
UC Riverside
UC Riverside Electronic Theses and Dissertations

Title
Synthesis, Characterization and Processing of Exotic 2D Materials Beyond Graphene via 
Chemical Vapor Deposition Techniques

Permalink
https://escholarship.org/uc/item/8p08341b

Author
Ionescu, Robert

Publication Date
2016
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/8p08341b
https://escholarship.org
http://www.cdlib.org/


	
	

 
 
 

UNIVERSITY OF CALIFORNIA 
RIVERSIDE 

 
 
 
 

Synthesis, Characterization and Processing of Exotic 2D Materials Beyond Graphene via 
Chemical Vapor Deposition Techniques 

 
 
 
 

A Dissertation submitted in partial satisfaction 
of the requirements for the degree of 

 
 

Doctor of Philosophy 
 

in 
 

Materials Science and Engineering 
 

by 
 

Robert Cristian Ionescu 
 
 

December 2016 
 

 

 

Dissertation Committee: 
 Dr. Cengiz S. Ozkan, Chairperson 
 Dr. Mihrimah Ozkan 
 Dr. Alex Greaney 
 Dr. Marko Princevac 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright by 
Robert Cristian Ionescu 

2016 
 



The Dissertation of Robert Cristian Ionescu is approved: 

 

            

 

            

 

            

         

            
Committee Chairperson 

 

 

University of California, Riverside 

 

 

 

 

 

 

 

 

 

 

 



	
	
	 iv 

Acknowledgements 

 

I would like to thank my research advisor Prof. Cengiz S. Ozkan and Prof. 

Mihrimah Ozkan for all their support throughout these years. The lab was a great 

environment to work in and provided freedom for me to explore my own ideas which 

helped shape my independent style of work. I would like to express gratitude to Prof. 

Alex Greaney and Prof. Marko Princevac for serving as my committee member in the 

defense. I would like to thank Dr. Ilkeun Lee for all the XPS characterization as well as 

Dr. Krassimir Bozhilov for the TEM work provided. I would also like to thank our 

collaborators from University of Minnesota, Ryan Wu, Jong S. Jeong, and Dr. K. Andre 

Mkhoyan for their great TEM work, as well as Dr. Darshana Wickramaratne, Dr. Mahesh 

Neupane, and Dr. Roger Lake for their great computational results for our collaboration. I 

would like to thank our collaborators from Sandia National Laboratories for their great 

contribution to our liquid technique manuscript including, Stephen W. Howell, Anthony 

E. McDonald, Thomas E. Beechem, I would like to take a moment and acknowledge the 

members of my research lab who have not only contributed to my research work through 

the years but also made an impact on my personal life and made me grow including, 

Brennan Campbell, Isaac Ruiz, Wei Wang, Cristina Sandu, Zachary Favors, Ece Aytan, 

Aaron George, Yu Chai, Zafer Mutlu, Andrew Patalano, Lauro Zavala, Kazi Ahmed, 

Chueh Liu, and Narek Abrahamia. A special thank you goes to Brennan Campbell not 

only for his collaboration and the great work we have accomplished during our time in 

the lab, but also his friendship and great time we had outside the lab. Finally, I would like 



	
	
	 v 

to thank my family and friends for always supporting me and believing in my dreams and 

goals. The text of this dissertation (or thesis) in chapter 1, in part or in full, is a reprint, 

with permission, of the material as it appears in Journal IEEE Transactions on 

Nanotechnology Vol. 13, No 4. “Synthesis of Atomically Thin MoS2 Triangles and 

Hexagrams and their Electrical Transport Properties” Robert Ionescu, Wei Wang, Yu 

Chai, Zafer Mutlu, Isaac Ruiz, Zachary Favors, Darshana Wickramaratne, Mahesh 

Neupane, Lauro Zavala, Roger Lake, Mihri Ozkan, Cengiz S. Ozkan, July 2014. Cengiz 

S. Ozkan © 2014 IEEE. The manuscript can be found under the following link: 

http://ieeexplore.ieee.org/document/6803069/. 

The text of this dissertation (or thesis) in chapter 2, in part or in full, is a reprint, with 

permission, of the material as it appears in The Royal Society of Chemistry Vol. 54. 

“Two-step Growth Phenomena of MoS2/WS2 Heterostructure”, Robert Ionescu, Isaac 

Ruiz, Zach Favors, Brennan Campbell, Mahesh R. Neupane, Darshana Wickramaratne, 

Kazi Ahmed, Chueh Liu, Narek Abrahamian, Roger K. Lake, Mihri Ozkan, Cengiz S. 

Ozkan, June 2015. Cengiz S. Ozkan The full published manuscript as presented in the 

document can be found under the following website link: 

http://pubs.rsc.org/en/content/articlelanding/2015/cc/c5cc02837j#!divAbstract. The text 

of this dissertation (or thesis) in chapter 3, in part or in full, is a reprint, with permission, 

of the material as it appears in The Royal Society of Chemistry Vol. 50. “Oxygen Etching 

of Thick MoS2 Films”, Robert Ionescu, Aaron George, Isaac Ruiz, Zachary Favors, Zafer 

Mutlu, Chueh Liu, Kazi Ahmed, Ryan Wu, Jong S. Jeong, Lauro Zavala, K. Andre 

Mkhoyan, Mihri Ozkan and Cengiz S. Ozkan, August 2014. Cengiz S. Ozkan The 



	
	
	 vi 

manuscript can be found under the following website link: 

http://pubs.rsc.org/is/content/articlelanding/2014/cc/c4cc03911d#!divAbstract The text of 

this dissertation (or thesis) in chapter 4, in part or in full, is a reprint of the material yet to 

be published under the potential title of “Chelant Enhanced Solution Processing for 

Wafer Scale Synthesis of Transition Metal Dichalcogenide Thin Films”, Robert Ionescu, 

Brennan Campbell, Ryan Wu, Ece Aytan, Andrew Patalano, Isaac Ruiz, Stephen W. 

Howell, Anthony E. McDonald, Thomas E. Beechem, K. Andre Mkhoyan, Mihrimah 

Ozkan and Cengiz S. Ozkan, Cengiz S. Ozkan. The text of this dissertation (or thesis) in 

chapter 5, in part or in full, is a reprint of the material yet to be published under the 

potential title of “Wafer scale synthesis of ReS2 films by a two-step growth phenomena 

and their hetereostructures”, Robert Ionescu, Ece Aytan, Krassimir N. Bozhilov, Mihri 

Ozkan and Cengiz S. Ozkan, Cengiz S. Ozkan 

 

 

 

 

 

 

 



	
	
	 vii 

Dedications 

I would like to dedicate this thesis to my family, Costel Ionescu and Marilena 

Ionescu, for supporting me in school and helping me achieve this goal. Thank you mom 

and dad for sacrificing yourselves by moving to a new country so I could have an 

opportunity at a better life. A special thank you goes to Cristina Sandu for being there 

throughout the whole process, encouraging me and taking the time to listen and help me 

make the right decisions.   

 

 

 

 

 

 

 

 

 

 



	
	
	 viii 

ABSTRACT OF THE DISSERTATION 

 

Synthesis, Characterization and Processing of Exotic 2D Materials Beyond Graphene via 
Chemical Vapor Deposition Techniques 

 

by 

Robert Cristian Ionescu 

Doctor of Philosophy, Graduate Program of Materials Science and Engineering 
University of California, Riverside, December 2016 

Dr. Cengiz Ozkan, Chairperson 
 

Over the last decade, since the introduction of graphene in 2004, 2D materials 

have become a very hot topic. Excellent chemical and mechanical stability along with 

incredible transport carrier properties, graphene has sparked interest in other 2D 

materials. Graphene has a portfolio of applications but, lack of a band gap hinders its 

potential in semiconductor applications which has pushed researcher to look at more 

exotic 2D materials with semiconductor properties. This new class of 2D semiconductors 

under the form of MX2 which is composed or a transition metal and a chalcogen atom. 

Mobility is good for low energy loss transmission of electrons from one point to another 

and is an important aspect in electronics and optoelectronics which apply to conductivity 

and light absorption. In conductors usually we have an overlap of the valence and 

conduction band where electrons move freely on the other side of the spectrum we have 

insulators where the gap between the valence and conduction band are too large to 
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feasible transition between to allow for conductivity. Semiconductor are located in 

between these two extremes with enough gap where electrons only require a small 

amount of energy for them to move from one side to another. This concept is very 

important when talking about light interactions and absorption. In order for these devices 

to be feasible we need band gap to exist in the spectrum of visible light. Semiconductors 

have a high and low resistance states which has an on/off ration making a semiconductor 

of interest in many applications such as transistors and photodetectors. Direct bang gap in 

photodetector rely on transfer of photons and we can achieve this by using monolayer 

semiconductor materials. In order to be able to obtain all these properties we would have 

to be able to synthesize all these new 2D materials in the first place. In this work 

synthesis methods were studied to try to understand these materials and achieve large 

area growth. First we start with powered growth of novel semiconductor materials and 

move to a scalable liquid technique that is potentially able achieve wafer scale growth.  
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Introduction 
 

 Extensive attention has been given to novel 2D material synthesis, which has been 

the main focus of our work in the STARnet center and C-SPIN (Center for Spintronic 

Materials, Interfaces and Novel Architectures) center, which both have been part of 

Semiconductor Research Corporation (SRC) sponsored by DARPA. The focus of this 

project is to implement a relatively facile method of controllable large area growth of 

monolayer transition metal dichalcogenides (TMDs), which may be easily used for 

device fabrication such as field effect transistors (FET). Molybdenum disulphide (MoS2) 

is chosen as our main starting point for the growth because it meets the characteristics of 

2D semiconductors. MoS2 can be synthesized from various forms of MoO3, which is 

relatively cheap and abundant unlike the other TMDs and their precursors. The discovery 

of 2-dimensional (2D) materials came in the wake of the proposal of such materials, the 

first of which was graphene. Graphene has garnered tremendous attention since its 

proposal, and exponentially more since its first isolation in the form of an exfoliated 

collection of crystals via the “scotch tape” method1. The promise of graphene is great, 

and specifically has been thought to have potential applications in the new field of 

spintronics. Spintronics is considered the cornerstone of the newest generation of 

computing devices, and entails computation based on isolating the spin of electrons using 

ferromagnetic materials as generators.2 Field-effect transistors (FETs) have been the 

primary design of interest for new 2-dimensional materials, because of their inherent 

ability to scale-down the size of FETs and reduce power consumption.3 MoS2 FETs have 
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already been constructed using single layer (monolayer) MoS2, for example3. 

Molybdenum disulfide (MoS2), a layer of molybdenum atoms sandwiched between two 

layers of sulfur atoms, was developed in the wake of graphene (via mechanical 

exfoliation), and is a much more promising material for FETs due to its possession of a 

bandgap, which is 1.8 eV4.  An important aspect of a direct bandgap is the ability to have 

a direct transition of electrons from the valence to conduction band which should have a 

range typically between 1-3eV, 2d conductors such as graphene do not possess this 

ability, and on the other side of the spectrum we have insulators with a high band gap 

such as hexagonal boron nitride around 6eV.5 A setback of graphene is the lack of the 

band gap and thus has limitations in its optoelectronics and transistor applications. The 

elimination of loss in momentum in direct band gap allows for these class of materials in 

many more application than they indirect counterparts.  

Since the isolation of single-layer MoS2, dozens of other compounds have been 

found to have a similar “atomically thin” stability when stripped down to a single layer, 

such as WS2, MoSe2 etc4,6,7. When multiple layers are isolated, stacked on top of one 

another, they are held together with weak Van der Waals forces, giving them the 

alternative nickname “van der Waals materials.” MoS2 in particular has an extensive 

range of possible applications, such as transistors8, optoelectronics9, spintronics10, energy 

storage11, and photovoltaics12. Transition metal dichalcogenides (TMDs) attract a large 

portion of research efforts in the way of 2D materials. TMDs have the chemical formula 

MX2, where M is a transition metal and X is a chalcogen, such as oxygen, sulfur, or 

selenium. Not all of these materials are semiconducting; their bandgaps vary, and the 
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layered materials range from insulating to superconducting12. TMDs also have 

applications in energy storage, providing the basis for both nanostructured active 

materials for batteries and supercapacitors, and the substrates on which active materials 

can be grafted13. Growth mechanisms for many 2D materials are still yet to be elucidated; 

a very active area of research is to describe the mechanical and chemical phenomena, as 

well as the energetics and geometries of growth processes in TMDs. Depending on the 

synthetic method, the mechanisms seem to be different, such as sulfur-terminated edge 

growth vs. molybdenum-terminated4,14-19. 

