different substrates 

 
             Once CVD thin film or flakes of MOS2 is successfully synthesized, there are a few 

methods to analyses the thickness. The most reliable method that has been used for decades 

in both industry and academia for thickness analysis is an atomic force microscope (AFM). 

However, there are a few methods that can still give roughly information about material 

thickness. Raman spectra are one of these techniques to do thickness characterization in 

the absence of AFM. Raman peak location and intensity of their two main vibrational 

modes, E2g and A1g exhibit a weaker signal once the film becomes thinner. The other 

method is to calculate peak spacing, which is called Δ. Once the difference is 20 cm-1 or 

lower between, E2g and A1g peaks, it is assumed that the film is monolayer[111, 112, 147, 

148]. The last method is to calculate the intensity ratio between the characteristic peaks 

from MoS2 and silicon peaks: 

 E2g / silicon peak = 0.05     ( monolayer) 

 E2g / silicon peak = 0.09     (double layer) 

             The calculating of the peak spacing between E2g and A1g was used to analysis the 

thickness differences of MoS2 by using the different substrates. The monolayer film was 

successfully produced on only silicon dioxide substrate while others provided 

predominantly bilayer or multilayers of MoS2.  The Δ value of silicon substrate was 20 cm-

1 whilst that value of the others was quite high meaning that the single layer of MoS2 was 

not successfully grown on other substrates.  

             Based on the Raman spectra, PL optical and SEM images, it can be said that silicon 

dioxide is the optimum substrate for synthesizing CVD MoS2. The controllable material 

thickness and easy transferability lead silicon dioxide to the most preferable and used 
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substrate in the semiconductor industry. On the other hand, making a gold substrate or 

using a piece of the glassy carbon is a harder process to make and handle compared to 

silicon or silicon dioxide. The last but not least, the pricing is another important parameter 

both in academia and industry considering tight budgets in both areas. The price of a silicon 

wafer is in many ways cheaper than sapphire, glassy carbon, quartz and gold substrate. 

Therefore, all of these reasons make the silicon dioxide substrate convenient for any 

applications.  

 

Figure 48 The illustration of the thickness differences with Δ which usually gives 

information about the thickness roughly, lower than 20 cm-1 corresponds to monolayer 

by using the different substrates. 

 

4.4 Nb-doped effect on CVD- grown MOS2 

 
            Studying a defect engineering has widely opened a new research area for many 

scientists. Creating a defect in the crystal structure or doping with another material to 
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TMDCs have gained a great deal of attention in terms of understanding the structure 

chemistry and improving the material properties[149, 150]. Many studies have been 

devoted to enhancing doping engineering and analysis of that in practical 

applications[151]. Like other TMDCs, MoS2 can be also doped since it shows unipolar 

characteristics. There are two main charge carriers for semiconductor materials which are 

holes and electrons. The majority of the charge carriers are electrons for MoS2 due to the 

existence of native sulfur vacancies[152]. 

                  MoS2 is an n-type and intrinsic semiconductor, but since field effect transistors 

made from MoS2 are Schottky-barrier FETs it is the work function of the metal used for 

the contacts that determine the polarity of the device. There are many transition metal 

elements, however, only niobium has been theoretically and experimentally demonstrated 

to be an effective p-type dopant in MoS2[153, 154]. Based on the works from the literature, 

the motivation was to synthesize a large area MoS2 film with Nb-doped by the CVD 

method. The successful growth with Nb-doped has also shown an enormous increase on 

magnetic features.  

4.4.1 Experimental set-up for Nb-doped CVD MoS2 

   

               To have a successful CVD grown MoS2 with Nb-doped, the experimental set up 

was slightly modified based on the desired product. NbCl4 (≥99.5% purity powder from 

Sigma Aldrich and 325 mesh) has been used to produce Nb source as a dope agent while 

MoO3 and sulfur source were the same as typical CVD MoS2-grown before. The Nb and 

sulfur source placed very close to each other in the quartz tube since their melting point 

was very similar, 205 C0 and 116 C0, respectively. The substrates have placed a face-up 

position and right above the MoO3 precursor after they were exposed to acetone for 30 
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minutes in the sonication for the cleaning. Argon was used as a carrier gas with the flow 

rate of 100 sccm. 

 

Figure 49 The experimental set-up of Nb-doped CVD grown MoS2. The recipe (top) was 

very similar to the typical MoS2 CVD growth. 

 
                    The doping was systematically done with different percentage of the MoO3 

amount in order to analyze the effect of amount versus the shape evolution and growth. 

The amount of Nb source was slightly increased and was used 1,5 and 10% of the Mo 

source in sequence. With 1% Nb-doped, there was no big effect on the growth evolution 

of MoS2 while increasing the amount changed the surface coverage and density. Truncated 

triangles and multilayers hexagonal flakes were produced with increasing the Nb amount 

to 5 %. A few microns of the triangles were synthesized once the Nb source reached to the 

10% of the MoO3. There are a few key parameters to explain why this growth and shape 

evolution mechanism differs, however, the main reason is that sulfur reacts with chloride 

and creates the new chemical compound of SCl2 during the reaction. This new chemical 

reaction is more favorable by sulfur. SCl2 is produced rapidly and leaves the reaction 

without any other interaction. Therefore, the possibility of meeting Mo molecules with 
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sulfur molecules drastically decreases. Finally, the size of the triangles or hexagonal flakes 

were reduced by this reaction. 

 

 

 

 

 

 

 

 

Figure 50 The different Nb source doped CVD MoS2 has been successfully synthesized 

with the amount of 1,5 and 10 % NbCl4 of MoO3. The shape evolution of MoS2 differs 

with increasing the amount of the Nb source. 

 

4.4.2 Characterization of Nb-doped CVD MoS2  

 
                    The Raman spectroscopy and PL have been employed on the doped CVD 

growth MoS2. Each condition has shown clear MoS2 peaks at 385, 408 and 520 cm -1, E2g, 

A1g, and silicon peaks respectively. 1% of Nb source doped MoS2 has given a sharper and 

more intense peak as expected due to the less interaction between the MoS2 layers and Nb 

atoms while the weak peaks were observed at 10 %. PL spectra were approximately 1.82 

eV for each condition with the different intensity.  

                     It is expected that PL intensity decreased while the amount of Nb source 

increased. This is because the metallic behavior has improved once the amount of Nb was 

increased in the system. The doping of Nb studies in this work has shown that the shape 

evolution and growth behavior of MoS2 has changed in the presence of the doped element. 

1 % doped with Nb 5 % doped with Nb 10 % doped with Nb 
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Further characterization is required for a better understanding of the Nb-doped mechanism. 

This will be shortly discussed in the future work section in the last chapter. 

 

 

 

 

 

 

 

 

 

 

Figure 51 Raman spectra and PL values of the different amount of the doped Nb at the 

same experimental recipe and conditions. The measurements have done on the same 

sample at the different location by using 514 nm laser wavelength with a 1-micron 

diameter size of the laser. 

 
 

4.5 CVD NbS2  

 

4.5.1 Experimental Set-up for CVD NbS2 

 
TMDs can be synthesized by top-down and bottom-up methods as discussed earlier. 

