
 
 

BEYOND GRAPHENE: MONOLAYER TRANSITION METAL 

DICHALCOGENIDES, A NEW PLATFORM FOR SCIENCE 

Carl Hugo Naylor 

A DISSERTATION 

in 

Physics & Astronomy 

Presented to the Faculties of the University of Pennsylvania 

in 

Partial Fulfillment of the Requirements for the 

Degree of Doctor of Philosophy 

2017 

 

Supervisor of Dissertation 

______________________      

A.T. Charlie Johnson, Professor, Department of Physics & Astronomy.  

      

Graduate Group Chairperson 

______________________ 

Ravi Sheth, Professor, Department of Physics & Astronomy. 

 

Dissertation Committee 

Marija Drndic, Fay R. and Eugene L. Langberg Professor, Department of Physics & Astronomy. 

Cherie Kagan, Stephen J. Angello Professor, Department of Electrical & Systems Engineering. 

Mark Trodden, Fay R. and Eugene L. Langberg Professor and Chair, Department of Physics & Astronomy. 

Robert W. Carpick, John Henry Towne Professor and Chair, Department of Mechanical Engineering & 

Applied Mechanics. 



BEYOND GRAPHENE: MONOLAYER TRANSITION METAL DICHALCOGENIDES, A NEW 

PLATFORM FOR SCIENCE 

COPYRIGHT 

2017 

Carl Hugo Naylor 

 

This work is licensed under the  

Creative Commons Attribution- 

NonCommercial-ShareAlike 3.0 

License 

 

To view a copy of this license, visit 

https://creativecommons.org/licenses/by-nc-sa/3.0/us/  

https://creativecommons.org/licenses/by-nc-sa/3.0/us/


iii  

 

 

 

This work is dedicated to my loving fiancé Mandy; my devoted parents Peter and Vicky; 

and my inspiring siblings Adam, Alice, Bruno, and Peter Jack. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 

 

ACKNOWLEDGMENT 

 

It is my pleasure to acknowledge here all those who were instrumental in my doctoral 

education. 

 First and foremost, I would like to thank my PhD advisor: Professor A. T. Charlie 

Johnson. Charlie, you were instrumental throughout my years at the University of 

Pennsylvania. Thank you for providing me continuous guidance, support, and trust, 

without which I would not be where I am today. Your scientific knowledge, leadership, 

and passion for the field equals some of the greatest scientists of this era. Under your 

mentoring, I was able to thrive and develop unique skills and knowledge that have 

enabled me to become a better scientist and person in todayôs society.  

  Secondly, I would like to thank all my collaborators and or peers at the University 

of Pennsylvania. Former PhD students: Dr. Nicholas J. Kybert and Dr. Mitchell B. 

Lerner. You both took me under your wings when I joined the lab, and taught me the ins 

and outs of experimental research within nanotechnology. You both quickly became 

more than mentors to me; you have become and will remain some of my closest friends. 

William M. Parkin, a graduate student peer and a close friend from Professor Drndic 

group that I frequently consulted on many experiments. Will, you were instrumental in 

most of the work performed in this thesis, your extended understanding of electron 

microscopy and general scientific knowledge is truly remarkable. Thank you for being 

my right-hand man in many of my publications, and for your support throughout my 

thesis. Dr. Ganghee Han and Dr. Zhaoli Gao, former postdoctoral students in the lab. 



v 

 

Your knowledge on the synthesis of materials by chemical vapor deposition is unmatched 

and have enabled me to thrive in this field, thank you. William Zhou, a very promising 

graduating Senior. Thank you for assisting me on many projects; your scientific potential 

and sense of humor will lead you to unimaginable achievements. It was an honor to have 

mentored you during your undergraduate years. Anthony T. Chieco, a graduate student 

peer and a close friend from Professor Durianôs group. Thank you for keeping me sane 

and on track during our lunch breaks and for the general discussions weôve had where 

youôve helped me see pass the everyday lab issues. I would like to thank previous and 

current postdoctoral, graduate and undergraduate students of the Johnson group: Dr. John 

Qi, Dr. Eric Datolli, Dr. Jinglei Ping, Dr. Qicheng Zhang, Dr. Mengqiang Zhao, Dr. 

Madeline Diaz, Dr. Pedro Ducos, Sung Ju Hong, Hojin Kang, Ramya Vishnubhotla, 

Christopher Kehayias, Ram Gona, Amey Vrudhula, Alexander Hunt IV, Jeremy Yodh 

and Camilla Schneier. I would like to thank Professor Marija Drndic, Professor Robert 

Carpick, Professor James Kikkawa, Professor Andrew Rappe, Professor David Srolovitz, 

Professor Ritesh Agarwal, Professor Ertugrul Cubukcu, Professor Cherie Kagan, and 

their respective students, for all the wonderful collaborations and discussions that lead to 

scientific breakthroughs. I would like to thank Noah Clay and the staff at the Singh 

Center for Nanotechnology for their assistance in many of my work. I would also like to 

thank my graduate student classmates: William Parkin, Anthony Chieco, Michele Kim, 

Nathan Lourie, Steven Gilhool, Zachariah Addison, Eric Wong, Wei-Shao Wei, Sara 

Stanchfield, Rob Fletcher, Tom Dodson, and Sang Hoon Chong, for all the comradery 

throughout graduate school classes, and throughout the past five years.  



vi 

 

I would like to thank my family. Mum and Dad. Thank you for your 

unconditional love and support in the past twenty-eight years.  Living so far from home 

can be daunting at times, but you made it easier with the Skype calls, the Whatsapp 

messages, and the Philly visits. Everything I have achieved today was made possible 

because of your hard work, your sacrifices and your commitment to all your children, and 

for that I am eternally grateful. My siblings: Adam, Alice, Bruno, and Peter Jack. Thank 

you for inspiring me every day to be better - Adam, with your passion, Alice, with your 

fearlessness, Bruno, with your determination, and Peter Jack, with your enthusiasm. You 

are the best brothers and sister I could ask for, and I know I can always seek your 

guidance in times of need. 

Finally, I need to thank my fiancé Mandy. And our little dog Penny. You both 

make all the troubles and difficulties of the lab disappear as I walk through the door. 

Mandy, you are my inspiration, you are the love of my life, thank you for supporting me 

every day through the good times and bad, thank you for the love you give me, thank you 

for taking this journey with me, without you none of this would have been possible, thank 

you. 

 

 

 

 

 

 

 



vii  

 

ABSTRACT 

 

BEYOND GRAPHENE: MONOLAYER TRANSITION METAL 

DICHALCOGENIDES, A NEW PLATFORM FOR SCIENCE 

 

Carl Hugo Naylor 

A.T. Charlie Johnson 

 

Following the isolation of graphene in 2004, scientists quickly showed that it 

possesses remarkable properties. However, as the scientific understanding of graphene 

matured, it became clear that it also has limitations: for example, graphene does not have 

a bandgap, making it poorly suited for use in digital logic. This motivated explorations of 

monolayer materials ñbeyond grapheneò, which could embody functionalities that 

graphene lacks. Transition metal dichalcogenides (TMDs) are leading candidates in this 

field. TMDs possess a wide variety of properties accessible through the choice of 

chalcogen atom, metal atom and atomic configuration (1H, 1T, and 1Tô). Similar to 

graphene, monolayer TMDs may be produced on a small scale through mechanical 

exfoliation, but useful applications will require development of reliable methods for 

monolayer growth over large areas. In this thesis, I report our groupôs recent progress in 

the chemical vapor deposition (CVD) of high quality, large area, monolayer TMDs under 

a 1H atomic configuration, which were integrated into high-quality biosensor arrays. 

These devices were incorporated in a flexible platform and were used for electronic read 

out of binding events of molecular targets in both vapor and liquid phases. I also report 
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our findings on the CVD growth of monolayer TMDs in the 1Tô atomic configuration and 

measurements of their physical properties. 1Tô TMDs have been labeled the holy grail of 

materials due to theoretical predictions that they are 2D topological insulators; however 

they remain relatively unexplored due to the difficulty of monolayer growth and their 

lack of stability in air. Through careful passivation techniques, we were able to stabilize 

the as-grown monolayer 1Tô TMD flakes and perform the first characterizations on the 

structure. Lastly, in-plane 2D TMD heterostructures are promising material systems that 

combine the unique properties of each TMD. I discuss our results on the synthesis and 

study of 1H TMD heterostructures and unique 1H/1Tô TMD heterostructures. TMDs, 

with its many different accessible physical properties, coupled with the large variety of 

applications, have been classified as the leading nanomaterials in the realm ñbeyond 

grapheneò. 
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CHAPTER I.  

Overview of Thesis 

Nanomaterials have had tremendous impact in todayôs technologies and will 

continue to further impact tomorrowôs technologies. Potential applications of 

nanomaterials include biosensing, energy storage, next generation quantum computing, 

and many more; hence, an apparent need to research novel nanomaterials. To study 

monolayer materials, scientists preferentially result to mechanical exfoliation from bulk 

materials; however, mechanical exfoliation offers small amounts of monolayer material 

and thus is not a scalable method for industrial applications. 

Graphene, one of the most studied nanomaterial throughout the past decade, 

offers a large range of properties that are accessible in the monolayer form. Graphene is 

reported to be the strongest material ever tested,1,2 it is biocompatible,3 and possesses 

high electron mobility due to massless-like charge carriers.4,5 Despite its remarkable 

qualities, graphene lacks key property essential to the semiconducting industry: a 

bandgap. The bandgap enables the tuning of the electrical resistivity of a material from an 

ñonò state to an ñoffò state; this tuning capability is key for digital logic devices. 

Consequently, new materials are being explored that possess the qualities that graphene 

lacks. These next generation of nanomaterials belong to the realm ñbeyond grapheneò. 

The goal of this doctoral thesis is to develop a reliable synthesis method for a 

subset of next generation nanomaterials called transition metal dichalcogenides (TMDs). 
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Growth was performed by chemical vapor deposition (CVD) and material 

characterization was accomplished with a variety of tools that include spectroscopy, 

microscopy, and three terminal electrical measurements. These nanomaterials were 

incorporated into innovative applications such as biosensors. Biosensors offer the ability 

to detect low concentrations of chemical and biological targets that have potential 

applications as early stage diagnostics of diseases or general healthcare monitoring 

systems. TMD devices can be used for a wide variety of applications, such as military, 

medical, and leisure activities. To further realize these applications, the TMD devices 

were incorporated onto flexible substrate that could potentially be incorporated into 

fabric. 

In Chapter 2 of this thesis, I will provide a short review of essential solid state 

physics knowledge necessary for the full understanding of this thesis. To this extent, I 

will discuss the different atomic arrangements and interactions involved within a solid 

and the key differences between a metal, an insulator, and a semiconductor. By utilizing 

the free electron model, the Kronig-Penney model, and band theory, I will explain the 

origin of the different properties within solids and the outcome that they have on the 

electronic structure of monolayer materials. I will follow this discussion with the 

introduction of ñtraditionalò monolayer materials, graphene and hexagonal boron nitride 

(hBN), which motivated the exploration for next generation nanomaterials. This will lead 

us to the introduction of TMDs and specifically the group 6 metal TMDs, followed by 

detailed differentiation between the 3 possible atomic configurations for monolayer 

TMDs: the 1H phase, the 1T phase, and the 1Tô phase. Each phase has an impact on the 
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intrinsic properties of the monolayer TMD. I will also highlight other emerging 

nanomaterials ñbeyond grapheneò, such as phosphorene and MXenes. 

Chapter 3 will review the experimental methods that were essential in 

synthesizing, characterizing and evaluating the overall quality of our 2D materials. I will 

highlight how one can isolate a 2D material, either through exfoliation or by direct 

synthesis, such as CVD. I will detail the different characterization techniques 

(microscopy and spectroscopy) involved in the exploration of the 2D TMDs. Atomic 

force microscopy enables the carful characterization of the topography and height of the 

nanomaterials. Raman spectroscopy provides a fingerprint of the atomic vibration 

frequencies, identifying the compounds present and their atomic configuration. Electron 

microscopy (scanning, tunneling, and aberration corrected) offers valuable direct imaging 

of the nanomaterialôs surface. Three terminal measurements give an estimation of the 

overall electronic quality of the nanomaterial. I will discuss how three terminal 

measurements are manufactured, explain the principle behind the measurements (utilizing 

the previous band theory discussion), provide examples of three terminal measurements 

on different nanomaterials, and explain the mechanism behind the local chemical gating 

effect. The local chemical gating effect plays a fundamental role in biosensing, which 

will be discussed in Chapter 4. 

