
i 

 

 

STUDY OF FIELD EFFECT TRANSISTORS BASED ON LAYERED 

SEMICONDUCTORS: GRAPHENE AND BEYOND 

 

____________________ 
 

A Dissertation  

Presented to 

 the Faculty of the Department of Physics 

University of Houston 

____________________ 

 

In Partial Fulfillment  

of the Requirements for the Degree 

 Doctor of Philosophy 

____________________ 

 

By 

Debtanu De 

December 2013 

  



ii 

 

STUDY OF FIELD EFFECT TRANSISTORS BASED ON LAYERED 

SEMICONDUCTORS: GRAPHENE AND BEYOND 

 

 

________________________________________________ 

     Debtanu De 

 

 

                  APPROVED: 

 

________________________________________________ 

                     Dr. Haibing Peng, Chairman 

    Department of Physics 

 

 

________________________________________________ 

    Dr. Gemunu Gunaratne 

    Department of Physics 

 

 

________________________________________________ 

    Dr. Pei-Herng Hor 

    Department of Physics 

 

 

________________________________________________ 

    Dr. Lowell Wood 

    Department of Physics 

 

 

________________________________________________ 

    Dr. Wei Chuan Shih 

    Department of Electrical and Computer Engineering 

 

 

________________________________________________ 

    Dean, College of Natural Sciences and Mathematics 



iii 

 

ACKNOWLEDGEMENTS 

I would like to begin by acknowledging the guidance and support I received from Prof. 

Haibing Peng. Prof. Peng’s extraordinary memory and analyzing skills have impressed 

me again and again throughout my doctoral study. These four years of working in the 

research environment has taught me not only to be an independent thinker but also a team 

player.  I gratefully acknowledge the help I received from Dr. Sungbae Lee and Dr. 

Carlos Diaz-Pinto who introduced me to the world of nanofabrication and patiently 

helped me to develop the skills. Carlos has been my mentor and my collaborator at the 

same time. We worked together on a joint project on chemical vapor deposition of 

graphene and published a journal article. I would like to thank Dr. Arnold Guloy’s group 

for providing the bulk crystals and Dr Steven Pei’s group for providing the chemical 

vapor deposited MoS2 samples. Dr. Victor Hadjiev has performed the Raman scattering 

experiments on graphene samples and I acknowledge the helpful discussions that I had 

with him on this topic. I would also like to thank all my committee members Dr. Gemunu 

Gunaratne, Dr. Pei-Herng Hor, Dr. Lowell Wood and Dr. Wei Chuan Shih, for their 

helpful comments and advises which have greatly helped this dissertation to take its 

current shape. I also thank my fellow graduate student Guoxiong Su and visiting students 

Taisong Pan and Vincent Zhang for their help and collaboration.  

I express my appreciation to my family and friends for their continuous love and support. 

This dissertation would not have been possible without their help. 

 



iv 

 

STUDY OF FIELD EFFECT TRANSISTORS BASED ON LAYERED 

SEMICONDUCTORS: GRAPHENE AND BEYOND 

 

____________________ 
 

An Abstract of a Dissertation 

Presented to 

 the Faculty of the Department of Physics 

University of Houston 

____________________ 

 

In Partial Fulfillment  

of the Requirements for the Degree 

 Doctor of Philosophy 

____________________ 

 

By 

Debtanu De 

           December 2013 

  



v 

 

ABSTRACT 

Graphene has attracted a lot of attention because of its extraordinary electronic, 

mechanical, optical, and thermal properties. The high carrier mobility in single-layer and 

multilayer graphene make them a suitable candidate for nanoelectronics applications. 

Chemical vapor deposition (CVD) is one of the most promising methods of synthesizing 

graphene on a large scale, and research on this field has been mainly focused on single-

layer graphene. Here in this dissertation we focused on synthesis of multilayer graphene 

and developed a process of synthesizing multilayer graphene with AB-stacking via 

chemical vapor deposition. Field effect transistors (FET) were synthesized, and the weak 

electron-phonon coupling in graphene was investigated by a study of injected hot charge 

carriers in those devices in low temperature and applied magnetic field. The absence of 

an energy band gap in graphene hinders its potential for application in digital electronics. 

The following sections of the dissertation continued to shift the focus to other layered 

materials which could be complimentary to graphene. In chapter 5, we document our 

study of FETs based on CVD-grown single crystal MoS2. In contrast to graphene based 

devices, the FETs based on MoS2 exhibit high current modulation of ~ 10
8
. The final 

sections of this dissertation focus on the search of new layered materials with a non-zero 

band energy band gap which could be complimentary to graphene. We successfully 

fabricated FETs based on mechanically exfoliated nano-crystals of tin disulfide, selenium 

doped tin disulfide, and beta-polymorphs of zirconium nitrogen halides. Tin disulfide-

based devices demonstrate high current modulation. The current modulation was 

suppressed with selenium doping and the activation energy was found to be decreasing. 
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In contrast to MoS2 and SnS2 based devices, a poor current modulation was observed in 

zirconium nitrogen halide (β-ZrNBr). Low temperature transport experiments suggest a 

variable range hopping (VRH) of charge carriers in β-ZrNBr. Mobility was observed to 

be reduced in SnS2 and β-ZrNBr based devices at low temperature, indicating a carrier 

transport dominated by charge-impurity scattering. There is a room for improvement of 

carrier mobility in both these materials by reducing the reducing the impurities. 
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CHAPTER 1 

Introduction 

The mesoscopic properties of a material are determined not only by the crystal structure 

but also by the dimensionality. This is particularly true for carbon nano-structures. 

Carbon-based materials have been investigated in various forms like: fullerene C60 or 

bulky ball (zero dimensional), carbon nanotubes (one dimensional), graphite (three 

dimensional). Carbon has four valence electrons in its ground state: 1s
2
2s

2
. While 

chemically bonding with other carbon atoms, the 2s orbital mixes with empty the 2p 

orbital to form hybridized orbitals: sp, sp
2
, sp

3
. In all three aforementioned forms of 

carbon nanomaterials, the carbon atoms are sp
2
 hybridized and make three bonds with 

neighboring carbon atoms in a hexagonal array.  

Graphite is a layered material where monolayers of carbon atoms arranged in a hexagonal 

manner are held together by van der Waals interactions to form three dimensional 

crystals. Various properties of graphite have been investigated for decades
1–5

. In 1985, 

fullerene C60 or the Bulky ball was discovered where 60 carbons atoms form a soccer-

ball-like truncated icosahedron structure, made of 20 hexagons and 12 pentagons
6
. In the 

process of developing a method of mass production of fullerene
7
, the one-dimensional 

form of carbon nanotube was discovered in 1991. Carbon nanotube has been under 

intensive research since then for its potential for applications in various fields. 

The experimental realization of 0D, 1D and 3D sp
2
 hybridized carbon atoms arranged in 

a hexagonal array left one last member of this class of material in the dark. The two 
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dimensional structure (a monolayer of graphite) was theoretically predicted to be 

thermodynamically unstable and was not experimentally realized. 

1.1 Graphene 

A single layer of graphite, more popularly known as graphene, was first experimentally 

achieved in 2004
8
. Novoselov et al.

8
 exploited the weak van der Waals force between the 

layers of highly oriented pyrolytic graphite (HOPG) to mechanically exfoliate them into a 

single layer graphene, using a Scotch tape. Graphene is the first truly two-dimensional 

material with exceptional electronic mobility, mechanical strength, thermal conductivity 

and optical transparency. All these properties combined make graphene the material of 

the twenty first century―with a wide range of potential applications.  

Graphene-based transistors have demonstrated high field-effect carrier mobility of ~2.5 x 

10
5
 cm

2
V

-1
s

-1
, at room temperature

9,10
 and are able to sustain very high density of 

current
11
. Graphene is also one of the strongest materials with a Young’s modulus of 

1TPa and intrinsic strength of 130GPa
12,13

. Graphene is highly thermally conductive 

~3000W mK
-1

 
14

 and has optical absorption of πα≈2.3% 
15

. 

For mass production of graphene-based devices, a large-scale controlled process of 

synthesis is required. There are several methods of producing graphene in a large scale 

that are suitable for industrial purposes, such as liquid-phase exfoliation 
16

, epitaxial 

growth on SiC 
17

, molecular beam epitaxy 
18

, and chemical vapor deposition (CVD) 
19

. 

Among these, CVD is the most reliable and cheapest method of production of large area 

graphene of high quality. 
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Graphene is grown on a variety of transition metal substrates such as Nickel (Ni), 

Palladium (Pd), Ruthenium (Ru), Iridium (Ir) and Copper (Cu). Large area, single-layer 

graphene has been reproducibly synthesized on copper substrates (which act as a catalyst) 

and this is the cheapest and most promising method to date. So far, the process 

development of CVD graphene on copper has been mainly focused on single layered 

graphene. Few efforts have been devoted to the production of multilayer graphene and 

the graphene produced were turbostratic in nature where the different layers are randomly 

oriented to one another. Multilayer graphene with AB stacking has interesting properties. 

For example, a bilayer graphene with AB stacking has a non-zero band gap under vertical 

electric field. The first part of this dissertation focuses on the synthesis of AB-stacked 

multilayer graphene via chemical vapor deposition and the electrical characterization of 

field effect transistors based on such graphene. 

1.2 Beyond Graphene 

Graphene is a semiconductor with a zero band gap. As a result, the field effect transistors 

based on graphene yield a very poor on off ratio (<100). But according to the 

international road map for semiconductors, for any technology to replace the current 

silicon based technology must have a current on/off ratio of 10
4
. Efforts were made to 

make field effect transistors based on graphene nano-ribbons which have a non-zero band 

gap, the higher on/off ratio achieved at the cost of reduced carrier mobility due to 

confinement. So the prospect of graphene-based field-effect transistors in digital 

electronics applications is small. 
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In recent years, the focus has been shifted towards other semiconductors with a non-zero 

band gap which have a layered structure similar to graphene and thermodynamically 

stable when thinned down to atomic scale 
20–24

. Transition metal dichalcogenides (MX2, 

M=Mo, W; X= S, Se) class of materials has a layered structure where the different 

layered are held together by weak van der Waals force. They have an energy band gap in 

the range ~ 1-2eV. 

