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Research on two-dimensional nanomaterials has become a topic of considerable 

interest since the pioneering work experimentally introducing the two-dimensional 

carbon allotrope of graphene in 2004. The atomically thin hexagonally arranged carbon 

crystal structure has offered the opportunity for numerous studies in condensed matter 

physics and materials science, revealing new phenomenon and remarkable properties. 

Graphene has excellent chemical and mechanical stability, allowing researchers to probe 

the properties of graphene in a wide variety of applications and in contact with a wide 

variety of materials. Ballistic transport of graphene at room temperature suggests that 

graphene would be poised to enter in to a wide variety of microelectronic application; 
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however, synthesis methods and surface effects have so far limited the widespread use of 

graphene. Additionally, the absence of electronic band gap in graphene, classifying it as a 

“semi-metal”, limits the use of graphene to areas other than logic applications.  

 In this work, fabrication methods for the improved synthesis graphene and 

selected two-dimensional transition metal dichalcogenides, molybdenum disulfide and 

tungsten disulfide, are presented for thin film transistor applications. First, the 

introduction of thin film zwitterionic polymer interlayers in graphene devices is outlined 

as a means to reduce the contact resistance between metal contacts and the underlying 

graphene layer. Second, a self-assembly nanoscale lithography process utilizing diblock 

copolymer templates as an etching mask directly on the surface of graphene is shown as a 

method to introduce a band gap in graphene due to quantum confinement effects. The 

third chapter applies to another class of two-dimensional materials, transition metal 

dichalcogenides, which, unlike graphene, can exhibit suitable electronic band structures 

for logic applications. When the thickness of these transition metal dichalcogenides is 

reduced to a single atomic layer, electronic band states transition from an indirect band 

gap to a direct band gap. A wafer-scale method for the synthesis of atomically thin 

transition metal dichalcogenides by the thermolysis of spin coated precursors is 

introduced which holds promise for next-generation low-power consumption 

applications.
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Chapter 1 - Introduction 

 

1.1 - The History of Graphene 

 Graphene, a single atomic carbon layer in a hexagonal lattice structure, has been 

shown to have exceptional properties such as high mobility
1
, ballistic transport

2
, high 

thermal conductivity
3
, high optical transmittance

4
 and excellent mechanical hardness

5
. In 

1947, P.R. Wallace firstly theoretically explored the concept of graphene and pointed out 

that graphene would exist as a zero band gap semiconductor
6
. In 1984, Mele, E.J. et. al. 

pointed out the emergent massless Dirac equation to describe the electrons around the 

Fermi level
7
. The term “graphene” was first coined by Mouras et. al. in 1987 to refer to 

the single sheet of graphite within the graphite intercalation compounds
8
. Prior to the 

separation of graphene in 2004
9
, it was argued that monolayer graphene could not exist 

because it would be thermodynamically unstable and an atomic monolayer would roll or 

fold. Later research revealed intrinsic ripples in atomic layer graphene, which are 

believed to suppress thermal fluctuation in graphene and prevent graphene from rolling or 

folding
10

. The discovery of graphene was accredited to Novoselov et al., when the 

extraction and characterization of single atomic layer thick crystallites from highly 

ordered pyrolytic graphite was achieved mechanical exfoliation using ‘Scotch tape’. 

Since then, significant scientific advances have been made in analyzing the spectacular 

properties and interesting interactions of atomically thin materials. 
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1.2 - Structure and Properties of Graphene 

 Materials properties are influenced incredibly not only by chemical composition 

but also by physical structure, or morphology. Carbon is capable of taking many different 

allotropes due to its valency. Two of the most well-known carbon allotropes, diamond 

and graphite have strikingly different properties. For instance, diamond is intrinsically an 

electrical insulator known for dispersing light and for being the hardest natural mineral. 

Hence, diamond has found applications in jewelry and industrial applications. In contrast, 

graphite is electrically conductive in plane and has thus found applications such as in arc 

lamps. Weak van der Waals bonding within the planes of graphite has also allowed the 

use of graphite as a lubricant in common applications.  

 At the nanoscale, carbon allotropes feature a rich variation of morphologies and 

properties. Most notably, buckminsterfullerene, carbon nanotubes, and graphene have 

drawn significant interest in the scientific community. Buckminsterfullerene was 

discovered first in 1980s, and in 1996, the Nobel Prize was awarded jointly to Robert F. 

Curl Jr., Sir Harold W. Kroto and Richard E. Smalley "for their discovery of fullerenes" 

11
. Buckminsterfullerene, or buckyball, is a spherical fullerene molecule with the formula 

C60. Accreditation of the discovery of carbon nanotubes is a debated matter
12

, but the 

prediction of high conductivity single-walled carbon nanotubes
13

 and the synthesis of 

multi-walled carbon nanotubes in the early 1990s sparked a huge interest in carbon 

nanotubes. Carbon nanotubes are a carbon allotrope with a cylindrical nanostructure and 

unprecedented length-to-diameter ratio of up to 132,000,000:1
14

. Semiconducting or 
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metallic electrical properties of carbon nanotubes are determined by the chirality of the 

carbon atoms
15–17

. Graphene takes the form of a single layer of six-membered carbon 

rings extending laterally. Although discovered later than all of the previously described 

carbon allotropes, graphene has been described as the “mother of all graphitic forms” due 

the simple visualization of the formation of other carbon allotropes by the wrapping, 

rolling, or stacking of graphene.  

 

Figure 1. Mother of all graphitic forms. Graphene is a 2D building material for carbon 

materials of all other dimensionalities. It can be wrapped up into 0D buckyballs, rolled 

into 1D nanotubes or stacked into 3D graphite
1
. 
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 Andre Geim and Konstantin Novoselov were awarded the Nobel Prize in Physics 

"for groundbreaking experiments regarding the two-dimensional material graphene"
18

. 

Graphene structure is that of a single-layer of carbon atoms bound together in a two-

dimensional sp
2
 bonding arrangement. The band structure of graphene can be calculated 

using nearest-neighbor tight-binding model approximations, based on the 2pz orbitals.  

Considering hopping only occurs between nearest neighbor atomic sites, the low-level 

energy bands of the π electrons can be described by the Dirac-like Hamiltonian: 

Hk’ = (
0 𝑘𝑥 − 𝑖𝑘𝑦

𝑘𝑥 − 𝑖𝑘𝑦 0
)     (1) 

 Hk’ = (
0 𝑘𝑥 + 𝑖𝑘𝑦

𝑘𝑥 − 𝑖𝑘𝑦 0
)    (2) 
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Figure 2. Graphene lattice. Grey-shaded area indicates the primitive unit cell. The 

hexagonal bond length is dcc 1.42 angstroms and the lattice constant is 2.46 angstroms. 

 

In forming the layers of graphite, graphene layers stack in an ABA Bernal 

stacking form, where each layer shows a thickness of 0.34 nm. Electronic behavior is 

influenced by the stacking of carbon layers. In the case of bilayer graphene, four atoms 

exist in a unit cell, labeled A1, B1, A2 and B2 (Figure 2), where each subscript numerical 

index represents the different layers
19

. Considering nearest neighbor hoping in-plane and 

out of plane, Hamiltonians for these bands can be expressed as
20

:  

  2   1

       

         

  AB
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Hk =  
ℏ2

2m
(

0 (𝑘𝑥 − 𝑖𝑘𝑦)
2

(𝑘𝑥 + 𝑖𝑘𝑦)
2

0
)   (3) 

Hk =  
ℏ2

2m
(

0 (𝑘𝑥 − 𝑖𝑘𝑦)
2

(𝑘𝑥 − 𝑖𝑘𝑦)
2

0
)   (4) 

  

The band structures of single-layer and bilayer graphene are shown in Figure 3. In 

the case of single-layer graphene, the electronic band structure is linearly dispersive 

around K and K’ and shows zero band gap. Low-energy carriers in graphene are massless 

around the point of charge neutrality and exhibit relativistic speeds
21

. This fascinating 

electronic band structure is the reason for observations of ambipolar electric field effect 

and ballistic properties presenting extremely high mobilities. On the other hand, the 

electronic band structure of bilayer graphene presents two groups of parabolic bands by 

interlayer coupling and the properties of single-layer graphene are not preserved. 
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Figure 3. Crystal structures of (a) graphene single layer and (c) AB-stacked bilayer. The 

unit cell of single layer graphene and bilayer graphene consist of 2 and 4 atoms in each 

unit cell, respectively. (b) The hopping between nearest neighbor atom sites A and B 

resulting the linear dispersive electronic band structure. (d) The interlayer coupling for 

bilayer graphene cannot be ignored as the hopping between A1 and B2 affected the 

electronic band structure and resulting two parabolic electronic bands
19

. 
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1.3 - Synthesis of Graphene 

Since the 1970s, researchers have been using a variety of different methods to 

achieve very thin films of graphite like epitaxial growth
22

, chemical exfoliation
23

 and 

mechanical exfoliation
24

. However, between this period and 2004, the unique properties 

and potential applications of graphene had not been extensively explored and graphene 

did not attract the amount of attention as it has since 2004
25

. A key difference between 

the approach of Geim’s group and predecessors is in characterization method. The major 

approach of Geim’s group was to transfer graphitic layers on to silicon substrates with 

300 nm oxide thickness, providing high optical contrast, which allows researchers to 

efficiently identify the number of graphene layers by optical microscopy. This approach 

proved to be reliable and easy, thus attracted immediate attention for further fundamental 

research
26,27

. Since then, various approaches including mechanical exfoliation, chemical 

exfoliation, epitaxial growth from SiC, and chemical vapor deposition (CVD) have been 

employed to produce graphene. Each of these methods has varying degrees of quality and 

cost of production. These main synthesis routes are categorized in the following sections. 
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Figure 4. There are several methods of mass-production of graphene, which allow a wide 

choice in terms of size, quality and price for any particular application
28

.  

 

1.3.1 - Exfoliation and Cleavage 

Weak Van der Waals forces between the layers of graphite allow single layer 

graphene to be exfoliated or cleaved by mechanical or chemical energy. As of 2014, 

mechanical exfoliation has produced graphene with the highest electron mobility and the 

lowest number of defects
29

. The most popular method requires multiple exfoliation steps, 
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where each cleaved slice contains fewer and fewer graphitic layers until only one atomic 

layer remains. A small graphene flake is shown in Figure 5.  