Mechanical and liquid exfoliation is the example of the top-down method[155] while 

chemical vapor deposition and hydrothermal synthesis are typical bottom-up 

strategies.[156] Chemical vapor deposition(CVD) of the metal oxides has been used for 

decades to synthesize high quality, uniform films or flakes.  It typically uses oxide form of 

the metal compound MoO3, WO3 as a metal precursor and elemental sulfur and selenium. 
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At high temperature, sulfurization or selenization of the oxide metals proceeds, forming of 

MoS2 or WS2.  However, this traditional metal oxide- sulfurization method is not 

convenient for CVD NbS2 growth due to the fact that the metal oxide of Nb has a high 

melting point (Nb2O5 -Niobium pentoxide/Melting point -1512 Co). Therefore, I pondered 

to find an alternative way to synthesize a large area film for CVD NbS2. First, I started to 

use a different furnace that can go up a higher temperature in case that the NbS2 reaction 

takes place at high temperature. The picture below shows the new CVD furnace -max 

temperature 1250 Co. 

 

Figure 52 The new single-zone furnace was used for CVD NbS2 growth. Even though it 

has relatively a smaller temperature zone, the higher (1250 Co) temperature can be 

reached at. 

 
Like CVD grown MoS2, the oxide precursor was used to synthesize a large area and highly 

crystalline NbS2 by atmospheric pressure (APCVD). Sulfur (99.5 % from Alfa Aesar) and 

Nb2O5 powders (99.9% from Sigma- Aldrich) were used as the precursors.  One of the 

main challenges was to eliminate the oxidation state since the vacuum system was not a 



89 
 

 
 

favorable way for CVD-grown NbS2. In addition, the precursor had more oxide in the 

compound that required a higher reaction temperature as well as the oxidation state. To 

overcome this problem, the mixture of Argon–H2 (90-10 %) carrier gas was used to avoid 

the oxidation. Since the precursor has the oxide and the reaction temperature is about 1000 

Co, the oxidation state has been observed after the reaction on the substrate. In order to 

eliminate it, the argon-hydrogen gas mixture was used to reduce the oxygen. 

                         Pure Argon                Argon (90%) + H2(10%)
 
 

  a-)       b-)   

Figure 53 The oxidation state has been observed without hydrogen gas by using pure 

argon (a). Hydrogen gas gives rise to oxygen reduction (b) and tailors the NbS2 flakes. 

 

4.5.2 Halide group effect on CVD NbS2 

 
The growth of CVD NbS2 was not as easy as CVD grown MoS2 since the oxide 

form of Nb has a higher melting and evaporation point comparison to MoO3 (795 Co). 

Based on the melting point difference, some alternative ways were needed to be discovered 

to understand this new material features. After doing a long time literature survey, I came 

across that the alkali halide group has been used in the chemistry for decades as a promoter. 

In addition, the group also enhances the mass transport during the reaction since they can 

be used as a transport agent. The role of alkali promoters is to create a new eutectic point 

for the precursor's mixture in order to decrease the melting temperature of the mixture and 

produce more volatile oxides.[157] Three important missions of the halide group have been 
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demonstrated below. It is important to know that each alkali halide group has their own 

characteristic features and they assist to nucleation and growth process based on these 

features. 

 

Nb2O5 Halide 

group 

 S  t(min) T (C) Flow rate 

(sccm )  

70 mg 30 mg 100 mg 45 900 100  

 

 

Figure 54 The new experimental set-up and the recipe for CVD grown NbS2 with alkali 

assisted. The role of the alkali group was briefly explained in the figure. 

 
In this study, various alkali promoters were used including KI, NaCl, KBr, KCl. Their 

melting points are different, 681 Co, 801 Co, 734 Co 770 Co, respectively. All the 

experiment was conducted with the same experimental condition to explore the optimum 

condition for CVD NbS2 growth. However, potassium iodide (KI) was found to be the best 
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alkali promoter. Iodine has been used as a transport agent on different reactions for 

decades.[158, 159] When the KI decomposes to its components, Iodine helps to mass 

transfer during the reaction, and alkali ions such as Na, K, enhance the thermal 

stability[160].  

                 NaCl and KCl have higher melting points compare to other two halide group 

used resulting in more vaporized oxide precursors and their partial pressure. Nevertheless, 

the substrate etching has occurred on the surface of the silicon dioxide substrate over 1000 

Co reaction temperature. Using KBr as a promoter for CVD NbS2 led to the similar result 

to KI promoter. However, the flake size of KI assisted samples were larger compared to 

the KBr ranging from a few microns to 100 microns. That is more favorable to transfer the 

KI assisted samples for further characterizations and applications. Chlorine compounds 

also caused uncompleted crystal structures as well as having holes on the surface of the 

flakes. Optical microscope of NbS2 with KI at the different grow temperature has been 

shown below. Increasing temperature allows to evaporate and deposit more mass of the 

precursors with the result of the different size of the NbS2 flakes. 

 

 

 

 

 

 

 

 

1100 C 900 C 750 C 
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Growth 

Temperature 

(Co) 

Growth time (min) 

5 15 30 45 

Result Result Result Result 

 

750 

 

No deposition No deposition  No 

deposition  

No deposition  

 

 

900 

Very less deposition 

with nano islands 

regions 

Relatively 

bigger 

submicron of 

NbS2 flakes 

A few 

microns of 

NbS2 

flakes  

Smaller flake 

size because 

of the 

precursor's 

consumption  

 

1100 

Successful 

deposition with a 

few microns NbS2 

flakes  

Good amount 

of deposition 

with descent 

flake size  

 Over 100 

microns of 

NbS2 

flakes 

Precursors 

consumption 

relatively 

smaller NbS2 

flakes 

 

Table 6 The optical images of different temperature growth (750, 900 and 1100 C o) at 

the same experimental conditions and the summary of growing condition at the different 

time and temperature show the uniformity and coverage of NbS2 on SiO2 substrate on Si 

(001) with alkali assisted CVD grown 

 

4.5.2.1 Using different halide group 

 
                Once further characterization was employed on the alkali-assisted CVD NbS2 

including X-ray photoelectron spectroscopy (XPS), Raman scattering, atomic force 

microscopy (AFM), High-resolution transmission electron microscopy (HRTEM), 

scanning electron microscopy (SEM), Only CVD KI-assisted samples were used to 

characterize the NbS2 flakes to learn the composition, structure, and morphological 

information. As will be discussed in the next section, the thickness of the flakes is also 

significant for any type of TMDCs materials. For instance, MoS2 Raman spectra from a 

monolayer to multilayers or bulk drastically change with increasing thickness. By critically 

assessing and comparing the performance and applications of these two materials, the 

hybrid composition of NbS2- MoS2 systems can be enhanced for digital electronics and 
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optoelectronics. However, there has not been many reports from this hybrid system. This 

part of the thesis will be on understanding the growth mechanism of CVD NbS2 to explore 

their physical properties. The following figures show how using the different halide group 

effects on the CVD NbS2. To summarize, it can be said that using different halide group 

(a)NaCl, (b)KCl, (c) KBr and (d) KI shows different grow behaviors. Cl destroys 

uniformity and quality of NbS2 flakes. In terms of the flake quality and uniformity, KI gives 

the best result. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 55 Using different halide group for CVD grown NbS2 has shown a different range 

of the flake sizes and the shape evolutions. a-) NaCl and b-) KCl have caused etching on 

the substrate surface while c-) KBr and d-) KI were more favorable in terms of having a 

larger flake size. 