Molybdenum disulfide (MoS2) has emerged as the most promising material which could 

be complimentary to graphene 
25–29

. Bulk MoS2 is an indirect gap semiconductor with a 

band gap of 1.3eV. But when thinned down to a monolayer, MoS2 becomes a direct band 

gap semiconductor with a band gap of 1.9eV. Most of the works on MoS2 have been on 

exfoliated samples which has high crystal quality and relatively easy to make. However, 

for real-life application a controlled scalable approach has to be adapted for the synthesis 

of MoS2. Chemical vapor deposition has been one of the most promising routes. MoS2 

were synthesized on insulating substrates via reduction of molybdenum trioxide by 

sulfur. The samples synthesized by this method were polycrystalline in nature. The 

scattering of carriers across grain boundaries yielded low field effect mobility 
30

. Here in 

the dissertation, we report field effect transistors based on single crystal MoS2 nano-

grains (synthesized by Dr Steven Pei’s group) and the carrier mobility in such devices 

which are orders of magnitude higher than the previously reported values. Moving 

beyond MoS2, the dissertation also documents proof of principle studies on some layered 

semiconductors which have not been studied so extensively before.  Starting with bulk 

crystals (provided by Dr. Arnold Guloy’s group), ultrathin nano-crystals of undoped 
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SnS2, selenium-doped SnS2 and beta polymorphs of zirconium nitrogen halides were 

exfoliated using Scotch tape. Then field-effect transistors were fabricated using the nano-

crystals as the channel materials. The devices were electrically characterized at room 

temperature and low temperatures. Device performance was optimized at room 

temperature and carrier transport properties were extracted. A better understanding of the 

device physics was perceived from the low temperature transport experiments and the 

nature of electronic states in these materials was revealed. 

1.3 Outline 

This dissertation consists of eight chapters. Following the current introductory chapter, a 

theoretical background is provided in chapter 2 with crystal structure and electronic band 

structure of graphene and all other materials under study. Chapter 3 provides the details 

of the experimental techniques used to fabricate and characterize the devices. In chapter 4 

the CVD of graphene is discussed. Devices fabricated based on such graphene and their 

characterization is also reported in chapter 4. Electrical characterization of chemical 

vapor deposited MoS2 is described in chapter 5. The next two chapter records the proof of 

principle studies on exfoliated samples. Fabrication and characterizations of field effect 

transistors based undoped SnS2 and selenium doped SnS2 are presented in chapter 6. 

Chapter 7 describes the electric field effects in ultrathin β-ZrNBr. In conclusion, chapter 

8 briefs the progress made by this dissertation work and highlights the impact it is going 

to make in the relevant field of research. 
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CHAPTER 2 

Electron Transport in Two Dimensional Materials 

The first section of his chapter discusses the crystal structure and electronic band 

structure of various layered semiconductors with zero band-gap (e.g., graphene) and non-

zero band-gap (e.g. MoS2, SnS2, ZrNBr etc.). The second section of this chapter presents 

a general model for mesoscopic electron devices. 

2.1 Crystal and Electronic Structure of Layered Semiconductors 

Graphite, which is a stacked array of planar carbon atoms arranged in a hexagonal 

manner, has been known for a quite long time and studied extensively 
1–5

. But only until 

recently 
8
 the existence of a single layer of graphite, more popularly known as graphene, 

was not realized as it was expected to be thermodynamically unstable.  The exceptional 

electrical, mechanical and thermal properties of single and multilayer graphene make 

them an extraordinary candidate for application in nanotechnology in the post-silicon era. 

In this section, we analyze the crystal structure of graphene, and the electronic structure is 

discussed using a standard tight-binding approach. 

2.1.1 Tight Binding Method 

In this section we describe the tight binding method, following Solid State Physics by 

Ashcroft and Mermin. 

The tight binding method is an approach to calculate electronic energy band structure 

using an approximate wave function which is a linear combination of Bloch waves 
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representing electrons tightly bound to atomic sites. This model assumes limited 

interactions with the neighboring states and atomic potentials. 

Assuming they are tightly bound to atomic sites, the valence electrons are represented by 

localized Wannier functions and the extended Bloch state can be written as a 

superposition of local Wannier functions    at each atomic site  ⃑  over the entire crystal: 

  ⃑⃑ 
(  )  

 

√ 
∑    ⃑     (    ⃑ )

 ⃑ 

 

where  ⃑  is the wave vector and N is the totals number of unit cells in the crystal. The 

Bloch wave function obeys the Bloch theorem: 

  ⃑⃑ (    ⃑ )     ⃑   ⃑   ⃑⃑ 
(  ) 

And the Bloch wave function can be rewritten as: 

  ⃑⃑ 
(  )  

 

√ 
∑    ⃑   ⃑  (    ⃑ )

 ⃑ 

 

From the time-independent Schrödinger equation, 

   ⃑⃑ 
(  )    ⃑   ⃑⃑ 

(  ) 

The energy eigenvalues can be defined as: 

  ⃑⃑  ∫   ⃑⃑ 
 (  )     ⃑⃑ 

(  )      = 
 

 
∑ ∑ ∫    ⃑⃑  ( ⃑⃑    )⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  

 ⃑⃑   ⃑⃑ ⃑⃑    (     ⃑⃑  ⃑)    (    ⃑⃑ )     
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Assuming nearest neighbor approximations: 

  ⃑⃑  ∫   (    ⃑⃑ )    (    ⃑⃑ )      

+∑ ∫    ⃑⃑  ( ⃑⃑    )⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  
  (     ⃑⃑  ⃑)    (    ⃑⃑ )

  
  

⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑       

=   + ∑    ⃑⃑  (  ⃑⃑⃑⃑    ⃑⃑ ⃑⃑  )
       

where    ⟨ (    ⃑⃑ )| | (    ⃑⃑ )⟩ is the onsite energy and 

     ⟨ (     
⃑⃑  ⃑)| | (     

⃑⃑  ⃑)⟩ are the nearest neighbor overlap matrix elements. 

2.1.2 Tight Binding Model for Single Layer Graphene 

The first tight-binding description of graphene and graphite was given by Wallace in 

1947 
1
 using a triangular lattice with two basis. 

Graphene is a planar structure of carbon atoms arranged in a hexagonal lattice (figure 

2.1). The ground state electronic configuration of carbon is 1s
2
2s

2
2p

2
. Four valence band 

electrons belonging to 2s and 2p orbitals sp
2
 hybridize to form in-plane C-C sigma bonds. 

Two electrons of 2pz orbitals perpendicular to the atomic plane contribute to form the 

conduction band. 
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2.1 Real space and reciprocal space structure of graphene. (a) Real space crystal structure 

of graphene, consisting of two sublattices A and B. The two lattice vectors are denoted by 

  ⃑⃑  ⃑ and   ⃑⃑⃑⃑ . The unit cell is denoted by the area enclosed by the dotted lines. (b) The first 

Brillouin zone in the reciprocal lattice is represented by the shaded area. The K, K
’
, M 

and Γ symmetry points are labeled. 

The planar structure of single layer graphene is a triangular lattice with a basis of two 

atoms per unit cell (figure 2.1). The unit cell is denoted by the area enclosed by the dotted 

lines in figure 2.1. The lattice vectors are: 

  ⃑⃑  ⃑   
  

 
 ⃑   

√  

 
  ⃑  

  ⃑⃑⃑⃑   
  

 
 ⃑   

√  

 
  ⃑  

where a is the C-C atomic bond length. 
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The reciprocal lattice also has a hexagonal symmetry with primitive reciprocal lattice 

vectors: 

  
⃑⃑⃑⃑   

  

  
  
⃑⃑⃑⃑   

  

√  
   
⃑⃑⃑⃑  

  
⃑⃑⃑⃑   

  

  
  
⃑⃑⃑⃑   

  

√  
   
⃑⃑⃑⃑  

There are two atoms per unit cell in graphene which forms two triangular sub-lattices 

with basis A and B. The total wave function is the linear combination of the Bloch wave 

function of the two sub-lattices: 

  ⃑⃑ 
(  )     

    ⃑⃑ 
 (  )     

    ⃑⃑ 
 (  ) 

where the Bloch wave functions for the individual sub-lattices are: 

  ⃑⃑ 
 (  )  

 

√ 
∑    ⃑⃑    ⃑⃑⃑⃑⃑⃑ 

 (     ⃑⃑⃑⃑  ⃑)

 ⃑⃑ 

 

  ⃑⃑ 
 (  )  

 

√ 
∑    ⃑⃑    ⃑⃑ ⃑⃑  ⃑

 (     ⃑⃑ ⃑⃑  )

 ⃑⃑ 

 

In this basis, the Hamiltonian can be in the following form: 

 ̂    (
      

      
) 

Assuming nearest neighbor approximation, the matrix elements can be evaluated as: 

    =     =    
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    =    
  =    (      ⃑⃑⃑⃑   

 ⃑⃑ ⃑⃑  ⃑
        ⃑⃑⃑⃑   

 ⃑⃑ ⃑⃑  ⃑
       ⃑⃑⃑⃑   

 ⃑⃑ ⃑⃑  ⃑
) 

where    is the on-site energy,    is the nearest neighbor hopping energy and   
 ⃑⃑⃑⃑  ⃑,   

 ⃑⃑⃑⃑  ⃑,   
 ⃑⃑⃑⃑  ⃑ 

are three position vectors in the A sub-lattice given by: 

  
 ⃑⃑⃑⃑  ⃑ =  

 

 
 ⃑   

√  

 
  ⃑  

  
 ⃑⃑⃑⃑  ⃑ =  

 

 
 ⃑   

√  

 
  ⃑  

  
 ⃑⃑⃑⃑  ⃑ =    ⃑  

 

2.2 Lattice vectors   
 ⃑⃑⃑⃑  ⃑ ,   

 ⃑⃑⃑⃑  ⃑,   
 ⃑⃑⃑⃑  ⃑  of the three nearest neighbors in the A sub-lattice. 

Diagonalizing the Hamiltonian matrix we get the energy dispersion relation: 
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  (      )           √     
√    

 
    

   

 
       

   

 
 

The energy dispersion is illustrated in figure 2.3 (adapted from 
31

). The negative and 

positive signs correspond to lower valence band and upper conduction band, respectively. 

The upper and lower bands meet at the corners of the Brillouin zones (K and K’ points) 

and their density of states vanish. Hence, the single layer graphene is a zero-gap 

semiconductor. 

 

Figure 2.3 Energy dispersion relation of single layer graphene (adapted from 
31

). The 

upper and lower bands meet at the K and K’ symmetry points and their density of states 

simultaneously vanish. (right) close up of the energy bands at the K (or K’) symmetry 

points.  
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2.1.3 Electronic Band Structure of Multilayer Graphene 

The tight binding model can be extended to more than one layer graphene where the 

interlayer interactions need to be incorporated. Assuming nearest neighbor approximation 

and nearest interlayer hopping, the energy band structure near the K-point of tri-layer and 

tetra-layer AB-graphene is depicted in figure 2.4 (adapted from 
32

). The trilayer has one 

massless mode and two massive modes whereas all modes for tetralayer are massive, at 

low energy. 

 

Figure 2.4 Energy band structure near K point of (a) trilayer and (b) tetralayer AB-

stacked graphene, assuming nearest neighbor and nearest interlayer hopping. (Adapted 

from 
32

). 

Similarly, starting with a two dimensional wave function and applying it to three 

dimensional lattice of bulk graphite the three dimensional energy band diagram is 
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obtained, as illustrated in figure 2.5. The four π bands near the Fermi level contribute to 

the electron transport. There is a band overlap of ~30meV along the Brillouin zone edge. 

Hence, graphite is semi-metal. 