Among important characterizations methods of graphene, Raman spectroscopy is 

one of the most commonly used techniques.  Raman spectroscopy is a characterization 

method based on the inelastic scattering of light by matter. Due to the optical nature of 

Raman spectroscopy, the method is essentially nondestructive and noninvasive. Raman 

spectroscopy techniques are widely available, relatively simple to perform, and possible 

to carry out at room temperature under ambient temperature. Instrument setup involves 

the focusing of infrared or visible light through a frequently available laboratory 

microscope. Furthermore, Raman spectroscopy is highly sensitive to the physical and 

chemical properties of materials. For these reasons, Raman spectroscopy has become one 

of the most important tools for nanoscience and nanotechnology
30

.  

Raman spectroscopy has been established by experimental research as well as 

theory based on optics, solid state physics and chemistry. Changes in the environment 

that have been investigated as experimental parameters for Raman spectroscopy include 

light polarization
31

, photon energy
32

, temperature
26

, and pressure
33

. Raman spectroscopy 

has been extremely successful in advancing the understanding of graphene
34,35

. Graphene 

has become one of the most commonly studied materials to be studied by Raman 

spectroscopy due to the interesting solid state physics of graphene and impact of 

graphene on nanoscience and nanotechnology.  
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Exfoliated graphene has allowed for fundamental studies in Raman spectroscopy. 

In graphene, two of the main peaks of interest are the G-peak (~1580 cm
-1

) and the 2D 

peak (2680 cm
-1

). The G/2D peak ratio can be used as an indicator of the number of 

layers in exfoliated graphene samples
36

. Raman spectroscopy indicated that the edges of 

the imaged flake are around two atomic layers. The narrow linewidth of peaks is 

characteristic of exfoliated graphene. 

Figure 5. (a) Optical image and (b) Raman spectroscopy of exfoliated graphene. 

 

Another synthesis approach to graphene is commonly called reduced graphene 

oxide. In this approach partially reduced graphene oxide (GO) nanosheets are produced 

by ultra-sonication of the graphite oxide flakes in aqueous suspension. Reduction of 

graphene oxide nanosheets by hydrazine hydrate or annealing in Ar/H2 environment has 

been shown to produce monolayer graphene sheets
37,38

. However, these methods have 

a) b)
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been shown to have insufficient removal of functional groups. Furthermore, over-

oxidation has been shown to produce permanent defects in resultant graphene layers. To 

overcome the drawbacks of the reduced graphene oxide treatment, liquid exfoliation in 

organic solvent N-methylpyrrolidone (NMP) without oxidization of graphite was 

proposed by Hernandez et al. in 2008
39

. This process showed the promise of large scale 

production of graphene layers with high quality. Unfortunately, nothing prevents the 

graphene sheets from restacking, due to van der Waals forces
40

. The concentration of 

graphene in NMP was limited to 2.1 mg/mL. The maximum concentration of graphene in 

solution, without any prior chemical treatment, was increased to 5.33 mg/mL using 1-

hexyl-3-methylimidazolium hexafluorophosphate as the dispersing liquid medium
41

. 

The major limitation for the synthesis of graphene by exfoliation is the inability to 

produce a high yield of single layer graphene with little to no defects. Graphene flakes 

produced by exfoliation methods are generally on the micrometer-scale, limiting 

electronics applications of graphene using exfoliation methods. Therefore, other methods 

have been developed to increase the area of continuous single atomic layer graphene. 

 

1.3.2 - Epitaxial Growth of Graphene on Silicon Carbide 

Epitaxial growth of graphene on SiC remains a promising synthesis technique. 

Epitaxy refers to the deposition of a crystalline overlayer on an underlying crystalline 

substrate. In the case of an epitaxial graphene layer on SiC, van der Waals forces are 

weak enough to preserve the electronic band structure of two-dimensional graphene, even 
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in few-layer graphene
42,43

. While the electronic properties of some multi-layer epitaxial 

graphene layers are identical to that of a single layer
44

, other cases demonstrate that the 

electronic properties can be affected and show properties similar to that of bulk 

graphite
45

. These effects have been explained theoretically and they are related to the 

symmetry of the interlayer interactions. Many of the exciting electronic properties of 

graphene have been realized using epitaxial graphene layers on SiC. For example, the 

Dirac cone electronic band structure was first visualized in this material
46,47

 and graphene 

on SiC exhibits massless Dirac fermions, even without transfer
48–52

. Furthermore, charge 

carrier mobilities of epitaxial graphene are similar to that of mechanically exfoliated 

graphene on SiO2
53

. 

Epitaxial graphene on SiC can be patterned using standard microelectronics 

methods. Synthesis of epitaxial graphene on SiC allows for direct electrical 

characterization due to synthesis on semi-insulating substrate
54

. Original experiments on 

graphite formation on 6H-SiC(0001) and (000  ) surfaces were performed by van 

Bommel et al
55

. They showed that epitaxial graphite can be produced by heating SiC 

substrates at temperatures between 1000°C and 1500°C in ultrahigh vacuum (10
-6

 Torr), 

sublimating Si to yield a carbon rich surface. More recently, researchers have synthesized 

epitaxial graphene at lower temperatures
56

 and at atmospheric pressure
57

, significant 

developments towards producing cost-effective, wafer-scale graphene. The area of 

epitaxial graphene layers is limited only by the size of the SiC substrate. Utilizing 

differences in growth mechanism between Si- and C-terminated surfaces, graphene can 

be grown in a wide variety of forms. Homogeneous monolayer, bilayer, and trilayer 
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graphene can be synthesized on SiC; as well as twisted bilayer graphene and anisotropic 

graphene, due to steps on the SiC. A significant potential application of epitaxial 

graphene is in high-frequency transistors, the IBM group has shown radio-frequency 

graphene field-effect transistor (FET) had the highest measured cutoff with up to 300 

GHz cutoff frequency
58

. However, due to the high substrate cost and typically high-

temperature, epitaxial graphene on SiC will likely be limited to high-value applications. 

 

1.3.3 - Chemical Vapor Deposition 

Chemical vapor deposition (CVD) shows promise as the future graphene 

synthesis technique graphene because it can produce large-area, layer-controlled, 

graphene at a lower-cost than epitaxial growth methods. Reports of the synthesis of few-

layer graphene by CVD date back to 1975
22

. However, extensive research on thin 

graphitic carbon films by CVD began after the properties of graphene were revealed in 

2004.  In 2006, Somani et al. grew graphene layers using nickel metal catalyst substrates, 

revealing a favorable new method for graphene synthesis
59

. Nevertheless, intense 

research has been performed since this time in order to improve control over thickness, 

uniformity, and properties of CVD-synthesized graphene. 

CVD synthesis method involves the introduction of carbon to metal catalyst 

substrates by thermally cracking hydrocarbon gas sources. Typically, gas flows are 

controlled to create an environment of three gases, one inert carrier gas, hydrogen, and 

one hydrocarbon gas. Choice of metal catalyst substrate affects the nature of the growth 
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mechanism of graphene due to different carbon solubility properties. Differences between 

the two most common graphene catalysts, nickel and copper, are discussed in this section. 

 

Figure 6. Binary phase diagrams of transition metals and carbon: (a) Ni–C; (b) Co–C; 

(c) Fe–C; (d) Cu–C. The low carbon solubility in Cu, of 0.008 weight % at 1084°C as 

reported is highlighted in the inset of panel (d) for the temperature and composition of 

interest for graphene growth
60

. 

 

For nickel catalyst substrates, the synthesis of graphitic carbon occurs by the 

diffusion of carbon into nickel and, upon cooling, out-diffusion and precipitation of 
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graphitic layers on the nickel surface. Due to the diffusion-precipitation mechanism of 

graphene growth using nickel catalyst substrates, difficulties arise concerning the 

thickness and uniformity of resulting graphene layers. Few-nm thick (1-2 nm) graphene 

films were grown on nickel foil, as early as 2007 through CVD synthesis
61,62

. Thin 

polycrystalline nickel films (<500 nm) have also been utilized as a method to control the 

thickness of graphene films
63,64

. In 2012, it was shown using nickel thin films that after 

eliminating supply of methane source gas, hydrogen exposure can lead to improved 

uniformity of resulting few-layer graphene layers on nickel
65

. 

Growth on polycrystalline nickel thin films (300-500 nm) was carried out at a 

growth temperature of 1000°C under methane source gas at 700 Torr. In the first step of 

the procedure, the furnace was ramped up to 1000°C from room temperature over a 25 

minute period under a flow of 500 sccm Ar and 200 sccm H2. The temperature was 

allowed to stabilize at 1000°C for 2 minutes before introducing 30 sccm CH4 as the 

carbon source gas. Methane was allowed to flow for 3-5 minutes, after which the flow 

was turned off and the chamber was allowed to cool to room temperature.   

Even on nickel thin films, decreasing the number of graphene layers to one single 

layer was unobtainable.  Furthermore, the size and thickness of graphene domains was 

observed to be irregular by optical microscopy as shown in Figure 7. The properties of 

the synthesized carbon layers were characterized by Raman spectroscopy directly on the 

nickel surface. The weak Raman spectroscopy of carbon layers obtained by CVD growth 

on nickel thin films indicated the presence of multilayer graphene or graphite. A high 
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G/2D peak ratio and the asymmetrical shape of the 2D peak signified the presence of 

multilayer graphene
34,66

. 

Figure 7. (a) Optical image and (b) Raman spectroscopy of graphene prepared by CVD 

synthesis on the surface of nickel. 

 

Copper metal catalyst substrates have very low carbon solubility
67

. On copper, 

growth occurs through a surface catalyzed process. In copper catalyzed synthesis, 

hydrogen is first absorbed on to the surface of the copper catalyst substrate, which 

chemically provides sites for the absorption of hydrocarbon species to the copper layer. 

Surface absorbed hydrocarbon species are activated by hydrogen and the absorption of 

additional hydrocarbon species becomes thermodynamically favorable, forming 

multimeric species on the surface. A graphitic layer expands from the initial surface 

absorbed hydrocarbon seed forming a graphene grain, which expands as a function of 

a) b)
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growth time on the copper surface. This copper catalyzed graphene growth, has become 

the most common CVD graphene synthesis method due to the ability to form large-area 

graphene films which compose of, almost exclusively, single-layer.  