 In Chapter 4, I will discuss our groupôs work with the most common TMD to 

date, 1H molybdenum disulfide (1H-MoS2). I will report our synthesis method by CVD 

of high quality, large area, monolayer 1H-MoS2. 1H-MoS2 is directly synthesized on a 

silicon/silicon-dioxide (Si/SiO2) substrate by the reaction between an ammonium 
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heptamolybdate source (Mo feedstock) and sulfur vapor (S feedstock). This growth 

method offers large areas of monolayer single crystal 1H-MoS2 flakes that can be 

transferred onto any desirable substrate (e.g. pre-patterned photolithography devices for 

scalable 1H-MoS2 devices). The amount of 1H-MoS2 flakes and the growth location can 

be predetermined with the seeded growth method. Seeded growth method utilizes small 

Mo sources that are positioned at predetermined locations where the resulting 1H-MoS2 

flake grows. Due to the highly efficient growth process for dense monolayer 1H-MoS2 

flakes, we were able to incorporate the MoS2 into many innovative applications such as 

biosensors. I will report our work on a scalable 1H-MoS2 biosensor that was 

functionalized to detect small traces of opioids (painkillers). Opioid overdose accounts 

for over 30,000 deaths a year in the United States (US).6,7 There are an estimated 250 

million prescriptions for opioids handed out per year in the US, which is equivalent to 

one prescription per adult living in the US.6,7 These statistics highlight the urgent need to 

understand the interactions opioids have with our bodies. The 1H-MoS2 opioid biosensor 

is a first step towards helping medical doctors prescribe the accurate amount of 

painkillers. The 1H-MoS2 devices were also electrically measured in the presence of 

vapor analytes. The intriguingly high responses of the 1H-MoS2 flakes to small traces of 

vapor analytes suggest a more complex interaction mechanism than solely the 1H-MoS2 

surface with the analytes. By transmission line measurements, we identified that changes 

in electrode-MoS2 contact resistance play an important role in the responses to vapor 

analytes. In addition, I will discuss how we manufactured a universal biosensor utilizing 

monolayer hBN films. By synthesizing large areas of monolayer hBN by CVD, we 

transferred the hBN on top of the scalable 1H-MoS2 devices, ergo creating a 1H-
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MoS2/hBN heterostructure. This heterostructure can be functionalized independently of 

the underlying 1H-MoS2 since the functionalization chemistry depends solely on the top 

hBN layer, thus turning the 1H-MoS2/hBN heterostructure into a universal biosensor. 

These devices were incorporated onto flexible/bendable substrates. Flexible devices are 

necessary for wearable and portable electronics. We transferred the 1H-MoS2 flakes onto 

a flexible substrate made with kapton, creating scalable flexible 1H-MoS2 devices that 

can be utilized for biosensing applications and much more. Finally, in this chapter, I will 

highlight the recent work performed by some of our collaborators with our high quality 

synthesized monolayer 1H-MoS2. This work includes the band alignment and mini-gaps 

in monolayer MoS2-graphene van der Waals heterostructures, electrical tuning of 

exciton-plasmon polariton coupling in monolayer MoS2 integrated with plasmonic 

nanoantenna lattice, and optomechanical enhancement of doubly resonant 2D optical 

nonlinearity. 

 Chapter 5 will highlight additional monolayer 1H materials that were synthesized 

by our CVD method. I will discuss the synthesis of 1H-WS2, 1H-MoSe2, and 1H-WSe2. 

Each 1H TMD has unique properties that differentiates it from its 1H TMD counterpart. 

For instance, 1H-WS2 possess high photoluminescence due to large exciton binding 

energy, and 1H-WSe2 is the only TMD known to be an intrinsic p-type semiconductor. 

By our efficient growth method, we are able to explore all of the different metal group 6 

1H TMDs and utilize them in different applications. I will discuss the work performed on 

monolayer WS2 nanopores for DNA translocation with light-adjustable sizes. Finally, I 

will discuss our work on the combination of 1H TMDs to form in-plane heterostructures. 
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In-plane heterostructures offer the prospect of uniting the unique properties of each TMD 

into one material, for this reason they are currently heavily explored. For example, 1H-

WS2 has a larger bandgap than 1H-MoS2 and thus emits light at a different energy. But 

when synthesizing in-plane monolayer 1H-MoS2/1H-WS2 heterostructures, we are able to 

obtain a material that has specific regions with either bandgap value. By fluorescence 

measurements we were able to specifically choose which region of the heterostructure 

emits light (either the 1H-MoS2 or the 1H-WS2). 

In Chapter 6 we will shift our focus towards monolayer 1Tô TMDs. Monolayer 

1Tô materials are unexplored due to their high instability in air and the difficulty of 

synthesizing monolayer materials in the 1Tô phase. Indeed, mechanical exfoliation of 

bulk 1Tô TMDs down to the monolayer form has been proven challenging, as the 

resulting monolayer material decayed during the exfoliation process. I will show that the 

direct synthesis of monolayer 1Tô TMDs is possible. I will discuss monolayer single-

crystal 1Tô-MoTe2 grown by chemical vapor deposition which exhibits a weak 

antilocalization effect. This will be followed by a discussion of the intrinsic phonon 

bands in high quality monolayer 1Tô-MoTe2. This synthesis is not limited to the 

molybdenum-containing TMDs and was applied to the tungsten compounds as well, with 

the large-area synthesis of high-quality monolayer 1Tô-WTe2 flakes. As mentioned 

previously, in-plane heterostructures of TMDs with similar atomic configurations are 

currently being explored. We were able to synthesize a unique in-plane heterostructure 

combining two different atomic configurations (1H and 1Tô). I will also detail the 
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synthesis and properties of monolayer transition metal dichalcogenide 1H/1Tô 

heterostructures in this chapter. 

A summary of the work discussed in this thesis can be found in Chapter 7. I will 

highlight our results of the TMDs grown in the 1H and 1Tô phase as well as their 

potential applications. I will also summarize the work performed on the various in-plane 

TMD heterostructures. Finally, I will discuss the outlook for TMDs including potential 

hurdles that need to be overcome for technological applications and future work that will 

begin in our lab over the next few years. 
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CHAPTER II .  

Fundamental Properties of Materials, from Bulk to Monolayer 

The properties of materials derive from their intrinsic atomic arrangement and 

bonds. Metals, insulators and semiconductors are all made of atoms, however they differ 

in their electronic band structure. These properties can be altered when the size, width or 

height is changed. In the monolayer form, new physics appears and materials exhibit 

fascinating and unique properties.  

In this Chapter, I will first give a brief overview of solid state physics. I will then 

introduce the ñtraditional materialsò, such as graphene and hexagonal boron nitride, and 

detail why materials research is expanding in the field ñbeyond grapheneò. I will 

introduce transition metal dichalcogenides (TMDs), highlighting their many exciting 

properties in the monolayer form that can be altered by exchanging the combination of 

elements or by modifying the atomic configuration. Finally, I will briefly highlight other 

promising 2D materials currently being explored in the realm ñbeyond grapheneò. 
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2.1 Overview of solid state physics  

 2.1.1 Atomic arrangement of solids 

 Atoms in a solid can arrange themselves in three possible configurations: 

monocrystalline, polycrystalline and amorphous.8,9 

 Monocrystalline (or single crystal) is a periodic arrangement of the atoms in all 

three directions of space (or two directions for monolayer) in the material.8,9 The lattice is 

continuous throughout the entire sample with no discontinuities or grain boundaries 

(figure 2.1.1). A high quality material tends to be single crystal as the presence of defects 

or grain boundaries can cause electrical resistivity to increase (or conductivity to 

decrease).10 Scientists synthesizing large areas of monolayer materials try to achieve 

these large areas of single crystals to reduce the amount of grain boundaries that can 

reduce the overall performance. 

 Polycrystalline solids are made of many monocrystalline grains.8,9 These grains 

are randomly oriented with respect to each other and are of variable sizes. When two 

grains merge they form a grain boundary (figure 2.1.1), which is the location of chemical 

impurities in the material.11 As detailed above, grain boundaries decrease the electrical 

performance of the material.10 Grain boundaries are also a preferential site for the 

precipitation of new phases from the solid and the onset of corrosion.12 A grain boundary 

can be used as a seed location site for the growth of a different material around the 

original crystal (please see sections 5.2 and 6.3 for more details on in-plane 

heterostructures).13,14 
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 Amorphous material (non-crystalline) refers to a material that has no atomic 

arrangement for short distances, it lacks long range order (figure 2.1.1).8,9 Due to the 

nature of chemical bonding however, amorphous materials have some short range order. 

Amorphous films, such as few nm of SiO2 are very important in semiconductor 

technology as they represent the insulator (oxide) in the metal-oxide-semiconductor field-

effect transistor (MOSFET) device (please see section 3.2.4 for more information 

regarding MOSFET technology). 

 

Figure 2.1.1. Schematic of atoms in different crystal arrangements. Single crystal, the atoms are in a 

periodic order all across the material.  Polycrystalline, grain boundaries between different regions of 

single crystal. Amorphous, no order. 
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2.1.2 Atomic interactions within a solid 

Atoms constitute a solid and can interact in many ways. There are four 

predominant bonds that are used to explain phenomena observed throughout this thesis: 

covalent bond, ionic bond, metallic bond and van der Waals forces. 

Covalent bond is a strong, directional bond that results from the sharing of 

peripheral electron pairs between 2 atoms in order to satisfy noble gas configuration.8,9 

Examples of covalent bonding can be seen in figure 2.1.2.1. A coordinate covalent bond, 

also known as a dative bond, is when the 2 electrons that form the covalent bond are 

brought in from the same atom. 

 

Figure 2.1.2.1. Schematic of covalent bond. a) Covalent bond for H2. b) Covalent bond for Si. 

 Ionic bond is a strong, directional bond, which is the result of a complete transfer 

of electrons between atoms known as an electrovalence.8,9 When two oppositely charged 

ions interact (an anion and a cation), the extra electron on the anion will transfer to the 

cation in order for both atoms to have filled outer shells. Figure 2.1.2.2 is an example of 

ionic bond with sodium chloride. Sodiumôs atomic configuration is: 1s22s22p63s1. It has 2 
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electrons on first shell, 8 on second shell and 1 on the outer shell. Chlorineôs atomic 

configuration is 1s22s22p63s23p5. It has 2 electrons on first shell, 8 on second shell and 7 

on the outer shell. The chlorine will take the extra electron off the sodium to fill its outer 

shell, creating sodium chloride through this ionic bond. 

 

Figure 2.1.2.2. Schematic of ionic bond. Sodium and chlorine will come together to make sodium 

chloride. 

Metallic bond is a strong, non-directional, strongly polarized bond that is the 

outcome from the attraction of free valence electrons in a lattice of positively charged 

metal ions.8,9 Whereas the electrons in a covalent or ionic bond are fixed, the electrons 

involved in metallic bonds can delocalize creating a sea of electrons. It is this sea of 

electrons that contributes to the high electrical conductivity of metals. Figure 2.1.2.3 is an 

example of metallic bonds creating a sea of electrons. For example gold (Au), a known 

metal, filling the molecular orbitals we obtain the electronic configuration: [Xe] 4f14 5d10 

6s1, 6s1 is only half full and represents the free electron. 
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Figure 2.1.2.3. Schematic of metallic bond. In a lattice of metallic bonds, the electrons are delocalized 

creating a sea of electrons. 

Van der Waals force is a weak, attractive force, it is the driving force keeping the 

stacked monolayer sheets together in a bulk material.15 For example, graphite is many 

layers of graphene held together by weak van der Waals forces (figure 2.1.2.4). 

 

Figure 2.1.2.4. Van der Waals force between graphene layers in bulk graphite. 
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2.1.3 Metal, insulators and semiconductors 

Metals (M), insulators or oxide (O) and semiconductors (S) are vital in the MOS 

field effect transistor (MOSFET) technology (please see section 3.2.4 for details on 

MOSFET devices) used throughout this thesis to estimate the quality of a 2D material. 