NaCl KCl 

KBr KI 

a-) 

d-) 

b-) 

c-) 
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4.5.2.2 Optimizing precursors with alkali-assisted NbS2 

  

One of the biggest challenges associated with the synthesis of NbS2 is (i) to control 

the delicate balance of the stoichiometry and (ii) to choose the correct precursors for high 

quality NbS2 flakes (iii) optimum reaction time and temperature for decent size of the 

flakes for further characterization and applications[161, 162]. Various form of NbS2 with 

the different morphology such as nanowires, nanobelts, nanoflakes have been observed 

using different types of the precursors.[86, 162]. 

 In order to have a controllable growth mechanism of NbS2, other sources of Nb 

including NbCl4, NaNbO3 (1420 Co) were also used to find the optimum precursor for 

CVD NbS2 growth. The different precursors have studied to synthesize high-quality NbS2 

flakes as shown below. In terms of impurity and growth conditions, Nb2O5 was the ideal 

one as a precursor since NbCl4 was sensitive the air and exposed to oxidation very fast, 

on the other hand, removing Na was a big challenge for NaNbO3. 

 

 

 

 

 

 

 

 

Figure 56 The images show using the different precursors of Nb sources. The Nb oxide 

precursors led to having larger flake size ranging from 10 microns to 100 microns with 

alkali halide group-assisted. 

 
 

  NaNbO3                                                               Nb
2
O

5
                             NbCl4 
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4.5.2.3 Different substrate effects on alkali-assisted CVD NbS2 

 
 Like CVD MOS2, choosing a correct substrate for CVD NbS2 is significant to have 

the maximum amount of coverage on the substrate surface. Since every atom has a different 

surface energy and its interaction with other atoms, several substrates studies have been 

conducted for CVD grown NbS2 in order to discover the optimum substrate. there have 

been used many different substrates for this aim including Quartz, Sapphire, Glassy carbon, 

Silicon, Graphene Oxide and Silicon dioxide. Prior to sharing the result, it is worth 

mentioning that each experiment was conducted at the same experimental setup and 

condition except that quartz tube was changed prior to each experiment in order to avoid 

the contamination that might cause an unsuccessful growth process.  

As it can be seen the figures below, the optimum substrate was silicon dioxide as 

expected for many TMDCs materials in terms of having maximum coverage density and 

the flake size while the others showed almost uncompleted nucleation and growth 

mechanism. Glassy carbon was the second favorable substrate to have a decent size of the 

flakes, however, handling the substrate after the growth was a big challenge to do further 

characterizations and applications. 

 

 

 

 

 

 

 

Quartz  Sapphire  Glassy 

Carbon   
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Figure 57 Optical Microscope images of the different substrates of NbS2 flakes on SiO2, 

sapphire, glassy carbon, silicon, quartz has shown a large range from a few microns’ 

small islands to over 150 microns’ flakes. 

 

4.5.2.4 Characterizations of alkali-assisted NbS2  

 
Raman spectra with 532 nm green laser were utilized to analysis NbS2 peaks which 

are 2H and 3R. 2H-NbS2 has four Raman modes which are E2
2g, E1g, E1

1g, A1g, shows 

31,260, 304 and 379 cm-1 respectively, 3R-NbS2 has different four Raman modes as E1, E2, 

A1 and A2 at 290, 330, 386, 458 cm-1. The more detailed of Raman work will be presented 

in the next chapter, however, it is important to mention that Raman peaks were not 

successfully detected on the graphene oxide and silicon substrate since the lateral size of 

the flakes was not large enough to achieve the correct detection. Especially, graphene oxide 

that was deposited on the silicon dioxide was not favorable for CVD NbS2. 

SiO2 Silicon Graphene Oxide 
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Figure 58 Raman spectra of NbS2 on different substrates. Characteristic two Raman 

peaks were observed by using the Horiba Raman Spectrometer with 532nm green laser 

were employed for the analysis. 

 

4.5.3 CVD NbS2 without alkali promoter 

 
As discussed earlier, there were two different approaches applied to growing CVD 

NbS2 flakes. This first approach consists of the mixture of Nb2O5 and alkali promoter from 

halide group compounds (KI, NaCl, KBr, KCl-(BioUltra >99.5% from Sigma-Aldrich)). 

The second approach was to synthesize the flakes without any alkali assisted using sulfur 

(99.5 % from Alfa Aesar) and Nb2O5 powders (99.9% from Sigma- Aldrich) as the 

precursors., In both approaches, the sulfur powder was located upstream while the substrate 

and Nb2O5 (and mixture with alkali promoter) was located at the center of the furnace. The 

second approach was pretty similar to the first one in terms of the experimental set-up that 
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has been demonstrated below. The mixture of the precursors takes place at the center of 

the one zone furnace while the sulfur source is 18 cm far away from the center of the 

furnace. The mixture of the gas (Argon 90%, Hydrogen 10%) is purged during the 

experiment and till it cools down the room temperature. Hexagonal and triangle shape of 

the flakes are deposited on SiO2 on Si (001) substrates. It is known that there are three 

polytypes of NbS2, 1T, 2H and 3R-NbS2. The mixture of 2H and 3R-NbS2 have been 

synthesized with these two approaches.  The recipe for each grow parameter (CVD NbS2 

growth and CVD NbS2 growth with alkali-assisted) will be demonstrated in the near future 

section.  

 

 

 

 

 

 

 

Figure 59 Schematic experimental set up of NbS2 flakes and three different polytypes 

have been shown. The mixture of the gas (Argon 90%, Hydrogen 10%) is purged during 

the experiment and till it cools down the room temperature. 

 

1T-NbS2 2H-NbS2 3R-NbS2 
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4.5.4 Comparison of CVD NbS2 with and without alkali promoter 

 
            The following experimental paths have been applied on the synthesizing CVD 

grown NbS2 and CVD grown NbS2 with alkali assisted. First, Niobium Oxide: Nb2O5 (150 

mg) was placed in a ceramic boat while sulfur powder was placed 18cm away from the 

center of the Quartz tube. For alkali promoter incorporation method, the KI (100 mg) was 

mixed with metal oxide in the ceramic boat. The silicon dioxide substrates were located 

above the ceramic boat upstream while the experiment was under an ambient condition 

with Argon–H2 (90-10 %) carrier gas mixture. The furnace first was set at 200oC for 30 

min to remove the moisture and any possible impurities from the quartz tube prior. Then, 

the reaction temperature was adjusted to 1000oC in 30 minutes and was hold another 30 

minutes at that temperature in order to exactly decompose and consume KI, which was 

grinded to be evaporated faster before placing in the quartz tube. The carrier gas was 

continued to purge until the reaction was completed and allowed to cool down to the room 

temperature in 3 hours.  The summary of experimental growth conditions has been tabled 

below to understand each approach much better. 
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Table 7 The growth condition of alkali assisted NbS2 and NbS2 exhibit slightly different 

features after the synthesizing at the different time and temperature on SiO2 substrate on 

Si (001). 