 Various methods of 2D material synthesis have arisen, for example the relatively 

common chemical vapor deposition (CVD). In this process, a tube furnace is typically 

used through which gasses can be flowed. A more volatile material is placed toward the 

gas inlet, such as a chalcogen (S, Se, etc.), a more stable, high melting point material is 

placed in the center heating zone (usually a transition metal), and a substrate is placed 

further downstream (usually SiO2 or mica). This method has been used to produce high-

quality, single to few layer 2D materials20, and has even led to the processing of viable 

heterostructures, making p-n junctions easier to synthesize (WS2-MoS2, or graphene-

MoS2 for example)21 containing electron hole-pairs that are essential in bandgap 

engineering and thus producing a viable transistor material. While scaling up is still a 

challenge, large CVD furnaces have been fabricated to more precisely control material 

homogeneity and thickness of these 2D materials and heterostructures.22 There are also 

variations of CVD, such as metal organic CVD (MOCVD), plasma enhanced CVD 

(PECVD), microwave-plasma-assisted CVD (MPCVD), vapor-phase epitaxy (VPE), and 
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photo-initiated CVD (PICVD), etc.23,24. While various CVD methods have been shown to 

produce low-defect crystals, it is still not as scalable as other methods, although there are 

new advance in roll-to-toll technology in industry, namely for graphene. The work and 

materials discussed in this culmination of research has 2D materials, specifically TMDs, 

at its core. More specifically, the discussions pertain to fundamental material 

characterization, growth phenomena in CVD processes, defect studies involving 

controlled etching, and heterostructure synthesis. TMDs are still in the early stages of 

development, and the following studies contribute to the understanding of their 

development and physiochemical characteristics. 
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Chapter 1 
 
Synthesis of Atomically Thin MoS2 Triangles and  
 
Hexagrams and their Electrical Transport Properties 

 
 

1.1 Abstract 

Atomically thin molybdenum disulfide (MoS2) triangles and hexagrams were 

prepared by a two-step growth ambient pressure chemical vapor deposition (APCVD) 

process. Molybdenum Trioxide (MoO3) nanobelts, a few microns in length and width, 

were prepared using a hydrothermal technique and utilized as the starting material. High 

temperature treatment of the MoO3 nanobelts followed by a rigorous sulfurization via 

APCVD processing provided different morphologies of MoS2 monolayers and bi-layer 

sheets. Triangle and hexagram morphologies were characterized using Raman 

spectroscopy, photoluminescence (PL) measurements, scanning electron microscopy 

(SEM) and atomic force microscopy (AFM). The regrowth step in the CVD process was 

proven to be ideal in enlarging the grain size. PL and Raman spectroscopy and AFM 

results confirmed the presence of monolayer and bilayer regions in the regrowth growth 

process. Triangle and hexagram domains are observed to be cooperatively nucleating and 

coalescing together to form large-area layers. Furthermore, the electrical transport 

properties of the synthesized MoS2 layers were studied. Electron mobility based on    

back-gated field-effect transistors was measured to be approximately 0.02 cm2/Vs.   
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1.2 Introduction 

With the fast-pace development in graphene and its applications,1-4 other two 

dimensional materials (2D) such as hexagonal boron nitride (h-BN), and transition metal 

dichalcogenides (TMDCs) including MoS2, WS2, etc. have also received a lot of 

attention.5-10 Although graphene applications have been limited electronic and 

optoelectronic applications due to the lack of a band gap,5 semiconducting phases of 

TMDCs such as MoS2 and WS2 possess an indirect band gap in bulk form and become 

direct as a single layer. For example, bulk MoS2 has an indirect bandgap of ~1.3 eV and a 

direct bandgap in monolayer form with a bandgap of ~1.8 eV, which opens up new 

opportunities for MoS2 in nanoelectronics and optoelectronics.12,19 MoS2 based field 

effect transistors can provide a definite “Off” state with significantly reduced leakage 

current, compared to graphene field-effect transistors.11-13 The presence of a moderate 

band gap could also provide new prospects for large scale integration similar to Si based 

IC technology, with the risk of chip over-heating being eliminated.5,6 The strong spin-

orbit coupling along with valence-band splitting  (~0.15 eV) and giant spin-valley 

coupling in single-layer MoS2 make it a promising candidate for spintronic14,15 and 

valleytronic16,17 applications. Along with its intriguing mechanical, thermal, electrical, 

and optical properties, MoS2 have become a material of increasing interest.12,18-21 

Significant efforts have been focused on the characterization and controllable 

synthesis of MoS2 atomic layers with uniform properties,6,22-25 which is important for 

building large scale electronic and optoelectronic devices via mainstream semiconductor 

processing. However, the large-scale synthesis of high quality MoS2 layers is still a 
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challenge. Chemical vapor deposition (CVD) routes have become a promising technique 

in achieving large scale synthesis of MoS2 sheets. This technique is based on thermal 

reduction-sulfurization of MoO3, which is a suitable precursor for CVD of MoS2, at high 

temperatures under S pressure.7 Different morphologies of MoO3 such as nanoparticles, 

nanowires, nanorods, nanoplates and nanobelts 7, 27-40 can be utilized as Mo precursor for 

CVD growth of  MoS2 layers. MoO3 nanobelts are used as a starting material in our 

study. High quality MoO3 nanobelts are synthesized by a simple hydrothermal method 

using proper aqueous solutions of Sodium Molybdate (Na2MoO4) in Nitric Acid (HNO3). 

Na2MoO4 is converted into MoO3 nanobelts after at 160°C as shown in Eq.1.7 

Na2MoO4 +HNO3à MoO3 + Na2NO3 + H                    (1) 

In this work, we have developed an approach for growing different morphologies 

of high quality MoS2 via an innovative two-step regrowth CVD process. In the first step, 

hydrothermally processed MoO3 nanobelts are dispersed on the SiO2/Si substrates, and 

sulfurized at 750 °C under S pressure followed by a rapid cooling to room temperature. 

For the regrowth process, the furnace is ramped again to 750°C without additional 

precursors and kept there for 10-20 min followed by a slow cooling. At such high 

temperatures, MoO3 reacts with S to form molybdenum disulfide 41,43 as follows (Eq.2). 

2MoO3 + 7S à 2MoS2 +3SO2            (2) 

It has been hypothesized that this reaction includes a transition to the MoO3-x 

complexes and the subsequent formation of oxysulfides (MoOxS2-x).7,44,45 Under optimum 

conditions, a full transition from MoO3 to MoS2 is achieved. We believe that MoOxS2-x 

forms at the onset of nucleation in the first growth cycle.46 Triangle and hexagram 
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domains are observed to be cooperatively nucleating and coalescing together to form 

large-area layers. Further growth of the MoS2 domains is supported by the presence of 

oxysulfides under the nucleation sites and at the grain boundaries. When MoO3 nanobelts 

are initially dispersed over the substrate, the resulting deposition is not completely 

uniform. Although homogenous distribution is the goal, heterogeneous distribution of 

precursor material over the substrate creates a large number of random surface defects. 

The heterogeneous nucleates dictate the size and shape of the morphologies. We believe 

that larger size of a nucleate promotes larger grain sizes. Heterogeneous nucleation and 

growth are promoted by surface imperfections and defects such as terraces, trenches, 

scratches, grain boundaries and impurities, which require lower activation energy. Due to 

the heterogeneous dispersion of MoO3 ribbons on the surface, the nucleation process can 

occur at irregular intervals and results in scattered nucleation spots across the substrate 

prompting different size and shape of MoS2 grains. 

There are two main advantages in applying a regrowth process. First is the 

formation of a second layer on top of the initially grown morphologies. AFM results 

confirm that if a nucleation site is located at the intersection of the rhombi that forms a 

hexagram, a second layer can be grown. This indicates that multilayer stacking is 

possible via regrowth processing, rendering the growth process tunable and allowing one 

to grow stacks of layers. The second advantage of the regrowth process is the increase in 

individual domain size, resulting in the formation of large area monolayer MoS2 sheets. 

1.3 Experimental Methods and Instrumentation 

MoO3 nanobelts were synthesized using a modified hydrothermal processing 
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technique 30. During preparation, a 1/260 ratio of Na2MoO4 9H2O/HNO3 by volume was 

used and gently stirred until a milky solution is obtained. This was added to a 45mL 

Teflon liner and placed in an acid digestion bomb chamber at 160°C for 3 hours inside an 

oven. The product was cooled naturally to room temperature by terminating heat and 

keeping inside the oven for slow cooling process. α-MoO3 nanobelts were approximately 

0.5µm in width, 5-10µm in length and 0.02µm thick as shown Figure 1.9C. 

Hydrothermally prepared MoO3 and sublimed S precursors were used as the reactants to 

initiate growth. A MoO3 nanobelts solution (0.3g MoO3/2ml H2O) was prepared and 

sonicated for 20 minutes, and then applied to a silicon dioxide (SiO2/Si) substrate using a 

microliter pipet. The substrate was then dried on a hot plate to provide a uniform droplet 

size of MoO3 with a stain like appearance. For growth, the substrate was placed in the 

middle high temperature region of a quartz tube furnace. Schematic of the quartz tube 

CVD furnace setup is shown in Figure 1.1 along with the position of Sulfur (0.23g), 

which is initially outside of the heating zone, and then inserted into the high temperature 

zone during the growth cycle. As illustrated in Figure 1.2, during the first growth step of 

cycle I, the furnace is ramped from room temperature to 500°C in 10 min, followed by 

ramping from 500°C to 750°C in 90 min. S precursor was then exposed to the heat source 

at 740°C in cycle I to initiate the sulfurization process. The first growth cycle is followed 

by a rapid cooling step down to room temperature. After that, the furnace is ramped again 

to 750°C and the temperature is kept there for 10-20 min, followed by a slow cooling 

step. No S precursor is added to the regrowth step. Furnace pressure is kept in the range 
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500-600 Torr under a constant Argon flow rate at 200 sccm. 

 

Figure 1.1: Substrate preparation and CVD furnace setup for MoS2 growth. 

The surface morphology of the as-prepared MoO3 and MoS2 samples were 

investigated by using optical microscopy (OM) and SEM (Leo-supra, 1550) equipped 

with an X-ray energy-dispersive spectroscopy (EDS) system. A Renishaw DXR Raman 

spectroscopy system with a 532 nm laser (8mW excitation power, 100x objective lens) 

source was used to characterize the as-grown MoS2 layers. Surface morphology was 

studied using AFM (Veeco) under tapping mode imaging. 

Back-gated field-effect transistors were directly fabricated onto MoS2/SiO2/Si 

substrates. The electrodes were patterned by using electron beam lithography with a 

MMA/PMMA bilayer stack and a subsequent evaporation of Ti (10nm)/Au (100nm) 

contacts. The sample was baked in a vacuum oven at 60°C overnight for the desorption 

of moisture.  DC I–V (current-voltage) characteristics were obtained at room temperature 
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using an Agilent 4155C semiconductor parametric analyzer and a Signatone probe 

station. 

 

Figure 1.2: Schematic illustration of a typical MoS2 CVD growth cycle. 

1.4 Results and Discussion 

In Figure 1.3, SEM images show the morphologies of MoS2 sheets after both 

cycle I and cycle II processing. In cycle I, sub-micron size triangles and hexagons are 

uniformly nucleated on the substrate, as shown in Figure 1.3a and Figure 1.10. Figure 

1.3b shows the morphology of an as grown MoS2 layer obtained after cycle II. The 

average edge length of MoS2 domains in Figure 3b is around 20 microns, much larger 

compared to that of Figure 1.3a. While cycle I provides relatively small MoS2 domain 

size due to shorter growth time, the additional regrowth step of cycle II provides 

prolonged processing for atomically thin large area MoS2 layers.  

To further confirm the effects of the second heating and slow cooling steps on the 

growth of MoS2 layers, a control experiment was performed using cycle II. First the 
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control sample was located in the middle of the high temperature zone during the first 

growth step. Next, the substrate was rapidly moved to the edge of the heating zone by 

sliding the furnace (quartz tube section with the sample moves away from the high 

temperature zone). The unevenly distributed temperature around the edge of the heating 

zone results in a non-uniform temperature distribution on the substrate. As shown in 

Figure 1.3c, MoS2 domains on the left side of the substrate are larger than that of the right 

side, due to a relatively slower cooling rate on the left side. It has been observed that the 

change of grain size is to be transitional from left to right by statistical comparison. High 

magnification SEM images of randomly selected regions from low and high cooling rate 

regions are shown in Figures 1.3d and 1.3e, respectively. The coexistence of hexagram 

and triangular shaped domains is observed in Figure 1.3e. Figure 1.3d indicates an 

average domain size of ~200 µm in the slow cooling rate region which is 10 times larger 

than the average domain size in the high cooling rate region (~20 µm). Figure 1.3f shows 

nearly full coverage by atomically thin MoS2 layer around the edge region via the 

coalescence of 20-30 µm size MoS2 domains, which prefer to nucleate in the vicinity of 

the edges, providing denser nucleation sites compared to the rest of the substrate.6,7,10 
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Figure 1.3: Morphologies of as-grown MoS2 domains on SiO2/Si substrates. SEM 

image of (a) as-grown MoS2 via cycle I and (b) via cycle II. (c) Low-magnification SEM 

image of a control sample with uneven cooling rate distributed over a substrate. SEM 

images of (d) low cooling rate and (e) high cooling rate regions, respectively. (f) SEM 

image near the edge region. 
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Figure 1.4a shows an AFM image a relatively small hexagram shaped crystal 

composed of six rhombi for which we hypothesize that it has cooperatively nucleated 

from an MoOXS2-X oxysulfide cluster44,45 in the vicinity of the center position, and a 

second layer also started to grow on top of the first hexagram. AFM analysis indicated 

that the second layer growing on top of the six-fold rhombi has a thickness of roughly 

1nm. We would like to term this multilayer morphology as “six-fold rhombi stacking of 

successive atomically thin layers”. Ignoring various undulations caused by nanoparticles 

over the substrate surface, AFM section analysis of these crystals show a thickness of 

roughly 2nm for the first layer, as shown in the insets of Figure 1.4a and 4b. 

 

Figure 1.4: (a and b) AFM images of different MoS2 domain morphologies. Insets shown 

are AFM height profiles. (c) Schematic evolution of the full grown hexagram from its 

initial nucleation site. 
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The surface roughness of the under layer substrate affects the thickness of first 

layer.51 These thickness values are consistent across all samples and crystal 

morphologies. In Figure 1.4a, it is observed that if the nucleation occurs at a location 

where two or more domain boundaries meet, a second layer grows. This is an important 

result since two or more layers can be grown towards stacking of monolayers for 

hierarchical structures in the future, perhaps involving different dichalcogenide materials. 