Single-layer graphene was grown on copper foil catalyst by Ruoff’s group
68

. 

Following the discovery of copper catalyzed growth, process improvements towards 

high-quality, large-area graphene have progressed rapidly. Recently, ballistic transport 

was observed in graphene synthesized by the copper catalyst CVD method
69

. Scattering 

effects at graphene grain junctions have prompted research towards increasing the size of 

graphene grains. Recently, graphene grains with diameters in the mm-range were 

achieved by using oxygen as a means to decrease the density of graphene nucleation sites 

on the copper surface
70

 and by rolling graphene into a cylindrical configuration to prevent 

excessive copper evaporation
71

. Millimeter-scale graphene grains produced on oxidized 

copper substrates, yielded electrical properties similar to that of mechanically exfoliated 

graphene. However, further work is expected to address the improvement of production 

costs of large-area graphene, due to the energy required to keep the reactor ≥ 1000°C, 

which is common with most graphene growth processes. Since graphene growth is 

approximately linearly dependent on time, new methods are desirable to decrease the 

graphene growth time of graphene, while maintaining large graphene grains and single-

layer uniformity.  

 

Following CVD synthesis of graphene on metal catalyst substrates, it is necessary 

to remove graphene from the metal substrate in order to transfer graphene to a foreign 

substrate suitable for applications. Methods for transfer of graphene include dry and wet 
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etching of underlying metallic substrates
68

, heat-treated tape transfer
72

, PDMS stamp 

transfer
73

 and the synthesis of graphene directly on dielectric SiO2 using a metal catalyst 

overlayer
74,75

. A face-to-face method has recently been shown to grow transfer graphene 

directly on to dielectric substrates without the need for manual transfer
76

. Production of 

graphene areas up to 30-inch monolayer films (along the diameter) has recently been 

achieved by a roll-to-roll transfer by thermal release tape for application as a transparent 

electrode material
77

. However, the sheet resistance of graphene films transferred by the 

roll-to-roll process is higher than that of the conventional wet etch, PMMA transfer, 

unless nitric acid is used to electronically dope the graphene. Although electronically 

doping graphene is an acceptable solution for the application of graphene in transparent 

electrodes, large-area transfer methods which produce highly conductive graphene 

without doping are still desirable for other applications. 

Wet etching of copper has been one of the most common transfer methods to date, 

prior to the metal etching process, graphene is often coated by a polymer protective 

overlayer, such as Poly(methyl methacrylate) (PMMA). Following polymer coating, 

copper catalyst CVD, copper wet etching process can be performed by a variety of 

etchants such as iron chloride
63

, iron nitrate
68

, or ammonium persulfate
77

. Transfer 

methods have a large effect on the properties and quality of large-area graphene films 

produced by the copper catalyzed CVD growth method. 

Several difficulties arise from the transfer of graphene from CVD growth 

substrates to dielectric substrates for device characterization. First of all, the introduction 
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of cracks, tears, and wrinkles may arise from transfer methods involving the manual 

handling of graphene. For large-area graphene processing, the introduction of any defects 

or voids will make graphene unable to perform as designed for many applications, 

causing loss of quality and yield
78,79

. Second, the use of polymers and metal containing 

etchants to remove metal catalyst layers essentially causes some level of residual 

contamination to graphene
80

. Most metal species and polymer protective layers used in 

the CVD synthesis process cause graphene to show p-type electrical doping 

characteristics. Additionally, charged defects contacting the surface of graphene are 

shown to decrease the minimum conductivity of graphene
81

.  

In this work, all graphene was grown by a copper catalyzed CVD growth method 

and transferred using a PMMA protective layer. The complete CVD process involves a 

heating ramp up time, copper foil annealing time, graphene growth time, and the CVD 

furnace cooling time. After loading copper foil substrates into the CVD furnace, the 

chamber was evacuated by a vacuum pump and then brought up to 5 Torr pressure under 

Ar:H2 by a digital pressure gauge. The pressure in the furnace was kept at 5 Torr for the 

remainder of the CVD process. First, a 45 minute heat up ramp up time from room 

temperature to 1000°C was performed under 10:1 Ar:H2 (50:5 sccm) gas flow. Second, 

copper foil was annealed at 1000°C for 25 minutes, under the same Ar:H2 flow rate, to 

smooth the copper foil surface and increase the copper grain size. Smoothing of the 

copper foil surface improves the uniformity of resulting graphene, causing a higher ratio 

of single-layer graphene. Larger copper grains results in larger graphene grains, fewer 

wrinkles and folds. Graphene growth is mediated by flow of methane carbon source gas 
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at 5 torr. During the graphene growth step, argon was evacuated from the chamber and 

H2:CH4 gas ratio is 10:1 (20:2 sccm). After 60 minutes the flow of methane was 

increased to 5 sccm for 5 minutes in order to saturate the copper surface, ensuring 

complete graphene coverage on the copper foil surface. After the growth process has 

been completed, methane gas flow was turned off and argon was switched back on so that 

the samples were kept under 50:5 sccm Ar:H2 gas flow, and the furnace was cooled at a 

rate of approximately 20° C/min. 

Following the CVD growth process, graphene was coated by a PMMA overlayer 

by spin coating 4% PMMA in anisole at a 2500 rpm rotational rate. After coating, 

samples were heated on a hotplate at 100°C to harden the PMMA protective layer. 

Subsequently, samples were placed in air plasma for 2 minutes at medium power, with 

the PMMA protected side down and the unprotected graphene exposed to plasma. Air 

plasma causes the unprotected graphene to become damaged and defective, exposing and 

oxidizing the copper surface. Samples were then floated in 20% nitric acid solution with 

the air plasma exposed side contacting the acid. This nitric acid step further damages the 

graphene and etches the copper foil allowing for complete removal of this undesirable 

graphene. Following nitric acid exposure, samples were placed in 0.1 mM ammonium 

persulfate solution, overnight, to complete the etching of the underlying copper foil 

substrate. Graphene samples were then transferred in to deionized (DI) water to dissolve 

any remaining impurities on the graphene surface before being fished out on to Si/SiO2 

substrates and allowed to dry. When no water remains between graphene and the SiO2 
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substrate, the samples were submersed in acetone solution for 60 minutes to dissolve the 

PMMA overlayer and rinsed with isopropanol alcohol. 

Use of iron chloride or iron nitrate solutions for the etching of copper foil 

substrates yielded comparatively inferior results. Ideally, CVD produced graphene would 

exhibit a Dirac point at 0 Vg and with high conductivity. However, the graphene samples 

transferred with iron nitrate were observed to demonstrate substantial p-type doping 

behavior. Moreover, graphene samples which were transferred by iron chloride etching 

solutions were observed to show extreme p-type doping with the Dirac point lying 

outside the voltage window measurable in the measurement system used in this study. By 

using nitric acid and ammonium persulfate to remove the copper foil growth catalyst 

substrate, metallic impurities were greatly reduced since etchants do not contain ionic 

iron species. Although resultant graphene samples were observed to demonstrate p-type 

dopant behavior still, this behavior can be attributed to residual PMMA contamination on 

top the graphene surface, not between graphene and the SiO2 substrate. A field of work 

has focused on the removal of residual PMMA on transferred graphene by heating in 

vacuum
80

, Ar:H2
82

, or N2:H2 environment
83

. 
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Figure 8. (a) Optical image of graphene transferred with ammonium persulfate, using 

ammonium persulfate and not nitric acid to clean off the undesired graphene. (b) Image 

of graphene transferred to SiO2 substrate using the nitric acid to clean off the undesired 

backside graphene. (c) Transfer characteristics of graphene transferred using ammonium 

persulfate etchant (d) Transfer characteristics of graphene transferred using iron chloride 

etchant. Scale bars in (a) and (b) are 10 µm.  
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1.4  - Transistors and Integrated Circuits 

 In 1956, John Bardeen, Walter Houser Brattain, and William Bradford Shockley 

of Bell Labs were honored with the Nobel Prize in Physics "for their researches on 

semiconductors and their discovery of the transistor effect"
84

. Early efforts towards 

transistors focused mainly on Germanium crystals. In 1955 a silicon transistor was 

developed by Bell Labs. After the commercialization of silicon transistors by Fairchild 

Semiconductor in 1958, silicon quickly took over the semiconductor industry and has 

been the major channel material in transistor devices until present. By the 1960s, the 

integrated circuit was introduced which reduced cost, increased performance, and 

revolutionized the electronics industry. 

In 1965, Gordon Moore, the co-founder of Intel Corporation, described a trend 

which predicts that the number of transistors in a dense integrated circuit doubles 

approximately every two years
85

. This trend has become known as Moores’s law and has 

held accurate since 1965 to the present and has been used as a target guide for research 

and development in the semiconductor industry. Moore’s Law is has been a key 

economic driver in the United States, causing a surge in productivity growth, the primary 

indicator of  economic growth
86

. However, Moore’s law has clear boundaries, such as 

atomic scale miniaturization.  

An additional trend in for describing performance of semiconducting devices is 

Dennard scaling. Dennard scaling suggests that power requirements are proportional to 

the area of transistors; specifically, performance per watt will grow at approximately the 
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same rate as transistor density. In combination with Moore’s law, this means that 

performance per watt will roughly double every two years. Dennard scaling is based on 

the fact that as transistor area decreases, circuits become faster while reducing power 

consumption per transistor. Based on this calculation, power consumption in an 

integrated circuit remains the same
87

. Although Moore’s law has continued along the 

predicated trend, Dennard scaling seems to have failed in the past decade, and the 

performance of integrated circuits has not been able to improve as predicted. 

Problems have recently arisen in the scalability of silicon MOSFET technology as 

a consequence of miniaturization. Short channel effects such as leakage current and an 

uncontrollable increase of heat have hindered performance progress in the field. 

Furthermore, electromigation and statistical fluctuations in the channel resistance can 

become substantial factors in the quality of integrated circuits over time. Furthermore, 

Rock’s law, or Moore’s second law, describes a trend that the capital cost of 

manufacturing products in semiconductor fab increases exponentially over time.  
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Figure 9. Evolution of MOSFET gate length in integrated circuits (filled red circle) and 

International Technology Roadmap for semiconductor targets (open red circle). The 

number of transistor per processor is indicated with blue stars
88

. 