Metals are good electrical and thermal conductors, this originates from their outer 

delocalized electrons that we described in the previous section 2.1.2 (metallic bond).8,9 

The delocalized electrons are a sea of highly mobile electrons. Without an electric field, 

there is a random motion of the electrons. An electric field can be generated through an 

applied potential U across the material, . The electric field will generate a 

coulomb force  that will make the electrons move and this will make a current 

appear. The resistivity of metals are on the order of ɟ ~ 10-6 ɋ.cm.  

Insulators, which include oxides such as SiO2, are not conductors of electricity. 

Their internal electric charges do not flow freely. By applying an electric field no current 

can be measured. However no insulator is perfect and by applying a very large electric 

field there is a small number of mobile charges that can carry current. When a massive 

electric field is applied, the electric field will tear electrons away from the atoms.16 This 

is known as the breakdown voltage and is the origin of gate leaks in a MOSFET device 

(discussed in section 3.2.4). Insulators have very high resistivity ɟ >> Mɋ.cm. 

Semiconductors are materials where the conduction properties can be tuned.8,9 

Semiconductors are named based on their position in the periodic table, for example Si is 

called a group IV whereas GaAs is called a III-V semiconductor. There are two types of 
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semiconductors, intrinsic and extrinsic.8,9 Intrinsic semiconductors are materials that are 

perfect semiconductors in their single crystal form (e.g. pure Si). Extrinsic 

semiconductors are doped materials, adding impurities will induce various conduction 

properties. It can be n-doped or p-doped depending on the charge carrier (please see 

section 2.1.4 for further details). Furthermore, thin film semiconductor material can be 

dictated from an on to an off state by an induced electric field (this is as MOSFET device 

that will be discussed further in section 3.2.4). The resistivity of semiconductors is 10-3 Ò 

ɟ Ò 103 ɋ.cm. In contrast to a metal, as the temperatures increase, the conductivity 

increase (decrease of resistance).8,9 The tuning of the electrical resistivity is an incredible 

feature that makes high quality semiconductors a large area of research in academic and 

industrial settings. 



16 

 

2.1.4 Band theory 

Band theory of solids highlights the key differences between a conductor, 

insulator and a semiconductor.  

As we discussed in the previous section 2.1.2, metallic bonds contain free valence 

electrons in the lattice.8,9 One gold (Au) atom has an electronic configuration: é6s1, 

meaning it has one free electron on a molecular orbital 6s1 and the other levels are full. 

Based on quantum molecular orbital theory, when this Au atom is brought in close range 

with another Au atom their 6s orbitals will overlap and they will share a pair of electrons 

between those two orbitals.8,9 From quantum mechanics we know energies are quantized 

(fixed values), the orbitals will combine making a new molecular orbital with a lower in 

energy called ů-bonding orbital and a higher energy called ů*-antibonding orbital (figure 

2.1.4.1).8,9 The electrons will fill the lower energy state giving a filled ů-bonding orbital 

and an empty ů*-antibonding orbital (figure 2.1.4.1).  

 

Figure 2.1.4.1. Schematic of orbital overlap. 

When additional Au atoms are brought in, more energy levels are created, the 

energy levels will start to get closer together due to the Paul exclusion principle.8,9,17 
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When n Au atoms are present, with n on the order of Avogadro constant (6.022*1023), the 

energy levels are very compact (figure 2.1.4.2). These levels are so close that they are 

referred to as bands, with the ů-bonding orbitals the valence band EV and the ů*-

antibonding orbitals the conduction band EC. In figure 2.1.4.2, the bands are so close that 

an electron can easily jump up and down to different levels within a band with minimal 

amount of thermal energy, when an electron reaches the EC band electrical current is 

observed. The highest occupied electron state at 0 K is called the Fermi energy, however 

in systems with thermal fluctuations we refer to a Fermi level (EF). It is the energy level 

with a 50% probability of being occupied at finite temperature T.8,9,18 The probability that 

a given available electron energy state with energy E will be occupied at a given 

temperature is defined by the Fermi function f(E) (derived from Fermi-Dirac 

statistics)8,9,18: 

 

This equation dictates that at ordinary temperatures, most of the levels up to the Fermi 

level EF are filled, and that relatively few electrons have energies above the Fermi level. 

The position of EF with respect to the EC and EV bands is the defining criteria between a 

metal, insulator and semiconductor. 
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Figure 2.1.4.2. Filling of the energy levels for increasing amount of Au atoms. 

For a metal, EF is located in the band (figure 2.1.4.3). The electrons can enter Ec 

with minimal energy and we obtain high current. Thus the outer electrons are said to be 

ñfreeò and will move under an electric field as described in section 2.1.3. 

For an insulator, there is a large gap between EC and EV preventing electrons from 

entering EC therefore preventing any conduction. EF is far from the bands (figure 2.1.4.3). 

If a massive electric field is applied electrons could potentially be extracted as explained 

in section 2.1.3, however this is called the breakdown voltage and to be avoided. 

 

Figure 2.1.4.3. Energy diagram for a metal, semiconductor and insulator. 
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For a semiconductor, the gap between EC and EV is small and therefore EF is close 

to the bands (figure 2.1.4.3). Only a small amount of energy is necessary to induce 

conduction. We classify semiconductors into two categories, n-type and p-type. For a n-

type semiconductor EF is closer to EC and leads to preferential electron conduction, for a 

p-type semiconductor EF is closer to EV and leads to preferential hole conduction (figure 

2.1.4.4).8,9 By doping the material, EF can be moved closer or further away from the 

bands making it easier or harder to conduct. For example Si is a known semiconductor, 

however a highly p-doped Si (p++-Si) acts like a metal as EF is low in the EV band. By 

controlling EF you can dictate whether the semiconductor conducts or not. In MOSFET 

technologies, where thin film semiconductors are used (MOSFET operation is discussed 

in further detail in section 3.2.4), EF can be controlled under an electric field making the 

semiconductor act as an on/off switch. Semiconductors are extremely promising and vital 

materials in todayôs technologies, they are present in all our electronics and billion dollar 

companies such as Intel make processors based of nm size semiconductors. 

 

Figure 2.1.4.4. Energy diagram for n-type and p-type semiconductor. 
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2.1.5 Free electron and Kronig-Penney model 

To explain the appearance of the bandgaps in a band diagram, we must first 

describe the free electron model.8,9,17 To simplify the model we will assume a 1D system. 

Starting with the time independent Schrödinger equation: 

 
A metal of length L, for 0< x < L we have V(x) = 0, outside the metal V(x) = Ð (infinite 

well). This is model makes sense since in section 2.1.2 we explained why a metal has a 

sea of delocalized electrons. The equation simplifies and becomes: 

 

 

 
Solving this equation gives a traveling wave, . The energy is 

 and yields a parabolic E vs K, this is the solution to the free electron model. The 

metal has a length L and sets the boundary conditions   to our wave 

function. Solving gives restrictions on k, where  and yields the solution 

 where n = 1, 2, 3, etc. Therefore  giving us discrete 
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energy levels. L (10-3 m) is large compared to the lattice spacing a (10-10 m), when 

plotting E vs k on a small scale such as nˊ/a, the discrete states for a free electron will 

look like a solid line. 

In semiconductors there is no sea of electrons and the electrons ñfeelò the 

coulombic potential of the lattice V(x). The potential V(x) is caused by ions in the 

periodic structure of the crystal creating an electromagnetic field, therefore the electrons 

are subject to a regular potential inside the lattice and V(x) Í 0.8,9,17 This coulombic 

potential of the lattice is the reason behind the gap opening. The Kronig-Penney (KP) 

model demonstrates that a simple one-dimensional periodic potential yields energy bands 

as well as energy bandgaps.8,9,17,19 An illustration of the KP periodic potential can be 

found in figure 2.1.5.1. 

 

Figure 2.1.5.1. The Kronig-Penney model. 

For simplified use, the potential barrier is a delta function with area V0b at x=a 

and repeated with a period of a. Details solving the KP model can be found in the 

reference.19 As b tends to 0 we obtain the following solution: 

, with  and  

Solving this equation numerically gives an E(k) relation that resembles a parabola 

except only specific ranges of energies are valid solutions and therefore allowed states, 



22 

 

while others are not (figure 2.1.5.2 red curve). If we set V(x) = 0, we obtain our parabolic 

free electron model described above (figure 2.1.5.2 green curve). The effect of the 

periodic barriers has led to gaps in the energy spectrum where the traveling wave has 

become a standing wave. The values for the plot in figure 2.1.5.2 were found using an 

available software from reference.20 

 

Figure 2.1.5.2. Solution to the Kronig-Penney (KP) and free electron model, plotted in extended zone 

scheme for entire reciprocal lattice. 

 An alternate way to think about the opening of the bandgaps, is in term of Bragg 

planes and diffraction. Bragg planes originates from the reciprocal lattice and represents 

the periodicity of the structure (similar to our periodic potential in the KP model).8,9 The 

Fourier transform in direct space of a lattice yields the reciprocal lattice and provides 

information with the periodicity of the structure in reciprocal unit. A 1D lattice of spacing 

a in direct space becomes 1/a in reciprocal space, and in k space becomes 2ˊ/a. The 

reciprocal lattice vector occurs by interval of 2ˊ/a from the choice of origin. A Bragg 

plane is the perpendicular bisector to a valid reciprocal lattice vector.8,9 The 
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perpendicular bisector to our reciprocal lattice vector will occur at intervals of ˊ/a. In our 

k space energy spectrum we insert Bragg plane lines at intervals of ˊ/a (dashed blue line 

in Figure 2.1.5.2). When a free electron (green curve in figure 2.1.5.2) touches a Bragg 

plane line, conditions for diffraction are satisfied and diffraction will occur.8,9 At the 

intersection, the traveling wave becomes a standing wave and this is forbidden due to 

Bloch theorem.8,9 Consequently the k value corresponding to the standing wave is 

prohibited. E vs k will get distorted near the diffraction condition and forbidden values 

will occur at the Bragg lines, yielding the red curve in figure 2.1.5.2. Using Bragg planes 

is an alternative way to visualize the band openings. 

Figure 2.1.5.2 reveals the opening of gaps in the energy diagram, however there 

are other ways of representing this plot. The choice of origin was selected for our 

convenience and is somewhat arbitrary, so therefore we can select the reciprocal lattice 

point 2́ /a as our origin. Shifting the plot by ± n2ˊ/a, the curves will build giving us a 

repeated zone scheme, figure 2.1.5.3a. 

 

Figure 2.1.5.3. Repeated zone scheme. a) Reciprocal lattice. b) First Brillouin zone. 
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 If we look solely at the region described as the first Brillouin zone. The Brillouin 

zone is a defined cell in the reciprocal space, it represents a region in space that you can 

access without crossing a single Bragg plane.8,9 The first Brillouin zone is defined from -

ˊ/a to +ˊ/a, the second Brillouin zone is defined from -2ˊ/a to -ˊ/a and ˊ/a to 2ˊ/a. If we 

plot the energy diagram for the first Brillouin zone we obtain figure 2.1.5.3b and all the 

information in the repeated zone scheme is now present in the first Brill ouin zone due to 

symmetry. All the conclusions made from inspecting the first Brillouin zone will actually 

be representative of the conclusion across the entire lattice in a periodic structure. This 

image can be drawn in terms of block diagram similar to section 2.1.4. As described in 

section 2.1.4, categorizing the material is dependent on the position of the fermi level 

(EF). If the energy gap (Egap) is small and EF is located in the gap, this defines a 

semiconductor. If the Egap is big we will have an insulator. No gap (free electron model) 

or large doping that results in EF located in the band would yield a metal. 

The most important consequence of the periodic potential is the formation of 

small bandgap at the boundary of the Brillouin zone.  

  Reducing material dimensions (Lx, Ly, Lz) to small length scales gives rise to 

novel chemical and physical material properties. The key differences between bulk and a 

0D is the quenching of the band diagram and yielding fewer energy levels (figure 

2.1.5.4). A direct example for this is the semiconductor molybdenum disulfide (MoS2) 

that will be described in Chapter IV, in bulk form (3D) MoS2 has a bandgap of 1.2 eV 

whereas in monolayer form (2D) it is 1.8 eV.21 
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Figure 2.1.5.4. Band diagram for a bulk semiconductor to a 0D quantum dot semiconductor. (Figure 

was modified from Professor Cherie Kagan ESE525 lecture). 