In Figure 1.4a, it is observed that if a nucleation site is located towards one of the six 

corners of the hexagram, no second layer growth was observed. This is clearly evident in 

Figure 1.5a, where a hexagram is observed to have nucleation sites on its rhombi but no 

second layer is present. Again in Figure 1.5a, we clearly see that there is a second layer 

present at the nucleation site where all the rhombi meet to form the hexagram shape 

domain. The schematic shown in Figure 1.4c depicts the regrowth process, where a 

reheating step applied after the initial growth cycle (Figure 1.3a) provides larger domains 

(Figure 1.3b). Raman spectroscopy and mapping was conducted to confirm the presence 

of MoS2 domains over the substrate. In Figure 1.5e and 1.5f, the triangular domains 

clearly demonstrate the characteristic Raman peaks of E1
2g and A2g, from single and few 

layer MoS2  sheets.10,47 The Raman peaks of E1
2g and A2g shown in these mappings 

correspond to the wavenumbers of 385 cm-1 and 405 cm-1 respectively. Figures 1.5b and 

1.5c show the Raman mapping of adjacent single layer hexagram domains as well as 

second layer hexagram growth inside the large hexagram domain. An optical image of 

the hexagram mapped region is shown in Figure 1.5a, which confirms the presence of 

second MoS2 layer formation.  Small blue dots are remnants of many-layer MoS2, which 
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show very weak Raman peaks compared to the single and bilayer regions. The Raman 

spectra of both single and bilayer regions in Figure 1.5g indicates the common shifting of 

the E1
2g and A2g peaks, which could be used to indirectly determine the number of layers 

by calculating the wavenumber distance between the peaks. For single layer MoS2 the 

central peak-to-peak difference is measured to be 19.4 cm-1, while it is 22.9 cm-1 for 

bilayer MoS2. Figures 1.12 and 1.14 show additional optical images with a full Raman 

spectrum. 

 

Figure 1.5: (a) and (d) Optical images of the mapped regions. (b) and (c) display the 

Raman mapping of the intensity of E1
2g and A1g corresponding to the hexagram shaped 

MoS2 domains. (e) and (f) show Raman mapping of the intensity of E1
2g and A1g 

corresponding to the triangular MoS2 domains. (g) Raman shift of the single and bilayer 

regions along with (h) photoluminescence spectra of single layer (SL) and bilayer (BL) 

MoS2. 
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PL spectra measurements are shown in Figure 1.5h, indicating a monolayer PL 

peak around 679 nm10,23, which corresponds to an optical bandgap of 1.826 eV. MoS2 

undergoes an indirect-gap to direct-gap transition when its structure is confined from its 

bulk form to a single monolayer. Furthermore, spin-orbit coupling due to broken 

inversion symmetry in the monolayer results in a large splitting of the valence bands at 

the equivalent K points of the Brillouin zone. To capture these quantum confinement 

effects and to understand the peaks in the PL spectra, ab-initio calculations of the 

monolayer MoS2 structure have been carried out using the density functional theory 

(DFT) with the screened Heyd-Scuseria-Ernzerhof (HSE) hybrid functional as 

implemented in the Vienna Ab initio Simulation Package (VASP), as shown in Figure 

1.6. A Monkhorst-Pack scheme is adopted to integrate over the Brillouin zone with a k-

mesh 9 x 9 x 1 for the monolayer structure. A plane-wave basis kinetic energy cutoff of 

280 eV is used. The lattice constant for the monolayer structure is obtained from a bulk 

2H-MoS2 structure that is optimized with the inclusion of a semi-empirical correction for 

the van-der-Waal (VdW) interactions.35 Spin-orbit coupling is included self-consistently 

within the band structure calculations for the monolayer structure. For the HSE 

calculations, 25% short-range exact Hartree-Fock exchange was used with the Perdew-

Burke-Ernzerhof (PBE) correlation. The HSE screening parameter, µ, is empirically set 

to 0.4 (1/A˚) using an optimization scheme34. The primitive cell of single-layer MoS2 

containing one Mo atom and two S atoms was used with periodic boundary conditions. 

The theoretical bandgap of 1.783eV shown in Figure 1.6 is consistent with our 

experimental bandgap of 1.826 eV in Figure 1.5h. Our experimental findings for the 
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bandgap closely matches that of previously published data, which utilized a similar 

approach.10,48 The PL spectral data confirms the second layer formation as well. For 

bilayer MoS2, the center PL peak position at approximately 673 nm corresponds to a 

bandgap of 1.84eV. However the PL spectra intensity is much weaker for the bilayer, 

indicating a direct to indirect bandgap transition.10 

 
Figure 1.6: DFT calculated energy band structure of monolayer MoS2. The energy 

difference between the conduction band (in blue) minimum and the valence band (in red) 

maximum at K point is denoted by Eg= 1.783 eV. 

To evaluate the electrical transport properties of the CVD grown layers, back-

gated field-effect transistors were fabricated on single crystal MoS2 triangular domains. 

Those naturally precipitated triangular domains, serve not only as an affirmation of the 

material’s inherent hexagonal crystal structure, but also qualify the material for electronic 

device applications because of the reduction in scattering sites.  The corresponding 
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transfer and output plots, shown in Figure1.7, reveal distinct n-channel enhancement-

mode amplifying behavior. The field-effect mobility was computed using the equation 

𝜇"# = (𝑑 𝐼() 𝑑	𝑉,))× 𝐿 (𝑊𝐶23𝑉())  (where the device specification is W/L = 

9.8µm/1. 3µm; with 𝑡23 = 285nm, the capacitance between the channel and the back  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7: (a) Transfer characteristics (inset logarithmic scale) and (b) output 

characteristics of a field-effect transistor fabricated using a CVD grown MoS2 triangular 

domain. 
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gate per unit area C9: is about 1.2×10>?	Fm>B  (C9: = εDεE t9: ; εE = 3.9). Note that the 

maximum value of the slope dILM dVOM was used in the calculation.). Under a biasing 

voltage of 1V, the extracted field-effect mobility µQR is approximately 0.02 cm2 V-1s-1, 

which is in agreement of earlier reports on the characterization of MoS2 layers 

synthesized by the CVD method.6,22,23,43 Studies on exfoliated pristine MoS2 have shown 

that the performance of field-effect transistors made on this material is susceptible to 

trapped charges in the substrate13, oxygen and water in the ambient environment52 and 

contact resistance effects from the electrode metal53. Those extrinsic factors largely 

explain the general lower field-effect mobility obtained from CVD grown MoS2 field-

effect transistors than those from pristine sample. It is inferred that during the 

sulfurization process, the oxygen from SiO2 may react with the MoS2 film, undermining 

the quality of the growing MoS2 atomic layers. The current On/Off ratio is ~103, steady 

for all the applied bias voltages as shown in Figure 1.7(a). Furthermore, within the 

sweeping range of the gate voltage, the maximum gate leakage current of source-drain 

grounded field-effect transistor is less than 1nA, proving that the 285nm SiO2 gate 

insulation has provided a sufficient suppression of the gate leakage current. 

1.5 Conclusion 

In summary, we have demonstrated the growth of MoS2 atomic layers on SiO2/Si 

substrates with different morphologies via a cooperative nucleation and regrowth process. 

The regrowth step in the CVD process has proven to be ideal in enlarging the domain 

size. Analytical and spectroscopy characterization confirm the high quality of single layer 

growth along with a new six-fold rhombi multilayer stacking morphology observed. 
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Back-gated field-effect transistors fabricated on single-layer MoS2 triangular domains 

indicate a typical n-type behavior with a mobility value of 0.02 cm2/Vs, despite the 

detrimental extrinsic factors that frequently displayed in device preparation.  
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1.7 Supplemental information 

 

Figure 1.8: AFM images of different MoS2 domain morphologies in A and B along with  

their height profiles in C and D  

In Figure 1.8A we observe a triangular shape domain with a height of 1.62nm 

corresponding to single layer MoS2. In Figure 1.8B we observe a four-fold domain 

having a height of 2.2nm, corresponding to bilayer MoS2. These height profiles are 

different than what has been reported in literature on exfoliated samples due to the wafer 

surface and sample interactions.54  
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Figure 1.9: Hydrothermal synthesized a-MoO3 nanobelts in A, Optical image and SEM 

image of the nanobelts in B and C, Raman shift of the MoO3 nano-belts shown in D 

 

Figure 1.10: High magnification SEM image of the as-grown MoS2 under recipe I. 
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Figure 1.11: Confirmation of the growth mechanism of MoS2. (a) Randomly selected 

two as-grown MoS2 flakes under recipe II. (b) Enlarged SEM image of the MoS2 flake. 
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Figure 1.12: (A-H) Optical images of different MoS2 morphologies after recipe II was used.  
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Figure 1.13: AFM images of start shaped morphologies under recipe II.  

 

Figure 1.14: Optical images from A-D obtained under recipe II.  
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Figure 1.15: Zoomed out SEM images of the different morphologies under recipe II.  

 

Figure 1.16: Optical images in A and B followed by SEM images in C and D of 

triangular morphologies at different pressures under recipe II.  
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Figure 1.17: A and B showing SEM images of MoS2 domains at different pressures, 

followed by zoomed in images of the edge morphology.  

 

Figure 1.18: SEM image of Hydrothermal synthesized MoS
2
 annealed in CVD 

furnace seen in (a) and (b). Film and triangles are observed under rod structures in (c) 

along with isolated thick triangle domains in the small insert in C 
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Chapter 2 

Two-step Growth Phenomena of MoS2/WS2 

Heterostructure  

2.1 Introduction 

Transition metal dichalcogenides (TMDC) are a family of materials with two-

third of its members assuming layered structures;1 all with a range of electronic, 

optoelectronic, mechanical, thermal, and chemical properties.2 Atomically thin films 

of TMDCs have gained considerable interest in the scientific community after the 

discovery of graphene, a two dimensional analogue of graphite.3 TMDCs of interest, 

which include MoS2 and WS2, have honeycomb structures where the transition metal 

atom (Mo, W) is sandwiched between two planes of sulphur (S) atoms as seen in 

Figure 2.2F.4,5,6,7,8,9,10,11 Monolayers of the TMDC’s have been obtained via 

mechanical exfoliation, intercalation exfoliation, chemical vapour deposition (CVD), 

and physical vapour deposition (PVD), etc.12,13,14,15,16,17,18,19  However, relatively less 

is known about surface junctions formed in a heterostructure of two TMDC material.  

Investigations into graphene-TMDC heterostructure have demonstrated improved 

photon absorption in photovoltaic devices,20 nonvolatile memory application,21 and 

evidence of band-gap tenability in MoS2.22 In this study, we introduce a novel 

approach to growing a vertically stacked MoS2/WS2 heterostructure, via a two-step 
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solution CVD process. The findings of this work may be applicable in understanding 

other TMDCs as well as future 2D materials synthesized using similar methods. 

2.2 Methods 
 
MoS2 films were first grown on 300 nm thick SiO2 by using a drop cast of MoO3 

nanobelts synthesised according to previous works.9,23 An in-house thermal CVD 

system was used to sulfurize the MoO3 nanobelts in order to obtain MoS2 

domains.24,9,25,26 An aqueous suspension of MoO3 nanobelts (5-10µL) was drop 

casted onto the SiO2 substrate, as seen in Figure 2.1A, and placed in the middle 

section of the furnace. The sulphur was situated on the edge of the furnace where the 

temperature reached a maximum of 500oC. The sulphur amount can vary from a 

minimum of 300mg to up 600mg per square inch of sample, to account for possible 

minor oxygen leaks so that the excess sulfur will reduce any oxidation of the 

material.4 The furnace was ramped at a rate of 15oC/min to 750oC and kept at that 

particular temperature for 10-20 minutes, under argon flow and ambient pressure. 

Various triangular shaped MoS2 islands or continuous sheets were observed across 

the substrate after the growth, as demonstrated in Figure 2.1B. In the next step, an 

aqueous suspension of WO3 nanobelts was applied to the MoS2 grown samples 

(Figure 2.1C), and the aforementioned growth procedure was repeated in order to 

obtain WS2 domains atop the MoS2 domains. After the growth was completed, and 

the samples were cooled to room temperature, various MoS2/WS2 heterostructure 

species were noticed across the sample, as seen in the schematic in Figure 2.1D.  
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Figure 2.1: Illustrated from A-D is the schematic of the heterostructure growth 

procedure. 

 

 

Figure 2.2: SEM images A-E) showing WS2 domains growing on top of MoS2 along 

with edge and surface defects. Molecular model is observed in image F. F. Atomistic 

representation of stacking pattern of MoS2 on WS2. 
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2.3 Results and Discussion 
 

The MoS2/WS2 heterostructure morphologies, along with various defects and 

stacking, were characterized using a scanning electron microscope (SEM) (Leo-

supra, 1550). In Figure 2.2A, WS2 domain is shown to grow in a manner where it 

stays contained within the MoS2 grain. A similar phenomenon is observed in Figure 

2.2C.27 Defects affect the electronic and optical properties of pristine monolayer 

MoS2.  Since we start out with an oxide precursor as defects on the substrate in order 

to initiate growth, this greatly influences the how many defects we will have on our 

material.26 After the growth, numerous popcorn-like features are observed along the 

edges of MoS2 triangular domains, as seen in Figure 2.2B and Figure 2.2D. Similar 

features have also been observed in the CVD synthesis of graphene on Cu foils.28 In 

this case, however, these features are due to the presence of oxysulfides in the form 

of (MoOxS2-x).26,29,30 These popcorn features are spatially well oriented around the 

edge of the triangle, as seen in Figure 2.3A. The orientation of oxysulfides along the 

edges indicate an outwards growth, and with the presence of sulphur, these 

oxysulfides are expected to expand and form large coalescing features (Figure 

2.4C).26 Depending on the growth process we also observe these oxysulfides to be 

present on the surface of the domains as seen in Figure 2.2D. Due to an increase of 

the growth time, stacking of multi heterostructure features were observed across the 

sample forming pyramidic structures as seen in Figure 2.2E.  