 

One possible route towards addressing miniaturization problems is by 

investigating alternative channel materials. Graphene has ambipolar transport 

characteristics
89

, high carrier mobility
1,90

, low electrical noise
91

, and high thermal 

conductivity
3
, and high cut-off frequency (up to 100GHz)

92
. Nevertheless, graphene is a 

zero bandgap semiconductor, or semimetal, and therefore, graphene transistors 

intrinsically show low ON/OFF ratios. A number of approaches have been applied 
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towards opening a significant electronic band gap in graphene; however, the role of 

graphene as a material to contribute to meet help fulfill transistor scalability demands is 

so far unclear. 

Flexible thin film transistors are another area of interest which may benefit from 

the introduction of new channel materials. Polymeric substrates are used for flexible thin 

film transistors and therefore high temperature processing is not applicable for this 

application. Thin organic films have been extensively studied for flexible thin film 

transistors due to their ability to be processed by solution based methods at temperatures 

near room temperature
93–95

. Despite numerous demonstrations of flexible organic thin 

film transistors, operation is generally unstable over the long-term and sensitive to 

operating conditions
96–98

.  

Due to the short comings in the performance and stability of organic thin film 

transistors, research has shifted into other flexible transistors of other materials. Inorganic 

materials of various morphologies have been demonstrated as flexible transistors
99–101

. 

However, one-dimensional nanowire or nanotube materials are difficult to pattern due to 

challenges in alignment. Inorganic-organic blends have also been demonstrated as 

flexible thin film transistors with improved performance
102

 and graphene-InGaZnO was 

also demonstrated as a flexible transistor
103

. In addition to the high conductivity of 

graphene, graphene is a promising reinforcement material in flexible thin film transistors 

due to its mechanical properties
63,104–106

. Graphene patterning methods on flexible 

substrates also make flexible transistors from standalone graphene a promising 
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approach
107–109

. However, intrinsic lack of band gap in graphene is expected to hinder 

graphene from a wide range of semiconducting applications for years to come. Graphene 

will first be applied in flexible display applications according to the graphene roadmap 

published in 2012
28

, and these manufacturing methods will help construct the basis for 

future commercialization of graphene. Methods for opening a band gap in graphene will 

be further discussed in Section 3.2. 

 

Figure 10. Graphene-based display and electronic devices. Display applications are 

shown in green; electronic applications are shown in blue. Possible application timeline, 

based on projections of products requiring advanced materials such as graphene. The 

figure gives an indication of when a functional device prototype could be expected based 

on device roadmaps and the development schedules of industry leaders
28

. 

 

1.5 - Introduction to other Two-Dimensional van der Waals Materials  

 Although solutions for the introduction of graphene into the enormous 

semiconductor field as a channel material may be an insurmountable task, the discovery 
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of graphene has sparked extraordinary interest in two-dimensional van der Waals 

materials. Unlike graphene, many other van der Waals materials possess substantial band 

gaps and are promising candidates to enter transistor applications as channel materials. 

Numerous of van der Waals materials exist and remain to be studied with the intensity 

that graphene has been studied thus far. It is worth noting that this family of two-

dimensional van der Waals materials refers to materials which are thinned down to one 

layer, or one unit cell thickness, and does not apply exclusive to one atom thick layers.

 

Figure 11. Current 2D library. Monolayers proved to be stable under ambient conditions 

(room temperature in air) are shaded blue; those probably stable in air are shaded green; 

and those unstable in air but that may be stable in inert atmosphere are shaded pink. Grey 

shading indicates 3D compounds that have been successfully exfoliated down to 

monolayers, as is clear from atomic force microscopy, for example, but for which there is 

little further information
110

. 
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Figure 12. Molybdenum Disulfide. Grey-shaded area indicates the primitive unit cell. 

The hexagonal spacing of like-atoms is 3.17 angstroms and Mo-S bond length (extending 

out of plane) is 2.42 angstroms. MoS2 adopts an ABA stacking similar to graphene. 

 

 Molybdenum disulfide is a van der Waals material in which each layer consists of 

a sulfur-molybdenum-sulfur stack. The interlayer spacing between each S-Mo-S stack is 

approximately 6.5 angstroms
111

. Similar to graphene, electronic band structure properties 

of MoS2 are altered substantially when the material reduced down to single-layer 

thickness. MoS2 is a semiconducting phase transition metal dichalcogenide material 

which possesses an indirect bandgap of approximately 1.29 eV in bulk form. When 

separated into a single-layer the band diagram is shifted, revealing a direct bandgap of 

a) b)

S

S

Mo
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approximately 1.8 eV
112,113

. MoS2 is classified as a member of the transition metal 

dichalcogenide (TMD) family. TMDs are a class of materials with the formula MX2, 

where M is a transition metal element from group IV, group V, or group VI, and X is a 

chalcogen (S, Se or Te). It is characteristic of TMDs to have the X-M-X layered structure 

and several other materials in this family have an indirect to direct band gap transitions at 

atomic layer thicknesses, similar to MoS2. Further discussion about TMD synthesis and 

applications can be found in chapter 4. 

 

Figure 13. Band structures calculated from first-principles density functional theory 

(DFT) for bulk and monolayer MoS2. The horizontal dashed lines indicate the Fermi 

level. The arrows indicate the fundamental bandgap (direct or indirect). The top of the 

valence band (blue) and bottom of the conduction band (green) are highlighted
114,115

. 
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 By definition, van der Waals materials feature weak interlayer bonding. 

Mechanical exfoliation is an assured method to produce many van der Waals materials 

down to single layer thickness. Similar to graphene, customized chemical exfoliation and 

CVD approaches may also be applied to many other van der Waals materials. An arising 

field of research in two-dimensional van der Waals materials is the study of van der 

Waals heterostructures. Through van der Waals heterostructures, different individual 

layers may be matched to yield the advantageous material properties of each individual 

material. For instance, hexagonal boron nitride (h-BN) is a two-dimensional material 

composed of boron and nitrogen in a hexagonal pattern, with a sizable direct band gap of 

almost 6 eV
116

. When h-BN is used as a dielectric for graphene devices the mobility of 

graphene is greatly enhanced over that of graphene on SiO2 dielectrics
90,117

. Device 

improvement may be attributed to the atomic smoothness, absence of dangling bonds, 

and the excellent lattice matching of h-BN to graphene. Future research will assuredly 

investigate the effects of interactions between van der Waals materials and a wide range 

of other materials in the search to tailor material properties to various applications. 
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Figure 14. Building van der Waals heterostructures. If one considers 2D crystals to be 

analogous to Lego blocks (right panel), the construction of a huge variety of layered 

structures becomes possible. Conceptually, this atomic-scale Lego resembles molecular 

beam epitaxy but employs different ‘construction’ rules and a distinct set of materials
110

. 
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Chapter 2 - Interactions Between Zwitterionic Polymers and Graphene 

 

2.1 - Graphene surface interactions and challenges in graphene electronics 

Due to large surface to volume ratio of graphene materials, substrate and 

overlayer interactions can cause significant changes in graphene field-effect transistor 

(FET) performance. Interactions between zwitterionic polymers and graphene materials 

systems are studied in different transistor configurations. In this chapter, possibilities of 

changing the doping, carrier concentration, and contact resistance of graphene FETs 

through surface interactions with zwitterionic polymers were studied. 

Intrinsic electrical properties such as ballistic transport and high mobility, suggest 

that the remarkable qualities of graphene may be used in several future electronics 

applications
9,24

. Surfaces contacting graphene have substantial effects on these properties. 

Graphene surface interactions are particularly interesting due to the large effect surface 

absorbents have on the electrical characteristics of graphene
81

. Understanding the nature 

of these interactions can allow for accurate tuning of charge carrier concentrations and is 

of significant scientific importance. Suspended graphene devices and graphene devices 

with one-dimensional contact have been shown to have drastic improvements over 

graphene devices on Si/SiO2 substrate
90,118

. Modulation of charge carrier concentration 

by impurities is indicated by the shift of the Dirac point and variance of electron and hole 

mobilities
119–122

.  
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 In graphene electronics, graphene-metal interactions impose a limit on electrical 

properties such as maximum drive current
123,124

. However, graphene lacks surface 

bonding sites and strong orbital hybridization, leading to high contact resistance
125,126

. 

The work function and nature of graphene under various metal contacts has also been 

studied and by a variety of methods
127,128

. Thin interlayers have previously been shown to 

provide improved device performance in organic devices
129–131

. Improved performance of 

thin interlayers may be explained by modification of surface wettability or modification 

of electronic states at the interface. Zwitterionic polymers are an interlayer material of 

interest due to their ability to modify the work functions at the organic-metal interface 

due to dipole alignment
132

. 

Thin films of conjugated sulfobetaine-containing polymeric zwitterions were 

studied as a graphene-metal interlayer for graphene FETs. Specifically, conjugated 

sulfobetaine-containing polymeric zwitterions with sulfobetaine-substituted 

polythiophene backbones (PTSBMA) and alternating thiophene−benzothiadiazole 

(PTBTSB-2) backbones
133,134

. Characterization of these interlayers was carried out by 

ultraviolet photoelectron spectroscopy (UPS), transfer length measurements (TLM), near 

edge x-ray absorption fine structure spectroscopy (NEXAFS) measurements.  

 Graphene samples were prepared by CVD growth on copper foil substrates by 

methane source gas
68

. Following synthesis, films were transferred to silicon substrates 

with 300 nm of thermal oxide by PMMA-mediated transfer using ammonium persulfate 

etchant.  
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2.2 - Properties of Conjugated Zwitterionic Polymers 

The operation of organic electronic and optoelectronic devices relies on the 

electronic characteristics between the organic active layer and the electrode. Interlayers 

have been shown to improve performance in polymer light-emitting diodes
135

, solar 

cells
136

, and organic thin-film transistors
131

. 

Explanation of the positive effect of interlayers range from improved surface 

wettability and adhesion to morphological optimization and electronic structure 

modifications. Close proximity of the sulfobetaine groups to the polymer backbone 

results in high ionization potential and band gaps of 2.04 eV for PTBTSB-1. This ion 

motion can redistribute the electric field when used as an interlayer in a device structure.  