 

Figure 2.5 Three-dimensional energy band diagram of bulk graphite. (Adapted from 
2
) 

2.1.4 Molybdenum Disulfide 

The lack of a non-zero band gap in graphene limits its applicability in digital electronics. 

As an alternative, molybdenum disulfide has a layered structure similar to graphene with 

a non-zero band gap. 

Three dimensional crystals of molybdenum disulfide consist of stacked trilayers of S-Mo-

S, held together by weak van der Waals interactions (figure 2.6). The in-plane covalent 

force is stronger than the interlayer van der Waals force. Within the trilayer, molybdenum 

atom is at the center of a trigonal prismatic coordination sphere and is bonded to six 
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sulfide ligands. Each sulfur atom is connected to three molybdenum atoms which are 

pyramidal. Within the layered trigonal prisms, molybdenum atoms are sandwiched 

between sulfur atoms. 

 

Figure 2.6 Three dimensional crystal structure of molybdenum disulfide. (Adapted from 

23
). 

Ellis et al. calculated band structures of 1 to 6 layers and bulk MoS2 using the screened 

hybrid functional of Heyd, Scuseria, and Ernzerhof (HSE) 
33

. MoS2 in bulk form is an 

indirect gap semiconductor with a band gap of 1.29eV 
34

 but when scaled down to a 

monolayer, it becomes a direct gap semiconductor with an energy gap of 1.9eV 
35

. The 

values obtained by Ellis matches closely with the experimentally observed values. The 

evolution of the direct and indirect gaps in MoS2 with the number of layers is illustrated 

in figure 2.7. The calculated direct band gap in single layer MoS2 is 0.21eV higher than 
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the experimental value. As a second layer is added, it becomes an indirect gap 

semiconductor. With more and more added layers, the indirect band gap approaches the 

bulk value. 

 

Figure 2.7 Evolution of energy band gaps in MoS2 with number of layers, calculated 

using HSE functionals. (Adapted from 
33

).  

The partial density of states for monolayer, bilayer, six layers and bulk MoS2 are 

illustrated in figure 2.8. This highlights the effect of interlayer interactions on the band 

structure in this material. For a bilayer, the conduction band along K→Γ line splits and  

shifts the minimum down leading to an indirect gap. The splitting increases with 

additional layers and hence reduces the gap. 
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Figure 2.8 Partial density of states of monolayer, bilayer, six-layer and bulk MoS2. 

(Adapted from 
33

). 

2.1.5 Tin Disulfide and Tin Diselenide 

Tin disulfide is a layered material with a hexagonal CdI2 type crystal structure [Figure 

2.9a]. The three dimensional crystal consists of S-Sn-S trilayers which are covalently 

bonded within the trilayer but each trilayer is weakly coupled to the nearest trilayers by 

van der Waals force.  
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Figure 2.9 (a) Schematic representation of the crystal structure of tin disulfide. (b) 

Electronic energy-band structure of tin disulfide. (Adapted from 
36

)  

Fong et al calculated energy band structure of tin disulfide and tin diselenide using local 

potential pseudopotential method 
36

. Figure 2.9b presents the electronic energy-band 

structure of tin disulfide calculated using local-empirical-pseudopotential method. Tin 

disulfide in bulk form is a semiconductor with an indirect band-gap of 2.2eV (  
    ) 

36
. All our samples are of thickness 10nm or greater which corresponds to 17 or higher 

number of layers. So, the band structure of SnS2 in bulk form is applicable to the electron 

transport data. 
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Dr. Victor Hadjiev investigated the electronic band structure of SnS2 and SnSe2 via 

density functional theory (DFT) calculation using the generalized gradient approximation 

with Perdew-Wang exchange correlation functional and the norm-conserved pseudo-

potential plane waves 
37

. The energy band dispersions along high symmetry lines of 

hexagonal Brillouin zone of SnS2 and SnSe2 are showed in figure 2.10. The calculated 

band gaps are 2.1eV for SnS2 and 1.1eV for SnSe2. 

 

Figure 2.10 Electronic energy band structure of SnS2 (solid line) and SnSe2 (solid circle) 

calculated using density functional theory. 

2.1.6 Zirconium Nitrogen Halides 

Zirconium nitrogen halide (ZrNX, X=Cl, Br) compounds exist in two polymorphs: α- and 

β-. Here in this section we discuss the crystal and electronic band structure of the β-form. 

These compounds have two-dimensional layered crystal structures with slabs containing 
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layer sequence X-Zr-N-N-Zr-X. The X-Zr-N trilayers are held together by weak halogen-

halogen van der Waals interactions. A schematic diagram of the layered crystal structure 

of β-ZrNBr is illustrated in figure 2.11. The isostructural compound β-ZrNBr has the 

exact same structure with Cl atoms replacing Br atoms. 

 

Figure 2.11 A schematic representation of the layered two-dimensional crystal structure 

of β-ZrNBr. (figure adapted from 
38

). 
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Figure 2.12 Electronic band structure of β-ZrNBr. Total electronic density of states 

(DOS) distribution near the Fermi level. The dotted line represents the position of the 

Fermi level for no doping. (Figure adapted from 
39

). 

Band structure calculations for β-ZrNBr, based on the extended Hückel method, were 

performed by Woodwards et al.
39

 using the program CAESAR for Windows, developed 

by Jingqing Ren, Weigen Liang, and Myung-Hwan Whangbo 
39

. Total density of states of 

β-ZrNBr is presented in figure 2.12. The calculated energy band gap of β-ZrNBr is 

calculated to be 1.62eV. 
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CHAPTER 3 

Experimental Techniques 

This chapter describes the experimental techniques used in the process of fabrication and 

the characterization of the devices. A significant part of the fabrication process was 

carried out in a cleanroom, using advanced nanofabrication techniques. This chapter is 

divided into six sections following the underlying nature of the process: synthesis, pattern 

making, material deposition, etching, material analysis and electronic characterization. 

Each section describes the corresponding techniques in details with the description of the 

instrument used. 

3.1 Synthesis 

Graphene and molybdenum disulfide thinfilms were synthesized via chemical vapor 

deposition (CVD). All the other samples were synthesized in bulk form and then 

mechanically exfoliated into thin nano-crystals using a scotch tape method. 

3.1.1 Chemical Vapor Deposition 

Chemical vapor deposition (CVD) is one of the most practical methods for controlled 

production of high purity materials. In this process, a thin film is formed on a substrate by 

chemical reactions of vapor-phase precursors―what differentiates it from other thin film 

deposition processes such as electron-beam physical vapor deposition (EBPVD) or 

reactive sputtering. 



23 

 

The general setup of a chemical vapor deposition system consists of a furnace with single 

or multiple temperature zones, a quartz tube and gas flow control system. The tube is 

purged with inert gas (argon) in order to remove moisture or oxygen from the reaction 

chamber. During the growth process, precursors are introduced into the reaction chamber 

in the vapor-phase. If using a solid source, the vapor phase is achieved by sublimation or 

evaporation via heating it up close to the melting point.  

Within the reaction chamber, vapor phase chemical reactions occur and the newly formed 

chemical species are transported to the substrate. Further surface reactions may occur to 

form the thin film of the targeted material. The by products are carried out of the chamber 

via the inert carrier gas. 

Here is a schematic diagram of the instrumental set up used in the growth of graphene on 

a copper substrate. 

 

Figure 3.1 Schematic diagram of the chemical vapor deposition set up. 
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The instrument used was a furnace of maximum temperature of 1100
o
C and three gas 

flow controllers for argon (Ar), hydrogen (H2) and methane (CH4) gas cylinders 

connecting to the tube furnace to the exhaust line. 

 

Figure 3.2 The CVD set up used in the experiment. 

 

3.1.2 Exfoliation of Bulk Crystals 

Some of the materials under study were first synthesized in the bulk form via vapor 

transport method. The weak inter layer van der Waals forces in these layered compounds 

enabled us to exfoliate them into thin nano-cystals of 2-100nm thickness. These crystals 

were identified under the optical microscope. 

3.2 Pattern Making 

The thin nano-crystals obtained from the CVD or the mechanical exfoliations were 

identified under an optical microscope. The optical images were used to design 
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electrodes. Computer aided design software DesignCAD and AutoCad were used for this 

purpose and then the sample was taken to the cleanroom for pattern making. First the 

substrate was spin coated with photo-resist, and then either photo-lithography or electron-

beam lithography was used to fabricate a three dimensional binary structure of the photo-

resist on the surface. 

3.2.1 Spin Coating 

 Spin coating is a procedure to produce thinfilm covering a flat surface by the centrifugal 

force. The substrate is covered ¾ with the material to be coated with and then rotated at 

high speed for 30 to 60 seconds to produce a thin film. The thickness depends on the 

density of the material and is inversely proportional to the square root of the spinning 

speed. A Brewer Cee 200 spin coater was used to coat the silicon wafers with photoresist 

or PMMA. 

 

Figure 3.3 Brewer Cee 200 spin coater 
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The spin coating parameters for both the photoresist and the PMMA are listed in the table 

below. 

Table 3.1 Spin coating parameters 

Material Spinning speed 

(rpm) 

Thickness 

Positive photoresist 

Shipley s1818 

3000 2µm 

PMMA A4 3000 200nm 

 

 

3.2.2 Photo-lithography 

Photo-lithography is a widely used technique in the semiconductor industry for 

fabrication technique. It is associated with low cost and fast operation. 

In the general process, a photo-sensitive material is spin coated on the substrate. This 

photo-sensitive material can be classified into two main categories: positive and negative. 

We used a positive photo-resist Shipley s1818, which is based on a mixture of 

diazonapthoquinone (DNQ) and novolac resin. Upon exposure to ultraviolet (UV) light, 

this photoresist changes its chemical structure leading to a lower effective molecular 

weight and thus making it more soluble. 
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Figure 3.4 Schematic flow chart of the photo-lithography process. 

The ABM mask aligner uses mercury vapor lamp and filters out the I-line (365nm) which 

is in the UV region. A quartz photomask with opaque chromium structures was used to 

selectively expose the photoresist coated substrate. The substrate was then developed in 

MICROPOSIT® MF-319, which is a tetramethylammonium hydroxide (TMAH) based 

developer. This produces a three-dimensional binary structure of the photoresist on the 

substrate.  
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Figure 3.5 ABM mask aligner system. 

3.2.3 Electron-beam Lithography 

The best resolution of the ABM mask aligner is 3µm. For patterning of any feature of 

smaller size and going beyond the optical diffraction limit, electron-beam lithography 

was used. The general procedure is similar to that of photolithography, but here the 

material used is sensitive to an electron-beam instead of UV light. Polymethyl 

methacrylate (PMMA) was spin coated and baked at 180
o
C. Under proper dosage of the 

electron beam, PMMA became soluble in Methyl isobutyle ketone (MIBK). After 

developing in MIBK, a three dimensional binary structure of PMMA was formed on the 

substrate. 
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Figure 3.6 Schematic flow chart of electron-beam lithography. 