The height profiles and surface morphology of the heterostructures were 

studied using an AFM (Veeco) under tapping mode imaging, as illustrated in Figure 
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2.3. It is known from exfoliated samples that monolayer AFM height is about 0.9 

nm.31 The single layer heights of 1nm along with an inter-layer spacing of 0.6nm for 

the WS2 and MoS2 is previously reported.10,32 In our height profile in Figure 2.3B 

and 2.3D we observe a progressive decrease in the layer thickness. Our height profile 

observations correspond very closely with the literature, whereas the number of 

layers increase the thickness becomes thinner.29,30 

 

Figure 2.3: AFM heterostructure stacking is observed in A-B along with its height 

profiles found in C-D. 
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In Figure 2.3A a very ordered pyramidal stacking is observed while showing 

an evolution of step heights from nearly 749pm to 518pm in Figure 2.3B. Similar 

results are seen in Figure 2.3C-2.3D with a different stacking orientation and many 

stacking agglomerations at the mid-point of the structure. These observations tells us 

that there might be some layer spacing between the substrate and first morphological 

layer due to lattice mismatch, but no pattern of the layer to layers bonding or spacing 

was observed. 

 

 

Figure 2.4:  In (a) we see the Raman spectra of heterostructure MoS2/WS2 and 

Photoluminescence data of heterostructure region and individual in (b). Optical 

images of before and after WS2 growth found in C and D. 
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Raman and PL spectroscopy was used to characterize the vertical MoS2/WS2 

heterostructures using a Renishaw DXR Raman spectroscopy system with a 532nm 

laser. As shown in Figure 2.4A, we observe Raman E1
2g and A1g modes at 379.4cm−1, 

and 402.1cm−1, respectively. These modes correspond to a monolayer MoS2 which 

serves as a blanket substrate for the WS2 domains, as depicted in Figure 2.4D.8,33 We 

also observe the E1
2g mode at 351.9cm−1 and A1g mode at 414.1cm−1 correspond to 

monolayer WS2.34 There appears to be a discrepancy between the  Raman intensity 

ratios of the E1
2g and A1g peaks for both single layer MoS2 and WS2, when compared 

to previous literature, however these ratios can vary due to polarization effects, 

which can vary widely depending on the instrument setup.35 Additionally, red 

shifting of the E1
2g mode and the blue shifting of the A1g, resulting in a wider A1g and 

E1
2g difference, Dw ,was also observed, Dw = 22.7 cm-1 and Dw =  62.2 cm-1 for 

MoS2 and WS2, respectively. This coincides with previous publications  and 

predictions of stacked TMD heterojunctions.35  The PL spectra, shown in figure 

2.4B, shows two prominent peaks at 640 nm and 690 nm, corresponding to the 

excitonic transition energies of 1.93 eV and 1.79 eV, respectively.36 These peaks at 

640nm (1.93 eV) and 690nm (1.79 eV) can be attributed to the direct excitonic 

transition energies in the top WS2 layer and bottom MoS2 layer, respectively.  The 

exhibition of two strong peaks confirms the formation of decoupled monolayer WS2 

on monolayer MoS2.37 The suppression of the WS2/MoS2 peak is consistent with an 

earlier observation. WS2 is seen to grow nicely on these MoS2 blankets as evidenced 

by the transition images from Figure 2.4C-2.4D. This homogeneous growth is 
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expected, because the lattice constant mismatch for these two materials is less than 

0.5% and hence, the strain between the layers is negligible.38  

Raman mapping was conducted to confirm the presence of WS2 and MoS2 

heterostructure. Figure 2.5A-2.5B shows Raman mapping of our sample, where E2g 

and A1g peaks correspond to the 379 cm-1 and 402 cm-1 vibrational modes 

respectively of MoS2 layers.  It is interesting to note that the MoS2 coated in WS2 

appear to show a higher Raman intensity compared to free MoS2 layers as noted by 

the red regions.  This suggests that there is a coupling between the MoS2 and WS2, 

thus altering their electrical and optical properties27,36. In Figure 2.5C-2.5D the E2g 

and A1g vibrational modes correspond to the 352 cm-1 and 414 cm-1 respectively of 

WS2, which corresponds with the high intensity region of the MoS2 mapped region.  

 

Figure 2.5: In A and B we see the E1
2g and A1g corresponding to the MoS2 Raman 

mapping and similarly in C and D WS2 Raman mapping is shown. 
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To explain the observed photoluminescence, we calculate the electronic 

structure of a MoS2-WS2 bilayer heterostructure. Our calculation is based on first-

principles density functional theory (DFT) using the projector augmented wave 

method as implemented in the software package VASP.39 The screened Heyd-

Scuseria-Ernzerhof (HSE) hybrid functional,40 with the screening parameter, µ= 

0.26Å, has been employed.41  Spin-orbit coupling was included self-consistently 

within the band structure calculations. A Monkhorst-Pack scheme was adopted to 

integrate over the Brillouin zone with a k-mesh 9 x 9 x 1 for the monolayer and 

bilayer structures.  A plane-wave basis kinetic energy cutoff of 300 eV is used. The 

lattice constant for the monolayer MoS2 and WS2 structures are obtained from bulk 

MoS2 and WS2 that have been optimized with van der Waals (vdW) interactions 

accounted for using a semi-empirical correction to the Kohn-Sham energies.42 The 

atomic coordinates for the monolayer structure are optimized at this fixed lattice 

constant. The atomic coordinates for the WS2-MoS2 heterostructure are optimized in 

all directions using the WS2 lattice constant using the DFT-D2 dispersion 

corrections43  until all of the interatomic forces are below 0.005 eV/Å.  15Å of 

vacuum spacing is added along the z-axis for the monolayer and bilayer structures. 

The HSE calculations of the monolayer structures result in bandgaps of 1.79 eV and 

1.90 eV for MoS2 and WS2 respectively. This is in good agreement with the 

experimental bandgaps of 1.797 eV and 1.953 eV obtained in our PL data for 

monolayer MoS2 and WS2 respectively. The optimized van der Waals gap for the 

MoS2-WS2 bilayer structure is 3.11Å. At this separation distance the bandgap of the 
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bilayer structure is indirect along Гv - Kc.  The indirect gap is 1.513eV and the direct 

Kv-Kc gap is 1.563 eV.   

 

 
Figure 2.6:  Bandstructure for MoS2/WS2 at the equilibrium vdW gap (blue) and 

10% increase (light yellow) from its equilibrium value (a) and Direct gap (solid) and 

indirect gap (dotted) energy transitions for MoS2/WS2 for a range of increases in the 

vdW gap from the equilibrium vdW gap. The point of intersection indicates the 

indirect to direct transition vdW gap (b). 
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The valence band at Гv is composed of 28% pz orbitals evenly contributed by 

the sulfur atoms at the vdW interface of the MoS2 and WS2 layers and 67% dz2 

orbitals that are primarily from the W atoms.  The valence and conduction band at K 

are localized on different layers of the heterostructure.  The valence band, Kv, is 

composed of 40% dx2 and 40% dxy orbitals contributed entirely by the W atoms of 

the WS2 layer.  The conduction band, Kc, is composed of 90% dz2 orbitals that are 

contributed entirely by the Mo atoms of the MoS2 layer. To quantify the observed 

two distinct direct peaks in the PL measurement, we investigate the effect of changes 

in interlayer coupling on the electronic structure of the WS2-MoS2 bilayer.  The 

change in the Гv-Kc indirect gap and the Kv-Kc direct gap is plotted in Figure 2.6B.  

An indirect to direct bandgap crossover in the MoS2-WS2 structure occurs when the 

vdW gap is increased by 0.1Å.  Further increment in the interlayer separation above 

0.1Å results in a direct bandgap. We also observed a similar indirect to direct 

transition when the vdW gap was increased by 25% of the equilibrium separation 

distances in bilayer, tri-layer and quad-layer MoS2.44 

However, the direct band-gap and layer decoupling alone is insufficient to 

explain the PL spectra of our MoS2/WS2 heterostructure.  Complexities induced by 

our growth process on the morphology and relative orientation between the two films 

are possible explanations for the PL spectra of our heterostructure.     

2.4 Conclusion 
 

In summary, we report the ability to obtain atomically thin 2D semiconducting 

vertical heterostructure with good crystalline qualities. We report edge and surface 



	
	
	 47 

defects found in the growth process of exotic 2D materials. High ordered stacking of 

heterostructure domains is reported and confirmed via AFM characterization.  
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2.6 Supplementary Information 
 

 

Figure 2.7:  Optical images in A-D of different areas on the wafer where the 

heterostructures started forming.  
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Figure 2.8:  SEM images in A and B of edge traces of the oxide precursor from the 

droplet, C and D zoomed in images of the growth around the oxide edge, E and F random 

growth islands across the substrate.  
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Figure 2.9:  SEM images of an MoS2 triangle in A with increased focus from B-D.  

 

Figure 2.10:  SEM images of an MoS2 triangles in A and B with zoomed in images in C 

and D of the defects around the triangle edges.   
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To understand the growth process of these materials, we can think of the reaction 

mechanism of the MoS2 growth as a chemical reaction between MoO3 species and the 

sulfur source. The mechanism of reacting MoO3 with sulfur in a CVD chamber is still 

under debate but various studies done using H2S/H2 have been performed to try to 

understand the process.29,45,46 There are many limiting factors in the growth of large-area 

MoS2 films due to its complicated nucleation process, which is still being explored. 

Sulfurization of molybdenum trioxide (MoO3) has been the primary approach in 

synthesizing MoS2 and other similar forms of oxides have been used for the synthesis of 

similar transition metal dichalcogenides.  

MoO3 powder is volatile above 700oC and a gas phase reaction can happen. With 

H2S gas the synthesis can have a uniform reaction, while using sulfur powder may create 

roadblocks.29 Studies where H2S gas was used in the synthesis were able to show that the 

MoO3 gets reduced in the form of gaseous MoO3-x species which form oxysulfides after 

they condense across the substrate in a cooler region in the furnace.45,46 MoO3 

decomposes in the presence of H2 first, prior to the sulfurization with H2S by the 

following formula: MoO3  + H2  à  MoO3-x + H2S.29 Similar studies have also been 

found by just increasing the temperature in rich sulfur environment.26 Sulfur is a very 

important factor in the synthesis and can be described as the limiting reagent since a 

constant sulfur supply needs to be present in order to fuel the growth process. When 

sulfur is used instead of H2S and H2 a similar process is observed depending on the 

amount of the sulfur. When the reaction process between the sulfur and oxide is short, the 

sulfurization process is not complete and intermediate products are formed. Because of 
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this the MoO3-x can turn into an oxysulfide species under the form of MoO3-xSx and 

possibly MoO2-xSx depending on the initial reduction state of the MoO3 during the 

heating process. These species can be observed in Figure 2.9 from A-D around the edges 

of the triangles. Similar oxysulfide features are seen in Figure 2.10 symmetrically aligned 

around the edge of the triangular domains.  

 

 

Figure 2.11:  SEM images of an MoS2 triangles in A, followed by SEM images in B-D 

depicting grain boundaries in the triangular MoS2 domains.  
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Figure 2.12:  SEM image of MoS2 triangle in A followed by a zoomed in SEM image in 

B of the triangle tip showing the grains, images of triangles merging into each other 

clearly depicting the various grains.  

Due to this process, numerous nucleation sites are possible in the vicinity of each 

triangle nucleation, giving rise to numerous grains and grain boundaries. These grains 

coalesce and continue to form a thin film whose size is limited by the precursor amount. 

These thin films consisting of multiple grains terminate in a triangular manner under 

conditions primarily limited by amount of precursor in this case sulfur. The observed 

triangular islands of MoS2 are more likely to be based on the energetically favorable edge 

terminations. Only Mo and S terminations are possible in a growth of MoS2 due to the 

nature of its structure. Therefore, the coalescing grains terminate in a triangular manner 
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based on the molecular structure of MoS2. The grains in graphene have been observed to 

have more complex shapes than normally predicted.47 In some studies graphene grain 

boundaries were observed to be decorated with lines of surface particles which come off 

as surface defects.47 It was also shown that grain boundaries in graphene are not straight 

and tend to have various shapes as previously stated.47 While MoS2 grains and grain 

boundaries do not mimic those of graphene, we observed lines of surface particles along 

the grain boundaries in our MoS2 samples as the ones seen in Figure 2.9 D and 2.10 C. 

Edge dislocations in MoS2 have been observed to extend in different directions of the 

geometric structure of molybdenum disulfide.48 Grain boundaries in MoS2 and other 

similar geometric structured 2D materials seem to be composed of dislocations of pristine 

and sulfur substituted 5 and 7 fold rings.49 These grains are found to be stitched together 

by lines of 8 and 4 membered rings, unlike the stable ones formed of pentagon and 

heptagon dislocations in graphene.50 Grain boundaries composed of four fold rings have 

also been shown in MoS2.51 The SEM images in Figure 2.11A-D and 2.12A-D leads us to 

believe that instead of being hexagonal grains we have either ruptures, dislocations or 

vacancies forming due to high temperature variations or possible sulfur deficiencies. 