Conjugated polymeric zwitterions (CPZs) may cause a modification in the work 

function of contacting materials by surface dipole alignment. To investigate the possible 

effects of surface dipole alignment, ultraviolet photoelectron spectroscopy (UPS) is 

carried out on graphene and gold, before and after the coated of thin CPZ layers. Figure 

15 shows work function values as a function of CPZ concentration in solution. Work 

function values for both graphene and gold are perceptibly altered as the CPZ 

concentration is increased due to the presence of interfacial dipoles. For PTSBMA, work 

functions of graphene and gold change from 4.59 to 2.86 eV, and 4.78 eV to 3.26 eV, 

respectively. Pyrene-containing PTSBMA (PTSBMA-Py) was also characterized by UPS 

due to the improved wettability of pyrene on the hydrophobic graphene surface. A 

PTSBMA-Py (50% Py) layer similarly shows substantial reduction of the work function 

of graphene, lowering the work function by 1.29 eV. 
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Figure 15. Work function modification by UPS measurements of (a) graphene and (b) 

gold layers. 

 

NEXAFS spectra (Figure 16) were used to access orientation at different average 

depths by Carbon K-edge total electron yield (TEY, ≈10 nm) and Auger electron yield 

(AEY, ≈1 nm). NEXAFS characterization of spin coated CPZs reveals that at low 

concentrations, CPZ layers may not completely cover the underlying graphene surface, as 

evidenced by C 1s σ1 and σ2 transitions
137,138

. As concentration and thickness are 

increased, C 1s σ1 and σ2 transitions are obscured, while C 1s π1 and π2 peaks remain 

b)a)
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apparent. Further analysis reveals that reveals PTSBMA-Py (10% Py) shows dipole 

orientation with the pyrene-group face-on the graphene surface. 

 

Figure 16. NEXAFS of graphene with (a) 5 nm of PSBMA-Py (10%) and (b) 15 nm of 

PSBMA-Py (10%). 

 

 

 

 

a)

b)
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2.3 - Lowering the Contact Resistance of Graphene Devices 

Back gate graphene transistor characteristics offer further insight into the nature 

of the graphene-CPZ-gold contact. Prior to Au metal deposition for graphene device 

measurements, sulfobetaine (SB)-containing polymeric zwitterions (CPZs) PTBTSB-2 

and PTSB-Py were spin coated on to graphene thin films. Fabrication of graphene FETs 

was carried out by evaporating 80 nm gold through a shadow mask with variable contact 

spacing. Two-probe TLM measurements shown in Figure 17 were used to obtain the 

contact resistance of fabricated devices. The greatest improvement in contact resistance 

was found using concentrations of 0.5 and 0.75 mg/mL, for PTSBMA-Py and PTBTSB-

2, respectively. For monolayer graphene, the contact resistance of gold was decreased 

from 155.2 Ω to 98.9 Ω using PTBTSB-2 at 0.75 mg/mL. PTSBMA at 0.5 mg/mL 

allowed for a reduction of the contact resistance from 155.2 Ω to 114.0 Ω. Longer 

conjugated backbone chains may attribute to an increased ability to cause greater dipoles, 

increasing band bending between the two materials and lowering the contact resistance.  

The reduction of the contact resistance may be due to (1) improved wettability 

and adhesion of gold contacts to the underlying graphene layer and (2) decreasing the 

difference in work function between graphene and gold contacts. Unlike in the case of 

Cr/Au or Ni contacts, determination of the work function of graphene under a Pd and Au 

electrodes has shown that the work function of graphene is unchanged (~4.6 eV)
139

. It 

should be noted that the work function of PSBMA on graphene and gold is closest at 

around 1 mg/mL when measured separately on each material. Although dipole 

interactions at the interface will not behave as in the case of each individual substrate, 
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this concentration value is close to the optimal value used to lower contact resistance. 

Additionally, NEXAFS characterization of CPZ coating on the graphene surface 

indicates that the polymer does not fully cover the graphene surface, indicating the effect 

of graphene-gold adhesion may be less significant. 

 

Figure 17. Transmission line measurement of graphene-gold devices with (black) and 

without (red) zwitterionic interlayers. 

 

In summary, CPZ interlayers were shown as a means to lower contact resistance 

in graphene transistor applications. Contact resistance can be lowered by as much as 64% 

in a graphene-CPZ-gold configuration. CPZ interlayers offer contact resistance lowering 

0.0 0.5 1.0 1.5 2.0
100

200

300

400

500

600

700
 SLG-CPZ

 SLG

R
e

s
is

ta
n

c
e

 (
o

h
m

s
)

Distance (mm)

 

 



 

41 

without substantially changing the carrier concentrations in graphene. Interlayers used 

here may be useful in lowering the contact resistance in various other systems, increasing 

maximum performance in ferromagnetic and solution-processed contacts. 
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Chapter 3 - Block Copolymer Ordering on Graphene for Fabrication of Graphene 

Nanomesh 

 

3.1 - Introduction to Block Copolymers and Block Copolymer Lithography  

Block copolymers (BCPs) are materials in which polymeric chains composed of 

distinct monomers are joined together. The use of BCPs allows the user to utilize the 

physical properties of each distinct monomer. Diblock, triblock, and multiblock polymers 

have been synthesized, in which each monomer chain is termed a block. Polymerizations 

of BCPs are mainly performed by the synthesis methods of anionic polymerizations and 

living radical polymerization
140

. Ambiphilic BCPs have attracted a large degree of 

interest in the scientific community due to their ability to self-assemble into ordered 

morphologies on the nanoscale. This self-assembly is made possible due to the 

microphase separation of polymeric blocks, detailed by Leiber in 1980
141

. By this 

property, BCPs address the current obstacle in nanotechnology for lithography at the few-

nanometer range. Various periodic morphologies such as spherical
142

, lamellar
143

, and 

cylindrical
144

 domains have been experimentally obtained due to the separation of 

properly selected length blocks. 

Theoretical studies
145,146

 as well as experimental studies
147,148

 have investigated 

the effects of electric field strength, interfacial energies, film thickness, dielectric 

constant differences, and commensurability of the film thickness and the natural period of 

the copolymer. This method opens an opportunity to achieve different morphologies with 
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good ordering by the application of an external electric field. Addition of a homopolymer 

to diblock copolymer solution has been studied as a way to increase the thickness of BCP 

films
149

. Nanoporous BCP templates have been achieved with the addition of 

homopolymer since the homopolymer can be selectively rinsed away
150

. A variety of 

methods for surface reconstruction of BCP templates exist due to differences in the 

physical properties of the distinct polymeric blocks. 

A solvent annealing process for improved cylindrical ordering of BCP thin films 

by solvent vapors has been employed and described by Kim et. al.
151

. In this process, 

smooth substrates covered with a thin layer of BCP are put in a sealed container and 

exposed to solvent vapor. Critical parameters for the described procedure have been 

shown to be film thickness, vapor pressure, temperature, and exposure time. Other BCP 

patterning processes feature the use of electric fields to control the ordering of domains.  

Self-organization of block copolymers provides an attractive method for several 

areas of science and technology which require the inexpensive fabrication of well-

ordered arrays at the nanoscale. Chemical differences between the two ambiphilic blocks 

of diblock copolymers allow for the selective alteration of each block and the attachment 

of a wide variety of species to produce periodic nanoscale features. Lithography methods 

by BCPs have found multiple applications in nanotechnology. Diblock copolymers have 

been demonstrated for patterning by top-down etching processes as well as bottom-up 

fabrication of nanoparticles
152,153

, nanopillars
154

, and nanorings
155,156

.  
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Surface reconstruction of BCPs has opened the door for the fabrication of 

materials in different morphologies. Partial or complete removal of one of the polymer 

blocks can be achieved by taking advantage of chemical differences between the polymer 

species. Selective surface reconstruction of the PVP block is achieved by dipping BCPs 

in alcohol
155

, vapor exposure of methanol and/or ammonia
156

, or by chemical exposure 

creating pH imbalance. Deposition of virtually any material into nanoporous BCP 

templates can be used to pattern well-ordered nanoparticles and nanopillars
157

. Moreover, 

surface reconstructed BCP templates may be used as a hard mask for the etching of 

underlying materials.  

 

3.2 - Semiconducting Graphene by Quantum Confinement 

Opening of an electronic band gap in graphene has been observed by etching 

graphene into one-dimensionally nanoscale confined sheets, or graphene nanoribbons.
46

 

Graphene nanoribbons have been fabricated by a variety of synthesis methods. Graphene 

nanoribbons can be formed from graphene starting material using electron beam 

lithography methods and etching undesirable graphene regions by plasma etching
158

. 

Plasma etching of graphene by argon or oxygen plasma produces rough edges containing 

sp
3
 bonding sites

159
. Graphene edge type plays a significant role in the band gap 

formation in graphene nanoribbons
159

.  

A few different methods have been shown for the fabrication of graphene 

nanoribbons. Graphene nanoribbons on SiC were fabricated using scalable templates
160

. 
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Graphene nanoribbons were grown directly from nickel nanobars using rapid-heating 

plasma enhanced chemical vapor deposition
161

. Other methods towards graphene 

nanoribbon synthesis involve the use carbon nanotubes as a starting material. Multiwalled 

carbon nanotubes were oxidized stepwise oxidization in KMnO4 and H2SO4, then 

reduced and “unzipped” to produce graphene nanoribbons in NH4OH and hydrazine in 

N2H4.H2O solution
162

. Another chemical opening of multiwalled carbon nanotubes was 

achieved by lithium and ammonia intercalation followed by sonication in acid and rapid 

heat treatment
163

. An alternative graphene nanoribbon synthesis approach involving 

carbon nanotubes was performed by etching carbon nanotubes partially embedded in 

PMMA by Ar plasma
164

. All graphene nanoribbons with diameters less than 10 nm show 

semiconducting behavior, although scattering events in graphene nanoribbons 

substantially reduce mobility
165,166

. 

Even though graphene nanoribbons with widths of less than 10 nm have shown 

substantial ON/OFF ratios, the current and conductance of individual graphene 

nanoribbons is too low for many applications. To obtain higher currents in 

semiconducting FETs a network of graphene nanoribbons should be utilized, or graphene 

nanomesh (GNM). 

 

3.3 - Graphene Nanomesh Fabrication 

Graphene nanomesh was fabricated by Bai et al which demonstrated substantial 

ON/OFF current ratios and current magnitudes nearly 100 times larger than individual 
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graphene nanoribbons
167

.  Graphene oxide has been etched into a GNM configuration by 

multiple methods
168–170

. However, chemical methods to isolate and reduce graphene 

oxide sheets produce multilayer sheets and inconsistent geometries over large areas. 