Unlike photolithography, no mask is used. So the selective exposure is done by computer 

aided design and drafting using the software: AutoCAD and DesignCAD. For precise 

positioning of electrodes contacting a micron size semiconducting flake sitting on an inch 

size silicon wafer, an extra step of patterning alignment marks had to be done. Optical 

images were obtained and then imported into AutoCAD or DesignCAD to design the 

electrodes. 
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I used JEOL JBX 5500FS, which is a dedicated electron-beam writer for the electron 

beam lithography. I have also used FEI XL-30FEG scanning electron microscope (SEM) 

equipped with JCNabity Nano Pattern Generation System (NPGS), which also served the 

purpose. 

 

Figure 3.7 JEOL JBX 5500FS electron beam writer. 

3.3 Materials Deposition 

Electron beam physical vapor deposition system (EBPVD) is a method of depositing thin 

film with high precision thickness. It uses a high energy electron beam hitting the source 

material and causes it to sublimate. The substrate is held up above the source and 

protected by a mechanical shutter which allows controlled deposition. The precise 

deposition rate is obtained using a pizzo-electric crystal monitor. This process undergoes 

under high vacuum. A home-built EBPVD system was used to deposit materials onto 

various substrates, which has a base pressure of ~10
-7

 mBar and ultimate pressure of ~10
-

8
 mBar. The materials deposited using this system is listed: copper (Cu), nickel (Ni), 
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chromium (Cr), palladium (Pd), iron (Fe), silver (Ag), niobium (Nb), aluminum oxide 

(Al2O3) and silicon dioxide (SiO2).  

 

Figure 3.8 Schematic diagram of the electron beam evaporation system. 
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Figure 3.9 Home-built electron beam evaporation system. 

3.4 Materials Characterization 

The materials characterization techniques used include optical microscopy, scanning 

electron microscopy (SEM), atomic force microscopy (AFM) and Raman scattering 

experiment. The working principles of SEM, AFM and Raman scattering experiment is 

discussed below. Raman scattering experiments were performed in collaboration with Dr. 

Victor Hadjiev, Department of Mechanical Engineering and Texas Center for 

Superconductivity at the University of Houston. 
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3.4.1 Scanning Electron Microscopy 

A scanning electron microscope (SEM) is a useful tool for imaging beyond the visible 

light diffraction limit. It uses a high energy electron beam (typically 0.1 to 50keV) to 

scan the surface to generate an image profile. The incident high energy electrons interact 

with the valence electrons of the sample and cause the electrons to leave the sample 

atoms. After undergoing additional scatterings within the sample, a fraction of these 

electrons leave the sample surface. These low energy electrons emerging from the surface 

with energies less than 50eV are called the secondary electrons. The secondary electrons 

are detected and processed to produce the SEM image. 

The electron beam is generated from an electron gun via thermoionic emission. A 

tungsten filament is normally used in the electron gun. The generated electron beam is 

processed by a magnetic lens system, focused on the sample surface and raster scanned 

across the imaging area. Unlike optical microscope, the magnification is determined by 

the size of the area that is scanned. The magnification can be as high as 500,000. 

Other than the secondary electrons, back scattered electrons (BSE), characteristic x-rays 

and light (cathodoluminescence) are also commonly detected and processed, revealing 

more information about the topography and chemical composition of the sample. 
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Figure 3.10 Schematic diagram of a SEM (adapted from www.wikipedia.org) 

 

Figure 3.11 FEI XL-30FEG scanning electron microscope equppied with JC Nabity Nano 

Pattern Generation System (NPGS). 

 

 

http://www.wikipedia.org/
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3.4.2 Atomic Force Microscopy 

Atomic Force Microscopy (AFM) is an indirect imaging technique to record the three 

dimensional topography by sensing the force between the two bodies: the sample and a 

probing tip. AFM typically uses a silicon or silicon nitride cantilever, and a sharp tip with 

a few nanometer radius is mounted on the cantilever using micro-fabrication techniques. 

When the tip is brought close to the sample surface, the force between the tip and the 

sample surface deflects the cantilever. The various forms of forces that a cantilever may 

experience in AFM include: repulsive mechanical force, van der Waals force, capillary 

force, electrostatic force, magnetic force etc. 

The cantilever scans the surface by moving back and forward. The force on the cantilever 

varies depending on the surface height profile. A small integrated circuit with a pizzo-

electric crystal maintains a constant height difference (hence, a constant force). A laser 

beam is reflected off the back of the cantilever and detected by four position sensitive 

photo-detectors. From the deflection in the reflected laser beam, the height difference on 

the sample surface is calculated. 

The AFM operates in three different modes: contact mode, non-contact mode and tapping 

mode. In the contact mode the tip dragged across the sample surface. In non-contact 

mode the tip oscillates at its natural frequency and brought to close proximity of the 

surface where the van der Waals force dominates. The amplitude of oscillation in non-

contact mode is typically less than 10 nm. In tapping mode, in which I performed the 

experiment, the amplitude of oscillation is higher (100-200nm) and the probing tip taps 
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the surface with the vibrating frequency. This mode is less destructive to the sample 

when compared to the contact mode. 

 

Figure 3.12 Schematic diagram of AFM (adapted from www.wikipedia.org) 

http://www.wikipedia.org/
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Figure 3.13 Veeco Dimensions 3000 atomic force microscope. 

3.4.3 Raman Spectroscopy 

Raman scattering is a useful tool to characterize samples by analyzing their vibrational 

mode. A monochromatic light (typically a laser) is focused on the sample. The light gets 

reflected, absorbed and scattered by the material. Most of the light gets scattered 

elastically (Raleigh scattering). Only a tiny fraction of the incidents photons (about one 

out of a million) get inelastically scattered (Raman scattering) by the vibrational modes 

of the atoms. The material mainly absorbs energy and the emitted photon has energy 

lower than the incident photon (redshift) giving rise to Stokes lines. The shift (Δw) is 

generally expressed in terms of wavenumbers in the units of cm
-1

.  
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The elastically scattered light is filtered out using holographic gratings and multiple 

dispersion stages or more recently in the modern instruments using band-stop filters. The 

selected light is then detected by a photo-multiplier or CCD detector. 

 

Figure 3.14 Schematic diagram of Raman scattering experiment. 

3.5 Etching 

Etching is a method of removing layer of material from the surface. This can be done by 

means of chemical reaction (wet etching) or by physically knocking atoms off the surface 

(sputtering/ion milling). Wet etching can be isotropic or orientation dependent whereas 

ion milling is highly anisotropic. Another form of etching is reactive ion etching (RIE) is 

has the characteristics of both the aforementioned methods. In the experiment, wet 

etching and RIE was used. Their underlying mechanism is discussed below. 
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3.5.1 Buffered Oxide Etching 

Buffer oxide etchant (BOE) is a mixture of hydrofluoric acid (HF), ammonium fluoride 

(NH4F) and deionized (DI) water. NH4F solution is prepared by mixing with water in a 

4:6 ratio. NH4F solution is then mixed with HF in a 6:1 ratio. This final form of the 

mixture is BOE, commonly used to etch silicon dioxide or silicon nitride. 

The silicon wafer covered with 200 nm silicon dioxide was exposed to 6:1 BOE for 3 

minute to etch the oxide away. The underlying chemical reaction is: 

SiO2+4HF →  SiF4 + 2H2O 

This procedure was used to gain electrical access to the silicon substrate which was used 

as a back-gate to study the electric field effect. 

3.5.2 Reactive Ion Etching 

Reactive ion etching is a method to remove materials by reactive plasma. We used 

oxygen plasma based reactive ion etching to remove photoresist residues, other 

hydrocarbon based contamination and to design graphene ribbons and hall bar.  
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Figure 3.15 Schematic diagram of oxygen plasma reactive ion etcher. 

The plasma etcher is a cylindrical chamber under low pressure (a few mTorr to a few 

hundred mTorr) with a parallel plate capacitor configuration. The gas enters through 

small inlets near the top of the chamber and gets exhausted by the vacuum pump at the 

bottom. The plasma is created by applying a radio frequency (RF) electromagnetic field 

by the electrodes. In the plasma form, the gas molecules are ionized and excited to high 

energy states. Oxygen plasma is very effective in removing organic hydrocarbons by 

breaking the C=C, C-C, C-H, C-O and C-N bonds. The oxygen plasma contains various 

species namely O2
+
, O2

-
, O3, O, O

+
, O

-
 etc., which react with the hydrocarbons to form 

CO, CO2, H2O with high vapor pressure. These by products are then removed from the 

chamber by the vacuum pump at the bottom. 
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Figure 3.16 PlasmaLab 80 Plus reactive ion etcher. 

3.6 Measurement Setup 

Electrical characterizations were performed in a Lake Shore TTP6 cryogenic probe 

station over the temperature range of room temperature (295K) to 77K. Experiments 

below 77K were performed in an Oxford Instruments Heliox VL top loading variable 

temperature fridge.  
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3.6.1 Cryogenic Probe Station 

Lake Shore TTP6 is a cryogenic micro-manipulated probe-station configured with six 

probe arms and an optical system. The base pressure is ~10
-5

 Torr at 295K and ~10
-6

 Torr 

at 77K. The sample is mounted on a metallic base called cold head and the temperature is 

controlled with a continuous flow refrigeration system using liquid nitrogen. The probe 

tips making the electrical connections are also thermally linked to the cold head to 

minimize the heat transfer to the sample. 

 

Figure 3.17 Lake Shore TTP6 probe station. 

3.6.2 Oxford Instruments 
3
He Fridge 

Oxford Instruments Heliox VL top loading variable temperature can reach a base 

temperature of ~240 mK. The sample is mounted in a vacuum insert with 
4
He gas 

environment and then slowly immersed into liquid 
4
He which cools it down to 4.2K. The 
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system is also equipped with a superconducting magnet system with capability of 

maximum magnetic field of 17T.  

The sample is mounted on a chip-holder and then installed into the inner vacuum 

chamber (IVC). The IVC is sealed with high vacuum grease and then pumped and 

flushed with helium gas. The IVC is a part of the cryostat that is immersed slowly into 

the liquid helium to achieve 4.2K. An appropriate amount of helium gas within the IVC 

ensures a proper thermal link between sample holder and the wall of the IVC (which is at 

4.2K). This step is crucial in order to thermally isolate the sample from the surrounding 

liquid helium environment and vary the temperature above and below 4.2K. 

Temperatures above 4.2K are obtained by passing current through resistive heaters. 

Temperatures below 4.2K are attained by reducing the pressure using an external 

mechanical pump and a 
3
He fridge equipped with a sorb pump.  
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Figure 3.18 Schematic representation of the operating principle of the 
3
He fridge. The 

figure is adapted from http://www.oxford-instruments.com/products/cryogenic-

environments/3he-inserts/wet-helium-3-refrigerators/helium-3-refrigerator-with-sorption-

pump-helioxvl. 

The operating cycle of the 
3
He fridge includes two phases as explained in Figure 3.18. 