Sulfur dislocation are usually formed under poor sulfur conditions but our growths 

suggests this might also be because the MoO3 precursor is not at the right reacting 

temperature or the flow of the caring gas is too high.52 On the other side, oxisulfide 

particles around the edges of the triangles suggest that they have not fully reacted due to 

low sulfur content or the growth was stopped too early. Literature based on STM images 

suggest that sulfur vacancies are possible in the MoS2 structure.53 Even though these 
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studies involved assistance by H2 gas, we tend to believe this is also possible at high 

temperatures and fast cooling which stops the complete growth of the domains.53,54 From 

a thermodynamic point of view it has been shown that it is much more difficult to remove 

a sulfur from a sulfur edge than a metallic edge due to the formation of Mo-H and S-H 

groups.41 Other studies that created sulfur vacancies revealing a Mo termination have 

been studied using electron irradiation or argon bean induced process.55,56. Other studies 

show single crystal triangles with sulfur terminated zigzag edges tend to have sides that 

are less sharp in comparison to those of single crystal triangles with molybdenum 

terminated zigzag edges.57 Morphologies with these two edge terminations are the most 

dominant ones of MoS2 triangles but this is due to the nature of the material.57 Another 

explanation of this phenomenon of small hexagonal looking grains can be that when 

MoS2 is synthesized, the system’s temperature is around 800C, so as the system cools, 

the thermal coefficient differential between MoS2 and SiO2 imposes stress along these 

defects, which propagate as edge dislocations, sliding and ruptures. Therefore, as the 

crystals cool, they form triangular and pseudo-hexagonal cracking patterns as seen in 

Figure 2.11 B-D and Figure 2.12 A-D. This theory holds better than the sulfur vacancies 

previously discussed. Other studies have shown similar effects but with claims related to 

how fast the different edges grow resulting in a different shape but these claims have not 

been consistent with the growth geometry of MoS2 found in other literature.58 Multiple 

claims have been made about hexagonal shapes and truncated hexagonal grains but 

evidence of these has not been really shown and it has been seen to be a sporadic or 

chance based growth.53 Most of the growth and structure seen in literature just like our 
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work have shown that the predominant shape of the grains are triangular. What is true is 

that if we think of this as a kinetic model depending on the energy of the system it can 

decide the grown speed, which will potentially decide the edge of the grain.58 In our 

growths for example Figure 2.10 C we predict that the oxisufide particles found at the 

edges are more energetically favored and with additional sulfur in the system they will 

react first then adding to the already existing edge. 
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Chapter 3 

Oxygen Etching of Thick MoS2 Films 

3.1 Introduction 

2D Molybdenite (MoS2) is an atomically thin transition-metal dichalcogenide that 

has emerged as a new material with great promise for applications in optoelectronics, 

nanoelectronics and spintronics.1,2,3 MoS2 has attracted a lot of attention with the 

analogous potential of graphene and its many applications.4,5,6,7 Naturally found MoS2 is 

a layered semiconductor material with a bandgap that ranges between 1.2-1.8 eV, 

depending on the number of layers.1,2,8,9 Single layer MoS2 is an excellent 2D material 

system for studying spintronics due to its broken inversion symmetry, which easily gives 

rise to coupling of spins and spin splitting in the valence band.  MoS2 has garnered 

significant attention due to the existence of a direct bandgap, which graphene’s lack of 

has limited its applications.1,3,10,11,12 Studies have shown that as the thickness of MoS2 

sheets decreases from bulk to monolayer, the electronic bandgap is converted from 

indirect to direct bandgap; which can be observed by changes in the photoluminescence 

(PL) and Raman signals.13,14,15,16,9,17,18,19,20 Bulk MoS2 is composed of van der Waals 

bonded S-Mo-S sheets. Each sheet is composed of a hexagonal plane of Mo atoms 

sandwiched in between two hexagonal planes of S atoms, which are held together by 

covalent bonds.10,17,1,21,22  

The ability to etch thick films of MoS2 to few layers or a single layer allows for 

control over properties such as the band gap and optical properties. Understanding the 
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etching process of materials is essential to achieving such control and may also aid in 

understanding their functionalities, optical properties, and electronic properties. Control 

of the etching process parameters can produce various ordered structures and fascinating 

displays. It is known that the etching pattern of MoS2 follows 120° or 60° between etched 

lines.23,24 In this work we report the first observations of constant angle etched CVD 

grown MoS2, which reveals triangular, star, and hybrid etching patterns in a well-oriented 

manner by simple heating of the sample under oxygen-containing environment. We find 

that MoS2 tends to etch triangular pits that follow the same etching angle and the same 

etching pattern. 

3.2 Methods 

MoS2 films were grown on 300 nm thick SiO2 by using an in-house thermal 

chemical vapor deposition (CVD) system. The samples were grown by ramping the 

system from room temperature to 500oC in 1 hour and held for an additional hour at a 

pressure of 1-2 torr, with a gas flow mixture of Ar/H2 (4:1). This reaction converts the 

ammonium thiomolybdate precursor to MoS2 in the presence of H2.25 Hydrogen in the 

first annealing step also reduces the amount of oxygen present in the tube. This process 

produced a MoS2 film with a thickness of 10-20nm, and is standard for growing such a 

material by CVD.20,21,22,25 The MoS2 sample was exposed to an Ar/O2 mixture at a flow 

rate of 400 sccm, which initiates the etching process. After specified etching times, the 

furnace was cooled to room temperature under ambient conditions. The entire etching 

process is illustrated schematically in Figure 3.1. As the etching process begins, 

triangular and star shaped etched morphologies become apparent and grow in size as 
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exposure time is increased (t1<t2<t3), as shown in Figure 3.1. This oxidation etching 

effect can be prevented with the introduction of sulfur into the CVD chamber. 

 

 
Figure 3.1: Schematic of the growth to etching process. 
 
3.3 Results and Discussion 

The etching morphology was characterized using a scanning electron microscope 

(SEM) (Leo-supra, 1550). Figure 3.2d shows that the MoS2 etching follows the same 

pattern of other published works on the growth of MoS2, which follow triangular and star 

shaped morphologies.21,22,26,27 The etching initiation appears as a small indentation on the 

oxidized surface of the film as shown by SEM in Figure 3.2a. The initiation pits and 

triangular shape of the etched pits tend to come from extended lattice defects, such as 

edges or grain boundary mismatches between layers.12,28,29,30 As the etching process 

continues, the pits grow and take the form of triangles and other geometric forms, which 

contain pseudo-hexagonal shaped branched nerves. The tendency for these symmetric 

patterns to form may be due to etching occurring along the preferential crystalline 

direction, a conclusion derived from our observation of numerous straight edged 

triangular shaped features. 
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Figure 3.2: SEM images showing a time ordered evolution of etched patterns from a-d) 

under the oxygen flow.  

As the etching initiates, as shown in Figure 3.2, we see that the pits in different 

regions look like straight edge triangles with a contour around it. This can be observed in 

Figures 3.3a-3.3d, where depending on the different defect sites, we obtain various 

geometric shapes with the triangle being the most commonly seen with an average 

domain size of 3 µm.  As time progresses, we observe MoS2 etching at an angle forming 

an almost perfect pyramid structure in the middle, as seen in Figures 3.2c and 3.2d. When 

enough time was allocated for the etching process, the pyramids disappeared, leaving 

behind a triangular pit. From Figure 3.3a,31,32 it is known that as the layers of MoS2 

increase, the interactions between the substrate and the material also increase, making the 
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first MoS2 layer more strongly bonded to the substrate.33 This is a reasonable explanation 

for the presence of small triangles and the veins left on the bottom of the pits as seen in 

Figures 3.3e and 3.3f. Extensive studies on graphene etching have shown that etching 

occurs along the preferential crystalline direction but with a high uncertainty due to 

randomness.34,35,36,37,38 Etching veins start from the grain boundaries branching inward as 

seen in Figures 3.2c and 3.2d to a point of origin of the grown crystals as observed in 

Figures 3.3a-3.3c. Depending on the etching rate along the lattice, the etching occurs in 

the regions that are most energetically favorable, leaving behind a vein-like network. Due 

to the etching effect, these veins like structures could very well come from residual stress. 

These reasonings explain the ordered loops formed in Figure 3.2b and the hexagonally 

organized hexagonal features in Figure 3.3e. These two-dimensional quasicrystalline or 

‘Penrose tilings’ with six-fold symmetry look ordered but non-periodic. Based on 

previous research done on etching, it has been concluded that by taking into account the 

Eley–Rideal and Langmuir–Hinshelwood mechanism, MoS2 thickness can alter the 

etching rate and the way oxygen reacts with the material.39,40,41,23 The thickness and grain 

boundaries in CVD-prepared MoS2 allow for the observation of these etching shapes, 

previously not seen in exfoliated samples. As previously discussed, due to different edge 

directions based on the layer orientation we could have different rates of etching yielding 

various shapes as seen in Figures 3.3a-3.3d. Having a higher than usual defect ratio, these 

sites of the sample tend to have an agglomeration of shapes forming star-like 

morphologies. These still follow the same etching angle pattern and similar features are 

seen as previously observed on the triangular regions. 
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Figure 3.3: SEM images of complete etched patterns a-d) under the oxygen flow. In e-f) 

single monolayer regions are observed on the bottom of the triangular pits.  

Surface morphology and etching thicknesses were studied using an AFM (Veeco) 

under tapping mode imaging. As seen in the AFM images, the triangular shape pits 

resemble the lattice of the MoS2 basal plane surface with the edge along the zigzag 

direction having a lattice terminating in either Mo or S. Raman spectroscopy taken using 
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a Horiba LabRAM HR spectrometer with an excitation wavelength of 532 nm was used 

to determine the number of MoS2 layers but this can also be easily calculated from the 

AFM height profile. We can clearly see in Figure 3.4a that the color scheme changes 

across the sample, pointing out that the sample has a wavy trend due to the substrate and 

film preparation.42 This is an advantage since we can see what happens to the etching 

pattern in the film at different levels of thickness. In Figure 3.4c we observe and validate 

that the triangles are in fact etching down into the film and the veins observed in the SEM 

images are illustrated in Figure 3.4d.  Despite the fact that it has previously been reported 

that it is difficult to obtain AFM height profiles of thick MoS2 layers23, we have 

successfully obtained such measurements with our grown MoS2 films as seen in Figure 

3.4b. Taking into consideration the variations of film thickness across our samples, we 

deduce that the film has regions in between 10-20nm, which can clearly be seen in our 

AFM height profile. It is known that the surface roughness of the under layer substrate 

affects the thickness of layer.43 We report in this work, for the first time, the etching 

angle calculated from the height profile measurement. We report the etching angle to be 

85 degrees normal to the wafer and constant across all samples. We can see that for both 

etched pits at 10 nm and 20 nm it follows the same etching angle all the way down to the 

substrate. We assume that this angle, just like the shape of the etched pits, comes from 

the lattice structure out of the material. 
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Figure 3.4: AFM images a, c-d) of etched pits along with height profile in b) of the MoS2  
 
pits. 
 

Mo atoms are coordinated to six S atoms, and become saturated with S in the bulk 

form of MoS2. Density functional theory (DFT) calculations have shown that structures 

with one S atom per Mo edge atom results in S atoms at the edge. 28,44,45 In other cases 

where two S atoms per Mo edge are present, the structure will have a Mo edge.28,44,45 

Looking at the MoS2 structure we see a hexagonal layered lattice (Figure 3.5a, 3.5b and 
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3.5c) just as seen in graphene. Raw TEM image in Figure 3.5c was taken using an FEI 

Titan G2 60-300 aberration-corrected TEM operating at 200 keV Low pass and radial 

image filters were subsequently Transmission Electron Microscopy (TEM) confirms this 

hexagonal MoS2 structure as shown in Figure 3.5c where the higher intensity positions 

are Mo atoms and the lower intensity positions are S atoms. Furthermore, the image also 

confirms that the film is 2H-MoS2 based on the relative intensity ratio of the two atomic 

positions.46,47 MoS2 is yet unique considering that one layer is composed of three 

individual atomic layers where Mo layers are sandwiched between two S layers, giving a 

zigzag three-atom layer rather than a one-atom layer of carbon known as graphene. 

Taking this in consideration we can now say that the MoS2 basal plane surface has a 

triangular shape. The MoS2 edge structure is known to be represented by either Mo-

terminated zigzag (ZZ-Mo) or S2-terminated zigzag (ZZ-S2), both illustrated in Figure 

3.5a and 3.5b.28,29,30 By knowing this, the edges of the layer forming the pits are either 

ZZ-Mo or ZZ-S2 edge. These microscale pits described earlier can act as seeds across the 

surface and the zigzag edges will grow when a reaction starts from a surface vacancy.36,37 

Evidence from other studies suggests that the Mo-edge is in fact more energetically stable 

and thus, more favored than the S edge.48,49 We know that the triangular pit sizes are 

dependent on the number of layers of MoS2; the more layers there are, the bigger the pit 

sizes and the lower the etching rate on the MoS2 surface. Since our study is based on 

oxygen etching, it has been previously reported that due to structural defects, etching is 

likely to happen at those sites. This notion tends to imply that etching strongly depends 

on the crystallographic orientation, which results in the zigzag formations. The Mo and S 
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atoms found at the edge are converted to MoO3 and SO2 gas molecules at higher 

temperatures.23,50,51 If the etching starts from a ZZ-Mo edge, the oxygen reacts first with 

Mo and then S, but if the etching starts with a ZZ-S2, then we have a reaction with S first 

and then with Mo.23,24,48,49 It has been reported in previous studies that ZZ-Mo triangles 

have sharper and straighter edges than ZZ-S2 triangles.21 Knowing this we concluded that 

our material edges are in fact ZZ-Mo edge illustrated in Figure 3.5a. 