 

4.5.4.1 Flake size and thickness comparison 

 

4.5.4.1.1 Flake size comparison 

 
                  These two approaches led to having successful NbS2 large area thin films and 

flakes. In this section, the comparison between these two methods has been presented in 

many ways including their thickness differences, lateral size, and the compositions. Both 

methods have some advantages and disadvantages in some ways. Large flake size of NbS2 

can be easily synthesized with alkali- assisted method. However, it might bring an 

undesired impurity to the system since it is sometimes difficult to remove the residues from 

NbS2 grow With KI Without KI 

Temperature (Co) 900 1100 

Time (min) 15 90 

Ar/H2 Gas Flow (sscm) 100 100 

Average Flake Size ( 

microns) 

40 5 

Flake thickness (nm) ~10 ~5 

Morphology Triangle and 

hexagonal flakes 

Triangle and 

hexagonal flakes 

Phase 2H and 3R together , 

dominantly 2H phase 

up to 10 nm 

2H and 3R together , 

2H more dominant at 

thinner flakes 

Raman Shift and 

intensity 

Mixture of 2H and 3R 

phase -2H dominant 

Mixture of 2H and 3R 

phase -2H dominant 

TEM result 2H phase 2H phase 

XPS K and NbS2 Only NbS2 
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the halide group. On the other hand, high-quality crystalline flakes can be produced with 

the traditional CVD method without any alkali promoter assisted. Nevertheless, not the 

thickness of the flakes, the size of the flakes might be too small for some certain electronic 

and optoelectronic applications as well as further characterizations of the NbS2 flakes. 

There are some energy applications including hydrogen evolution reaction (HER) that do 

not require large flake sizes besides electronics and optoelectronics of two-dimensional 

transition metal dichalcogenides. The CVD grown NbS2 without alkali-assisted flakes can 

be employed on this type of applications. The thickness and lateral size analysis were done 

from the same substrate and growth.  

 

                    

 

 

 

 

 

 

Figure 60 SEM images (optical image in inset) clearly shows the difference between two 

approaches of NbS2 synthesizing. The most of the flakes are about 30 microns with alkali 

assisted NbS2 while the average size for traditional CVD NbS2 grown without using any 

promoter is less than 10 microns. 

 
   The statistical work of thickness and flake size analysis were employed by 

measuring approximately 250 flakes with the alkali assisted promoter and without any 

promoter assisted NbS2 on SiO2. The lateral flake size studies show very large variety from 

submicron to over 100 microns flake size from the different regions of the substrate. NbS2 

Alkali-assisted NbS2  NbS2  
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crystals take place anywhere on the substrate, predominantly on the edge where the 

activation energy barrier is lower than any other place on the substrate. On the other hand, 

it was straightforward to analyze that the average size of flakes without using any alkali 

promoter was much smaller. The most of the flakes without any promoter was under 10 

microns the average size.  

 

 

Figure 61 The size of NbS2 flakes on SiO2 shows very large variety from submicron to 

over 100 microns with alkali-assisted. (top) Most of the NbS2 crystals takes place 

anywhere on the substrate with the size of a few microns with no promoter help (below), 

predominantly on the edge since the activation energy barrier is lower than any other 

place on the substrate. 
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4.5.4.1.2 Thickness comparison  

 
   Atomic force microscopy is a reliable method to measure nanoscale tribological 

properties of a semiconducting and metallic monolayer of MoS2 and NbS2 to explore the 

influence of electronic structure on synthesizing and shape evolution behavior. In addition, 

various multilayer semiconductor or metallic polytopes of MoS2 and NbS2 were studied to 

elucidate the photonic contribution to the layer engineering. Electronic and photonic 

properties of MoS2 and NbS2 have been still a challenge to discover their full properties 

although several studies, especially on NbS2, have been devoted to understanding their 

thickness dependence versus phase formations. In this work, surprisingly no big differences 

between two different synthesizing methods have been observed. Although the thickness 

distribution from this two method will be explained upcoming section, here, it is worth to 

say that many more flakes with alkali assisted NbS2 were synthesized under 5-nanometer 

thickness. 

 

 

 

 

 

 

 

 

 

Figure 62 AFM thickness does not exhibit a big difference, in both cases, multilayers 

flakes are synthesized approximately 5 nm NbS2 and 3 nm alkali-assisted NbS2 flakes 
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AFM thickness measurement was studied to analysis the thickness distribution of 

these two methods. As explained earlier, interactive forces between the tip and atoms in 

the sample generate the bonding motion of cantilever and resultant feedback via 

photodetector. AFM responds to forces generated at an atomic level. Therefore, it reveals 

the critical amount of information about the materials.  

In this study, analyzing approximately 40 flakes for each condition reveals different 

thickness distributions. NbS2 flake thickness distribution is in the range from 2 nm to 100 

nm with alkali-assisted NbS2. Most of the flakes thickness on the substrate is about 10 nm 

and a bulk form of NbS2 is placed as well without alkali-assisted. In both experiments, 

Image J software was used for analyzing the lateral size and the thickness of the flakes. 
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Figure 63 Two different synthesizing methods present a various range of the distribution. 

The most of the thickness of the sample was under 10 nm with alkali assisted (top) while 

approximately 5 nm average size of flakes were successfully synthesized without any 

promoter (down) 

 

4.5.4.2 Characterizations with and without alkali-assisted NbS2   

 

4.5.4.2.1 Raman Spectra Comparison 

 
The Raman spectra is a reliable method and have been used to differentiate the 

polytypes of TMDs that exhibit different intensity based on their crystal phase. The 

difference stems from the stacking of the layers in lateral directions. It has been studied 

that there are two major polytypes of NbS2 which are 2H and 3R. 2H-NbS2 has four Raman 

modes which are E2
2g, E1g, E

1
1g, A1g, shows 31,260, 304 and 379 cm-1 respectively, 3R-NbS2 

has different four Raman modes as E1, E2, A1 and A2 at 290, 330, 386, 458 cm-1.[163] 

Raman spectra for NbS2 grown with and without alkali-assisted methods are shown in 

Figure 2. Whilst, for 1-2nm thick NbS2 only 2H Raman modes, were observed, as shown 

in Figure 2a. 2H Raman modes are the dominant mode for NbS2 flakes up to around 10nm 

thick. However, thicker flakes have stronger 3R Raman modes, as shown in Figure 2 b and 

c. There are three key ways to take an important role for a phase transformation engineering 

48.8
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Thickness Distribution
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that is temperature, pressure, and intercalation of the host materials. Since the reaction 

occurs at the ambient pressure environment, both the temperature and possible intercalation 

may cause the phase transformation or having both 2H and 3R phase together. Similar to 

other TMDs[112, 164], the Raman spectra might slightly shift with the different thickness 

for NbS2. 
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Figure 64 The Raman spectra shows that when it becomes multilayers, 3R-NbS2 peak 

also appears for both cases (top). The peak positions of different phases are clearly 

labeled on both graphs, with and without a promoter, respectively. Raman spectra for 

NbS2 with different thickness versus delta (bottom). The Horiba Raman Spectrometer 

with 532nm green laser was employed for the analysis. 