Throughout the cycle the 1K pot plate and coil is kept at ~1.7K by pumping liquid helium 

through a needle valve opening. The gaseous 
3
He liquefies at 3.19K. In phase 1, the 

3
He 

gas condenses into liquid near the 1K pot region and collected at the 
3
He pot. In this 

phase the sorb is kept at ~30K to ensure outgassing. It takes about half an hour to finish 

the condensation. In phase 2, the sorb heater is turned off and as it is cooled below 10K, 

it starts to adsorb gases and hence reduces the vapor pressure above the 
3
He liquid 

reservoir. The temperature cools to its base temperature of 240mK. 

http://www.oxford-instruments.com/products/cryogenic-environments/3he-inserts/wet-helium-3-refrigerators/helium-3-refrigerator-with-sorption-pump-helioxvl
http://www.oxford-instruments.com/products/cryogenic-environments/3he-inserts/wet-helium-3-refrigerators/helium-3-refrigerator-with-sorption-pump-helioxvl
http://www.oxford-instruments.com/products/cryogenic-environments/3he-inserts/wet-helium-3-refrigerators/helium-3-refrigerator-with-sorption-pump-helioxvl
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The system is also equipped with a superconducting magnet system. It uses Nb3Sn coils 

to generate the magnetic field, applied perpendicular to the plane of the sample. The 

magnetic field can be applied either in “persistent” or in “sweeping” mode. The 

maximum applied field is 17T with an operational temperature range from 240mK to 

20K. 

 

Figure 3.19 Oxford instrument helium refridge. (left) Liquid helium dewar. (right) 

Sample is mounted and then the probe is inserted into the liquid helium dewar. 
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CHAPTER 4 

Synthesis of Graphene via Chemical Vapor Deposition 

This chapter is based on our previously published work AB-stacked Multilayer Graphene 

Synthesized via Chemical Vapor Deposition: A Characterization by Hot Carrier 

Transport, ACS Nano 6, 1142 (2012). 

4.1 Introduction 

Graphene was first isolated from highly oriented pyrolytic graphite (HOPG) using scotch 

tape. The researchers exploited the weak inter-layer van der Waals force to peel off single 

layer and a few layer graphene. This method is easy, cost effective and produces high 

quality graphene samples and is widely used in the laboratories. However, the number of 

layers, size of the flake and position on the substrate is uncontrollable. So, for very large 

scale production of graphene a controlled and sustainable method is needed. 

Chemical vapor deposition (CVD) is a process widely used in the semiconductor industry 

for synthesizing high quality thin films. Graphene was reportedly synthesized via CVD 

on various transition metal substrates such as: Ni 
40

, Pd 
41

, Ru 
42

, Ir 
43

 and Cu 
44

. The 

transition metals act as a catalyst for graphene growth. The exact growth mechanism is 

different for different substrates depending on the solubility of carbon in the metal.  

Extensive studies have been done on large area graphene growth on poly crystalline Ni 

substrates 
40,45–47

. Carbon solubility in Ni is very high and the graphene is grown in a 

segregation process during the cooling and grain boundaries play a major role. Therefore 
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the uniformity in graphene samples grown on Ni is a major issue. Uniform single layer 

and multilayer samples are obtained over an area of around tens of microns and not 

uniformly distributed over the entire substrate.   

In contrast to Ni, high quality and uniformly distributed graphene samples has been 

obtained on polycrystalline copper substrates. Here we are going to focus on the growth 

of graphene on copper substrate which has very low carbon solubility. Studies of growth 

on both copper thin films and bulk copper foil substrates will be discussed.  

4.2 Chemical Vapor Deposition on Copper Thinfilm Substrate 

Thinfilm deposition is a technique widely used in the semiconductor industry and could 

be readily adapted for graphene. There are a number of chemical and physical ways a 

high quality thinfilm can be deposited with high precision, namely: plating, sol-gel, spin 

coating, CVD, atomic layer deposition, thermal evaporation, electron beam evaporation, 

molecular beam epitaxy, sputtering, pulsed laser deposition etc. Here high quality 

polycrystalline copper thinfilms were produced by electron beam evaporation on SiO2/Si 

substrate. 

4.2.1 Substrate Preparation 

345nm Cu on top of 20nm Ni was deposited on a silicon substrate covered with 200nm 

silicon dioxide using an e-beam evaporator. Here the nickel layer is used as adhesive. The 

thin films obtained are of polycrystalline quality. The substrate was sonicated in acetone 

and isopropyl alcohol, blow dried with N2 gas and finally cleaned in a UV ozone cleaner 

before loading them into the CVD tube furnace. 
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 Figure 4.1 Optical image of 345nmCu/20nmNi thin film. 

4.2.2 Synthesis via CVD 

Copper (Cu) is a transition metal with a face center cubic (fcc) crystal structure, solid 

phase density 8.96 g cm
-3

, melting point 1085
o
C and boiling point 2562

 o
C. Graphene is 

grown in the temperature range of 950-1050
o
C when the copper substrate is chemically 

active and acts as a catalyst. 

The CVD setup consists of a furnace, gas flow controllers and an exhaust pipe. The end 

of the exhaust pipe is dipped under water to prevent back flow of atmospheric oxygen 

and water molecules into the chamber. In order to make the chamber free of oxygen and 

water molecules, the tube is flushed with inert argon gas at 2L/min rate for 20 min. Then 

the temperature is set at 1000
o
C and this ramping is done in H2 atmosphere. It takes about 

20 min to 1000
o
C with a hydrogen flow rate of 200sccm (standard cubic centimeter). 



49 

 

Then methane (CH4) is introduced into the chamber and graphene is grown for 20min. 

After 20 min, methane is turned off and the system is cooled naturally. The thickness of 

the graphene depends on the methane flow rate and time length of the process. We used 

methane at 300sccm for 20min. 

 

Figure 4.2 Growth condition of the graphene sample grown on copper thinfilm. 

After cooling, the substrate is taken out and dipped in iron nitrate solution (0.1g/ml). Iron 

nitrate diffuses through the graphene and etches away the underlying copper. As a result, 

the graphene is detached from the surface. The sample is then rinsed in de-ionized (DI) 

water and transferred to a silicon dioxide substrate for analysis. 
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Figure 4.3 Optical image of graphene sample on silicon dioxide substrate, grown on 

copper thinfilm. 

4.2.3 Characterization by Raman Spectroscopy Experiment 

The sample is then characterized via Raman spectroscopy experiment, performed by Dr. 

Victor Hadjiev. Raman spectroscopy is a very useful tool to characterize carbon based 

materials like graphite 
48

, carbon nanotube 
49

, fullerene 
50

 and graphene 
51

.  From the 

Raman shift peak position, relative intensities of the peaks and FWHM, the following 

information can be extracted: crystal structure, stacking order, number of layers, disorder 

density, doping 
52

. 
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Figure 4.4 Six phonon dispersion bands in graphene iLA, iLO, iTA, iTO, oTA and oTO. 

(b) Raman spectra of a typical graphene sample showing the main three bands G, D, and 

G’. Figures adapted from 
53

. 

Graphene has a triangular lattice with a basis. There are two atoms per unit cell, and 

hence six phonon dispersion bands (Figure 4.4 a). Depending on their modes of 

vibrations the six bands are labeled as in-plane longitudinal acoustic (iLA), in-plane 

longitudinal optical (iLO), in-plane transverse acoustic (iTA), in-plane transverse optical 

(iTO), out-of-the-plane transverse acoustic (oTA) and out-of-the-plane transverse optical 

(oTO). The major Raman resonance peaks are depicted in Figure 4.4b where the intensity 

is plotted in arbitrary unit and the Raman shift in cm
-1

.  

The main characteristic feature of graphene is the G peak around 1580 cm
-1

 which is 

associated with the doubly degenerate phonon mode (iTO and iLO) at the Brillouin zone 

center.  Another important peak G’or 2D at about 2700 cm
-1

 coming from a second order 

scattering process involving two iTO bands near the K symmetry point. In disordered 
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sample, another second order resonance peak D is observed at about half of that of G’, 

that is 1350 cm
-1

. This process involves one iTO phonon and one defect. So, the intensity 

of this D peak is a good indication of the disorder in the system. 

 

Figure 4.5 First- and second-order Raman scattering processes involving different 

phonon dispersion branches and defect. Figure adapted from 
53

. 

All the samples were characterized under an optical microscope (objective ×50 

magnification) attached to a Horiba JYT64000 triple spectrometer. All spectra were 

recorded in the back-scattering configuration with 514nm (2.41eV) Ar
+
 laser excitation 

and incident and scattered light propagating along the c-axis of the crystal. The intensity 

is plotted as a function of the Raman shift in the units of cm
-1

.  
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Figure 4.6 Raman spectra of graphene sample grown on copper thin film, characterized 

by 514nm laser. 

Figure 4.6 represents the Raman spectroscopy data obtained from the graphene sample 

grown on copper thinfilm after transferring onto silicon dioxide substrate, which is in 

good agreement with the literature. The characteristic feature is the G peak at 1580 cm
-1

, 

which signifies the hexagonal array of carbon atoms and hence confirms the graphitic 

nature of the sample. A small D peak is found at ~1350cm
-1

 and the relatively weak 

intensity suggests less disorder and high quality of the sample. Another characteristic 

peak G’ or 2D at around 2700 cm
-1

 carries information about the number of layers and 

stacking order. First we notice that the intensity of the G’ or 2D peak is lower than that of 

the G peak, suggesting that the sample is multilayer (more than two layers) 
51,54

. The 2D 

peak can be fitted with a single Lorentzian (Figure 4.7), and from the fitting data, the full 
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width at half maximum (FWHM) is calculated to be ~57cm
-1

. This also confirmed that 

the number of layers is more than two for which its typically ~60cm
-1

 
54

.  

 

Figure 4.7 (black dot) Raman peak 2D around 2700cm
-1

 is presented. (red line) The data 

is fitted with a single Lorentzian and from the fitting the FWHM is calculated to be 

~57cm
-1

. 

In natural graphite, the different layers have AB Bernal stacking. The fact that the 2D 

peak can be fitted with a single Lorenzian is a consequence of the turbostratic stacking 
51

 

of our CVD graphene grown on copper thinfilm. In turbostratic multilayer graphene, the 

layers are randomly oriented with respect to one another and the electronic structure is 

different than that of AB-stacked graphene 
55

.  

The graphene samples grown on copper thinfilm on SiO2/Si substrates were multilayer. 

Single layer graphene could not be produced suggesting that the growth process is not 
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self-limiting. Moreover, all the multilayer samples were turbostratic in nature. So, to 

achieve single layer and multilayer graphene with AB stacking, the thickness of the 

copper substrate had to be reconsidered. As a next step, CVD growth of graphene on bulk 

copper foil was carried out.  