 

 
 
Figure 3.5: Molecular Schematic of (a) Mo edge and (b) S edge. (c) a filtered high 

resolution TEM image of an MoS2 sample. 

Raman spectroscopy measurements were carried out using a Renishaw DXR 

Raman spectroscopy system with a 532 nm laser (8mW excitation power, 100x objective 

lens) used to characterize the layers, quality, and etching of the MoS2 film. In Figure 3.6a 

the domains clearly demonstrate the characteristic Raman peaks of E12g and A2g, from 

single and bulk MoS2 film.21,52 Raman E2g mode at 386 cm−1 and A1g mode at 405 cm−1 

correspond to a monolayer MoS2 which is found on the bottom of the pits as seen in the 

SEM Figure 3.3e. Raman E2g mode at 384 cm−1 and A1g mode at 414 cm−1 correspond to 
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bulk MoS2 prior to oxidation due to the film being 10-20 nm thick. PL of these samples 

was taken and recorded to have a noticeable intensity only inside the wells. The PL 

spectra seen in Figure 3.6b was recorded at 670.5 nm translating to about 1.85eV, which 

has previously been reported in literature as monolayer regions. The high PL intensity, 

which has been previously reported, is known to come from the decrease of electron 

density resulting from sulfur-rich defect states after etching.20,21,22,23,25,30,53 In both Raman 

and PL a peak located at 521 cm−1 in the spectrum was observed, corresponding to the 

Si/SiO2 substrate. The measurements provide evidence of the MoS2 etching and the fact 

that a longer etching time (20−30 min) leads to the complete removal of the MoS2 film 

spanning a high intensity Si peak. After etching, the presence of MoO3 was not observed 

by Raman spectroscopy, in accordance with previous studies.23 

 

 
Figure 3.6:  In (a) we see the Raman spectra of multi-layer (ML) MoS2 and Single layer 

MoS2 (SL) along with the Photoluminescence in (b). 
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3.4 Conclusion 

In summary, we report on the etching of thick MoS2 films with well-oriented etching 

patterned pits of different morphologies. Etching pits were obtained by exposing the 

MoS2 film to oxygen flow. Similar etching angles were observed to be constant across 

the sample along with veins and minuscule triangles features. We concluded that the 

etching effects initiate on the MoS2 films rather than substrate, but the substrate plays a 

role in the etching of the MoS2 layer in contact with the Si/SiO2 substrate. 
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3.6 Supplementary Information 

The surface chemistry of the MoS2 films was investigated by XPS analysis before 

and after the etching. Figure 3.7a and 3.7b show XPS profiles of Mo 3d and S2p acquired 

from the MoS2 film as grown. The high resolution Mo 3d peak (Figure 3.7a) shows two 

sub-peaks at the binding energies of 229.5 and 232.6 eV, which can be attributed to the 

doublet Mo 3d3/2 and Mo 3d5/2, respectively, of Mo4+ in MoS2. A small S 2s peak is 

centered at 226.6 eV. In Figure 3.7b, the peaks at 163.5 and 162.3 eV correspond to the S 

2p1/2 and 2p3/2 peaks, respectively, of divalent sulfide ions (S2-). All the binding energy 

values are well consistent with those reported for MoS2 crystals. 54,55 Figure 3.7c and 3.7d 

show XPS profiles of Mo 3d and S2p acquired from the MoS2 film after the oxygen 

etching. The similar peaks were observed for the etched MoS2 films with an additional 
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small peak at 236.3 eV, which is corresponding MoOx to due to the surface oxidation 

during the etching.56,57 

 

Figure 3.7: XPS spectra of the MoS2 films for Mo3d and S2p core levels before (a, b) 

and after (c, d) oxygen etching.   
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Figure 3.8: SEM images from A-I of various MoS2 etching morphologies at various 

random pressures in order to see changes in etching speed and consistency of etching 

morphologies.    
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Figure 3.9: Optical images in A and B of large area etching morphologies. SEM images 

of etching morphologies across large area in C and D. 

 

Figure 3.10: AFM images in A of large area scan of the MoS2 etching morphologies and 

high magnification AFM in B of a triangular etching pit.   
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Chapter 4 

Chelant Enhanced Solution Processing for Wafer Scale  

Synthesis of Transition Metal Dichalcogenide Thin 

Films 

4.1 Abstract 

It is of paramount importance to improve the control over large area growth of 

high quality molybdenum disulfide (MoS2), and other 2D dichalcogenides. These 

atomically thin materials have enormous potential for use in electronics, and are thought 

to make possible the first real applications of spintronics. In the work described here, a 

facile and reproducible method of producing wafer scale, thin MoS2 has been developed 

using the incorporation of a chelating agent in a common organic solvent, dimethyl 

sulfoxide (DMSO). While solution processing of the MoS2 precursor, ammonium 

tetrathiomolybdate ((NH4)2MoS4)), and subsequent thermolysis was used to produce 

large area MoS2. This work shows that the use of ethylenediaminetetraacetic acid 

(EDTA) in DMSO exerts superior control over wafer coverage and film thickness. Here, 

evidence is shown that the chelating action and dispersing effect of the EDTA is crucial 

in distributing MoS2 crystallites and their precursors during the growth process. Raman 

spectroscopy, photoluminescence (PL), x-ray photoelectron spectroscopy (XPS), Fourier 

transform infrared spectroscopy (FTIR), atomic force microscopy (AFM) and high-

resolution transmission electron microscopy (HRTEM) suggest homogenous, few layer 
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MoS2 on the wafer scale, resulting from this novel chelant-in-solution method. 

4.2 Introduction 

2D materials have been intensively studied for the past few decades with ever-

growing interest. Large area growth of 2D materials remains a challenge that must be 

overcome for commercial use.1 2D layered TMDs such as molybdenum disulfide (MoS2) 

and tungsten disulfide (WS2) have received much attention due to their electronic and 

optical properties.2-4 Graphene has played a central role in 2D material semiconductor 

research due to its high carrier mobility but its lack of a band gap hinders its potential in 

semiconductor applications.5-12 Unlike graphene, MoS2 possesses a film thickness 

dependent bandgap in the optical range (~1.3 eV bulk, ~1.8 eV monolayer).13,14 This 

change in bandgap energy is accompanied by  a transition in kind as the gap is indirect in 

bulk but direct in single layer, a transition that has been observed using 

photoluminescence (PL) spectroscopy.15 These properties make thin-layer MoS2 films 

suitable for transistors and other devices, which further accentuates the need to achieve 

thin layered films over large areas.  Here, we report an advancement towards full wafer 

scale synthesis of MoS2 by using a facile solution based synthesis.  

 Solution based methods have been emerging as novel techniques of obtaining 

wafer scale 2D material films. Many have taken advantage of either dip coating or spin 

coating but so far uniformity across large area has been difficult to achieve. Putz et al. 

first reported this process using ammonium thiomolybdate ((NH4)2MoS4), which could be 

applied to thin film applications as a single precursor with no need of sulfur addition.16-18.  

Liu et al. produced MoS2 films by dip-coating silicon dioxide (SiO2) in a solution 
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prepared by dissolving (NH4)2MoS4 in dimethylformamide (DMF).19 This method, 

however, is not very scalable and was able to obtain only few layer thicknesses. An 

alternative method - spin coating - has been shown as a more efficient way to obtain 

controlled layers based on the solution concentration.20 George et al. performed a spin 

coating process by dissolving (NH4)2MoS4 in n-methylpyrollidone (NMP) and obtained 

various thicknesses based on the solution process.20 This process opened the doors to a 

new approach at obtaining various TMDs layers. However numerous surface defects, 

dewetted areas, and lack of uniformity necessitate further refinement.20  

 Oxide precursors such as molybdenum trioxide (MoO3) and tungsten trioxide 

(WO3) have alterntatively been utilized as the main precursor to obtain MoS2, WS2 and 

other TMDs domains.6,21-23 With these techniques, triangular domains most often 

associated with CVD processes have been observed but their size was extremely limited.6 

Similarly, multiple claims have been made for large area growth or large grain growth 

using either oxide powder or hydrothermally synthesized oxides but their features size 

has not exceeded 200 µm with most reports averaging only 10-20 µm.5,6,24 

Here, we demonstrate a uniform non-sulfur assisted wafer-scale synthesis of 

MoS2 films using a chelating agent. Figure 1 shows the schematic of the chelant-

enhanced solution based synthesis of MoS2 thin films. A solution of 

ethylenediaminetetraacetic acid (EDTA) in dimethylsulfoxide (DMSO) was first prepared 

before dissolving the (NH4)2MoS4 precursor. To enhance the wettability of our 

substrate, an RCA clean was performed followed by an HF wash. Large area films were 

synthesized by finding the optimized ratio concentrations and spin coating parameters. 
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Homogeneity of as synthesized MoS2 films were characterized by Raman spectroscopy, 

PL, X-ray photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy 

(FTIR) atomic force microscopy (AFM) and high-resolution scanning transmission 

electron microscopy (STEM). 

 

Figure 4.1: Schematic of spin coating process. Solution application onto the wafer is 

illustrated along with color observation of after spin coating and heating process. 

4.3 Results 

FTIR data of the solutions was obtained to study the possible molecular 

interactions. In Figure 2, the black curves represent pure DMSO solution while red 

curves represent (NH4)2MoS4 dissolved in DMSO, curves in green represent EDTA 

dissolved in DMSO, and curves in blue represent EDTA and (NH4)2MoS4 dissolved in 

DMSO.  Figure 2A and 2B shows the IR νSO spectral region for EDTA, molybdenum 

precursor salt and combination of all these species in DMSO solutions. Together, the data 

presented identifies the regions exhibiting significant observable changes. The 

measurements are primarily focused on the DMSO`s S=O stretching regions and their 

changes in the presence of EDTA salt and combination of these external intermolecular 

interaction stimuli. The primary focus was S=O region spectra since C-H region were 
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relatively stable in spectral shape and position for DMSO even when the molybdenum 

salt was introduced. Figure 2A shows noticeable changes in the spectral pattern in 1041 

and 1018 cm-1 region in the presence of any other additives inside DMSO. The intensity 

of the band at 1041 cm-1 reduces while the intensity of band at 1018 cm-1 increases. The 

additives do not change the frequency for 1040 cm-1 and shows a slight red shift from 

1018 cm-1 to 1016 cm-1.  No noticeable intensity changes are observed for the CH3 peak 

at 950 cm-1 in the presence of EDTA or only molybdenium precursor salt addition. In the 

697 and 667 cm-1 region, no noticeable change is observed both for intensity and the 

frequency of vibrational bands.  

 

Figure 4.2: FTIR-ATR data of (NH4)2MoS4 solutions as seen in A and B. Black 

represents the solvent DMSO, Red represents 240 mg of (NH4)2MoS4 in 5 mL DMSO, 

Green represents 0.146 EDTA in 5 mL DMSO, Blue squares represents 0.146 g EDTA  

240 mg of (NH4)2MoS4 in 5 mL DMSO. 

The IR data provided offers an explanation for the interactions taking place in the 

pre-spun mixtures. The intensity changes in the region 1041 to 1018 cm-1 indicate 
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interactions of additives with the primary solvent DMSO, including changes in hydrogen 

bonding interactions with the solvent.25 The high absorbance at this range suggests that 

DMSO-DMSO interactions are the strongest interactions in this system.25 A more subtle 

effect is observed due to EDTA in this mixture, which shows a stretch behavior 

characteristic of aliphatic amines and carboxylic acid groups interacting with dissolved 

metal cations in the mixture.26,27  

The IR spectra of ketones and carboxylic acids are generally characterized by the 

absorptions at 1750-1660 and 1300-1200 cm -1 representing C=O and C-O bonds 

respectively.27 The carboxylate ions have antisymmetric modes at 1650-1510 cm-1  and 

relatively strong symmetric COO- stretching near 1400-1280 cm-1. Stretching vibrations 

at 1661 in only DMSO EDTA solution are assigned to the EDTA`s asymmetric COO- 

and high intensity peak at 1400 cm-1 is attributed to the symmetrical COO- stretching. The 

peaks in the region of 1360 to 1100 cm-1 are attributed to NH+ stretching. Addition of 

molybdenum precursor salt shifts the asymmetric COO- from 1661 to 1634 cm-1.26,27 

Coordination modes of these carboxylic acids are generally in three common groups and 

can be distinguished in IR spectra by their different separation between the carboxylate 

stretch bands (Δν). The band separations are in the range of 350-500 cm-1 for 

monodentate binding, 150-180 cm-1 for bridging, and 60-100 cm-1 for chelating.27 A 

separation, Δν, was  observed to be 228 cm-1 in this experimental setup.  

Result of our ATR-FTIR studies in overall show that addition of molybdenum salt 

or EDTA separately results in break of S=O. Hydrogen bonding thus disturbs the dimer-

like or larger polymer-like hydrogen bonding that drives the self-assembly. Addition of 
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all these species at once showed similar trend in S=O region however combination of all 

shown significant changes in COO- asymmetric stretching region. Overall these 

observations might suggest that EDTA and molybdenum salt solutions in DMSO form a 

network. This network is primarily driven by hydrogen bonding in which EDTA forms a 

mixture of monodentate and bridging interactions with molybdenum salt. 

 

Figure 4.3: Mechanism for the synthesis of crystalline MoS2. 