 

4.5.4.2.2 EDX analysis  

 
                  EDX, energy disperse X-ray analysis or energy disperses X-ray microanalysis, 

is a technique that elemental or chemical characterization of the sample can be analytically 

detected. As its name indicates, it relies on an interaction of some source of X-ray 

excitation. Due to the fact that each element has a unique atomic structure, its 

electromagnetic emission spectrum analyses a set of peaks. The sample preparation differs, 

the most of EDX devices in both academia and industry are used with SEM devices because 

of the similar work principal. The detection limit of EDX analysis, especially when is built 

with SEM, totally depends on the composition of the sample being analyzed. The range of 
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this detection is between 0.1-0.5 wt.%. Therefore, it is a very significant method for both 

major and minor element analysis[165, 166].  

                   EDX is also known as a non-destructive analytical technique which means that 

the samples can be analyzed repeatedly many times. However, since an electron beam is 

used and sometimes can be very powerful, some samples can be damaged under some 

circumstances. Most of TMDCs have been synthesized atomically thin flakes or films in 

many different methods. Analyzing them with powerful electron beams might create a 

defect in the structure that can be either vacancies or disorientation of the layers. To avoid 

that, the EDX analysis was done several times but with different samples in this work. The 

results have been presented the different element surveys based on the precursors. As 

expected, potassium was detected at very low intensity while iodine was completely 

consumed with KI-assisted NbS2 flakes. It is important to mention that most of the flakes 

were atomically thin, that is, a few nanometer thicknesses of the flakes was employed. 

Hence, silicon dioxide peaks were also observed as well as all expected peaks including 

Nb, and sulfur. The atomic percentage of NbS2 without alkali-assisted was close 1:2 Nb: S 

atomic ratio, which is very well correspondent to the literature studies. The weight and 

atomic percentages of each element have been tabled that oxygen amount is the higher 

element comparing to the others due to the silicon oxide surface oxygen treatment. 
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Figure 65 Energy-dispersive X-ray spectroscopy shows the imaging (a), percentage (b) 

and the elemental analysis of NbS2 without alkali-assisted (c). The flakes of NbS2 is 

relatively smaller size with the good uniform of 1:2 stoichiometry ratio. 

 
 
 
 
 
 
 
 
 
 
 
 

b-) 

c-) 

a-) 
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Figure 66 Energy-dispersive X-ray spectroscopy shows the imaging (a), percentage (b) 

and the elemental analysis of NbS2 with alkali-assisted (c). The flakes are NbS2 while 

submicron K flake may appear on the edge of the NbS2 crystal flake. 

 

4.5.4.2.3 XPS analysis  

 
To further understand the relative differences in sample characteristics resulting 

from NbS2 with and without alkali promoters, X-ray photoelectron spectroscopy was 

utilized to determine the chemical composition and stoichiometry of NbS2 flakes. The 

elemental composition results are shown in Figure 67,68 and Table 8. K element was only 

detected in samples synthesized using alkali promoters, while all the samples do not have 

a-) b-) 

c-) 
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Iodine. The binding energy of Au foil at 84.0eV was chosen as the reference for energy 

scale calibration. Non-flake area for samples using both methods was studied. As shown 

in Figure S7 a Nb2O5 thin film covered on substrates. The Nb core level spectrum is well 

fitted with two peaks which are in good agreement with Nb2O5 at 207.07 and 209.77eV for 

Nb2O5 3d5/2 and Nb2O5 3d3/2.[167] Figure 67 shows the XPS spectra of Nb and S cores 

level in NbS2 flakes grown via the two different growth methods. 

                According to Raman spectroscopy results, most of the NbS2 flakes are a mixture 

of 2H and 3R phases. The XPS results imply that the NbS2 flake grows on Nb2O5 thin film 

and contains 2H and 3R phases. The XPS background intensity of each peak was first 

subtracted using a Lineal background subtraction, and the peak area was fitted using a 

Gaussian intensity distribution. The area ratio of 3d5/2 and 3d3/2 is 3:2, and that of 2p3/2 and 

2p1/2 is 1:2. The spin-orbit splitting between Nb 3d5/2 and Nb 3d3/2 is 2.7eV, and the splitting 

between S 2p3/2 and S 2p1/2 is 1.18eV.  As shown in Figure 68, three doublets of Nb 3d5/2 

and 3d3/2 were observed in the XPS spectrum of NbS2 for Nb2O5, 2H-NbS2 and 3R-NbS2. 

Detailed fitting parameters used for the Nb 3d and S 2p spectra decomposition are provided 

in Table 9. These peak positions for Nb2O5 3d5/2, Nb2O5 3d3/2, 2H-NbS2 3d5/2, 2H-NbS2 

3d3/2, 3R-NbS2 3d5/2, 3R-NbS2 3d3/2, S 2p3/2 and S 2p1/2 are consistent with those of previous 

reports from the literature.[167-169] The area ratio of 2H-NbS2 and 3R-NbS2 in Nb 3d scan 

is the same with that in S 2p scan. This is consistent with the Raman results which show 

the presence of both 2H and 3R phases. Due to Nb2O5, the chemical composition of Nb 

and S for NbS2 might be a big challenge to calculate.  
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Table 8 Elemental composition of NbS2 flakes with K and without K based on XPS 

analysis. 

 

 

Table 9 Binding Energy (eV) and Widths (full width at half maximum in brackets) of the 

measured core electrons of Nb and S 

 

 

 

 

 

Sample Nb (%) S 

(%) 

K (%) Si (%) O (%) C (%) 

NbS2 (K) 7.94 5.55 2 42.28 37.34 4.89 

NbS2 (no K) 2.76 1.54 0 50.5 38.95 6.25 

 Nb2O5 2H-NbS2 3R-NbS2 

Sample Non-
flake 
area 

NbS2 
(K) 

NbS2 (no 
K) 

NbS2 

(K) 
NbS2 (no 

K) 
NbS2 
(K) 

NbS2 
(no K) 

Nb 3d5/2 207.07 
(1.7) 

207.
07 

(1.6) 

207.08 
(1.8) 

202.81 
(0.8) 

203.2 
(0.9) 

203.6
7 (1.1) 

204.1 
(1.2) 

Nb 3d3/2 209.77 
(1.8) 

209.
78 

(1.6) 

209.68 
(1.5) 

205.53 
(0.9) 

205.89 
(1) 

206.5
4 (1.3) 

206.8 
(1) 

S 2p3/2    160.34 
(0.65) 

160.5 
(1.3) 

161.0
6 (1) 

161.2 
(1.2) 

S 2p1/2    161.56 
(0.65) 

161.68 
(1.4) 

162.2
7 (1) 

162.39 
(1.2) 
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Figure 67 a) XPS scan of Nb 3d for the non-flake area of the NbS2 with and without K 

samples. b) XPS scan of K 2p for the NbS2 with K flake. 