4.3 Chemical Vapor Deposition on Bulk Copper Foil 

The synthesis of high quality uniform graphene on copper foil has attracted a lot of 

attention because of its potential for practical application 
44,56–60

. The crystal and 

electronic quality of the CVD graphene is yet to match that of the pristine graphene, 

mechanically exfoliated from HOPG 
61,62

 and it is still under active research. Various 

thermodynamic conditions involving both low pressure and ambient pressure are being 

explored. 

4.3.1 Synthesis via CVD 

Here we studied ambient pressure CVD technique that is very similar to the procedure 

used for the thinfilm substrates. The substrate used was 25 micron thick 99.8% pure 

copper foil, purchased from Alfa Aesar. Copper foil was cleaned in acetone and isopropyl 

alcohol, blow dried and finally ozone cleaned for 15 minutes right before loading into the 

tube furnace. First, the reaction chamber is flushed with inert argon gas for 20 minutes to 

remove oxygen and moistures. The as-received copper foil is covered with native oxides 

(CuO, Cu2O) as a result of exposure to air. These oxidized layers reduce the catalytic 

capability of the substrate. To avoid that, the substrate was annealed at 1000
o
C in 

hydrogen atmosphere for 20 minutes. At high temperature, hydrogen reduces the copper 
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oxides and the by-product water is carried out of the reaction chamber by the continuous 

gas flow. This pre-growth annealing step also helped increase the copper grain size and 

eliminates structural defects. 

 

Figure 4.8 Schematic diagram of the growth and transfer of graphene to silicon dioxide 

substrate.  

Graphene grew on both sides of the copper foil. First polymethyl methacrylate (PMMA) 

was spin coated on one side. This PMMA layer provides mechanical strength and serves 

as a protective cover for the next steps. Then the graphene on the other side of the copper 

foil is etched using oxygen plasma etching. The etching parameters used was 50sccm 
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flow rate of oxygen, 50W power and 100 mTorr pressure. Then the copper foil was 

etched away by copper nitrate solution. The graphene supported by PMMA was rinsed in 

DI water and isopropyl alcohol, transferred to a silicon dioxide/silicon substrate. Finally, 

the supporting PMMA layer was stripped by acetone. This process is schematically 

represented in Figure 4.8. The graphene on silicon dioxide was then used for optical and 

Raman characterization. 

 

Figure 4.9 (a) Optical image of the copper foil before growth. (b) Optical image of the 

copper foil, after the growth, with single layer graphene on it. (c) Optical image of the 

single layer graphene on silicon dioxide/silicon substrate. All three images were taken at 

×40 magnification. 
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4.3.2 Characterization by Raman Spectroscopy Experiment 

The graphene sample was then characterized by Raman spectroscopy and the results are 

presented in figure 4.10. The characteristic G peak is located at ~1484 cm
-1

 which 

confirms the presence of sp
2
 hybridized carbon atoms. The G’ or 2D peak is at ~2689 cm

-

1
 and its intensity is about 2.5 times the intensity of the G peak which suggests that the 

sample is single layer. The G’ peak can also be fitted with a single Lorentzian with 

FWHM of ~37 cm
-1

 (figure 4.10 inset). These two features are also characteristics of 

single layer graphene and in accordance with the literature 
54

.  

 

Figure 4.10 Raman spectra of the single layer graphene grown on copper foil, taken with 

514 nm laser. (inset) G’ or 2D peak is fitted with a single Lorentzian with FWHM of 37 

cm
-1

. 
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The ambient pressure CVD is not a self-limiting process in contrast to the CVD at low 

pressure. As a consequence, the number of layers of graphene can be controlled by the 

methane gas flow rate and the duration of growth. Moreover, the partial vapor pressure of 

hydrogen during the growth plays an important role in determining the quality, domain 

size and morphology of the graphene 
63,64

. In the process, methane gets chemisorbed to 

the copper surface, forming different active species, like, CH3, CH2, CH and C, which 

react to form graphene.  

CH4 → CH3 + H 

CH3 → CH2 + H 

CH2 → CH + H 

CH → C + H 

The partial pressure of hydrogen determines which active species is dominating. AB-

stacked bilayer graphene was obtained using little or no hydrogen 
65,66

. Here we studied 

the role of hydrogen in the stacking order of multilayer graphene. The results were 

confirmed by Raman spectroscopy. 

The CVD growth was carried out under ambient pressure in a 1 inch tube furnace. 25 

micron thick copper foil (Alpha Aeser, item# 13382) was cleaned in acetone, isopropyl 

alcohol and by ozone cleaner prior to loading into the furnace. At room temperature 

(24
o
C) inert argon gas at 2L/min was used to flush the tube furnace to ensure an 

environment free of oxygen and moisture. The argon flow is then stopped and the 
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temperature is raised to 1000
o
C with hydrogen flow rate of 200 mL/min. The substrate is 

then annealed for another 20 minutes in hydrogen atmosphere. After 20 minutes, 

hydrogen is turned off and methane is started with a rate of 13 mL/minute. After 20 

minutes of growth, methane is turned off and the furnace temperature was set to zero and 

let it naturally cool down. The copper foil substrate after the growth is presented in figure 

4.11a. 

PMMA was spin coated on one side of the copper foil and the other side was etched with 

oxygen plasma for 2 minutes (50 mL/minute oxygen flow rate, 100 mTorr, 50 Watt). 

Then the copper was etched in iron nitrate. PMMA supported graphene rinsed in DI 

water and isopropyl alcohol, transferred to silicon dioxide/silicon substrate, dried and 

finally the PMMA was stripped off with acetone (figure 4.11b). 

 

Figure 4.11(a) Optical image of multilayer graphene on copper foil with ×40 

magnification. (b) After the copper is etched away with iron nitrate, the graphene is 

transferred to silicon dioxide (200nm)/ silicon substrate. Scale bar: 1mm. 
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The sample was then characterized by Raman spectroscopy with 514 nm Ar
+
 laser line, 

performed by Dr. Victor Hadjiev. The spectrum is presented in figure 4.12a. The lower 

intensity of the 2D peak suggests that the graphene has more than 2 layers. This is 

consistent with the atomic force microscopy data in which the thickness was measured to 

be 3 nm. Considering a single layer thickness of 0.34 nm for a single layer, a thickness of 

3 nm corresponds to approximately 9 layers.  

The most important feature is the asymmetric 2D peak around 2730 cm
-1

 with more 

weightage on the higher frequency side (figure 4.12b), which is the signature of the AB 

stacking order for multilayer graphene 
53,67,68

. For a multilayer graphene sample with 

turbostratic stacking, the 2D peak is symmetric 
69

, and hence can be fitted with a single 

Lorentzian. But the asymmetric G’ peak presented in figure 4.12b is fitted with three 

Lorentzians 
68

. The c-axis coherence length LC is calculated to be 29nm using the 

formula, 

      
  

(      )
   

   
 

(   
     

 )
 

where    
  and    

  are the intensities of the decomposed G2
ˊ 

and G3
ˊ
 peaks. The c-axis 

coherence length is 29 nm which is larger than the 3nm thickness of the sample revealed 

by atomic force microscopy, indicating single crystal quality along c-axis.  

Other than G and Gˊ, two disorder induced peaks D and Dˊ were observed at ~1364 cm
-1

 

and ~1626 cm
-1

, respectively (figure 4.12a). Using the relative intensity of the G band to 
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that of the D band, the in-plane crystallinity constant was calculated to be ~45 nm, using 

the formula 
67

: 

       
  

  
 

where IG is the intensity of the G peak and ID is the intensity of the D peak.  

 

Figure 4.12 (a) Raman spectra of the multilayer graphene sample, characterized with 

514nm laser line. (b) The symmetric Gˊ is fitted with three Lorentzians, corresponding to 

three bands   
 ,   

 ,   
 centered respectively at 2688 cm

-1
, 2706 cm

-1
 and 2734 cm

-1
. (c) 

The effect of hydrogen is reflected in the symmetry of the Gˊ peak. When the sample is 
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grown without hydrogen, the Gˊ is asymmetric (black line) suggesting AB stacking, in 

contrast to the symmetric peak (red line) obtained for the sample grown in the presence 

of hydrogen, indicating trubostratic stacking. 

The uniformity of the multilayer graphene sample is supported by Raman mapping 

experiment with 632.8 nm laser (figure 4.13). The sample was found uniform over a few 

micron areas. However, variation in thickness is perceived over larger scale. 

 

Figure 4.13 Raman mapping image (left) and the corresponding optical image (right) are 

presented. 

To test the role hydrogen plays in the growth of the multilayer graphene, hydrogen at 50 

mL/minute was added along with methane, keeping all other conditions the same. The 

Raman spectra of both the samples are presented in figure 4.14a. The higher intensities of 

the D and Dˊ bands indicate more disorder in the sample grown with hydrogen. This is 

consistent with previous reports 
63
. The Gˊ peaks for the two samples are compared in 
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figure 4.14b. Clearly the asymmetry of the Gˊ peak obtained for the sample grown 

without hydrogen is removed for the sample grown in the presence of hydrogen. The 

symmetric peak can be fitted with single Lorentzian, whereas the asymmetric peak is 

fitted with three Lorentzians. 

 

Figure 4.14 (a) Full Raman spectra of the two graphene samples grown with (red line) 

and without (black line) hydrogen. (b) The asymmetry of the Gˊ band (black line) is 

removed when hydrogen is used in the growth (red line), indicating AB stacking only in 

the absence of hydrogen.  
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4.4 Electron Transport Properties 

Multilayer graphene is a semiconductor with vanishing energy gap where the valence and 

conduction bands touch at the corners of the Brillouin zone. In order to study the 

electronic properties of the multilayer CVD graphene, devices were fabricated using 

microfabrication techniques (figure 4.15). The device fabrication and electrical 

characterization has been done in collaboration with my fellow graduate student and 

former group member Dr. Carlos Diaz-Pinto.  

4.4.1 Device Fabrication 

First, 35nm-thick palladium electrodes were designed on 200 nm silicon dioxide/silicon 

substrate, using electron beam lithography, metallization and lift-off process. PMMA 

supported graphene multilayers were transferred on top of the pre-patterned electrodes. 

The PMMA was then cleaned in acetone at 55
o
C for 30 minutes. A second step of 

electron beam lithography was used to define a rectangular patch of 44µm in length and 

30 µm in width (optical image in figure 4.15), and the graphene elsewhere were etched 

away by oxygen plasma (50 ml/minute, 50 Watt, 2 minutes).  
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Figure 4.15 Schematic diagram of the device fabrication process. 

4.4.2 Electrical Characterization 

The device is fabricated on degenerately n-doped silicon wafer covered with 200 nm 

thermally grown silicon dioxide. The silicon substrate is used as back-gate to change the 

carrier density in the graphene channel. 
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Figure 4.16 Cross sectional (top left) and top view (bottom left) of the schematic device 

configuration are presented. 52.5 nm Pd on top of 7.5 nm Cr electrodes designed on 

200nm silicon dioxide on silicon substrate. The width of the four middle electrodes are 

1µm and two side electrodes are 4 µm with a gap of 400 nm in between. On the right, a 

scanning electron microscopy image of the four middle electrodes is presented. The 

graphene can be identified by a light contrast difference between the top and bottom parts 

of the image. The scale bar is 2 µm. 