This confining is illustrated in the density of states (DOS) of a material, the DOS 

changes with dimensionality (figure 2.1.5.5). The DOS of a system describes the number 

of states per interval of energy, at each energy level, that are available to be occupied.8,9  

 

Figure 2.1.5.5. Variation of density of states as dimensionality of the system is reduced. (Figure was 

modified from Professor Cherie Kagan ESE525 lecture). 

The DOS explains why novel physics appear when one shrinks the dimensions of 

a system. You modify the energy diagram of a material, confine the electrons with 

physical barriers, and have direct influence on the charge carriers in the system that 

contribute to the electrical conductivity. 
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2.2 ñTraditionalò monolayer materials 

 2.2.1 Graphene 

Fundamental properties of graphene 

The term graphene was first used in 1987 to describe one sheet of graphite.22 

Graphene is a two dimensional allotrope of carbon atoms tightly packed in a hexagon 

network (figure 2.2.1.1).23 Each hexagon is made of 6 carbon atoms, referred to as a 

honeycomb lattice. Each carbon atom in the honeycomb lattice has four bonds, one ů-

bond with each of its three carbon neighbors (separated by a length a = 1.42 Å and an 

angle of 120°) and one ˊ-bond that is oriented out-of-plane.23 The ů-bond is made of a 

combination of hybridized orbitals (2s, 2px and 2py) or sp2.23 The ́ -bond refers to the 

remaining pz orbital and determines the low-energy electronic structure of graphene.23 

The unit cell of graphene (figure 2.2.1.1) contains two carbon atoms referred to A and B. 

The basis vectors of the unit cell are written as: 

            

 

Figure 2.2.1.1. Graphene. 
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When sheets of graphene are stacked together forming bi-layer, tri-layer or few 

layer graphene and are electronically coupled, we refer to the stacking order in terms of 

the A and B atoms.24 As shown in figure 2.2.1.2, when the A of the first layer is aligned 

with the B atom of the second layer we refer to it as AB stacking. If a third layer is 

stacked on top of an AB stacking there are multiple configurations possible. Most 

common stacking of tri-layer graphene are: the A atom of the third layer aligns with the 

AB atoms creating an ABA stacking (Bernal-stacking),24 or the center of the honeycomb 

lattice of the third layer aligns with AB atoms making an ABC stacking (rhombohedral-

stacking)24 figure 2.2.1.2. The layers are held together by a weak van der Waals forces.15 

The layer number and quality of graphene can be estimated by Raman (section 

3.2.2) and three terminal measurements (section 3.2.4). Raman will provide us with a 

vibrational fingerprint of our material, whereas the three terminal measurement will give 

us valuable information on the charge carrier mobility. 

 

Figure 2.2.1.2. Graphene stacking arrangements. 
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Graphene was first isolated in 2004 by Andre Geim and Konstantin Novoselov at 

the University of Manchester using mechanical exfoliation (please see section 3.1 for 

more details regarding mechanical exfoliation).25 Their work complimented theoretical 

descriptions of its composition, structure, and properties. Scientists are now able to 

synthesis large area of high quality graphene by chemical vapor deposition (CVD) 

(please see section 3.1 for details), which has enabled extended studies on this fascinating 

material.26 Graphene is reported to be the strongest material ever tested with an intrinsic 

tensile strength of 130 GPa and a Young's modulus (stiffness) of 1 TPa (1.5*108 psi).1,2 

Graphene maintains excellent carrier mobility when being deformed showing mechanical 

robustness that makes it ideal for flexible devices (see section 4.2.4 where graphene was 

incorporated onto a flexible substrate).27 Graphene is biocompatible and possesses a high 

surface to volume ratio due to its monolayer form, making it an effective biosensor.3 It 

has unique electrical properties that will be discussed in the following section.  

Electrical properties of graphene 

As discussed in the previous section, graphene possesses a honeycomb lattice 

carbon network.23 The carbon atoms in the lattice are held together by ů-bonds, however 

each carbon atom also possesses a ˊ-bond that is oriented out-of-plane.23 This pz orbital 

or ñˊò orbital determines the low energy state of graphene. Each unit cell has 2 carbon 

atoms (as described in figure 2.2.1.1) and therefore has 2 ˊ-bonds. The ˊ-bonds hybridize 

together to form the ˊ-band and ˊ*-bands.23 These bands are responsible for most of 

graphene's notable electronic properties and can be thought of as bonding (the lower 

energy valence band EV) and anti-bonding (the higher energy conduction band EC) in our 
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semiconductor illustration in section 2.1.4. The gap between the bonding (EV) and anti-

bonding (EC) closes at the corners of the Brillouin zone, or K points (see figure 

2.2.1.3a).4,28,29 This is why graphene is referred to as a zero bandgap semiconductor. The 

pi-band dispersion are approximately linear at the K point (also referred to as the Dirac 

point), instead of the typical parabolic bands for a semiconductor,4,28,29  

 

where ǩ is Planckôs constant h divided by 2ˊ, vF is the Fermi velocity in graphene 

(measured at approximately 106 ms-1, 300 times smaller than the speed of light), and k is 

the wave vector measured at the K point (figure 2.2.1.3b). A linear dispersion describes a 

particle with a kinetic energy vastly exceeding their rest mass energy (e.g. photons, 

neutrinos). Graphene owes its remarkable electron mobility (higher than any other 

measured material to date) to the quasi-massless nature of the charge carriers.4,28,29 For 

comparison, carrier mobility of various materials are shown in figure 2.2.1.3c. Suspended 

graphene has a mobility recorded up to 106 cm2V-1s-1.30,31 Extrinsic carrier scattering by 

substrate phonons limits grapheneôs room temperature mobility to 20,000 cm2V-1s-1.32,33 

On average, CVD grown graphene exhibits a mobility of about 105 cm2V-1s-1. 

 

Figure 2.2.1.3. Band structure of graphene. a) The graphene Brillouin zone. Six points where the 

conduction and valence bands meet, the K and Kô points are indicated in white. b) Linear 

dependence of the electron energy at the K and Kô points. c) Mobility values of various materials. 
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 In summary, graphene is a zero gap semiconductor, with a linear E vs k (unlike 

traditional 2D electron system which have parabolic bands) and charge carriers with zero 

effective mass. It has tremendous electrical properties that make it very promising for 

next generation devices. However grapheneôs lack of a bandgap is the reason scientists 

are exploring the field ñbeyond grapheneò at rapid pace (figure 2.2.1.4).34ï45 The bandgap 

is essential for on/off state in a transistor. The bandgap is also vital for the emission or 

absorption of light. A true 2D semiconductor would have high on/off ratio, reasonable 

values of mobility and large photoluminescence. 

 

Figure 2.2.1.4. Beyond graphene.45 
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2.2.2 Hexagonal boron nitride 

Hexagonal boron nitride (hBN) possess a honeycomb lattice similar to that of 

graphene, however instead of carbon atoms it is made of alternating boron and nitrogen 

atoms (figure 2.2.2.1).46 The boron and nitrogen atoms are tightly held together by 

covalent bonds and the layers are held together by a weak van der Waals force.46 hBN 

can be produced in bulk form similar to graphite and reduced down to monolayer using 

mechanical exfoliation (details regarding mechanical exfoliation can be found in section 

3.1). Scientists are currently trying to synthesis monolayer hBN by CVD, however the 

quality is still lacking (please see section 4.2.3 about our CVD growth process for hBN). 

The lattice constant of hBN is 2.5 Å,47 approximately 1.7% larger than that of graphene. 

It is a well-known insulator, referring back to section 2.1.4, indicating that it possesses a 

large bandgap that doesnôt permit the current flow of the charge carriers. hBN owes its 

5.2 eV bandgap46 to the different onsite energies of the boron and nitrogen atoms. 

 

Figure 2.2.2.1. Ball and stick model of hBN. 
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 Due to its large bandgap, hBN is commonly used as a passivation material. hBN 

is relatively inert due to the somewhat ionic in-plane bonding, and should be free of 

dangling bonds and surface charge traps.48ï51 hBN deposited on top of any given material 

wil l passivate it from the environment. Because of its insulating properties, hBN will 

have no ill effect on the electrical properties of the underlying material. In fact, the 

electrical properties of a material capped by hBN will yield higher results as the material 

is no longer subject to degradation or reactions with O2 and H2O molecules. 

With a lattice similar to that of graphene, hBN is known to complement graphene 

very well. As discussed in the previous section 2.2.1, suspended graphene has a mobility 

recorded at 106 cm2V-1s-1.30,31 However due to the extrinsic carrier scattering by the 

substrate phonons, grapheneôs room temperature mobility is measured at 20,000 cm2V-1s-

1. By utilizing hBN as the substrate instead of the traditional SiO2, the mobility values of 

the graphene are reported at 60,000 cm2V-1s-1, which is three times higher than on SiO2.
33 

Because of the honeycomb lattice and overall structure configuration similarity, the 

surface chemistry between hBN and graphene are comparable. A pi-pi stacking chemistry 

enables direct functionalization of the surface of graphene or hBN. Details of the surface 

chemistry of hBN can be found in the section 4.2.3 with a direct application towards a 

ñuniversal biosensorò. 

Its large bandgap and its high complementarity to other 2D materials (e.g. 

graphene) is why hBN has been extensively exfoliated and studied.33,48,52,53 However 

there is a real need for large area synthesis of high quality monolayer hBN to enable 

further studies and incorporate hBN into future technologies. 
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2.3 Beyond graphene: transition metal dichalcogenides 

 2.3.1 Overview of transition metal dichalcogenides 

Transition metal dichalcogenides (TMDs) are an extremely promising class of 

materials in the field ñbeyond grapheneò. TMDs, also referred to as MX2 materials, are 

made of metal atoms (M) sandwiched on either side by chalcogen atoms (X). The 

properties of the MX2 material are dependent on the choice of metal, chalcogen atom and 

the atomic configuration.35ï37,42,44 Figure 2.3.1.1 is an artistic representation of a 

monolayer MX2 under a 1H atomic configuration, the metal atoms are colored in 

turquoise and the chalcogen atoms in yellow. Layers of monolayer MX2 can be stacked to 

form bulk MX2. The height of monolayer MX2 is approximately 6-7 Å and can be 

recorded by atomic force microscopy (AFM) (please see section 3.2.1 regarding details 

on AFM measurements). 

 

Figure 2.3.1.1. Ball and stick model of a monolayer MX2 material under a 1H atomic configuration. 

Each metal atom in the MX2 coordinate covalently bonds to 6 chalcogen atoms (3 

on either side), and each chalcogen atom bonds respectively to 3 metal atoms. Consider 

the example of molybdenum disulfide (MoS2). The electronic configuration of sulfur (S) 
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is [Ne] 3s2 3p4 and molybdenum (Mo) is [Kr] 4d5 5s1, therefore they each have 6 

electrons that can contribute to the binding. The Mo will donate 2 electrons to each of 2 S 

atoms, becoming Mo4+ (2 electrons left) sandwiched in between 2 S-2
 (S now has 8 

electrons and a noble gas configuration). Each S will bind to 3 molybdenum atoms by 

coordinate covalent bonds using 6 of the 8 available electrons and enable a stable MoS2 

structure (please see section 2.1.2 on information regarding coordinate covalent bonds). 

This attachment will leave a pair of electrons on the outer of shell of the S atom. This 

electron pair can be utilized for the surface functionalization of MoS2. In section 4.2.1 we 

will use this electron pair for coordinate covalent bonding to Ni2+ that enables the 

creation of a MoS2 biosensor. 