 

Figure 68 a) XPS survey spectrum of NbS2 with K and NbS2 without K. b) XPS analysis of 

the Nb 3d and S 2p core levels in the NbS2 with K flakes. c) Nb 3d and S 2pcore levels in 

the NbS2 without K flakes. The flakes contain N2O5 (blue curve), 2H-NbS2 (red curve), 

and 3R-NbS2 (green curve). 
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4.5.4.2.4 TEM and HRTEM analysis  

 
              The elemental mapping from transmission electron microscopy (TEM) was used 

to characterize NbS2 flakes.  TEM images of NbS2 flakes are presented in Figure. The TEM 

sample was prepared by sonication of NbS2 samples in ethanol. After transferring the NbS2 

to the TEM grid, Figure 69 shows NbS2 films folded as multilayers. The thinner and 

uniform flake area about 3 layers was chosen for the crystal structure characterization 

(Figure 69b). The high-resolution TEM (HRTEM) image clearly shows visible a hexagonal 

lattice as shown Figure 69c. The brighter spots are niobium atoms (purple dots) and the 

dimmer spots are sulfur atoms (yellow dots). Figure 4d shows the electron diffraction 

patterns of the NbS2 which corresponds to the [100] crystalline plane of 2H-NbS2 (Pattern 

ref. 00-041-0980). 

 

Figure 69 TEM structure and elemental analyzed shows that Nb and Sulfur are on the 

TEM grid with the structure of top view of 2H-NbS2 TEM and HRTEM images (a-c) and 

diffraction pattern from (d) of the NbS2 flake. 
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              STEM and energy-dispersive X-ray spectroscopy (EDS) measurements were 

carried out for elemental mapping of NbS2 with and without K to further investigate the 

chemical composition. Figure 70 shows that Nb, S, and K were detected in both samples 

NbS2 with K flakes, while K was only detected for the flakes grown with KI. The elemental 

mapping was carried on the transferred NbS2 flakes and they did not contain any Nb2O5 in 

the flake structure. The atomic ratio of Nb/S is around 1:2 (Table 8). The elemental 

mappings of Nb, S, and K on the NbS2 with K flake are shown in Figure 70. The results 

reveal that during growth process Nb2O5 thin film firstly covers on SiO2 substrate, then 

NbS2 flakes grow on Nb2O5, which is in good agreement with XPS results.  

 

Figure 70 a) STEM/ HAADF EDS elemental mapping of alkali-assisted NbS2 for each 

element b) Nb, c) S and d) K  
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Figure 71 TEM Elemental analysis (a) with and(b) without alkali –assisted flakes exhibits 

the elemental survey and STEM-EDS element mapping of NbS2 without any alkali 

assisted promoter. 

 

4.5.5 Device performances and HER application of CVD NbS2 

 

Hydrogen is the cleanest fuel and represents one of the most promising energy 

sources.[170] The electrolysis of water is considered as a well-known principle to produce 

hydrogen as in a sustainable fashion.[171, 172] The key component in the electrochemical 

reduction of water is the catalyst for hydrogen evolution reduction (HER). Layered 

transition-metal dichalcogenide catalysts have been a promising alternative to a platinum 

catalyst for HER due to their low cost and high intrinsic per-site HER activity.[173-176] 
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Group-VI TMDs based on molybdenum and tungsten have been studied 

extensively in various forms for HER applications.[177-181] However, semiconducting 

TMDs are significantly limited by the density of active sites, which are concentrated only 

at the edges.[178, 182]Based on the DFT first-principles calculations, group-V MS2 (V, 

Nb, or Ta) show improved HER performance due to its metallic behavior and lower energy 

of hydrogen adsorption.[183, 184] Despite this great potential, group-V TMDs have barely 

been studied due to difficulties to grow the high quality of MS2. 

               To further understand the electrical property of NbS2, we fabricated devices using 

electron beam lithography patterning on NbS2 with and without alkali assisted. CVD grew 

few layered NbS2 showed high conductivities over 1000 S/cm for both with and without 

alkali assisted samples. To demonstrate the HER performance, we have carried out HER 

test using a microelectrochemical cell set-up developed by our group [185-189]. The HER 

properties were measured using a three-electrode configuration, with glassy carbon as the 

counter-electrode, Ag/AgCl electrode as the reference electrode, and one gold pad 

contacting the NbS2 as the working electrode. We obtained high current densities due to its 

metallic nature. The onset potential is around 0.35 V. The Tafel slope is around 150 

mV/dec. 
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Figure 72 HER application and device performance of CVD NbS2 flakes on silicon 

dioxide substrate. The device fabrication was done by electron beam lithography 

patterning. The conductivity shows over 1000 S/cm for both with and without alkali 

assisted samples while HER the onset potential is around 0.35 V. The Tafel slope is 

around 150 mV/dec. 

 

4.5.5.1 Transferring process of different substrate for HER 

 
                   Further HER application and device performance were also employed on the 

different substrates to observe HER activity versus substrate effects. Gold coated film and 

glassy carbon were used due to their metallic behavior. Since HER application requiress 

conductive substrates for reaction to occur on the substrate surface in terms of observing 

the catalytic activity, the flakes that were deposited on the silicon dioxide substrate were 

transferred on glassy carbon with the highly careful transfer process. The following transfer 

procedures were applied for the flakes on silicon dioxide substrate:  
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 Coating with PMMA: In order, the successful transfer occurs, the silicon 

dioxide substrate was coated with PMMA by using spin coating method 

2000 rpm with 90 seconds as reported for MoS2 study [190]. 

 Baking process: Once the successful coating was completed, the substrates 

were exposed to a baking process to remove the moisture. Baking was done 

at 110 Co for 30 minutes after placing the substrate on glass piece. 

 Dissolving process: it has been proving that PMMA can dissolve in acetone 

solution. The samples were soaked in 50 ml acetone solution to dissolve 

PMMA completely from the substrate surface. Note that residue of PMMA 

might cause less performance for HER application or any other transfer 

process. 

 Transferring the flakes: The flakes were suspended in the acetone solution 

after removing the PMMA. By using a small and clean spatula, the 

suspended flakes were meticulously transferred on the glassy carbons. On 

the other hand, it is worth mentioning that the glassy carbon was cleaned 

and polished prior to the transfer process.  

 Annealing: Final step was annealing the substrates to remove any impurity 

that might come from the previous dissolution of PMMA step. Annealing 

was done at 300 Co for 3 hours with the flow rate of 100 sccm by using 

argon carrier gas. Note that different quartz tune was used for annealing 

process to avoid any contamination. The glassy carbons were placed and 

held at the center of the furnace till the room temperature after the annealing 

process was completed. 
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                 The transfer method that was straightforwardly explained earlier was applied to 

both glassy carbon and gold substrates. The HER performance of each substrate will be 

demonstrated shortly. However, it is significantly important to show that some 

characterization techniques needed to be done to prove that the successful transfer occurred 

on gold and glassy carbon substrates. Especially, Raman spectra were employed on the 

transferred substrate to demonstrate the successful transfer by analyzing the main peaks as 

well as SEM and optical microscope to observe the coverage after the transfer.  

                 For HER study, the size of the flakes must be larger than 10 microns in order 

that the catalytic reaction occurs on the surface. On the other hand, measuring the device 

performance of NbS2 requires relatively smaller flake size compare to HER work. A few 

microns of the flakes have been employed on this work to observe further device 

performances by either traditional thermal evaporation or electron beam lithography 

method. After the transfer process, some changes were observed on the flakes. Some of the 

flakes were destroyed and lost their crystallographic morphology. This is because the long 

transferring process and some chemical reaction damaged the flakes uniformity. Some 

holes and truncated triangles were formed after the transfer process. Characterization of 

these new forms of the flakes was a big challenge to insight the changes in the structure. 