The demonstrated advantages of EDTA in this synthetic technique when added 

the metal sulfide precursor in DMSO come from superior wettability on the hydroxylated 

surface which is observed in the schematic provided in Figure 3. Tetrathiomolybdate 

coordinates with EDTA as soon as the solution is prepared evidenced by an upfield shift 

of the EDTA C=O stretch from 1724 cm-1 to 1634 cm-1.27 The lowered frequency of the 

upfield C=O stretch can be explained by σ-donation of the acid group of EDTA to the 

cationic Mo(VI) metal center.27 The IR spectrum of MoS4
2- in DMSO with EDTA is also 
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suggestive of the presence of uncoordinated carboxylic acid groups as a consistent peak 

at 1724 cm-1 (Figure 2B) for both the EDTA and EDTA with metal sulfide and DMSO 

solutions. The presence of both coordinated and uncoordinated carboxylic groups could 

enhance the interaction with the hydrated silica surface, allowing this solution to act as an 

effective vehicle to evenly coat the wafer with the Mo(VI) sulfide precursor.26 

 

Figure 4.4: A) Raman spectra of monolayer and few layers of MoS2. B) PL 

characterization of MoS2 thin films. 

Raman and PL spectroscopies allow the measurement of sample thickness and 

crystal quality. The frequency difference between the E1
2g and A1g mode peaks, shown in 

Figure 4A, indicates the presence of few-layer and monolayer MoS2. Raman shifts 

depicted by the black curve have a peak to peak distance of 22.8 cm-1 corresponding to 

few layer MoS2.6,19,20,28,29 Raman shifts depicted by the color blue have a E1
2g and A1g 

peak to peak distance of 19.2 cm-1 corresponding to monolayer MoS2.6,19,20,28,29 This 

assignment is further confirmed by PL measurements taken in the same region (Figure 
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4B), which exhibits a peak response near 660.9 nm (1.87 eV).6,19,20,28,29 

The uniformity and consistency of the sample was tested using Raman mapping 

over a 25x25 micron area with a spectrum acquired every 333 nm. Shown in Figure 5 are 

the resulting images of two separate regions composed from the peak intensity ratio of 

the MoS2 (E1) peak to the triply degenerate silicon mode at 520 cm-1. These images 

confirm the presence of MoS2 over large areas while the small variation of intensity 

ratio’s demonstrates the relative uniformity of the film. While monolayer regions were 

observed intermittently in primarily in the center of the wafer, the Raman images show 

that thickness varies across the wafer due to the nature of the spin coating.  

 

Figure 4.5: Raman mapping of the MoS2 layers across large area. 

Uniformity was further examined using atomic force microscopy (AFM) across a 

1.5 µm2 region of the film.  Figure 6 shows the resulting 2D scan map and the 3D profile 

of the same region.  The topography is relatively uniform interspersed with a few 

topographic pillars. These pillars are most likely MoS2 as Raman imaging shows small 

dots of high MoS2 intensity (See Figure 5a).  The overall surface roughness of the film 
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was measured to be 0.7 nm.  No obvious holes are present in the topography map or 3D 

profile indicative of complete film coverage across the substrate.  There are no large step 

heights present in the scan beyond the few pillars providing further evidence of 

uniformity over the micron scale.     

 

Figure 4.6: AFM surface studies of the MoS2 layers. 
 

XPS was used to determine the chemical compositions of our as synthesized 

MoS2 films. Figure 7A shows the Mo binding energy exhibiting a peak for the Mo3d5/2 at 

229.3 eV, one at 232.4 eV corresponding to the Mo 3d3/2, and one at 226.6 eV 

corresponding to the sulfur peak (S 2S) binding energy.19,20,28,29 These characteristics 

match the Mo4+ state found in other works.19,20,28,29 Binding energy for the spin orbit 

couple S 2p3/2 and S2p1/2 are 162.2 eV and 163.4 eV, respectively, as shown observed in 

Figure 7B.19,20,28,29 The uniformity and intensity of the peaks validate the quality of the 

material and are consistent with the reported values for MoS2 crystal.  
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Figure 4.7: A) XPS data corresponding to the Mo binding energy. B) XPS data 

corresponding to the S binding energy. 

To characterize the atomic structure of the solution grown film, the film was 

transferred to a quantifoil TEM grid (see experimental details) in preparation for STEM. 

Figure 8a shows a low magnification annular dark field (ADF)-STEM image of the 

transferred film (brighter regions) on top of the quantifoil grid (darker regions) where the 

patterned black circular spots are holes in the grid.  At this magnification, the large 

continuous film (> 30 um) appears to be uniform in thickness.  Figure 8b shows an 

intermediate image of the film within the area of a hole.  Based on the image, the solution 

grown film shows step changes in its thickness. Figure 8c shows a high magnification 

image of the film where the atomic structure of MoS2 can be observed along the [001] 

zone axis.30 The lattice parameter of MoS2 measured in the image is 3.2 A, which agrees 

with literature results.31  
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Figure 4.8:  ADF-STEM images of synthesized MoS2 at various magnifications a) Low 

magnification image showing a large synthesized and transferred continuous MoS2 film. 

b) Intermediate magnification image showing regions of various thicknesses as indicated 

by differences in intensity. C) High magnification image showing the hexagonal atomic 

structure of MoS2.   

Top gated MoS2 field effect transistors (FET) were fabricated on a highly doped 

Si (100) wafer with 285 nm SiO2 dielectric using 20nm and 200nm Ti and Au contacts.  

The film was also passivated with a 50nm thin film of HfO2 in order to keep the MoS2 

film from deteriorating over time from the exposure to atmospheric conditions.  

Measurements were done at room temperature in a dark box.  Figure 9A shows the Id 

versus Vd curves of one of these MoS2 FET’s at various top gated Vg’s.  It can be seen 

that the device can be gated from Vg’s ranging from -10 V to 5 V and demonstrate typical 

semiconducting Id vs Vd curves.  Figure 9B shows the transconductive curve of the MoS2 

FET.  The three plots in figure 9B show the Id-Vg  curve, the applied Is-Vg current and the 

leakage current from the top gate Ig-Vg.  Although there is some leakage current through 

the top gate, it is apparent that the majority of the current is from the contribution of Id-
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Vd.  The total measured currents for both Id-Vd and Id-Vd are on the order of 1 pA, 

indicating that the film is very resistive, possibly due to poor film quality or high contact 

resistance due to a non-Ohmic Ti/Au contacts.   

 

Figure 4.9:  MoS2 device fabricated on SiO2. 
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4.4 Discussion 

Enhanced wettability was exhibited by the spin coated DMSO-EDTA solution, 

which resulted in a fine, even layer, of the sample mixture on the prepared wafer surface. 

To then assess the relationship of the protonated carboxylic acid groups and their effect 

on wettability, a solution of tetra-methylated EDTA and ammonium tetrathiomolybdate 

in DMSO was prepared and spin coated according to the techniques previously described.  

The resulting sample was found to be too uneven in quality to anneal and barely retained 

any of the DMSO solution on the wafer surface. These observations suggest that the 

protonated free carboxylic groups play a crucial role in retaining the solution on the 

silanol surface. 

Further studies of the molecular interaction are presented in Figure 3 where 

EDTA coordinates MoS4
2- anions when dissolved in DMSO. Primarily the EDTA/MoS4 

solution is spin coated onto prepared SiO2 wafer, spreading the coordinated metal evenly 

over the surface.26 Heat from the first step of the annealing sequence evaporates DMSO 

and evolves H2S and NH3 gas leaving an equivalent of MoS3 coordinated by one 

equivalent of EDTA.19,32 EDTA evaporates at elevated temperature, leaving MoS3 evenly 

distributed on the hydrated silica surface. Mo(VI) trisulfide is then reduced to the 

crystalline Mo(IV) disulfide product and generates S0 as byproduct. The films formed 

using EDTA solutions were optically uniform, with thicknesses ranging from single-layer 

to few-layer. As shown in Figure 3, the proposed roles of EDTA include: EDTA H-bond 

formation with DMSO and MoS4
2- ions, adsorption of EDTA to the hydroxyl-terminated 

SiO2 substrate, and EDTA coordination with MoS3 prior to conversion to MoS2. In the as-
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prepared solution, EDTA forms multiple hydrogen bonds (H-bonds) with both the DMSO 

solvent molecules and the MoS4
2- ions. Simultaneously, the surface of the wafer 

substrate, composed of hydroxyl-terminated SiO2, interacts with EDTA with H-bonds. 

Thus, a layer of EDTA forms on the SiO2, with at least one carboxyl group from EDTA 

interacting with a hydroxyl group from SiO2. This can be referred to as an anchoring of 

our precursor to the substrate. Ryczkowski identified the interactions between EDTA and 

γ-Al2O3 supports via FTIR/PAS measurements. The study concluded that there was a 

high dispersion of Ni metal on the surface of the alumina supports due to interactions of 

the chelate with the surface hydroxyl groups.33 These interactions between EDTA and 

inorganic hydroxyl groups support the idea that EDTA both chelates MoS4
2- ions and 

distributes them on the hydroxyl-terminated SiO2 surface via an anchoring action. We 

propose that, with the H-bond network established, the ramp to 100oC causes DMSO to 

evaporate, decreasing the concentration of DMSO and increasing the concentration of 

MoS4
2-, which continues to interact with EDTA. After a film of EDTA-anchored MoS4

2- 

ions forms on the substrate, the temperature is then ramped up to 450oC. In this step, the 

MoS4
2- converts to MoS3 between temperatures of 120-260oC, according to reports by 

Brito et al.34 At temperatures up to ~260oC, EDTA continues to coordinate with MoS3 

until the EDTA decomposes. The EDTA-MoS3 complexation is demonstrated in the work 

of Badoga et al., wherein researchers successfully dispersed MoS3 crystallites. In this 

work we propose the same mechanism occurs with MoS3 in the temperature range of 

120-260oC, in turn creating a film of highly dispersed, EDTA-anchored MoS3 by action 

of chelation.26 Finally, as the temperature is ramped from 450-800oC, the well-dispersed 
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MoS3 converts to MoS2. This reaction is documented by multiple sources including work 

done by Furimsky and Amberg, who report the highest crystallinity at 800oC, showing 

strong signals for hexagonal MoS2.35 

4.5 Methods, Materials Synthesis, and Characterization 

The experimental procedure for producing uniform, wafer-scale single to few-

layer MoS2 thin films was as follows: a 4 inch silicon wafer with a 300 nm SiO2 surface 

layer was washed with acetone and IPA several times, and cleaned in an RCA-1 solution 

(5:1:1 v/v H2O:NH4OH:H2O2) at 100oC for 20 minutes. After washing with DI H2O, the 

surface was then partially etched with a dilute HF solution (1:5 v/v HF:H2O) for 20 

seconds. The wafer was then cleaned several times with DI H2O, rinsed in IPA and 

statically dried. A 5 mL solution of 0.1M ethylenediaminetetracetic acid (EDTA) was 

prepared in dimethylsulfoxide (DMSO), to which 60 mg of ammonium thiomolybdate 

((NH4)2MoS4) (Sigma Aldrich high purity 99.99%) was added and dissolved. The 

solution was stirred for 2 hours, then filtered with a 0.2 um polycarbonate filter. Several 

drops of this solution were dropped onto the cleaned wafer, which was then spin coated 

for 1 minute at 3 krpm to form a thin, homogenous coating on the wafer. The wafer was 

then placed in a tube furnace for thermal processing. The tube was purged multiple times 

with Ar, and a vacuum of 500 Torr was induced. The temperature was ramped from room 

temperature to 100oC over 30 minutes, held for 30 minutes, ramped to 450oC over 30 

minutes, held for 60 minutes, ramped to 800oC over 30 minutes, and held for 10 minutes. 

The system slowly cooled, and the sample was removed for characterization. 
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For the transmission electron microscopy (TEM) samples the process went as 

follows; samples were first coated with PMMA using a spin coater at 3000 rpm and 

baked for 5-10 min on hotplate at 100oC. The samples were then placed into a 5% HF 

solution in order to etch the SiO2 away. Samples were cut and fished onto a TEM grid 

followed by an acetone and chloroform wash then kept in acetone for at least 30 minutes 

before drying.  

Raman and PL spectroscopy was obtained using a Horiba LabRAM HR 

instrument with a laser wavelength of 532nm. Raman imaging was performed using a 

WiTec alpha300R system composed of a 532 nm light source with a 333 nm spot size 

and spectral resolution of +/- 1cm-1. X-ray photoelectron spectroscopy (XPS) 

characterization was obtained using a Kratos AXIS ULTRADLD XPS system equipped 

with an A1 Kα monochromated X-ray source and a 165 mm mean radius electron energy 

hemispherical analyzer along with a vacuum pressure of 3 ×10-9 torr. The FTIR 

measurements were taken using Nicolet 6700 FTIR with ATR accessory. The scan 

number is 64 and the resolution is 0.500 cm-1. The corrections of CO2 and H2O is made 

using the default features of Omnic Software. Scanning transmission electron microscopy 

(STEM) of the MoS2 films was obtained using a standard FEI Titan G2 60-300 

aberration-corrected and STEM equipped with a CEOS DCOR probe corrector.  ADF-

STEM images (2048×2048 pixel2) were acquired on the STEM operating at 200 keV 

using a dwell time of 3-6 µs per image pixel at a camera length of 130 mm.  The beam 

convergence angle, αobj was measured to be 23 mrad. The ADF detector inner and outer 

angles of collection were measured to be 54 mrad and 317 mrad, respectively.  Under 
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these conditions, the measured probe size was ~0.8 Å.    

4.6 Conclusion  
 

In conclusion, we have demonstrated a novel approach for improving the 

dispersion of MoS2 growth sites by incorporating a common chelating agent, EDTA, with 

ammonium tetrathiomolybdate in DMSO solvent as a spin coating solution for MoS2 thin 

film growth. As efforts are increasingly being made to cover wide areas with high 

quality, atomically thin TMDs, the method in this work is a leap toward achieving this. 