Chemical vapor deposition (CVD) has been shown to produce uniform single-layer 

graphene on copper substrates
68

. Large-scale single-layer graphene produced by CVD 

with dimensions of up to 30-inches along the diameter has been demonstrated by a roll-

to-roll transfer method
77

.  Furthermore, graphene produced by CVD offers reproducible 

chemical and electrical properties.  

 In this work, the fabrication of GNMs was shown by patterning of a 

poly(styrene)-block-poly(4-vinylpyridine) (PS-b-P4VP) block copolymer (BCP) 

templates directly on graphene via solvent annealing
171

. This technique is advantageous 

for multiple reasons. First, the use of toxic gases (SF6, CHF3, CF4) and HF was avoided. 

The avoidance of these chemistries is critical as they may cause defects in the SiO2 layer, 

affecting device performance. Second, this technique reduces the number of process steps 

and the necessity for any interface materials between graphene and the BCP etching 

mask. Third, superior control over graphene neck sizes can be achieved due to the 

position of the BCP etching mask template directly on top of graphene. 
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Figure 18.  Schematic illustration of graphene nanomesh fabrication using PS-b-P4VP 

block copolymer templates directly on CVD grown graphene. 

 

 Graphene was grown by a CVD furnace on copper foils at 1000
o
 C under the flow 

of CH4/H2
 
at a ratio of 1:4 at 20 Torr.  Before the introduction of the source gases the Cu 

foil was ramped to 1000
o
 C and annealed under Ar/H2 at a ratio of 2:1 for 25 minutes. 

The continuous graphene sheets were transferred on to Si/SiO2 substrates, completing the 

graphene synthesis process. Thin BCP films were spin coated directly on to the graphene 
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layer from a 0.7 weight % 69 kg/mol PS-b-P4VP in 4:1 toluene:tetrahydrofuran solution. 

After spincoating deposition, samples were placed inside of closed containers in the 

presence of tetrahydrofuran vapor to increase mobility and improve the ordering of BCP 

thin films. Following a solvent annealing process, BCP thin films with hexagonally close 

packed vertically aligned domains were observed by atomic force microscopy (AFM). 

Surface reconstruction of PS-b-P4VP BCP thin films was performed as previously 

shown
155,172

.  

 Copper substrate prepared CVD graphene demonstrated excellent layer 

uniformity. The smooth graphene substrate allows deposition of consistent BCP 

thickness, leading to the preparation of hexagonally ordered cylindrical BCP templates. 

Moreover, monolayer graphene may be advantageous due to the minimal effect on 

surface wettability
173,174

. A generalized approach to surface modification with was 

performed by Du Yeol Ryu et al.
175

. However, the random copolymer was insoluble, 

making it difficult to remove. In this work, it was demonstrated that for monolayer CVD 

synthesized graphene no surface modification was necessary to obtain well ordered BCP 

patterns. Other polymer systems and morphologies may be realized by patterning BCP 

templates directly on graphene. Patterning of hexagonally patterned photocleavable 

BCPs
176

 would allow monomer removal from the graphene surface with less vigorous 

methods. 

Reactive ion etching (RIE) was used as a means to widen the pores in the BCP 

thin films and etch the underlying graphene films into the desired GNM structures. 
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Plasma composed of oxygen/argon at 9:1 ratio was used in this work to widen the pores, 

similar to that shown by Gu et. al.
177,178

. Argon was necessary to the gas mixture to add 

an aspect of ion bombardment on the BCP surface, widening and delaying the closing of 

pores. Without argon, the BCP pores will close after prolonged exposure and to return to 

the original hexagonally ordered pattern.  

Careful consideration is needed in order to etch the pattern of the BCP template 

into the underlying graphene layer. Some of the PVP block may not be completely 

removed from the cylindrical domains of the BCP template and would therefore need to 

be etched away by plasma exposure before the underlying graphene can be etched. On 

the other hand, the thickness of the BCP layer is gradually decreased over increasing 

etching time and overexposure will destroy all underlying graphene. To study the effects 

of RIE on BCP templates over time, ordered BCP thin films on Si/SiO2 substrates were 

prepared by solvent annealing. Following BCP patterning, a surface reconstruction was 

performed by submerging substrates in ethanol for 20 minutes. Ethanol exposure caused 

the PVP block to swell and become displaced from the confinement of the cylindrical 

domains, leaving pores in the BCP film. 

After surface reconstruction, the effect of RIE plasma time on the BCP etching 

template was studied as a progression of time. As shown by AFM in Figure 19, the pores 

in the BCP template are widened as a function of time, up to approximately 30 seconds. 

After 45 seconds of RIE plasma treatment, a small amount of polymer remains on the 



 

50 

Si/SiO2 surface, suggesting the polymer layer was removed at approximately this 

treatment time. 

 

Figure 19. Progression of pore widening as a function of plasma treatment time on 

Si/SiO2 wafers. Plasma treatment times correspond to the AFM images above as: (a) 10 

sec (b) 20 sec (c) 30 sec (d) 45 sec. Scale bars in all images are 200 nm. 
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Pore size and spacing can be controlled by BCP molecular weight. Figure 20 

demonstrates the morphology of 69 kg/mol PS-b-P4VP (a-c) and 32 kg/mol PS-b-P4VP 

BCP (d-f) on graphene by AFM after patterning, surface reconstruction, and 30 seconds 

of RIE plasma treatment. By decreasing the molecular weight of the BCP is shown to 

yield smaller, denser pores. 

Figure 20. AFM scans of 69 kg/mol PS-b-P4VP on graphene after (a) solvent annealing 

(b) surface reconstruction and (c) after plasma treatment. Similarly, 32 kg/mol PS-b-

P4VP on graphene after after (d) solvent annealing (e) surface reconstruction and (f) after 

plasma treatment. Scale bars in all images are 200 nm. 

 

30 nm 50 nm 30 nm

30 nm 30 nm10 nm
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Upon removal of the BCP template by sonication in toluene, scanning electron 

microscopy (SEM) was used to image the morphology of the resulting GNM structure. 

SEM image of the obtained GNM, shown in Fig. 2, shows GNM with hole to hole 

spacing of 50-60 nm and neck widths of approximately 10 nm. Comparison between 

AFM of the BCP template and SEM of the resulting GNM structure suggests that the 

plasma conditions minimally underetch the BCP etching template. 

 

Figure 21. SEM image prepared GNM showing graphene neck sizes with width of 

approximately 10 nm. 

 



 

53 

GNM patterning by BCP ordering directly on graphene can be applied to CVD 

prepared graphene as well as to exfoliated graphene flakes. The procedure for exfoliated 

graphene is similar to that of CVD graphene. Characterization of multilayer exfoliated 

graphene and single-layer graphene produced by CVD demonstrates that multilayer 

graphene can be patterned into graphene nanomesh, as well as single or few layer 

graphene.  Raman spectroscopy is a widely used tool in understanding the quality and 

electrical properties of graphene
34,179

. Raman spectroscopy of GNM was previously 

reported experimentally, showing an increase in the D peak due to the increased 

percentage of edge states
168,180

. Measurement of the D peak may prove to be an important 

measurement due to the energy gap dependence on defects as well as graphene neck 

width, and the type of defect
181

. GNM morphologies can be compared to a network of 

graphene nanoribbons. In this report, phenomenon in GNMs are similar to those which 

have been observed in previous Raman spectroscopy studies of graphene nanoribbons
182

.  

 Importantly, a large increase in the D peak intensity (~1350 cm
-1

) was observable 

after plasma etching and consequently, an increase in the D
*
/G peak ratio. A redshift in 

the G peak was observable in graphene nanomesh, suggesting p-type doping
122

.  

Stiffening of the G peak was observable due to the nonadiabatic removal of the Kohn 

anomaly from the Γ point
27

. The G/2D peak ratio was increased by the doping effect by 

introducing defects in the graphene lattice. Although the G/2D peak ratio has often been 

used as an indicator of the number of layers in graphene samples
36,183

, it is important to 

note that the G/2D peak ratio is strongly dependent on the carrier concentration in 

graphene samples
184

.  
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Figure 22. Raman spectroscopy of graphene prepared by (a-c) CVD synthesis and (d-f) 

exfoliation. Features include the emergence of a (a,d) high intensity D peak, (b,e) redshift 

and stiffening of the G peak, emergence of the D’ peak, and (c,f) redshift of the 2D peak 

and the appearance of a small D+D’ peak. 

 

 To evaluate the properties of the GNM devices, back-gate field-effect transistors 

(FETs) were fabricated Si/SiO2 substrates using a conventional photolithography method 

to pattern Ti/Au (10/80 nm) electrodes (Figure 23). The ON/OFF current ratio of CVD 

graphene devices was found to be approximately 1.9, while the ON/OFF current ratio for 

CVD GNM devices was increased to approximately 6.7. Field-effect mobility was 

extracted using the equation μ=(∆Id/∆Vg)/(εVdW/LoxL), where Lox is oxidation thickness 

a b c
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(300 nm), L is the length of the channel, W is the channel width, ε is the gate dielectric 

(εSiO2 = 3.9), and (∆Id/∆Vg) is the slope calculated from Fig 3. Mobility of GNM 

decreased by a factor of six times compared to that of unpatterned graphene layers, due to 

the introduction of a large number of defects into the graphene structure. Defect sites in 

the produced GNM structure are likely inhabited by sp
3
-bonding oxygen species due to 

the use of oxygen plasma etching of the GNM structure. The effect of the functionalized 

graphene edges causes the GNM to show p-type doping behavior since oxygen is more 

electronegative than carbon. Moreover, the edges of graphene formed by oxygen plasma 

are likely to be highly disordered atomically
185

.  
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Figure 23. (a) Schematic illustration of a GNM FET device (b) Transfer characteristics 

of back-gate graphene FET device  (c) Transfer characteristics of back-gate GNM FET 

device. 

 

3.4 - Conclusion and Future Work 

A simple graphene nanomesh fabrication process involving the patterning of BCP 

templates directly on graphene has been described. This new approach yields GNM with 

neck sizes of 10 nm with processes that are not damaging to underlying Si/SiO2 

substrates, an important factor in GNM device fabrication. Following fabrication, GNM 

D S

Si/SiO2

GNM
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was studied by Raman spectroscopy. GNM FET devices prepared by photolithography 

demonstrate the ability to fabricate large-area semiconducting GNM devices with 

ON/OFF ratios greater than 6 at room temperature. Graphene synthesis by CVD and BCP 

lithography methods suggest a highly scalable technique towards GNM fabrication with 

excellent reproducibility.  