In a similar story to graphite that was used as pencil lead for many years prior to 

the discovery of graphene, bulk TMDs have been extensively used as a lubricant for 

engines due to the weak van der Waals interaction between each MX2 layer resulting in 

low friction properties and robustness.54 In the monolayer form however, 2D MX2 exhibit 

numerous fascinating properties such as a semiconductor, topological insulator, and many 

more.37,41,55ï66 In contrast to graphene that possess a set of defined properties, with TMDs 

we have access to a whole library of properties that can be chosen depending on your 

choice of metal and chalcogen atom from the periodic table. A periodic table can be 

found in figure 2.3.1.2, the metal atoms have been highlighted in various colors 

depending on their group (blue, green, red, yellow and purple), whereas the chalcogen 

atom are in orange.  
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Figure 2.3.1.2. Periodic table highlighting the metal and chalcogen atoms that make MX2. 

The non-bonding d bands between the bonding (ů) and antibonding (ů*) are very 

important in defining the electrical properties of the TMD (please see section 2.1.4 

regarding bonding and antibonding levels). The diverse electronic properties arise from 

the progressive filling of the non-bonding d-bands as you move along the periodic table 

figure 2.3.1.3.35 A table overview of electronic/magnetic properties of various MX2 

combinations can be found in figure 2.3.1.3. 

Throughout this thesis, I will focus on exploring the group 6 metals that are 

highlighted in red in figure 2.3.1.2 and figure 2.3.1.3, the molybdenum (Mo) and tungsten 

(W) metals, with sulfur (S), selenium (Se) or tellurium (Te) chalcogens. It may be 

challenging to differentiate between the TMDs utilizing an optical microscope, we will 

primarily utilize Raman spectroscopy signals to differentiate them (please see section 

3.2.2 on information regarding Raman spectroscopy). 
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Figure 2.3.1.3. D band filling of dif ferent TMD groups and summary of the electrical properties.35 

 Mo or W combined with S or Se will make semiconductors whereas with Te it 

will make semimetals (however we will discover that these properties can be altered by 

modifying the atomic configuration). This group of MX2 materials are very interesting in 

the academic and industrial setting. The semiconducting MX2 materials have good 

electronic properties and exhibit countless other features such as tunable bandgap and 

high photoluminescence.21,34ï45,57,64 The semiconductor industry is very attracted to the 

semiconducting TMDs as they search for an alternative to silicon (Si) in their transistor 

devices. Large corporations such as Intel work on reducing the size of the Si MOSFET 

(see section 3.2.4 on details regarding MOSFET), however the scaling limits are caused 

by materials and device structure rather than hard quantum limits. The Si layer becomes 

difficult to uniformly dope when the dimensions are reduced below 20 nanometers, there 

is also leakage from neighboring devices. Therefore there is a real need to find an 
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alternative to Si and monolayer semiconducting TMDs are a potential candidate. For 

these multiple reasons, semiconducting MX2 materials have become a highly explored 

material since the first semiconducting MX2 flake was mechanically exfoliated to the 

monolayer form a couple years ago (please see section 3.1 regarding details on 

mechanical exfoliation). Scientists are currently trying to synthesis high quality 

monolayer semiconducting MX2 flakes by chemical vapor deposition (CVD) (please see 

section 3.1 regarding details on CVD method). In order to estimate the quality of the 

CVD grown semiconducting TMD, three terminal measurements are performed to study 

and characterize their electrical properties (please see section 3.2.4 regarding details on 

three terminal measurement). 

 Scientists have recently discovered that alternating the atomic configuration of the 

MX2 will alter the electronic properties of the TMDs,61,67ï71 this technique is known as a 

phase transformation. There are three possible atomic configurations (three phases) for 

monolayer MX2: the 1H, 1T and 1Tô. Figure 2.3.1.4 shows a ball and stick model 

revealing each configuration. Aberration correct transmission electron microscopy 

(ACTEM) as well as Raman spectroscopy is the characterization technique utilized in 

identifying the atomic configuration (please see section 3.2.2 and 3.2.3 regarding details 

on ACTEM and Raman). We will now refer to monolayer MX2 materials as 1H-MX2, 

1T-MX2 and 1Tô-MX2 depending on which atomic configuration they are in. In the bulk 

or multilayer they will be referred to as 2H-MX2. The following sections will highlight 

the key differences between each phase. 
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Figure 2.3.1.4. Ball and stick model of the 1H, 1T and 1Tô phase of TMDs. 

There is a real need for synthesizing large area, high quality, monolayer MX2 

flakes in various phases. Throughout this thesis, I will highlight our growth results by 

CVD of monolayer TMDs in different atomic configurations. I will discuss some of the 

intriguing phenomena occurring within these TMDs as well as potential applications such 

as biosensing. Some of these atomic configurations, such as the 1Tô, were believed to be 

unstable and unachievable in the monolayer form. However we were able to synthesis the 

first monolayer 1Tô flakes and perform characterizations on this unique phase.58,59  

With the wide set of different metal and chalcogen atoms that form a TMD, 

coupled with the 3 possible atomic configurations, yield a tremendous amount of MX2 

combinations all with their unique properties. TMDs have a potential broad impact in 

various applications such as the semiconductor industry, quantum computing, water 

filtration, energy storage, solar cells, light emission diodes, piezoelectric, and many 

more.44,72ï75 TMDs truly are a leading candidate in the field ñbeyond grapheneò, and 

scientists are only just discovering some of the countless properties TMDs have to offer. 
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2.3.2 The 1H phase 

The 1H phase of MX2 materials is the most studied to date. A schematic of the 

atomic configuration can be found in figure 2.3.2.1. In the 1H configuration, the metal 

and chalcogen atoms are alternating and arranged in a honeycomb like structure (top 

view), however they are not on the same plane unlike graphene and hBN (side view). In 

1H-MX2 the chalcogen atoms are aligned, so viewed from above the underlying 

chalcogen atom is hidden. The 1H phase is the most common atomic configuration in the 

MX2 materials, it is the configuration predominant in the family of semiconducting MX2. 

 

Figure 2.3.2.1. Ball and stick mode of 1H-MX 2. 

To differentiate a 1H-MX2 material from another, we rely on Raman spectroscopy 

(please see section 3.2.2 regarding Raman spectroscopy and more details on its 

operation). Raman spectroscopy provides us with a vibrational fingerprint of our 

material; it is a rapid way to characterize the 1H-MX2 material. 1H-MX2 possess many 
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phonon vibration modes, however 2 are dominant and are used to identify the layer 

number and the elements: the E1
2g and A1

g peak (figure 2.3.2.2). Each 1H-MX2 will have 

different positions for the E12g and A1
g peak as each metal or chalcogen will have 

different atomic size which will translate into the phonon vibration. If we have multiple 

layers (2H-MX2) this will move the position of the peaks, the E1
2g will redshift and A1

g 

peak will blueshift (stiffening).21,76ï78 Strain and doping can also effect the position of the 

peaks (please see section 6.3 regarding doping of 1H-MX2).
79,80 The Raman intensity and 

peak position is dependent on the layer number and elements present. Raman can serve as 

a credible tool for characterizing the 1H-MX2 material.  

 

Figure 2.3.2.2. A1
g and E1

2g vibrational modes for 1H-MX 2 materials. 

1H-MX2 possess a bandgap and are semiconductors, a quality that graphene lacks. 

The bandgaps are different for each 1H-MX2 material but the energy values are located in 

the visible range. Figure 2.3.2.3 is inspired from reference81 and represents the calculated 

band diagram for each 1H-MX2 combination. The calculations were performed with the 

Perdew-Burke-Ernzerhof and spin-orbit coupling (red line), including the GW corrected 

band edges (blue dashed line). As seen in the figure, the bandgap energies (Egap) are 

different for each 1H-MX2 combination. Please notice in figure 2.3.2.3 that 1H-MoTe2 



41 

 

and 1H-WTe2 are semiconductors in this 1H phase, in the previous figure 2.3.1.3 we 

claimed that they would be semimetals, this a clear indication that the electrical 

properties of the MX2 materials can be altered with the atomic configuration. The table in 

figure 2.3.2.3 summarizes the energy gaps for the group 6 1H-MX2 and 2H-MX2, we 

notice that the Egap changes from multilayer (2H) to monolayer (1H). This highlights an 

incredible quality of TMDs, they possess a tunable bandgap.21,41,63,82ï84 The bandgap can 

be tuned when reducing the number of layers, this is due to the constrictions and changes 

happening in the energy diagram. 

 

Figure 2.3.2.3. Band diagram of 1H-MX 2 and table summarizing the bandgaps for 1H and 2H-MX 2. 

Figure 2.3.2.4a is the calculated energy diagram for 2H-MoS2 in k-space as we 

reduce the layer numbers to monolayer (1H-MoS2). Figure 2.3.2.4a was modified from a 

figure in reference.37 In bulk (2H-MoS2), the lowest energy level at the conduction band 

and the highest energy level in the valence band are not aligned, this is called an indirect 

bandgap. In monolayer (1H-MoS2), the levels are aligned and we have a direct bandgap. 

The difference between a direct and indirect bandgap is highlighted in figure 2.3.2.4b. 

For a direct bandgap (1H-MoS2), when an electron and hole pair (exciton) align they can 

recombine and emit a photon (hɜ) with an energy equal to Egap. For an indirect bandgap 
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(2H-MoS2), a phonon must be first emitted to align the electron and hole pair in k-space, 

then this is followed by the recombination and emission of a photon. The probability of a 

phonon followed by a photon is very low, therefore by changing the layer number we are 

tuning the bandgap and modulating the light emission. The exciton binding energy in 

MX2 materials are very high which leads to intense photoluminescence. Another quality 

is that 1H-MX2 materials have inequivalent valleys in the k-space electronic structure 

with an extra valley degree of freedom (figure 2.3.2.4a).56,85,86 This new degree of 

freedom can lead to new physics termed ñvalleytronicsò, as manifested by polarized 

photoluminescence in monolayer 1H-MoS2 and the valley Hall effect.56,85ï89 These 

qualities makes 1H-MX2 materials very attractive for optic applications and research. 

 

Figure 2.3.2.4. Tunable bandgap in 1H-MX 2. a) Changes in the energy diagram from 2H-MoS2 to 

1H-MoS2.37 b) Schematic of light emission process for direct and indirect bandgap. 

 The variety of bandgaps accessible with 1H-MX 2 materials is truly remarkable. 

The electronic properties of the semiconducting 1H-MX2 is dependent on the position of 

the Fermi level (EF). Please see section 2.1.4 regarding difference between n-type and p-

type semiconductors. Most of the 1H-MX2 are n-type semiconductors apart from 1H-

WSe2 the only known p-type semiconductor.90,91 The 1H-MX2 have reasonable values of 
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mobility and high on/off ratio in MOSFET structure (see section 3.2.4 regarding 

MOSFET).41,62,92ï94 The high value of these numbers are essential for the potential impact 

1H-MX2 can make in the semiconducting industry. 

A potential application for monolayer 1H-MX2 is biosensing. In the monolayer 

form 1H-MX2 have high surface to volume ratio, therefore a large fraction of atoms are 

exposed on the materials surface and the charge carriers will be influenced by the 

chemistry on the surface (please see section 3.2.4.4 regarding local chemical gating 

effect). We were able to create a biosensor with 1H-MoS2,
74 details regarding a scalable 

1H-MoS2 biosensor can be found in section 4.2.1. 

In order to study 1H-MX2 materials we need to achieve monolayer 1H-MX2. 

Details regarding techniques used to obtain monolayer materials can be found in section 

3.1. 1H-MX2 materials were first mechanically exfoliated after graphene in 2004. 