The multiple electrodes allowed us to do four-probe measurements. The differential 

conductance dI/dV is measured using a standard lock-in technique where ac excitation 

(503 Hz) superimposed with a dc bias is applied between I+ and I- electrodes. The 

response dc and ac voltage is measured between the two inner electrodes. The differential 

conductance is also measured as a function of the voltage applied to the back-gate. 

The differential conductance is plotted as a function of the back-gate voltage in figure 

4.17, taken at 240 mK. The differential conductance minimum (charge neutrality point) is 
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at about +25 V, indicating an unintended p-doping in the as produced devices. This is 

probably caused by surface adsorbents and frequently reported in the literature. The 

conductance can be varied maximum upto ~50% relative to the conductance minimum.  

 

Figure 4.17 Differential conductance as a function of back-gate voltage, measured at 240 

mK. 

The differential conductance is also studied as a function of the measured dc voltage drop 

(Figure 4.18). At 240 mK, the most prominent feature is a sharp dip around zero voltage. 

This had also been observed previously in suspended exfoliated graphene devices 
70

. 

However, because of the two terminal device geometry the role of contact resistance had 
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to be examined carefully. Our current four terminal device demonstrates that the dip is an 

intrinsic transport property of multilayer graphene without any contribution from the 

contact barrier.  

 

Figure 4.18 Differential conductance as a function of dc voltage drop with zero gate 

voltage collected at 240 mK. 

In order to find the source of the dip, the temperature evolution of the dip was 

investigated. Figure 4.19a presents differential conductance as a function of voltage for 

zero gate voltage at temperatures from 240 mK to 50 K. The data plots are offset for 

visual clarity. The sharp dip is suppressed as the temperature is increased and disappeared 

at temperature above 8 K. From figure 4.19a, the differential conductance values at V=0, 

-1, -5 and -8 mV are extracted and re-plotted in figure 4.19b as function of temperature. 

A similar behavior of the differential conductance as a function of temperature and bias 
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voltage suggests electron heating and the dip can be attributed to hot electron effect 
70–72

. 

The electron-phonon coupling in graphene is relatively weak at low temperatures. So, at 

non-zero bias the energy of the injected electrons cannot be transferred efficiently to the 

lattice―which is at thermal equilibrium with the cryostat. At non-zero bias the electrons 

have an effective temperature Te, higher than that of the lattice. As the temperature is 

raised the temperature difference between the electrons and the crystal is reduced and as a 

consequence the dip is suppressed and finally disappeared. Now, the Raman spectra 

indicate presence of disorder (defects, grain boundaries) in the sample. The hot electron 

dip can be observed even with the presence of disorder scattering as long as the electron-

phonon coupling is weak. The major scattering mechanisms involving charge carriers, 

other than phonon scattering, are electron-electron interactions, elastic electron-defect 

scattering and inelastic electron-defect scattering. Strong electron-electron interactions in 

graphene lead to a better thermal equilibrium within the electrons at the effective 

temperature Te. The elastic scatterings between the electrons and the charge impurity 

scattering centers induced by the defect does not affect the effective temperature Te of the 

electrons. The inelastic scatterings between the electron and the charge impurities can 

affect the hot electron temperature Te only if the relaxation of the resultant defect states is 

done via a phonon channel which in turn enhances the electron-phonon coupling. As a 

result the defect scattering doesn’t affect the hot electron dip as long as the electron-

phonon scattering remain weak. 
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Figure 4.19 (a) Differential conductance as a function of bias voltage at temperatures 

T=240 mK, 2.5 K, 4.5 K, 6.0 K, 8.0 K, 10 K, 15 K, 35 K and 50 K. The data plots are 

shifted upwards for visual clarity. (b) Differential conductance as a function of 

temperature for bias voltages V=0 mV, -1 mV, -5 mV and -8 mV. 

The hot electron dip was further studied as a function of magnetic field. In figure 4.20, 

the evolution of the dip under applied magnetic fields is presented. With magnetic field 

the overall differential conductance value decreases which means the magnetoresistance 

is positive at high magnetic field. This is often observed in bulk graphite 
3,5

 and graphitic 

multilayers 
73

. Positive magneto-resistance can be attributed to the interplay between 

long-range and short-range scattering 
73

.  
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Figure 4.20 (a) Differential conductance as a function of the voltage under the magnetic 

field B=0 T, 3 T, 6 T, 9 T, 12 T and 14 T. (b) Resistance as a function of magnetic field 

for temperatures T=240 mK, 2.5 K, 4.5 K, 6.0 K, 8.0 K and 10.0 K. 

A negative magnetoresistance is observed at low magnetic field (less than 0.25 T) caused 

by the weak localization correction (figure 4.20b). The hot electron dip is suppressed 

under high magnetic field but did not vanish even at the highest applied magnetic field 

B=14 T. This suggests that the weak localization is not the source of this dip in which 

case the dip would have disappeared at low magnetic field 
70,74

. The suppression of the 

hot electron dip at high magnetic field is due to the enhanced electron-phonon scattering 

in graphene induced by magnetic field 
75

. The intra-Landau level scattering is enhanced 

with increased degeneracy (degeneracy=
 

  
             ) under the high magnetic 

field. As a result the electrons can lose energy to the lattice more efficiently; the effective 

high temperature of the electrons is lowered and the magnitude of the dip is reduced. 



73 

 

To exclude other possibilities as the origin of the dip, we measured the dip for different 

gate voltages from VG=-50 V to VG=+50 V (figure 4.19). The dip is found to be pinned at 

the zero bias voltage and thus ruled out its relation to graphene band structure (charge 

neutrality point), Coulomb blockade effect in an open quantum dot, Fabry-Perot 

resonance or presence of electron-hole puddles that partly form tunnel junctions.  

 

Figure 4.21 Differential conductance as a function of dc voltage drop for different gate 

voltages ranging from -50 V to +50 V. The data is taken at 240 mK. 
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4.5 Conclusion 

We have studied the chemical vapor deposition of graphene on copper thinfilm and bulk 

copper foils. The crystal structure and quality of the samples were characterized by 

Raman scattering experiment. Synthesis on copper thinfilm mostly produced multilayer 

graphene. We have successfully synthesized single and multilayer graphene on bulk 

copper foil. We also investigated the role of hydrogen in the growth process and came to 

two conclusions. First, the presence of hydrogen introduces disorder into the sample 

which is reflected in a more pronounced disorder peak in the Raman experiment. 

Secondly, we have achieved multilayer graphene with AB-stacking and the absence of 

hydrogen during the growth process was proven critical in obtaining the graphitic 

stacking. Furthermore, we have studied electron transport properties of field effect 

devices based on such AB-stacked multilayer graphene down to 240 mK. At low 

temperature, a zero-bias dip in the drain-source conductance spectra was observed which 

was explained in the light of an effective higher temperature for the charge carriers at 

non-zero bias voltage. This zero-bias dip is a manifestation of the weak electron-phonon 

coupling in graphene. Our explanation was confirmed by the evolution of the dip as a 

function of increasing temperature and an applied perpendicular magnetic field. 
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CHAPTER 5 

Graphene-like Layered Semiconductors: Molybdenum Disulfide 

This chapter is based on our previously published work High mobility and high on/off 

ratio field-effect transistors based on chemical vapor deposited single crystal MoS2 

grains, Applied Physics Letters 102, 142106 (2013). 

5.1 Introduction 

Since its discovery, graphene has been the center of attention for future nano-electronics 

applications. However, graphene is a zero-gap semiconductor
76

, and that limits its 

applicability in digital electronics. A gap can be opened up in graphene by making a one-

dimensional nanoribbon 
77

 but it comes with reduced mobility and the process is too 

complex for large scale integration. More recently, the focus has been on other materials 

with a graphene-like layered structure with an intrinsic non-zero band gap 
20,21,23,24,78

. 

Of particular interest are the metal chalcogenides, stable in the form of two dimensional 

crystals down to atomic thickness. These classes of materials not only provide a platform 

for fundamental research 
79

, but are also important for practical applications in digital 

electronics, memory devices and energy storage 
80–82

. A significant amount of attention 

has been directeded towards molybdenum disulfide (MoS2) 
25–29,83,84

. MoS2 in bulk form 

is a semiconductor of an indirect band gap of 1.29 eV. However, an atomically thin single 

layer MoS2 has a direct band gap of 1.9 eV 
34,85

 and hence possess potential for 

applications in digital electronics and opto-electronics.  
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Mechanically exfoliated high quality MoS2 crystals have been reported to have mobility 

as high as ~700 cm
2
V

-1
s

-1
 
86

. However, for mass scale production mechanical exfoliation 

using scotch tape is not a feasible option. Synthesis of large area single layer and 

multilayer MoS2 thin films have been reported via chemical vapor deposition 
30,87

, 

sulfurization of MoO3 
88

, thermolysis of (NH4)MoS4 
89

. All the previously reported MoS2 

thin films are polycrystalline in nature. The scattering of carriers across the grain 

boundaries play a major role in the transport properties and results in reduced carrier 

mobility. 

Here, we report electron devices based on single-crystal MoS2 nano-crystals with carrier 

mobility much higher than previously reported polycrystalline devices.  Single layer, bi-

layer and a few layers MoS2 samples were synthesized via CVD and characterized by 

Raman spectroscopy and photoluminescence experiment. These have been performed by 

Dr. Shin Shem Pei’s group, Department of Electrical and Computer Engineering. Using 

nanofabrication technique we have fabricated field effect transistors and characterized 

their electronic properties. 

5.2 Synthesis via Chemical Vapor Deposition 

Synthesis of high quality uniform graphene via chemical vapor deposition had been 

reported on various substrates. Gaseous methane had been used predominantly as the 

source of carbon for graphene growth. Here, single crystal MoS2 is synthesized directly 

on an insulating silicon dioxide substrate in a conventional multi-zone tube furnace with 

sulfur and molybdenum trioxide as source materials (figure 5.1). The solid sources are 

sublimated into their vapor phase by raising their temperatures above the melting point.  
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Figure 5.1 Schematic diagram of the chemical vapor deposition of MoS2. The growth is 

carried out under ambient pressure with a constant argon gas flow, when sulfur and 

molybdenum trioxide are kept at 100 
o
C and 1100 

o
C respectively. The MoS2 is deposited 

on a silicon dioxide substrate kept downstream at 700 
o
C. 

0.1 g molybdenum trioxide (Alfa Aeser, 99.5%) was kept in an alumina boat in the center 

zone. 0.4 g sulfur in an alumina boat was placed upstream, in a separate temperature 

zone. A small piece of silicon wafer covered with 300 nm silicon dioxide was put 

downstream in a separate temperature zone. Before the growth, the furnace was pumped 

down to 70 mTorr and then filled with argon to remove oxygen and water molecules 

from reaction atmosphere. At ambient pressure with an argon flow rate of 100 sccm, the 

center furnace zone was heated to 700 
o
C in 60 minutes and then subsequently to 1100 

o
C 

in 130 minutes. The temperature of the sulfur and the substrate was increased to 100 
o
C 

and 700 
o
C respectively. This condition was held for 20 minutes for MoS2 growth and 

then cooled down naturally to room temperature.  