Before and after transfer, the conditions during the characterizations were held the same to 

have a better understanding and comparison.  
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Figure 73CVD grown NbS2 grown on silicon dioxide was successfully transferred on 

glassy carbon and gold substrate for HER application. The transferred flakes size was 

decent enough for HER, on gold substrate relatively larger flakes. 

 

SiO
2
 Substrate  

Transferred on Gold 

Transferred on     
Glassy Carbon 
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4.5.5.2 Characterizations of the transferred flakes 

  

The Raman spectra are significant and reliable for TMDCS and have been used to 

differentiate the polytypes of TMDs for decades since it was invented. As an explained 

previous chapter, there are two main polytypes of NbS2 that has been considerable studied 

which are 2H-NbS2 and 3R--NbS2. 2H-NbS2 has four Raman modes which are E2
2g, E1g, 

E1
1g, A1g, shows 31,260, 304 and 379 cm-1 respectively, 3R-NbS2 has different four Raman 

modes as E1, E2, A1 and A2 at 290, 330, 386, 458 cm-1.  

After the transferred flakes on glassy carbon, Raman spectra were employed on the 

substrate from many different regions. As the figure below demonstrates, 2H-NbS2 peaks 

were observed dominantly with slight differences. Since the surface roughness of glassy 

carbon is different than silicon dioxide, there is a slight shift between the main 2H-NbS2 

peaks. The similar Raman spectra result has been obtained from the flakes that were 

transferred on the gold substrate.  

 

 

 

 

 

  

 

 

 

Figure 74 Raman spectra on glassy carbon after the transferring the flakes from silicon 

dioxide, the slight shift between the peaks have been observed due to having different 

surface roughness of the substrates. 
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                  For both glassy carbon and gold substrate, similar HER procedure has been 

applied to measure their performance. 1 ml of H2SO4 acidic solution was carefully prepared 

with 35 ml water in order to have 1 molar of the proton. Cyclic voltammogram ( -0.1 ref, 

0.7 ref, 5mV/s*2) was employed on the transferred CVD grown NbS2 flakes. since HER 

measurement requires slightly larger flakes and coverage density, NbS2 with alkali assisted 

flakes were synthesized for this work.  

                 Three-electrode configuration was used for the HER measurement. Glassy 

carbon as the counter-electrode, Ag/AgCl electrode as the reference electrode, and one gold 

pad contacting and the NbS2 as the working electrode were employed to measure the HER 

performance. The transferred flakes on both gold and glassy carbon represented the similar 

result by showing that both substrates can be used to for HER application and provide the 

similar HER activity. The onset potential from transferred on glassy carbon and gold was 

similar and around 0.30 V while the Tafel slope was around 140 mV/dec. 
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Figure 75 HER activity of CVD NbS2 transferred on glassy carbon and gold substrate 

exhibits similar performance at the same experimental conditions. glassy carbon as the 

counter-electrode, Ag/AgCl electrode as the reference electrode, and one gold pad 

contacting the NbS2 as the working electrode. 
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4.5.5.3 Conductivity measurement of the flakes with a thermal evaporation method  

 
                There are many methods to find out conductivity measurements of materials. 

Thermal evaporation and electron beam lithography are two main methods that have been 

used in academia and research to reveal materials behavior. Thickness and flake size are 

important for each method. Electron beam lithography is relatively more sensitive in terms 

of flake size since from a few hundred nanometers to a few microns’ flakes can be easily 

measured with this method. On the other hand, the thermal evaporation method is more 

traditional and accessible method and the flake size is needed to be greater than 25 microns 

for this method to be used.  The mash of the pattern is desired a few hundred microns so 

that the mask and pattern can be successfully covered on the substrate surface. 

                The alkali-assisted CVD grown NbS2 leads up to a few hundred microns flake 

size and that make them desired for thermal evaporation method. There are usually two 

coating materials used to have maximum and efficient coverage on the surface for thermal 

evaporation. In this work, titanium and gold were used for contacting prior to conductivity 

measurement. Titanium was used for an adhesion material and deposited 5-nanometer 

thickness, on the other hand, gold was deposited 80 nanometers for contacting. Once a 

successful contacting was done, the conductivity measurement was conducted on two 

devices. Based on the AFM measurement, the thickness of these two flakes was 

approximately 2 nm.  The resistivity value was 400Ω while the conductivity value was 

2500 /Ωcm. The result of these two devices showed the metallic behavior which was a 

good match to the similar work from the literature[191]. Like electron beam lithography, 

by using thermal evaporation method, the conductivity value of the flakes represents a good 

metallic behavior. 
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Figure 76 Two devices with alkali-assisted NbS2 exhibits a high value of conductivity. 

Titanium was used for adhesion and gold for coating, 5 nm, and 80 nm respectively. The 

resistivity value was approximately 400Ω while the conductivity value was 2500 /Ωcm 

for both devices. 

 
 
 
 

  

After thermal evaporation  Before thermal evaporation  
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CHAPTER 5 

 

5. Discussions and Conclusions  

 

5.1 MoS2 

 
  Two significant members of TMDCS materials were employed in this thesis work. 

Synthesizing them atomically thin was a big challenge in terms of exploring their layer 

dependent phenomena. Different experimental set-up was built for each material to 

optimize their recipe and to have maximum coverage density on the substrate surfaces. To 

do that, different substrates including sapphire, glassy carbon, gold, doped silicon, quartz 

were used to discover the optimum substrate for each growth. For the MoS2 study, Silicon 

dioxide substrate was favorable to deposit atomically thin films and flakes on the substrate 

surface while the substrate position was mostly face-up in the quartz tube. The distance 

between precursors and position of the alumina boat in the quartz tube were well studied 

to deposit the materials as the desired amount. 

  A wide range of experimental parameters was well studied to synthesize mono and 

multilayers of MoS2 films and flakes. Changing each experimental parameter resulted in a 

different density of film on the substrate surface. Partial pressure of each reactant exhibited 

a wide range and effected on the growth with placing them at the different location in the 

quartz tube.  In terms of controlling each reactants’ partial pressure, three-zone furnace 

could be used to achieve more consistent and uniform growth since vaporizing temperature 

and optimal growth temperatures of each reactant could be controlled even though single 

zone furnace was used for this work due to the lab condition. For instance, a high relative 

partial pressure of the Mo source could result in Mo-rich environment by placing it right 
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under the substrates (assuming that sulfur was not vaporized yet at that reaction 

temperature). 

            Once successful deposition was obtained, the further characterization methods were 

employed on the film and flakes; Optical microscopy, XPS, SEM, Raman spectra, 

Photoluminescence and AFM. Thanks to all of these characterizations methods and 

optimizing experimental set-up in the quartz tube, in-depth analysis a better understanding 

of the kinetics of crystal growth mechanisms of CVD grown MoS2 were gained. Exploring 

of methods and parameters to grow CVD MoS2 taught us significant phenomenon for a 

successful growth. Optimized crystal growth with reasonable control over resulting 

nanoscale 2D films was successfully achieved by modifying the growth parameters. A 

deeper understanding of how each of the parameters influence growth was also well studied 

for a successful CVD growth.  