Although BCP patterning directly on the surface of graphene is enticing for large-

area GNM synthesis, BCP can be difficult to remove from the graphene surface due to 

the extremely long polymer chains and the ambiphilic nature of BCP templates used for 

lithography. In addition, harsh sonication treatments using strong organic solvents may 

damage or remove graphene from the substrate. Any remaining BCP residue on the 

surface of graphene may cause adverse effects to the performance of GNM devices. To 

address these concerns, BCP templates which allow for the complete removal of the 

hydrophilic block could be utilized. PS-PMMA BCP allows for the PMMA block to be 

removed after patterning, but previous attempts to pattern PS-PMMA templates directly 

on graphene have yielded unsatisfactory results
167

. Hexagonally patterned photocleavable 

BCPs
176

 have been shown to allow the complete removal of one monomer species from 

the long BCP polymer chains and may by allow complete BCP removal from the 

graphene surface with less vigorous methods as well. 

Etching of graphene by oxygen plasma has been shown to produce rough edges 

with no specific edge orientation. In order to open significant band gaps in graphene, 

channel width must be reduced to <10 nm. As channel width decreases, statistical 
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fluctuations due to disordered graphene edges become significant, adversely affecting the 

properties of graphene transistors. Smooth edges or specific graphene edge orientations 

are preferable to control the properties of resulting graphene transistors. GNM with 

smooth edges was recently obtained by nanosphere lithography on copper catalyst 

substrates prior to CVD growth
185

. Nanosphere lithography was used to pattern SiOx in 

areas protected by PS nanospheres, after CVD growth graphene grows only on exposed 

copper regions. Mobility measurements indicated that the mobility is three times higher 

in smooth edge GNM than that produced by etching graphene. However, nanosphere 

lithography was shown to produce GNM with neck widths of 65-75 nm, much larger than 

the width necessary to cause quantum confinement effects to be significant and allow 

semiconducting behavior.  

Since the edge orientation of quantum confined graphene has significant impacts 

on electrical properties, an approach which controls the graphene edge-type is desirable. 

Anisotropic etching of graphene by hydrogen plasma was recently shown to produce 

selective zig-zag edge graphene
186

. Metal-assisted etching of graphene etching has been 

shown to remove graphene by edge selective etching, specifically copper has been shown 

to etch graphene along the zig-zag orientation at high temperatures in the presence of 

hydrogen
187,188

. Copper nanoparticles were recently shown as catalysts for the etching of 

graphene into GNM
189

. However, the edge orientation of graphene produced by this 

method was not discussed and the electrical properties of GNM materials were not 

examined.  
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A promising approach towards large-area patterning of GNM with selective edge 

orientation is through patterning copper nanoparticles, which can act as catalysts to etch 

graphene with zig-zag edges. PS-PVP BCP templates can be used to pattern regular 

arrays of copper nanoparticles on SiO2 substrates, using a copper chloride solution to 

bind Cu
2+

 copper ions to the PVP block. After removal of BCP by oxygen plasma, well-

ordered arrays of copper nanoparticles remain on the SiO2 surface. CVD-grown graphene 

can then be transferred on top of the copper nanoparticle array by the typical process 

outlined in experiments of previous studies. When heated in the presence of 10:1 Ar:H2 

hydrogen causes carbon absorbed on copper nanoparticles to be converted to 

hydrocarbon gas and carried away. Raman spectroscopy suggests that by varying the 

temperature of copper catalyzed graphene etching, graphene with predominantly zig-zag 

edges is obtained, as indicated by the splitting of the G-peak and the absence of the D-

peak in GNM produced by this technique after etching at 800°C
190

.  
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Figure 24. (a) Raman spectroscopy showing the shift and splitting of the G-peak, 

indicative of zig-zag edge graphene. (b) Raman spectroscopy showing the G/2D peak 

ratio is roughly conserved and the D-peak intensity is not significantly affected. (c) SEM 

image showing the pattern of nanoparticles used to etch the overlying graphene and (d) 

GNM after removing copper nanoparticles. Scale bars in (c-d) are 200 nm. 

 

Imaging by SEM shows that the copper nanoparticles remain in a well-organized 

array even after annealing at 800°C. The presence of patterned nanoparticles after the 

annealing treatment suggests that the copper nanoparticles do not move during the 
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process and can only act as etching catalysts for the graphene which comes in direct 

contact. After GNM has been produced by the etching of copper nanoparticles, it was 

found that the copper nanoparticles could be etched away by a dilute mixture of 

H2O2:HCl (1:1) in 20 parts deionized water. The ability to etch the copper nanoparticles 

suggests that the copper nanoparticles have etched through the graphene layer which 

previously rested on top of the nanoparticles. 
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Chapter 4 - Wafer-Scale Synthesis of Atomically Thin Transition Metal 

Dichalcogenide Layers 

 

4.1 - Properties and Synthesis of Molybdenum Disulfide Thin Films 

Synthesis of atomically thin MoS2 layers and its derivatives with large-area 

uniformity is an essential step to exploit the advanced properties of MoS2 for their 

possible applications in electronic and optoelectronic devices. In this work, a facile 

method for the continuous synthesis of atomically thin MoS2 layers at wafer scale 

through thermolysis of a spin coated-ammonium tetrathiomolybdate film is reported. The 

thickness and surface morphology of the sheets were characterized by atomic force 

microscopy (AFM). The optical properties were studied by UV-vis absorption, Raman 

and photoluminescence spectroscopies. The compositional analysis of the layers was 

done by X-ray photoemission spectroscopy (XPS). The atomic structure and morphology 

of the grains in the polycrystalline MoS2 atomic layers were examined by high-angle 

annular dark-field scanning transmission electron microscopy (HAADF-STEM). The 

electron mobilities of the sheets were evaluated using back-gate field-effect transistor 

configuration. The results indicate that this facile method is a promising approach to 

synthesize MoS2 thin films at the wafer scale and can also be applied to synthesis of WS2 

and hybrid MoS2-WS2 thin layers. 

Atomically thin two-dimensional (2D) transition-metal dichalcogenide (TMD) 

materials (MoS2, WS2, MoSe2, WSe2, NbS2, NbSe2, etc.) hold promise for next-
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generation electronics due to enticing optical and electronic properties
115

. TMD materials 

exhibit a large variety of electronic behaviors such as metallic
191

, semiconducting
192

 and 

superconductivity
193

. MoS2, a semiconducting TMD material, possesses an indirect band 

gap of ~1.3 eV in its bulk form and a direct band gap of ~1.8 eV
113

 as a monolayer, 

allowing its realization in advanced optoelectronic devices. Moreover, large on/off 

current ratio (10
8
) and abrupt switching (sub-threshold swing ~70 mV/decade) have been 

recently reported for monolayer MoS2 transistors
194–196

, suggesting promise in future 

electronic devices such as low power applications. In this regard, synthesis of large 

uniform area atomically thin MoS2 films by a facile and reliable method is an essential 

requirement for applying these novel electronic and optical properties into future 

electronic and optoelectronic devices.  

Recent top-down approaches such as micromechanical exfoliation
197

, liquid 

exfoliation
198

 and intercalation assisted exfoliation
199

 to obtain large-area MoS2 thin films 

have received considerable attention. However, lateral dimensions of films from these 

methods have been reported to be tens of micrometers, which limits their applications for 

large-area electronics.  

Using elemental S and MoO3 powder, Najmaei et al.
200

 and Zande et al.
201

 have 

recently demonstrated the bottom-up growth of centimeter scale highly crystalline MoS2 

films by heating in a CVD reactor. Furthermore, the sulfurization of MoO3 films
202,203

 has 

been shown to produce thin MoS2 films. Although the described vapor phase synthesis 
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approaches show promise for future production of MoS2, current production of 

continuous MoS2 at wafer scale is still in an early stage. 

 

4.2 - Thermolysis of Ammonium Tetrathiomolybdate Thin Films 

Other techniques for synthesis of MoS2 include the thermolysis of single liquid 

precursors containing Mo and S
204–206

. Synthesis of MoS2 films was reported by 

thermolysis of the spin casted-(NH4)2MoS4 or alkyldiammonium thiomolybdate over a 

decade ago
205,206

, but with several nanometers in thickness and undesirable carbon 

residues. More recently, MoS2 films have been synthesized
204

 by thermolysis of dip-

coated (NH4)2MoS4 films on sapphire under sulfur pressure and transferred to SiO2.  

Synthesis of wafer-scale MoS2 can be obtained by thermolysis of spin coated-

(NH4)2MoS4 films. Thickness of resulting MoS2 films can by tuning by varying the spin 

coating speed and concentration of precursor solution. Additionally, thermolysis of spin 

coated thin films offers a method to synthesize MoS2 sheets without the use of elemental 

sulfur powders and high temperatures. Figure 25a schematically illustrates the 

preparation procedure of atomically thin MoS2 films.  

Atomically thin MoS2 films were synthesized onto 2 inch Si/SiO2 wafers by 

thermolysis of spin coated films. Precursor solutions were prepared by dissolution of 

(NH4)2MoS4 in n-methylpyrollidone (NMP). Prior to spin coating, wafers were cleaned 

by sonication in toluene, acetone and isopropanol, sequentially, for 45 min each. Next, 
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the substrates were submersed in RCA clean SC-1 (5 parts DI water, 1 part NH4OH, 1 

part H2O2) for 15 min. Each step is followed by a DI water rinse.  

Immediately, following the cleaning procedure, the precursor films were 

deposited by spin coating under ambient conditions at 3000 rpm for 1 min. After spin 

coating deposition, the samples were moved immediately into a CVD furnace and heated 

to 100°C under vacuum to remove residual NMP. To complete the thermolysis, samples 

were annealed under Ar/H2 gas flow (400/200 sccm) at 480° C for 1 h to achieve: 

(NH4)2MoS4 + H2 → 2NH3 + 2H2S + MoS2                                    (1)                                        

Subsequently, samples were annealed at 1000° C in Ar gas flow to improve crystallinity. 