We have found that the thickness of the MoS2 layers can be tuned depending on the 

EDTA and thiomolybdate concentrations, and the overall wafer coverage of MoS2 is 

made possible via the chelating action of EDTA with the thiomolybdate ions and 

subsequent intermediates to MoS2. This novel method may improve the efficiency of 

TMD thin film processing for industry, as it is a straightforward procedure. Analysis with 

Raman, XPS, and FTIR helped confirm the effect of the chelant on MoS2 film quality and 

coverage. This study leads to a new branch of solution-processing methods for growing 

2-dimensional films composed of other TMDs in the future. 
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4.8 Supplementary Information 

 

Figure 4.10:  MoS2 solution processing samples without EDTA in A and with EDTA in 

B.  

Optical images were obtained with and without EDTA are seen above. In Figure 



	
	
	 101 

4.10A EDTA was not present and we observe a very large amount of defects. When 

EDTA was introduces the coverage improved drastically as seen in Figure 4.10B and 

only a few defects were observed in locations were substrate defects were present. As 

stated in our manuscript the XPS data does match with reported values in numerous 

manuscripts and we do not see any large variations from them. 

The resulting material from our solution processing method is most likely 

polycrystalline, based on most other similar experiments and materials in literature.36, 37 

Varying crystallite orientations tend to manifest on SiO2 substrates in CVD experiments, 

and the authors were not interested in investigating the specific crystallites; alternatively, 

the focus of this study was a novel methodology resulting in a continuous film with the 

hope of optimization in the future. Therefore, dark-field TEM was not conducted 

specifically to elucidate the crystallite orientations. A future study will be conducted to 

look deeper into the microstructure of the films developed from EDTA chelant 

enhancement. 
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Chapter 5 

Wafer scale synthesis of ReS2 films by a two step growth  

phenomena and their hetereostructures  

5.1 Introduction 
 

Transition metal dichalcogenides (TMDs) come from a broad range of 2D 

materials under the MX2 formula where M stands for a transition metal and the X for 

chalcogen atoms.1-4 These materials have been very popular for the past couple of 

years due to their interesting electronic and optoelectronics properties.4,5 Recently 

our attention has been focused on the new TMD material that has not been studied 

extensively. Unlike other TMDs it has been reported that ReS2 has a direct bandgap 

not only in monolayer but also in bulk form.6 The fact that ReS2 bulk form acts 

vibrational decoupled and does not show size and dimension condiment effects like 

other TMDs has opened a new interesting door.6 Furthermore heterostucture 

materials have been reported in the family of MoX2 and WX2 but no heterostructure 

growth on such exotic materials have not been introduced at all.7 Considering that the 

MoX2 and WX2 have similar in properties a new material might be able to tell us 

more about their properties all together.7 ReS2 is known to follow the trend of other 

TMDs by having covalent in plane bonds and weak van der Waals in between 

layers.8-10 Chemical exfoliation of these materials from bulk to monolayer is one of 

the methods used to initially study novel materials.11 Recently there have been some 
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CVD growths done on this new material to better understand its structure and 

potential as a new spin channel material, but size limitation and compatibility with 

other TMDs is still being studied.12-14  

 

Figure 5.1: Schematic of the two-step ReS2 film synthesis followed by the 

heterostructure growth of ReS2/MoS2.  

5.2 Methods 
 

In this study CVD growth of ReS2 has been performed using a two-step growth 

system that gives us higher quality large are films. Atomically thin ReS2 films were 

synthesized directly onto 2 inch SiO2/Si wafers after a cleaning process with isopropanol. 

High purity sulfur powder (99.5% Sigma Aldrich) and rhenium (Re) (VII) oxide or 

ammonium perrhenate can be used as the precursors for growth. Sulfur (500 mg) was 
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directly positioned at the opening of the quartz tube furnace for a nice upstream flow, 

while the Re precursor was placed at the center hot zone of the furnace for a constant and 

controllable heat. Schematic of the quartz tube CVD furnace setup is shown in Figure 5.1 

for a better understanding of the growth procedure. The two-step growth cycle is also 

illustrated in Figure 5.1. During the growth argon gas was flown through the furnace at 

300 sccm for 15 min at 650 Torr. In the first cycle, the furnace was ramped from room 

temperature to 400 oC in 30 min and was kept there for 10 min. After a rapid cooling the 

samples were moved into a new tube followed by a ramp to 750 oC from room 

temperature in 40 min and kept there 10 min. The furnace was then cooled to room 

temperature in approximately one hour. Heterostructure films were achieved by growing 

liquid technique MoS2 films followed by the addition of ReS2 in a second step. The 

samples were investigated using Raman spectroscopy, X-ray photoelectron spectroscopy 

(XPS) and transmission electron microscopy (TEM).  

5.3 Results and Discussion 
 

Raman spectra of the ReS2 films were collected with a Horiba LabRAM HR 

spectrometer in the backscattering configuration with a wavelength of 532 nm. The 

measurements were performed in a confocal micro configuration using 100x microscope 

objective lens and all measurements made with a small-power excitation on the surface in 

order to avoid local heating.  Figure 5.2 shows the Raman spectrum of monolayer, few 

and bulk ReS2 from two-step CVD method. The characteristic phonon vibration modes 

of ReS2 can be seen in between 100-380 cm-1.13-14 The Raman spectrum shows more 

peaks compared to other TMD, which is attributed to the lower crystalline symmetry of 
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ReS2. The most predominant peaks are observed at 149.9 cm-1 and 208.6 cm-1 and 

associated with fundamental Raman E2g in plane and A1g like out of plane vibration 

modes.13-14 The Eg and Ag peaks are observed to not significantly change going from 

bulk to monolayers. 

 

Figure 5.2: Raman spectra of as grown ReS2 films from monolayer to bulk. 

 

Figure 5.3: Raman spectra of as grown ReS2/MoS2 heterostructure layers  
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In Figure 5.3 the Raman peaks for few layer MoS2 is depicted by the black line. 

The few layer heterostructures of ReS2 grown on MoS2 is shown with orange line and 

bulk like thicker heterostructures are shown with blue lines. While the MoS2 thickness 

was kept constant the comparison of few layer ReS2 heterostructure to bulk like 

heterostructure peaks positions show 1.8 cm-1 blue shift for both Eg and Ag like peaks 

and a clear intensity change. The same shift trend is observed for MoS2 peaks as well. 

Blue shift generally attributed to increase in phonon frequency after interacting with the 

incident photons. It is reported that as the layer thickness of MoS2 decreases Raman 

spectra show a blue shift.15,16 This might suggest that ReS2 helps MoS2 to decouple its 

interlayer vibrations and acts like a suspending medium or the ReS2 in heterostructure 

due to strain caused my lattice mismatch.  

Chemical compositions of the films were determined using a XPS system (Kratos 

Axis Ultradld). It’s equipped with an Al Kα monochoromated X-ray source and a 165-

mm electron energy hemispherical analyser while the pressure was kept at 3*10-9 torr. 

Figure 5.4 display XPS data for Re 4f and S 2p binding energies of the ReS2 sample 

matching literature findings.11 The elemental composition and bonding of the films as 

grown are examined as follows. The core 4f7/2 and 4f5/2 level peaks for Re located at 

42.4 and 44.8 eV found in Figure 5.4A matches studies done by T. Fujita et al. on 

exfoliated ReS2 material.11 The previous reports have consensus on the metallic Re peak. 

The lower binding energy level given for zero oxidation state Re is around 40.2 eV.17 The 

intermediate oxidation species of Re reports to varies in between 43.4 eV to 41.7 eV.17 

The XPS peaks coming from bulk material reported to have slightly lower binding 
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energies and exfoliated crystals shown to have higher binding energies.11,17,18 

Additionally in the presence of defect in the crystal structure for other 2D systems the 

binding energy shown to shift higher binding energies.17-19 Considering that these are 

CVD grown few to monolayer layer ReS2 they would have binding energy shifts coming 

from both defect structures and condiment related energy shifting effects. In a reduction 

study metallic Re is usually found around 40.2 eV, while other values above that 

correspond to different sulfur stoichiometric values in the ReS2 compound.17,18 The core 

2p3/2 and 2p1/2 level peaks for sulfur are located at 163 eV and 164.2 eV respectively 

seen in Figure 5.4B.  

 

Figure 5.4: XPS spectra of the as grown ReS2 sample. 

The elemental composition and bonding of the CVD grown ReS2/MoS2 

heterostructure films are examined using XPS in order to observe any change in the 

binding energy. The core 4f7/2 and 4f5/2 level peaks for Re located at 42.4 and 44.8 eV 

indicates rhenium as metal species with no inherent oxide. The core 3d5/2 and 3d3/2 
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level peaks for molybdenum located at 229.9 and 233 eV indicates molybdenum is 

characteristic for Mo +6 state. The core 2p3/2 and 2p1/2 level peaks for sulfur 

corresponding to the heterostructure are located at 162.8 and 164 eV respectively. No 

significant changes were observed in the binding energy shifting besides an increase in 

noise in the Mo binding energy and a minimal shift of 0.7 eV and 0.5 eV respectively 

compared to our previous work.20 

 

Figure 5.5: XPS spectra of the as grown ReS2/MoS2 heterostructures. 
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TEM and STEM imaging was performed at 300 kV accelerating voltage in an FEI 

Titan Themis 300 instrument, fitted with X-FEG electron source, 3 lens condenser system 

and S-Twin objective lens. High-resolution TEM images were recorded with at resolution 

of 2048x2048 pixels with an FEI CETA-16M CMOS digital camera with beam 

convergence semi-angle of about 0.08 mrad.  STEM images were recorded with 

Fischione Instruments Inc. Model 3000 High Angle Annular Dark Field (HAADF) 

Detector with probe current of 150 pA, frame size of 2048x2048, dwell time of 15 

µsec/pixel, and camera length of 130 mm.  

The ReS2 film was determined to form polycrystalline thin film epitaxially 

oriented with <100> axis normal to the film surface. The structural parameters as 

determined by electron diffraction, HRTEM and STEM imaging are consistent with the 

parameters of the triclinic ReS2 as published by Murray at al. 1994 where Re is in 

distorted octahedral coordination with respect to sulfur. The ReS6 octahedra form 

continuous sheets parallel to the bc plane, the layers are stacked along the <100> 

direction with weak S-S bonding.21 

The thin film as grown is formed by laterally ingrown small crystals of irregular 

pseudo-hexagonal shape with typical grain diameter of about 50 nm. Individual crystal 

grains consist of small domains 2 to 10 nm in diameter rotated with respect of the film 

normal at small angles observed in Figure 5.6. The platelets are stacked on top of each 

other forming terrace-like structures with 2 to 5 or more platelets piling on top each other. 

The thickness of the platelets varies between 2 to 8 nm or 3 to 12 ReS2 octahedral layers. 

There is considerable degree of disorder within the platelets with stacking errors, 
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dislocations, layer corrugation and positional disorder of the constituent Re and sulfur 

atoms. 

 

Figure 5.6:  High-resolution STEM image of ReS2 platelets forming thin film with the 

film surface normal to the <100> direction.   

The partially overlapping platelets form stacks. The contrast is roughly 

proportional to the film thickness, with darker areas representing thinner film particles. 

As insets are shown in Figure 5.6 a selected area electron diffraction pattern (SAED) 
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(upper left) and an HR-TEM image along <100> zone axis of a small ReS2 domain 

representing well ordered triclinic structure with columns of Re atoms clearly resolved 

(lower left). The SAED pattern was taken with large aperture selecting an area of about 5 

µm in diameter. 

 

Figure 5.7: HRTEM image taken along direction parallel to the ReS2 film surface 

revealing the film structure in cross-section and visualizing directly the thickness of the 

platelets forming the film. 

The perfect ring pattern clearly demonstrates, first the epitaxial growth with film 

normal parallel to <100> of triclinic ReS2 with ReSe2-type structure, and second that the 

platelets are randomly rotated within the plane of the film surface. The ring reflections 
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marked “1” and “2” have a slightly diffuse character and represent several reflections 

forming a ring. Ring reflection “1” has inner and outer radii corresponding to d-spacings 

between 5.6Å and 5.3Å respectively, suggesting that reflections of type 001, 011, 010 are 

grouped there. Ring reflection “2” has also appreciable width and it corresponds to d-

spacings within the range 2.8 to 2.6Å, that can be attributed to 002, 022, and 020 type 

reflections. 

As insets are shown an FFT pattern (lower left) in Figure 5.7 of the HRTEM 

image and a magnified view (upper right) of a portion of the thin platelet lattice image. 

The interplanar spacing of 6.1 Å between the ReS2 layers is marked on the FFT, 

confirming the single layer periodicity of the ReS2 structure that is also clearly visible on 

the inset lattice image. 

Figure 5.8 shows three domains with different orientations that are separated by a 

twin grain boundary with each other. We can observe the zipping effect seen in the 

bottom right corner of two of the grain and the atom orientation seems to be disturbed. It 

seems as if the two domains found at the bottom right corner are sitting on top of the third 

domain due to the contract difference and similar in properties as described in Figure 5.6.  
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Figure 5.8: Image illustrating the grain boundaries between individual grains of ReS2 

acquired in STEM mode. 

5.4 Conclusion 
 

In summary, we reported the ability to obtain atomically thin large area layers of 

ReS2 and observe heterostructure effects with MoS2. Overall effects on the 

heterostructure were reported in small Raman shifting of the MoS2 peaks, while no 

significant changes were observed in the XPS besides an increase in noise. The ReS2 

domains were heavily studied using TEM to confirm quality.  
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