               The conclusion of MoS2 study provided us many take-home notes. First of all, 

placing the substrate exactly depends on the applications. For instance, HER application 

requires the flake size not smaller than 10 microns, on the other hand, a few microns flake 

size is decent enough for conductivity measurement or transistor systems. Large coverage 

density and thicker flakes could be obtained by placing the substrate face-down position 

while face-up- position provides relatively less dense and thinner flakes on the substrate. 

Although MoS2 was successfully synthesized on the different substrates, silicon dioxide 

substrate was the most favorable one for a successful CVD grow in terms of having a wide 

range of film thickness resulting from single layer to bulk (over 100 nanometers) based on 

its position in the quartz tube. It is true that most of the MoS2 studies from the literature do 

not mention prior cleaning of reaction tube or oxidation procedure for the CVD tube so it 
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cannot be assumed that there is no residue from previous experiments. Therefore, it is 

worth mentioning in here that the reaction tube was cleaned prior to each experiment to 

avoid any contamination from the lab and the previous reaction environment. 

5.2 NbS2 

 
Unlike MoS2, two different approaches were pursued growing NbS2 by CVD on 

SiO2/Si substrate since the traditional oxide –sulfurization method did not work for NbS2 

CVD growth. The first approach consists in using sulfur (99.5 % from Alfa Aesar) and 

Nb2O5 powders (99.9% from Sigma- Aldrich) as the precursors. However, the flake size 

and coverage density on the substrate was limited. Alternatively, a mixture of Nb2O5 and 

alkali promoter led to producing a larger flake size. In both approaches, the sulfur powder 

was located upstream while the substrate and Nb2O5 (and mixture with alkali promoter) 

was located at the center of the furnace. The alkali-assisted promoter allows achieving 

larger flake size of NbS2 due to more volatile Nb-rich molecules while less coverage and 

smaller lateral size of the NbS2 flakes is synthesized without the alkali-assisted.  

Synthesizing NbS2 was more challenging compared to MoS2 study due to the fact 

that CVD NbS2 growth had more uncontrollable parameters with alkali promoter. Like 

MoS2 synthesizing, different substrates were also well studied to explore the optimum 

substrate. Silicon dioxide substrate was the most favorable one among the sapphire, quartz, 

glassy carbon, doped silicon substrates in terms of synthesizing larger coverage and thinner 

flakes. Several alkali promoters from halide group were also used for CVD NbS2 study to 

explore the best alkali promoter. KCl, NaCl, KBr, and KI were alkali promoters that were 

used for the controllable and large area of CVD growth. Any chlorine compound (NaCl or 

KCl) resulted in etching on the substrate surface. Therefore, KI and KBr were more 
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preferable for the growth. However, considering layer stability and mass transfer during 

the reaction, KI gave rise to more controllable CVD growth for NbS2. Like MoS2 study, 

the substrate location and the quartz tube condition were two important parameters 

influenced on the growth. Silicon substrate was placed at a face-up position during the 

experiment. The quartz tube was changed and cleaned prior to every experiment to avoid 

the contamination. 

As known, there are many polytypes of TMDCs which are 1T, 2H and 3R, trigonal, 

hexagonal and rhombohedral crystal structure, respectively. The synthesizing MoS2 with 

CVD method provided us 2H crystal structure. However, NbS2 with the same method 

showed two important phases together, 2H and 3R from our study. This two-phase 

appeared together once the film or flake thickness was over 10 nanometers. Having two 

phases together did not depend on which types of halide group promoter used as well as 

doing the experiment at different time and temperature. Surprisingly, using different 

substrates also led us to have these two phases together unlike the expectations of atomic 

mismatching or twisting the flakes during the growing might cause to grow only one phase. 

 Further characterization was done by Raman spectroscopy, TEM, EDS, XPS. They 

have proved that both 2H-NbS2 and 3R has been synthesized with good uniformity with 

the different thicknesses. The AFM, SEM were used to characterize the flakes thickness 

and scale distribution while TEM and EDX were used for elemental mapping and 

composition. Monolayer and a few layers of other TMD were successfully synthesized to 

explore their layer-stacking dependency and other physical properties. By using this CVD 

recipe, several devices were made to calculate conductivity measurement. The result 

showed that the flakes and films exhibited metallic behavior. HER behavior was also 
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employed to measure the edge and basal plane activity. The flakes grown on the silicon 

dioxide substrate were transferred on glassy carbon and gold to see the substrate effect on 

HER performance. 

CHAPTER 6 

 

6. Future Work 

 
                 TMDCs can be synthesized with many different methods including mechanical 

exfoliation, chemical exfoliation, physical vapor deposition, and chemical vapor 

deposition. Different coverage density can be obtained via these methods based on the 

experimental set-up conditions. However, a controllable monolayer of MoS2 and NbS2 still 

remains a big challenge for the CVD method. For instance, a single layer of MoS2 shows 

direct band gap and this feature is desired for many electronic and optoelectronic 

applications. Even though most of the parameters for a successful growth were controlled 

in this work for both MoS2 and NbS2 work, synthesizing uniform and large area monolayer 

film will be a difficult step for researchers to overcome. Each parameter for a successful 

CVD MoS2 grow was explicitly explained in this thesis, however, applying other 

parameters (magnetic field, electric field, high-pressure environment or ultra-high vacuum 

pump) on CVD growth have not been well studied. Reveling the result from these studies 

will enable us intelligently designed materials for the next generation of miniature 

electronics. 

                  Once a successful CVD NbS2 growth is achieved, the mixture of 2H and 3R 

phase crystal structure is formed in the layer material. This thesis work has proved that 3R 

phases generally forms on the top of 2H phase once the flake thickness reaches over 10 

nanometers. Having this two phases together might not be desired for some applications, 
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considering that 2H-NbS2 exhibits metallic behavior while 3R-NbS2 shows 

semiconducting resulting unwanted features for potential device performances or HER 

application. Controlling these two phase formation during the growth is still unexplored. 

Reveling the reason of what causes this formation will be a significant parameter for NbS2 

future studies. 

     Phase transformation of MoS2 was successfully done by many researchers 

including our group at Rutgers by lithium intercalation via n-butyl lithium of the layered 

transition metal dichalcogenides. Synthesizing two differentiable phases in thin nanosheets 

presents unique means of exploring nanoscale features. The electronic behavior 

considerably changes once 2H MoS2 is successfully converted to the 1T structure with the 

reversible process. However, there have been no published studies linking the phase 

transformation of NbS2 and its reversible process at the time of writing this thesis. Since 

NbS2 has started to gain a great deal of attention by researchers recently, phase 

transformation of 2H-NbS2 with lithium intercalation via n-butyl lithium will be promising 

to see in the future for some electronic applications. Proving that phase transformation also 

possible for NbS2 will allow researchers to do the same thing for other TMDCs such as 

VS2, TaS2. 

                Removing oxygen from the reaction environment has been a big challenge for 

researchers including me. The oxidation occurs both during the reaction and after, based 

on the precursors. NbS2 is very sensitive to air and one of the biggest challenges in this 

work was how to remove oxygen from the surface. Building experimental set up with the 

oxygen-free system will be an important thing to consider since having an oxidation layer 

on the top of the surface will not lead the researchers to extract the correct information. 
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Therefore, analyzing correct thickness versus the conductivity measurement of NbS2 study 

is also significantly important to discover a unique opportunity to advance the electronic, 

magnetic and optoelectronic fields. 
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