However there is a real need for large area, monolayer and high quality 1H-MX2 

materials for industrial and educational research. This has led to a surge in the synthesis 

of 1H-MX2 materials by chemical vapor deposition (CVD). To date, 1H-MoS2 and 1H-

WS2 are the most synthesized and studied41,48,62,77,95 however there is a need to improve 

the quality of the synthesized material. 1H-MoSe2 and 1H-WSe2 are less common and 

still being explored. 1H-MoTe2 and 1H-WTe2 are only theoretically studied in the 

monolayer 1H phase. We will highlight in Chapter IV and Chapter V the high quality and 

large growth of our synthesized 1H-MoS2, 1H-WS2, 1H-MoSe2 and 1H-WSe2. The high 

quality of our synthesized material has led to numerous publications.74,96ï111  
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2.3.3 The 1T phase  

A schematic of the 1T phase can be seen in figure 2.3.3.1. In the 1T phase, the top 

layer of chalcogen atoms have shifted with respect to the bottom, exposing all the 

chalcogen atoms (top view). This is phase is very unique and phase transforming 1H-

MX2 materials into 1T-MX2 material will alter the electric properties. For example, 1H-

MoS2 is a semiconductor whereas 1T-MoS2 is a metal. Research groups are interested in 

heterostructures of 1H-MoS2/1T-MoS2 in order to study possible novel properties that 

would result from the combination of both phases. The 1T phase has been explored in 

TaS2 and MoS2. In this thesis I will discuss the group 6 metals, so for details on TaS2 

please see section 7.4. There are two known methods to induce a phase transformation 

from 1H-MoS2 to 1T-MoS2, by chemical treatment or by thermal annealing in an electron 

microscope with atom intercalation.69,70,112  

 

Figure 2.3.3.1. Ball and stick model of the 1T-MX 2. 
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 Phase transformation of 1H-MoS2 to 1T-MoS2 induced by chemical treatment was 

first reported by Chhowalla et al. using an organolithium chemical method.69,70 By 

electron beam (e-beam) lithography, they expose the edges of a 1H-MoS2 flake while the 

center of the flake remains passivated by an e-beam polymer. The flake is then inserted in 

n-butyllithium solution, only the edges of the flake will see the chemical as the center of 

the flake is protected. After several hours, the flake is retrieved and the unexposed 

PMMA is removed. Electrostatic force microscopy (EFM) phase image of a monolayer 

MoS2 can be seen in figure 2.3.3.2. EFM is an alternative to atomic force microscopy 

(AFM) described in section 3.2.1, EFM will reveal regions of different electrical 

conductivity. In the EFM image, we clearly see two different regions highlighting the 

metallic 1T-MoS2 and the semiconducting 1H-MoS2. An aberration corrected 

transmission electron microscope (ACTEM) image can be seen in figure 2.3.3.2, 

ACTEM gives an atomic image of the boundary between the 1H-MoS2 and 1T-MoS2. 

This method is very effective in inducing a phase transformation from 1H to 1T, however 

n-butyllithium is pyrophoric which makes scalability of this technique an issue. 

 

Figure 2.3.3.2. Electrostatic force microscopy phase image and high resolution transmission electron 

microscopy image of 1H-MoS2 and 1T-MoS2, scale bars are 1 ɛm and 5 nm respectively.69 
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 An alternative approach to inducing a phase transformation is by Rhenium (Re) 

intercalation and thermal annealing.112 A group has shown that by first doping a 1H-

MoS2 flake with Re, one induces Re defects in the 1H-MoS2 crystal lattice figure 

2.3.3.3a. The flake is inserted in an electron microscope and thermally annealed. The 

thermal activation energy can be reached to induce a phase transformation from 1H-MoS2 

to 1T-MoS2 (figure 2.3.3.3abcd). Figure 2.3.3.3efgh is a simplified schematic illustration. 

Figure 2.3.3.3 was the first in-situ thermal activation of a phase transformation from 1H-

MoS2 to 1T-MoS2. 

 

Figure 2.3.3.3. In-situ observation of phase transformation from 1H-MoS2 to 1T-MoS2.112  

 All the experiments presented were performed on mechanically exfoliated 1H-

MoS2, no group has reported the phase transformation of a CVD grown 1H-MoS2 to 1T-

MoS2. Furthermore, no group has successfully synthesized by CVD a monolayer MX2 in 

the 1T phase. This highlights the difficulty of synthesizing materials in an alternate 

phases than the traditional 1H phase.  
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2.3.4 The 1Tô phase 

A schematic of the 1Tô phase can be found in figure 2.3.4.1. The 1Tô phase is a 

distorted 1T phase. Starting from the 1T phase, if one strained the unit cell on either side, 

one would isolate a line of chalcogen atoms. The isolated chalcogen has been highlighted 

in red in the top view image of figure 2.3.4.1 and is the signature of 1Tô-MX2.
61  

 

Figure 2.3.4.1. Ball and stick model of the 1Tô phase. 

Theoretically, the 1Tô TMDs are fascinating and have been acclaimed the ñholy 

grailò of materials. A groups has recently shown by first principle calculations that a 

quantum spin hall (QSH) effect is present in monolayer 1Tô-MX2.
61 QSH insulators have 

an insulating bulk but conducting edge states that are topologically protected from 

backscattering by time-reversal symmetry.113ï115 1Tô-MX2 materials could therefore 

provide an alternative route to quantum electronic devices such as quantum computing. 

Figure 2.3.4.2a shows the theoretically predicted edge density of states, we can see that 
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the material is conducting at the edge because of the connection at the ũ point. Figure 

2.3.4.2b is the theoretically predicated local density of states at ũ point as a function of 

distance away from the edge (Ly).  A sharp peak is present in the bandgap at the edge of 

the flake and decays at a length of ~5 nm away from the edge. Indicating that 1Tô-MX2 

will conduct along the edges of the flake but not in the center. Theoretical predictions 

also highlight that 1Tô-MX2 would be suitable for innovative transistor structures that can 

be switched via a topological phase transition rather than conventional carrier depletion.61 

Indeed, first principle calculations demonstrate that the QSH edge channels in the ñonò 

state can be rapidly switched off via a topological phase transition by applying a vertical 

electric field. A van der Waals heterostructure topological field-effect transistor, made of 

hBN and 1Tô-MX2, was simulated to show the feasibility of the device (figure 2.3.4.2c).61  

 

Figure 2.3.4.2. Theoretical predictions of QSH in monolayer 1Tô-MX 2. a) Edge density of states. b) 

Local density of states at ũ point as a function of distance away from the edge (Ly). c) Schematic of 

van der Waals heterostructured topological field-effect transistor.61  
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There is a real need for monolayer 1Tô-MX2 materials to enable studies on this 

fascinating phase. Unlike phase transformation from 1H-MX2 to 1T-MX2, 1H-MX2 to 

1Tô-MX2 is challenging. Theoretical prediction reveal the large amount of strain that is 

necessary to be applied along the unit cell axis of the TMD to induce a phase 

transformation from 1H to 1Tô for all MX2 materials (figure 2.3.4.3).68 For example, 

extensive amount of strain would be necessary to induce a phase transformation from 1H-

MoS2 to 1Tô-MoS2. However, we notice that MoTe2 and WTe2 would require minimum 

or no strain to induce a phase transformation from 1H to 1Tô. Theoretical prediction 

indicate that WTe2 should automatically be found in bulk in the 1Tô phase.  

 

Figure 2.3.4.3. Theoretical prediction of phase transformation from 1H-MX 2 to 1Tô-MX 2 by strain.68  

Experimentally, monolayer 1Tô TMDs have not been explored. Few groups report 

the study of bulk or few layers of 1Tô-WTe2 materials. They were able to mechanically 

exfoliate bulk 1Tô-WTe2 down to a few layers but never to monolayer form due to the 

high instability in air of 1Tô-MX2 (please see section 3.1 for information on mechanical 

exfoliation process). Their findings on few layers 1Tô-WTe2 are truly remarkable. Few 
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layers 1Tô-WTe2 would possess extensive properties such as superconducting behavior, 

large non-saturating magnetoresistance, weak antilocalization effect and many 

more.55,60,61,65,66 But no one has achieved or isolated a monolayer 1Tô flake because of its 

fast decaying time in air and rarity. There is a real need for scientists to isolate monolayer 

1Tô-MX2 flake to enable research on some of the fascinating theoretically predicated 

properties monolayer 1Tô-MX2 has to offer. I will reveal how we were able to produce 

the first monolayer 1Tô TMDs, with the synthesis of 1Tô-MoTe2 and 1Tô-WTe2 (please 

see Chapter VI). We solved its rapid decaying time by utilizing graphene as a passivation 

layer, this lead to the first atomic images of monolayer 1Tô-MX2 (figure 2.3.4.4). 

 

Figure 2.3.4.4. Artistic representation of the encapsulation of monolayer 1Tô-MX 2 using graphene. 

ACTEM images of monolayer 1Tô-MX 2, experimental results in excellent agreement with simulation. 
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2.4 Other materials beyond graphene. 

The field beyond graphene is not limited to TMDs, there are many other materials 

currently being explored. In this section, I plan to briefly summarize these materials.   

Black phosphorus, phosphorene 

 In the same concept of stacking graphene layers form graphite, stacking 

phosphorene layers form black phosphorus (BP). BP and phosphorene have attracted 

tremendous amount of attention in the past couple years. They are one of few p-type 

semiconductors and have a tunable bandgap dependent on the layer number similar to 

2H-MX2 TMDs. In 2H-MoS2 the bandgap can be tuned between 1.2eV (bulk) and 1.8eV 

(monolayer). In BP it can be dialed up from 0.3 to 2.0 eV.116 However unlike 2H-MoS2 

and some other TMDs, there is no direct to indirect bandgap transition. In other words, 

both monolayer phosphorene and multi-layer BP have a direct gap. This large range of 

bandgap values makes BP and phosphorene a very promising material for optics and 

electronics. BP hole mobility has been reported at 1000 cm2V-1s-1 and on/off ratio of 

104.117 Interestingly, black phosphorus properties are dependent on the direction of the 

crystal, this is due to an intrinsic, strong in-plane anisotropy.118,119 Its atomic arrangement 

can be seen in figure 2.4.1. However BP is very unstable and will decay within a few 

hours.120,121 BP reacts with the oxygen and water present in the atmosphere, therefore 

proper passivation is necessary. Groups have successfully grown bulk BP by chemical 

vapor transport, keeping it isolated in a quartz tube and inserting the tube in a glove box. 

In the glove box, BP can be exfoliated down to phosphorene and properly passivated 

against air. To date, no group has reported the successful synthesis of phosphorene. 
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Figure 2.4.1. Black Phosphorus.122 

MXenes 

MXenes are a new class of 2D nanomaterials that are attracting a tremendous 

amount of attention due to their potential broad impact. MXenes consist of few atoms 

thick layers of transition metal carbides, nitrides, or carbonitrides (figure 2.4.2).123 These 

atoms are organized into a layered hexagonal structure with P63/mmc symmetry by 

strong metallic, ionic, and covalent bonds, where M (transition metals) layers are nearly 

closed packed and X (C and/or N) atoms fill octahedral sites. What defines each MXene 

is the composition and the surface termination. There are hundreds of theoretical 

combinations of MXenes possible, and to date ~20 have been synthesized since their 

discovery in 2011.123ï127 They include metals and semiconductors. The semiconductors 

have a tunable bandgap when decreasing the layer number, similar to H-MX2 

TMDs.128,129 However the most appealing aspect of MXenes is the hydrophilicity. 

MXenes are conductive while hydrophilic, and can be considered as conductive graphene 

oxide or hydrophilic graphene.128 MXenes have been defined as the product of metals and 
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ceramic, which has triggered the label ñconductive clayò. Benefiting from the 2D 

morphology, excellent conductivity, and the involvement of transition metals, MXenes 

exhibit promising charge storage properties based on redox reaction and intercalation.128 

Besides, unlike graphene where binding polymer nanocomposites to the surface is an 

issue due to the few functional groups available, MXenes have a tunable surface 

termination enabling many functional groups which yields much stronger polymer 

nanocomposite attachment. Due to these amazing features, MXenes are expected to be 

excellent hosts for a variety of applications such as energy storage applications (Li-ion 

batteries and supercapacitors), water purification, gas sensors, and more.130ï132  

 

Figure 2.4.2. Mxenes.133  

Scientists have been exploring the field ñbeyond grapheneò at rapid pace. TMDs, 

BP and MXenes are promising materials with unique capabilities that make them 

appealing. With a vast range of possible applications, the synthesis of high quality and 

large area monolayer phosphorene, MXenes and TMDs have become a top priority. 
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CHAPTER III.  

Experimental Methods 

In order to evaluate the quality of a material, scientists rely on various 

characterization techniques. These techniques are extremely valuable as they represent 

the first step in quantifying and understanding the properties of a given material. Each 

technique will provide specific information on the structure and properties and will 

compliment a previous technique. As we further characterize the material, we will be able 

to paint a clearer picture of its quality and underlying intrinsic properties. 