 

4.3 - Synthesized Molybdenum Disulfide Characterization and Device Performance 

Atomic force microscopy (AFM) was used to characterize the surface 

morphology and thickness of MoS2 thin layers. Figure 25b shows the AFM image and 

height profile of the MoS2 film with a dewetted region, which is occasionally observed 

on the film. The thickness of the film is measured from the edges of the dewetted region. 

The inset shows that the thickness of the film is ~1.3 nm, a value consistent with the 

expected thickness from  bilayer MoS2
207

. The surface roughness value, Ra, is determined 

to be 0.25 nm from the height profile in Figure 25c.  
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Figure 25. (a) Schematic representation of the preparation procedure of atomically thin 

MoS2 films at wafer scale. AFM images and height profiles of the MoS2 film in a 

dewetted region (b) and a continuous region (c).  

 

For transmission electron microscopy (TEM), MoS2 sheets were coated in a 

protective PMMA layer by spin coating prior to the etching of SiO2 in 45% KOH. 

Following transfer to lacey carbon TEM grids and drying, PMMA was removed by 

submersion in acetone. HAADF-STEM images of the MoS2 film at different 

magnifications are shown in Figure 26. Regions of monolayers as well as double and 

triple layers can be identified by HAADF-STEM
208

 consistent with AFM and Raman 
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analysis. Thicker regions, containing two or three layers, appear more intense in these 

images because the higher number of atoms in each atomic column leads to higher 

scattering of the incident electron beam into ADF detector. Figure 26c shows the 

characteristic hexagonal structure of MoS2. Two atomic sites with distinguishable 

intensities can be identified at each thickness step as a result of the AB stacking of the 

MoS2 structure, proving that the material is indeed semiconducting 2H polymorph and 

not metallic 1T
208

. For the monolayer 2H MoS2 (Figure 26d), the higher intensity atoms 

were Mo, while lower intensity atoms were S as expected for HAADF-STEM imaging. 
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Figure 26. HAADF-STEM images of MoS2 film: (a) low magnification; (b) intermediate 

magnification; (c) yellow box section of panel b showing thickness steps resulting in tri-, 

bi- and monolayer (left to right); (d) red box section of panel b showing monolayer MoS2 

with slight carbon residue (cloudy spots) with overlaid model: Mo-blue and S-yellow. All 

images have been filtered using 0.25 Å
-1

 low-pass filter keeping Fourier peaks up to 0.9 

Å
-1

.  
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XPS was used to determine the chemical compositions and chemical states of the 

precursor and obtained films. Figure 27a and 27b display XPS data for Mo and S binding 

energies, respectively, from MoS2 and (NH4)2MoS4 films. The (NH4)2MoS4 film exhibits 

two Mo 3d peaks at 232.2 and 235.5 eV, corresponding to the 3d3/2 and 3d5/2 binding 

energies, respectively, characteristic for the Mo
6+ 

state
203

. The MoS2 layer also exhibits 

two characteristic Mo 3d peaks at 229.3 and 232.5 eV, corresponding to the 3d3/2 and 

3d5/2 binding energies for the Mo
4+ 

state
209,210

, respectively. Moreover, a shift in the 

binding energies of sulfur is also observed. The sulfur peak for the 2s orbital is shifted 

from 229.2 to 226.6 eV, while 2p3/2 and 2p5/2 peaks were shifted from 235.6 to 232.5 eV, 

and 232.5 to 229.3 eV, respectively, as shown in Figure 27a and 27b. Decreases in the 

binding energy of sulfur can be explained by the change of oxidation state of Mo from 

Mo
6+

 to Mo
4+

, which causes a decrease in the bond strength between molybdenum and 

sulfur. The results confirm the change of oxidation state of Mo from Mo
6+

 to Mo
4+

 and 

the complete transition from (NH4)2MoS4 to MoS2. 
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Figure 27. XPS data of (a) Mo and (b) S binding energies from the MoS2 and 

(NH4)2MoS4 films. (c) Raman spectra from 1, 2 and 3 MoS2 layers on the film (d) PL and 

absorption spectra from the film.  

 

Raman spectroscopy is a powerful nondestructive characterization tool which can 

be used to reveal the crystallinity and thickness of atomically thin materials. Figure 27c 

shows the Raman spectrum from 1, 2 and 3 layers on the MoS2 film at room temperature. 

The spectrum reveals two characteristic Raman modes of MoS2, E2g and A1g. The 
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frequency difference between E2g and A1g phonons has been shown as an indicator of the 

number of layers in MoS2
211,212

. The observed frequency difference between the E2g and 

A1g peaks was 19.3 cm
-1

, corresponding to monolayer MoS2
113

. Other areas of the MoS2 

film show a red shift of E2g peak and blue shift of A1g peak, causing increasing peak 

spacing between E2g and A1g modes as the number of layers in the MoS2 thin film 

increases, indicating the presence of two and three layer regions. 

To further investigate the quality of MoS2 films, photoluminescence (PL) and 

absorption spectroscopy measurements were performed at room temperature. The PL 

spectrum in Figure 27d reveals an intense peak at 1.84 eV, confirming the presence of the 

direct band gap in atomically thin MoS2
213,214

. Figure 27d also shows the absorption 

spectra of the MoS2 film. The spectra reveals two absorption peaks at 1.84 eV and 2.0 

eV, corresponding to the A1 and B1 direct excitonic transitions at the Brillouin zone K 

point
215

. 

To evaluate the electrical transport properties of the MoS2 film, back-gate field-

effect transistors (FETs) were fabricated on the top of the MoS2 layers on SiO2/Si with 

Ti/Au (10/80 nm) contacts. The corresponding transfer and output plots are shown in 

Figure 28. The field-effect mobility was extracted using the equation 

μ=(∆Id/∆Vg)/(εVdW/LoxL)
192

, where Lox is oxidation thickness (300 nm), L is the length 

of the channel, W is the channel width, ε is the gate dielectric (εSiO2 = 3.9), and 

(∆Id/∆Vg) is the slope calculated from Figure 28a. The electron mobility of MoS2 from 

this growth method was calculated to be ~ 0.1 cm
2
V

-1
s

-1
, which is in agreement of earlier 
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reports on the characterization of MoS2 layers synthesized by the CVD method
113,216

. 

ON/OFF ratio for the device shown (ON/OFF = 338) may be increased for Vg > 100 V.  

 

Figure 28. (a) Plot of drain current vs. gate voltage shows electron transport using Ti/Au 

contacts, where VDS = 2 V. ON/OFF ratio for this device is ~3 x 10
2
. (b) Drain current vs. 

drain-source voltage characteristics. 

 

To demonstrate the versatility of the method described above, the synthesis of 

WS2 from ammonium tetrathiotungstate, (NH4)2WS4, was performed in a similar manner 

to that of MoS2. The Raman spectra reveals two main characteristics peaks, E2g and A1g, 

of WS2
217

, shown by Figure 29a. 
 
PL spectrum shows an excitation centered at 2.0 eV 

(Figure 29b)
218

. Both Raman and PL spectroscopy results confirm the thin film nature of 

the grown films by this technique
217,219

. Hybrid MoS2-WS2 materials can be also 

synthesized with this approach by simply combining precursors (NH4)2MoS4 and 
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(NH4)2WS4 in solution prior to spin coating, as confirmed by the Raman spectra in Figure 

29c
220,221

. After thermolysis of the two precursor film, an alloy in the form of MoxW2-xS2 

can be achieved, where x denotes the proportion of Mo and W in the resulting film. PL of 

the hybrid MoS2-WS2 film produced by equal amounts of (NH4)2MoS4 and (NH4)2WS4 

shows an excitation at 1.85 eV, consistent with previous reports of MoxW2-xS2 films
214

. It 

is straightforward to envision how this process can be utilized to achieve homogenous 

alloys and doping of TMDs
222

.  
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Figure 29. (a,c) Raman and (b,d) PL spectra of WS2 and MoxW2-xS2 film. 

 

4.4 - Conclusion and Future Work 

In summary, the synthesis of MoS2 layers by the thermolysis of spin coated thin 

films has been demonstrated on the wafer scale. Samples may be prepared down to 

monolayer thickness, as revealed by TEM analysis. Back-gate FET devices were 

fabricated directly on the Si/SiO2 substrate used for growth and show mobilities of 0.1 
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cm
2
V

-1
s

-1
. This approach may be applied to numerous substrates and suggests a 

promising route towards the production of other TMD materials, alloyed or electronically 

doped TMD materials. Thin WS2 and hybrid MoS2-WS2 films have been produced 

successfully with this method, as confirmed by Raman spectroscopy, offering synthesis 

of TMDs with tunable bandgap for future electronics applications. This process provides 

smooth, uniform, layer-controlled synthesis by a facile method which can exclude the use 

of elemental sulfur, showing promise in TMD synthesis for future electronics 

applications. 

Large-area synthesis of monolayer MoS2 is an exciting step towards future MoS2 

semiconducting devices. On the other hand, transport characteristics of CVD synthesized 

MoS2 are inferior to that of exfoliated MoS2. Similarly to graphene, CVD produced MoS2 

is hindered by scattering events at MoS2 grains. Furthermore, when separate MoS2 grains 

are expanding during a CVD growth process come together, grains merge to form various 

usual atomic rings which adversely affect the electronic states of the material
200,201

. 

Future work is needed to produce methods which can expand dimensions single crystal 

domains in CVD grown MoS2. 

Electronic doping of TMD materials has not yet been explored in depth by 

researchers. Thermolysis of solution-processed precursors may offer the ability to 

precisely control the doping of TMD materials by the mixing of multiple precursors in 

solution prior to deposition on the substrate of choice. For instance, a dilute solution of 

(NH4)3VS4 may be mixed with (NH4)2MoS4 to form a desired level of p-type doping by 
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tuning the molecular ratio of the starting solution. However, similar TMD precursors are 

commercially limited and experimental details of the preparation procedures are not 

trivial. Incorporation of sulfur into compounds involves the replacement of oxygen in 

materials such as NH4VO3 by continual flow of H2S or by addition of (NH4)SH. Other 

dichalcogenides species may be incorporated by similar methods but these methods have 

not been well studied at this time. Moreover, precursors such as (NH4)3VS4 are sensitive 

to oxidization in powder form and choice of solvents are consequently limited. Therefore, 

thermolysis of precursors deposited from solution may be limited for the synthesis of 

TMD materials. 
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