In this Chapter, I will first demonstrate how scientists can obtain monolayer 

materials. Methods of production include exfoliation from a bulk source or by direct 

synthesis. I will follow-up by describing characterizations tools that are used throughout 

this thesis. These tools can be categorized in three areas: spectroscopy, microscopy and 

three terminal electrical measurements. Spectroscopy measurements will provide us 

information on the chemical composition, composition variation, crystallographic 

structure, and optoelectronic properties of the materials. Microscopy measurements will 

provide us information on the sample's structure with valuable direct imaging 

approaches. Three terminal electrical measurements will reveal the charge carrier 

mobility and will help define the overall crystallinity. 
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3.1 Isolating monolayer material 

 To study materials in the monolayer form, one needs to isolate high quality 

monolayer material. There are multiple methods to obtain materials in the monolayer 

form. Some bulk materials are native element minerals on earth (e.g. graphite) and are 

reduced down to the monolayer form, others are directly synthesized using novel 

techniques and advanced equipment. 

Mechanical exfoliation is the most common method for reducing bulk material 

down to the monolayer form. The ñscotch tape methodò was first developed by Andre 

Geim and Konstantin Novoselov at the University of Manchester in 2004, using a piece 

of tape to successfully isolate graphene.25 They were able to characterize and study 

isolated graphene for the first time in history. This discovery led them to the Nobel Prize 

in Physics in 2010 "for groundbreaking experiments regarding the two-

dimensional material graphene".134 The ñscotch tape methodò is a technique currently 

used worldwide that has enabled the study of countless materials in the monolayer and 

few layer form. ñScotch tape methodò requires a piece of tape, bulk material and the 

substrate onto which one wishes to deposit the monolayer material. The method consists 

on wrapping the tape around the bulk material and peeling it back and forth multiple 

times to separate the layers of the material from their weak van der Waals interaction. 

The tape is then pressed on the substrate and gently heated to release the material from 

the tape onto the substrate. The tape is then removed and the substrate is studied under an 

optical microscope. Small regions of monolayer material can be observed on the substrate 

(figure 3.1.1). The isolated monolayer region is of very high quality but very small. This 
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method is exceptional for the initial characterization and study of novel nanomaterials, 

however the sparse monolayer region makes this process non-scalable for any future 

application. 

 

Figure 3.1.1. Mechanical exfoliation. Mechanical exfoliation of graphene using scotch tape method.135 

Liquid exfoliation offers large amounts of monolayer material. A bulk material is 

inserted into a solvent, the solvent intercalates in the layers of the bulk material and 

through an agitation (ultra-sonication) the solvent separates the layers (figure 3.1.2).136 

The shearing of the layers in the bulk material results in the abundance of monolayer and 

few layers in the solvent. A droplet of the solution is deposited onto the substrate and 

large amounts of monolayer material can be found (figure 3.1.2). This method offers 

large amounts of monolayer material, however the quality of the monolayer material has 

degraded due to surface contamination and structural distortion. 

 

Figure 3.1.2. Liquid exfoliation. Few layer graphene by shear exfoliation in liquids.136 



57 

 

Molecular beam epitaxy (MBE) was invented at the Bell labs and enables the 

direct deposition of single crystal thin-films.137 MBE consists of a chamber with a stage 

and effusion cells (figure 3.1.3). A growth substrate is placed on the stage and the 

effusion cells are filled with the natural elements of the material we wish to synthesize. 

The system is pumped down to low pressure and the effusion cells are slowly heated until 

the compound in the cell begins to sublime. By using a shutter we can control which 

compounds reaches the substrate. Due to the long mean free path of the atoms, they do 

not interact with each other until reaching the surface.137 By controlling the deposition 

rate and the temperature of the substrate, the gaseous elements impinging on the surface 

of the substrate may be adsorbed and thin-film single crystal material will grow. This 

growth technique requires the careful optimization and control of all parameters. The 

resulting material quality is very high, however it will have different thickness across the 

substrate and achieving solely monolayer material from MBE can be very challenging. 

 

Figure 3.1.3. Molecular beam epitaxy.138  
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Chemical vapor deposition (CVD) enables the direct synthesis of monolayer 

material on a substrate, and is the technique predominantly used throughout this thesis. 

The process involves a growth substrate positioned in the center of a furnace which is 

ramped up to high temperatures under gases and precursors, and the material starts to 

grow on the substrate. After careful optimization of all the growth parameters in a 1 inch 

CVD furnace, monolayer single crystal flakes can grow across the substrate. Figure 3.1.4 

shows the growth results of monolayer single crystal graphene flakes. By increasing the 

size of the furnace, larger monolayer growth regions can be achieved. Using a 4 inch 

CVD system, graphene can be grown across large areas (figure 3.1.4 middle). With a roll 

to roll process, scientists can synthesize huge sheets of graphene (figure 3.1.4 bottom).139 

Scientists are currently optimizing Metal-Organic CVD (MOCVD) processes for wafer 

scale monolayer 1H-MoS2.
140 The larger the furnace, the more challenging it is to achieve 

high quality, homogenous monolayer growth. Small deviations from the growth recipe 

will either result in no growth or in multilayer growth. Therefore all recipes undergo 

careful optimization processes and rigorous checking to maintain the high quality growth. 

The materials grown can be transferred from the growth substrate to a different substrate 

(e.g. TEM grid) through etching or bubble transfer (please see section 4.1.2 and 4.2.3 on 

transfer techniques). Transfers can lead to contaminations which would degrade the 

quality of the material.141 The large amount of good quality monolayer material 

synthesized, the reproducibility between each growth and the ability to dabble at new and 

unexplored materials make CVD a reliable process for exploring new and exciting 2D 

nanomaterials. 
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Figure 3.1.4. Chemical vapor deposition. 1 inch CVD growth of single crystal graphene flakes. 4 inch 

CVD growth of large area graphene, hydrophobicity on the surface indicates the presence of carbon. 

Roll to roll chemical vapor deposition for scalable graphene growth.139 
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3.2 Characterization techniques 

 3.2.1 Atomic force microscopy 

 Atomic force microscopy (AFM) enables the careful characterization of the 

surface of nanomaterials with nanometer (nm) resolution. AFM relies on the attractive 

and repulsive forces between a mechanical probe (AFM tip) and the substrate. AFM has 

three major abilities: force measurements, manipulation and imaging. Force 

measurements can be performed at a specific location on the substrate. It entails 

measuring the forces between the probe and the sample as a function of their mutual 

separation. Manipulation involves directly displacing or stimulating the sample using the 

AFM tip. Imaging relies on guiding the AFM tip along the surface of the sample using a 

precise piezoelectric controller and recording the height changes of the probe due to the 

intramolecular forces the tip undergoes with the sample (figure 3.2.1.1). Imaging yields a 

3 dimensional topographic image of the surface of the sample with resolution of 

nanometer size features, well below the diffraction limit of light. 

 

Figure 3.2.1.1. Schematic of AFM measurement. 
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AFM imaging relies on a laser monitoring the displacement of the AFM tip 

during its interaction with the sample. The laser is reflected off the top surface of the 

cantilever and is then captured by a four quadrant photodiode. When the AFM tip is 

displaced the laser position deviates from its original position on the photodiode (figure 

3.2.1.2a), this shift is converted into a voltage difference that is returned to the feedback 

electronics. To maintain a constant interaction force between the tip and surface, the 

feedback loop moves the cantilever using the piezoelectric controllers and returns the 

laser to the center of the photodiode. The voltage required to do so gives a measure of 

surface height at that location. A topographic image of the surface over a scanned area is 

then created with nm scale resolution. The image resolution is dependent on the radius of 

the AFM tip. Typical resolution is below 1nm (figure 3.2.1.2b shows a typical AFM tip). 

 

Figure 3.2.1.2. a) Schematic of photodiode with the laser deflection. b) SEM image of an AFM tip.142  

There are three methods for AFM imaging: contact, non-contact and tapping 

mode. In contact mode, the tip contacts the surface with a set point normal force kept 
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constant during the scan, the AFM tip is dragged across the sample that could potentially 

damage the surface of the sample. Non-contact mode requires the AFM tip to hover over 

the sample at a distance of 50-150 Å and monitors the weak attractive van der Waals 

forces between the tip and sample. There is a loss in resolution using this technique. In 

tapping mode, the tip is driven across the sample close to its resonant frequency (50-500 

kHz) and the amplitude of oscillations is kept constant while the tip intermittently enters 

the repulsive regime. Parameters of the cantilever oscillation, in particular the phase and 

amplitude of oscillation, can give information on the properties of the surface including 

stiffness and attractive force.143 Throughout this thesis, AFM measurements were 

performed using tapping mode, unless specified otherwise. 

 Using the tapping mode of the AFM, we are able to scan the height and study the 

surface topography of our CVD grown materials. When characterizing materials such as 

graphene (figure 3.2.1.3a) and MoS2 (figure 3.2.1.3b), a profile scan indicates the 

material has a height of around 0.8 nm confirming the monolayer height. We are also 

able to study protein attachment to the surface of MoS2 and study the chemical binding. 

Figure 3.2.1.3c reveals specific protein attachment to the MoS2 surface whereas the SiO2 

substrate remains clean. AFM can also reveal nm scale buckling at the interface of two 

CVD grown materials that have different lattice constants. Figure 3.2.1.3d is an AFM 

image of a CVD grown 1H-MX2/1Tô-MX2 heterostructure. High resolution scanning 

reveals buckling in the 1H-MX2 region that matches theoretical computations (please see 

section 6.3 for further information on this buckling mechanism). 
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Figure 3.2.1.3. AFM images of various CVD grown samples. a) AFM of graphene device with 

embedded image of the device. b) AFM image of CVD grown MoS2 with embedded high profile scan 

revealing monolayer height. c) AFM image of functionalized MoS2 revealing specific binding to 

MoS2 region and not to Si/SiO2. d) AFM image of CVD grown 1H-MX 2/1Tô-MX 2 revealing buckling 

mechanism in 1H region. 

AFM is a powerful tool in the field of nanotechnology that not only permits the 

study of the height of nanomaterials but also the surface morphology as it undergoes 

chemical transformations or topological strains. AFM is used heavily throughout the 

remainder of this work as a premier surface characterization technique. 
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3.2.2 Raman spectroscopy 

Raman spectroscopy is a technique that provides us with a vibrational fingerprint 

of our material. Light emerging from a laser source inelastically scatters off the material 

and is recorded by a CCD camera. The energy of the scattered photon is shiffted from its 

original value due to the interaction the laser has with the molecular vibration of the 

material (phonons). The energy difference between the incident and scattered photon is 

plotted as Raman shift in wavenumbers (cm-1) using the following equation, where ȹɤ is 

the Raman shift, ɚinc is the incident and ɚ1 is the shifted wavelength in nanometers. 

 

Due to the weak interaction the laser has with these modes, there is a need to filter 

the intense unwanted Rayleigh scattered light. Rayleigh scattering is light scattered at the 

incident wavelength. A notch filter is used to eliminate all reflected light at the incident 

wavelength, leaving us solely with the vibrational fingerprint of our material. The 

intensity of the signal is proportional to ɚinc
-4, thus the choice of laser is crucial in 

distinguishing the vibrational modes. Using an infrared laser (800-1000 nm) results in a 

decrease of scattering intensity compared to green laser (532 nm). However different 

wavelengths work better for different systems and materials. Red or near-infrared (600-

830 nm) lasers are used for fluorescence suppression; blue or green lasers are used for 

inorganic materials and resonance Raman experiments (e.g. CNTs) and enhanced Raman 

scattering; UV lasers are used for resonance Raman on biomolecules (e.g. DNA) and 

fluorescence suppression.144 In this thesis, a green laser (532 nm) was used unless 

otherwise specified. 
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 The Raman shifts enable molecular identification and atomic configuration 

distinction, but also provide us with information on the quality and the height of our 

nanomaterials. In graphene, the G band, D band and 2D (or Gô) band are the three peaks 

identified in graphitic carbon located at 1582 cm-1, 1350 cm-1 and 2500-2800 cm-1 

respectively (figure 3.2.2.1).145 The G-band and D-band are associated with the sp2 and 

sp3 hybridized bonds, whereas the 2D band is a second-order two-phonon process related 

to the phonons near the K point in k-space.145 Analysis of height, width and position of 

these 3 peaks provides us information on the quality, layer thickness and doping level of 

the graphene. For instance, high quality monolayer graphene, the D/G ratio should be less 

than 0.05 and the 2D/G ratio ~ 2 ratio.146ï149  

 

Figure 3.2.2.1. Raman spectrum of graphene. 
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In TMDs the separation between vibrational modes provides us with a direct 

estimate of the layer number. 1H-MoS2 has predominantly 2 vibrational modes, the E1
2g 

and A1g modes which correspond to the in-plane and out-of-plane vibrations, located at 

384 cm-1 and 403 cm-1 respectively. For bulk MoS2, the E1
2g redshifts to 382 cm-1 and the 

A1g blueshifts to 408 cm-1 (figure 3.2.2.2). The separation of the E1
2g and A1g peaks 

therefore increases with increasing layer number from 19 cm-1 in monolayer MoS2 to 26 

cm-1 in bulk.21,77,78 

 

Figure 3.2.2.2. Raman spectrum of MoS2 with thickness dependence.77 

Raman mapping enables the careful mode mapping of an entire flake, revealing 

the intensity and peak positions in specific physical locations on a flake. This enables the 

careful characterization of different layers within one flake. For instance monolayer 1Tô-

WTe2 has 2 known vibrational modes, the in-plane A7
1 and A9

1 that contains in-plane and 

out-of-plane phonon vibrations.150,151 In bilayer, the A7
1 mode does not shift, whereas the 

A9
1 mode redshifts by ~ 1.5 cm-1. The Raman mapping of the A9

1 mode for 1Tô-WTe2 in 

figure 3.2.2.3 clearly reveals this redshift in wavenumbers from monolayer to bilayer.  
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Figure 3.2.2.3. Raman mapping of 1Tô-WTe2. Revealing shift of A9
1 mode for monolayer to bilayer.  

Due to the large spot size of the Raman laser (~ɛm2) it may be challenging to 

obtain the vibrational modes in smaller regions. By placing an AFM tip on the substrate 

and focusing the laser on the AFM tip, one can perform Tip Enhanced Raman 

Spectroscopy (TERS). In TERS, the Raman scattering occurs at the end of the atomically 

thin tip. TERS enables the mapping of nanometer-sized areas with high resolution. For 

instance in 1H-MX2/1Tô-MoTe2 heterostructures, the 1Tô-MoTe2 region is very small 

(<ɛm2) and normal Raman mapping cannot differentiate this unique region. By 

performing TERS along the heterostructure, one can clearly identify both regions of the 

heterostructure and associate the correct vibrational modes (figure 3.2.2.4). 



68 

 

 

Figure 3.2.2.4. TERS on 1H/1Tô heterostructure. Raman spectrum indicates 2 distinct regions in 

agreement with the in-plane monolayer heterostructure.  

Raman spectroscopy is a quick, powerful and non-destructive tool that enables the 

careful characterization of our CVD grown material. It provides us with molecular 

identification, information on the atomic configuration, quality, height and doping of our 

materials.
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3.2.3 Electron microscopy 

Electron microscopy such as scanning electron microscopy (SEM) or 

transmission electron microscopy (TEM) offer much higher resolution than traditional 

optical microscopes. Electrons are emitted from a gun (thermal or field emission) and 

accelerated towards the sample that we wish to characterize. Electron microscopes owe 

their high resolution to the small de Broglie wavelength: 

 

where h is Planckôs constant, m0 is the rest mass of the electron, c is the speed of light 

and eU is the energy of the electron. The electron wavelength of a 50 keV e-beam writing 

system is 0.0054 nm, but this resolution is limited by lens aberrations. The configuration 

difference between SEM and TEM is the placement of the detector with respect to the 

sample: for a SEM it is placed above whereas for a TEM it is below (figure 3.2.3.1). 

 

Figure 3.2.3.1. Schematic of a SEM and TEM. (Figure is from Professor Kagan ESE525 lecture). 



70 

 

For SEM, the electrons interact with atoms in the sample and several signals are 

produced that contain information about the topography and composition of the sample's 

surface (figure 3.2.3.2). The secondary electrons (SE) provides us with the topography, 

the backscattered electrons (BSE) with the chemical compositional (Z-contrast) and X-

rays the chemical makeup (inner shell electrons) of our sample. The SE are captured by a 

detector and an image displaying the topography of the surface is created. SEM is 

operated at lower accelerating voltage (5 ï 50 kV) than TEM (80 ï 200 kV) which results 

in the sample being less damaged, however much higher resolution can be achieved 

through TEM. Figure 3.2.3.3 shows a SEM image of a CVD grown 1H-MoS2 directly on 

Graphene/Cu foil. 

 

Figure 3.2.3.2. Schematic of the interaction the electrons have with sample in the SEM and TEM. 

(Figure is from Professor Kagan ESE525 lecture). 

For TEM, the electrons are accelerated towards thin samples and are transmitted 

through. In order for the electrons to solely traverse the thin sample and not a thick 
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substrate that could block the imaging, the sample is transferred onto holey carbon grids 

or thin SiN membrane. The electrons interact with the sample as it passes through and an 

image is formed from these interactions (figure 3.2.3.2). Imaging can be done in either 

bright field or dark field mode. Bright field includes the main unscattered beam and the 

imaging is done by the occlusion and absorption of electrons in the sample. Regions with 

no material appear bright whereas thick or higher atomic number regions appear dark. 

Figure 3.2.3.3 shows a bright field image taken of a 1H-MoS2/1Tô-MoTe2 

heterostructure. It is hard to identify the heterostructure due to the lack of contrast but one 

can see the triangular region characteristic of the 1H-MoS2. Dark field image excludes 

the main beam, the intensity of the image is lower and it requires longer exposure times, 

however the contrast is much higher. In contrast to bright field, regions with no material 

appear dark whereas thicker and higher atomic number regions appear bright. Due to the 

high contrast, this imaging mode is used for identification of defects or different atoms on 

a surface. Figure 3.2.3.3 shows a dark field image taken of a 1Tô-MoTe2, one can clearly 

identify the rectangular flake spanning across the holey carbon grid. 

 

Figure 3.2.3.3. SEM image of 1H-MoS2 grown on Graphene/Cu foil. Bright Field TEM image of 1H-

MoS2/1Tô-MoTe2 heterostructure. Dark Field TEM image of 1Tô-MoTe2. 
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A Selected Area Diffraction (SAED) image can be generated through the 

elastically scattered electrons in the TEM. The image holds information about the space 

group symmetries, crystal length and orientation. Figure 3.2.3.4 is an SAED image of 

1H-MoS2 and 1Tô-MoTe2 clearly highlighting the differences in the atomic configuration 

of the underlying materials. 

 

Figure 3.2.3.4. Dark Field TEM image of 1H-MoS2/1Tô-MoTe2 heterostructure with SAED of 1Tô-

MoTe2 and 1H-MoS2 regions respectively. 

For TEM, the electrons travel through many lenses to create an end image. The 

spherical and chromatic aberrations caused by going through these lenses reduce the 

overall resolution of the system. Modern TEM include aberration correctors to resolve 

this issue, by adding lenses in the column and increasing the stage stability so that 

resolutions below 1 angstrom can be achieved.152,153 Therefore, TEM offers atomic 

resolution imaging that is essential to having visual confirmation of the atomic 

arrangement and atomic elements present in our sample. Figure 3.2.3.5 is a high angle 
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annular dark field STEM image of a 1H-MoS2 and 1Tô-MoTe2 heterostructure taken by 

aberration corrected TEM (ACTEM). The image shows a distinct separation between 

both regions, in the top region we can identify the hexagonal lattice that is characteristic 

of the 1H phase and in the bottom region we recognize the isolated Te chain specific of 

the 1Tô phase (please see section 2.3 for more details on 1H and 1Tô phase). The intensity 

of the atoms is proportional to the atomic number squared (Z2), therefore we can easily 

identify the bright Te atoms (Z = 52) from the dim S atoms (Z = 16). 

 

Figure 3.2.3.5. High angle annular dark field STEM image of a 1H-MoS2/1Tô-MoTe2 heterostructure 

highlighting the distinction between two different atomic configuration. 

Electron microscopy are state of the art imaging systems that offer resolution 

down to the atomic level. These tools are essential for the careful characterization and 

understanding of our samples. 
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3.2.4 Three terminal measurements 

  3.2.4.1 Principle of a MOSFET device 

Three terminal measurements under a metal-oxide-semiconductor-field-effect-

transistor (MOSFET) configuration enable the study of the electrical properties of our 

nanomaterials. The electrical properties are one of the core characteristics of a 

nanomaterial and a defining criteria when evaluating the quality of the CVD grown 

material. Devices can be manufactured by photolithography or e-beam lithography on a 

Si/SiO2 substrate. Both methods will be described in the following section. The 

nanomaterial is contacted by source and drain electrodes across which a constant bias is 

applied. A voltage is applied to the underlying highly p-doped Si substrate. The 300 nm 

SiO2 dielectric layer ensures a capacitive coupling to the nanomaterial channel (figure 

3.2.4.1.1). The external field alters the Fermi level in the nanomaterial and thus 

modulates the source-drain current. Please note that throughout this thesis a dielectric of 

300 nm SiO2 is used, unless stated otherwise. 

 Figure 3.2.4.1.1 shows qualitative description of the effects arising in a 

semiconducting channel when a voltage is applied to the gate. When a positive voltage is 

applied to the gate an electric field is created. The electric field pushes away the holes 

and attracts the electrons creating a conductive electron channel between the source and 

drain. However to paint a clearer picture it is essential to understand this phenomena in 

terms of energy bands. We will discuss the effects the applied gate voltage has on the 
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band diagram in the metal oxide semiconductor (MOS) junction, and the effect the 

applied field has on our transistor (FET). 

 

Figure 3.2.4.1.1. Qualitative description of a MOSFET device. The schematic shows the accumulation 

of charges in the semiconductor due to an electric field resulting from a voltage applied to the gate. 

 The energy diagram of the MOS setup for an n-type semiconductor at different 

applied gate voltages to the metal is shown in figure 3.2.4.1.2. As detailed in the previous 

section 2.1.4, a metal (labeled as the grey region) does not have a bandgap and its Fermi 

energy (EF) sits at the top of the conduction band. EF describes the highest occupied state 

in a system at 0K.8,9,18 The metal has a work function labeled as (◖M). The work function 

refers to the minimum quantity of energy that is required to extract an electron into 

vacuum. An insulator (or oxide) has a very large bandgap (EGap > 6eV), the insulator is 

labeled as the blue region. A semiconductor has a small bandgap (EGap < 5eV), and an n-

type semiconductor has an EF closer to the conduction band (EC) than the valence band 

(EV) leading to a preferential conduction of electrons over holes. A semiconductor has a 

work function labeled as (◖S) and the electron affinity labeled as (Xs). When no voltage is 

applied to the gate (Vg = 0) the EF of the metal and semiconductor align and the system is 

at equilibrium, this is labeled flatband. When a positive gate voltage is applied (Vg > 0), 

the EF of the metal decreases pushing the left side of the figure down, and this effect 
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causes a band bending in the semiconducting region. The band bending is the result of the 

electric field created by the back gate voltage which decreases the EC and EV energies of 

the semiconductor electrons near the insulator. As shown in figure 3.2.4.1.2, the 

conduction and valence band both start to bend downwards towards the metal. At the 

interface of the semiconductor and insulator, EF is now much closer to EC making the 

semiconductor more n-type than before at the interface. This band bending enables an 

accumulation of majority carriers (electrons) in the n-type semiconductor and since we 

are using nanomaterials this will effectively take place over the whole area. For a 

negative applied gate voltage (Vg < 0), the opposite effect occurs. The EF of the metal 

increases, causing the bands in the semiconducting region to bend upwards. This bending 

increases the separation between the EC and EF of the semiconductor at the interface. This 

band bending will cause a depletion of electrons at the interface. If a very large negative 

gate voltage is applied (Vg << 0), the bending of EV could reach the EF causing an 

accumulation of holes, this is called an inversion.  

 

Figure 3.2.4.1.2. Band diagram of MOS. Schematic of band bending with the accumulation or 

depletion of charges due to an applied voltage on the gate. 


























































































































































































































































































































































































































































































