78 

 

 

Figure 5.2 (left) Optical image of MoS2 nanocrystals synthesized by chemical vapor 

deposition on 300 nm silicon dioxide. The cross marks are metal microstructures 

patterned by electron beam lithography, after the synthesis, which are used as alignments 

for device fabrication. The separations between the marks are 100 µm. (right) Close up 

image of a crystal depicting the well-defined triangular shape suggesting single crystal 

quality. 

Single layer, bi-layer and a few layer MoS2 nano-crystals were identified under the 

optical microscope (Figure 5.2). The well-defined triangular shape of the crystal is 

associated with the crystal morphology and confirms the highly oriented single crystal 

quality of the samples. Similar results have been previously reported for graphene 
90

.  

5.3 Characterization by Raman Spectroscopy and Photoluminescence Experiment 

The chemical vapor deposited samples were characterized by Raman spectroscopy and 

photoluminescence experiments, performed by Dr. Shin Shem Pei’s group, in the 
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Department of Electrical and Computer Engineering. This section summarizes the results 

obtained. 

 

Figure 5.3 (a) Raman spectra of CVD grown MoS2 samples of 1 layer (red) and 2 layers 

(black). (b) (Adapted from 
91

) Crystal structure of layered MoS2 showing four Raman 

active vibrational modes    
         

      and one infrared active mode E1u. (c) Raman 

mapping of    
  and     of a triangular nano-crystal of bi-layer MoS2.  

Raman spectra of single layer and bi-layer MoS2 are presented in figure 5.3a. There are 

four Raman-active modes    
         

      in MoS2 (figure 5.3b). With increasing 

number of layers the in-plane    
  red shifts, whereas the out-of-plane     blue shifts. 
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With four or more layers, the frequencies of these two modes match with that of the bulk. 

So from the frequency difference of these two modes, the number of layers can be 

identified 
87,88,91

. Figure 5.3c is the Raman mapping showing the uniformity of    
  at 

around 385 cm
-1

 and     at around 407cm
-1

 for the bilayer sample. The separation 

between the peaks Δ=22cm
-1

 suggests that there are two layers. For the single layer 

sample    
  is at 386 cm

-1
 and     is at 404 cm

-1
 and hence Δ=18 cm

-1
.  

 

Figure 5.4 Photoluminescence spectrum of bi-layer MoS2 with two pronounced peaks at 

630 nm and 676 nm. 

Photoluminescence spectrum obtained from a bilayer MoS2 nano-crystal synthesized by 

CVD is presented in figure 5.4. Two pronounced emission peaks are observed at 630 nm 

and 676 nm corresponding to A1 and B1 direct electronic transitions 
85

. These peaks are 

not observed in bulk form of MoS2 which is an indirect gap semiconductor. The 

photoluminescence results are in agreement with other studies on chemical vapor 

deposited MoS2 
30,88

.  
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5.4 Device Fabrication 

MoS2 was synthesized via CVD directly on insulating silicon dioxide substrate, so did not 

need another extra step of transfer like graphene 
92

. The transfer process is often cited to 

be the cause for introducing defects and contamination into the sample. A piece of 

degenerately n-doped silicon wafer covered with 300nm silicon dioxide was used as the 

substrate for the CVD growth of MoS2. Field effect transistors were fabricated using 

electron-beam lithography and metallization. 

CVD grown triangular MoS2 single crystals were identified under an optical microscope 

(figure 5.5a). Alignment marks (cross-shaped structures in figure 5.5a) were patterned 

using electron-beam lithography and metallization by electron-beam physical vapor 

deposition. Using these alignment marks as reference, a second step of electron-beam 

lithography, followed by metallization and lift-off, was implemented to precisely define 

source and drain electrodes contacting the nano-crystals (figure 5.5b). The electrodes are 

45nm palladium with 5nm chromium used as adhesive. 
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Figure 5.5 (a) Optical microscope of a bilayer MoS2 crystal (larger triangular crystal at 

the center of the image) on silicon dioxide substrate. Cross-shaped structure on the left 

edge was patterned by electron beam lithography after CVD which was used as 

alignment mark for the next stage of lithography. The width of an arm of the cross-mark 

is 3 micron. (b) Optical image of palladium electrodes contacting the crystal after the 

second step of lithography. The gap between the two electrodes is 1 micron and the width 

of the conduction channel is ~3.6 micron. (c) Schematic diagram of the field effect 

transistor with back gate configuration. 

The silicon dioxide of a part of the wafer piece was etched away by hydrofluoric acid to 

gain electrical access to the silicon substrate underneath which was used a back-gate to 

tune the charge carrier density. 
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5.5 Electrical Characterization 

All electrical characterizations were performed under vacuum (~10
-5

-10
-6

 Torr) in a 

LakeShore TTP6 probe-station. 

 

Figure 5.6 (a) Drain-source current IDS as a function of drain-source voltage VDS at room 

temperature for zero gate voltage. (b) (black open circles) IDS as a function of back-gate 

voltage VG for fixed VDS=+0.5 V at room temperature. (red line) Linear fit of the data 

between VG=+80 V and +100 V from which the maximum field effect mobility is 

calculated. 

The drain-source current IDS is presented in figure 5.6a as a function of drain-source 

voltage VDS for zero gate voltage at room temperature. The linear characteristic of the 

data suggests an Ohmic contact between the palladium electrodes and the semiconductor. 

Keeping the VDS fixed at +0.5 V, IDS is plotted in figure 5.6b as the back-gate voltage is 

varied between ±100 V. The as produced device performed like a typical n-type field 
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effect transistor. For negative gate voltage the current is small, but increases significantly 

for positive gate voltage. The maximum field effect mobility is calculated to be 17.3 

cm
2
V

-1
s

-1
 using the formula: 

  [
    

   
]   

 

   
 [

 

  
] 

where L=1 µm is the length and W=3.6 µm is the width of the conduction channel, 

  
    

 
 is the capacitance per unit area of the back-gate configuration,   =8.854  10

-12
 

F/m is the free space permittivity,   =3.9 is the relative permittivity of silicon dioxide, 

d=300nm is the dielectric thickness. 
    

   
 is determined from the slope of the linear fit of 

IDS-VG curve between VG=+80 V and +100 V. The carrier mobility of 17.3 cm
2
V

-1
s

-1
 is 

much higher than that of the previously reported single layer CVD MoS2 with 0.02 cm
2
V

-

1
s

-1
 
30

 and multilayer CVD MoS2 with 0.04 cm
2
V

-1
s

-1
 
87

. The improvement in mobility is 

attributed to the elimination of grain boundaries in our single crystal MoS2 sample. In 

polycrystalline samples the carriers scatter with grain boundaries and hence the carrier 

mobility is reduced. The carrier mobility of the single crystal can be further improved by 

providing suspended device structure and hence eliminating the substrate 

interference―crucial for atomically thin channels. Other routes of improvement includes 

using a substrate of similar crystal structure (as seen in the case of boron nitride 

substrates for graphene samples), thermal and/or current annealing (to get rid of surface 

adsorbents), capping (to prevent surface oxidation) etc.  
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Figure 5.7 Drain-source current IDS is plotted in a logarithmic scale as a function of back-

gate voltage VG for fixed drain-source bias VDS=+500 mV. 

Figure 5.6b is re-plotted in figure 5.7 with IDS in a logarithmic scale. The current can be 

tuned by several orders of magnitude by the applied gate voltage. For negative gate 

voltage, the n-type channel is depleted of carriers and hence switched to an “off state”. 

The current at VG=-100 V is of the order of 10
-13 

A as bilayer MoS2 is a semiconductor of 

bandgap 1.6 eV 
34

. This low off-state current highlights the potential of MoS2 for 

applications in low power dissipation device technology. As the gate voltage is changed 

from negative to positive, the current increases to of the order of 10
-5 

A defined as an 

“on-state”. The on-state to off-state current ratio is exceeding 10
8
 and hence satisfies the 

requirement of the semiconductor technology roadmap for any technology which could 

replace the current Si-CMOS technology.  
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5.6 Conclusion 

Single and bi-layer molybdenum disulfide grains of single crystal quality were 

synthesized directly on insulating (silicon dioxide) substrates via chemical vapor 

deposition. The samples were characterized by Raman scattering and photoluminescence 

experiment. Back-gated field effect transistor devices were fabricated based on such 

grains using nano-lithography techniques. A high mobility and and high on/off ration 

field effect transistor was realized based on a bi-layer MoS2 grain. The carrier mobility in 

our devices based on our single crystal grain is significantly higher than previously 

reported mobility values in devices based on polycrystalline samples. Our results provide 

a route for scalable MoS2 nano-electronics technology using chemical vapor deposition. 
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CHAPTER 6 

Field Effect Transistors Based on Exfoliated SnS2-xSex: Effect of Selenium Doping 

This chapter is based on our previously published work High on/off ratio field effect 

transistor based on exfoliated crystalline SnS2 nano-membrane, Nanotechnology 24, 

025202 (2013) and Field effect transistors with layered two-dimensional SnS2-xSex 

conduction channels: Effects of selenium substitution, Applied Physics Letters 103, 

093108 (2013). 

6.1 Introduction 

The realization of field effect transistors based on exfoliated ultrathin MoS2 
8,23

 has 

triggered the search for new layered semiconductors which could be complimentary to 

graphene in digital electronics application. Transition metal dichalcogenides (TMDs) 

with a structural formula of MX2, where M is a transition metal like Mo, W, Ti etc. and X 

is a chalcogen (S, Se, Te), has attracted a lot of attention. TMDs are layered materials 

with a non-zero band-gap. Single–layer TMDs have reportedly shown good potential for 

applications in nanoelectronics 
23,93–95

.  

We fabricated field-effect transistors based on exfoliated tin disulfide (SnS2) nano-

crystals. Our devices demonstrated carrier mobility of ~1 cm
2
V

-1
s

-1
 and high on/off ratio 

exceeding 10
6
. 

A previous study 
80

 on spin-coated polycrystalline SnS2-xSex thin film transistors 

demonstrated that the field effect mobility was higher when Se content was increased. 
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Here we have investigated field effect transistors based on exfoliated single-crystal nano-

membranes of SnS2-xSex with x=0, 0.4, 0.8, 1.2 1.6 and 2.0.  

6.2 Electric Field Effects in Undoped SnS2 

In this section we report the realization of field effect transistors based on undoped SnS2. 

The as-produced devices demonstrate n-type transport. The devices were characterized in 

room temperature and at low temperature down to 80 K. From low temperature 

experiment we found an activation behavior of carriers suggesting impurity bands near 

the conduction band edge. 

6.2.1 Crystal Growth and Characterization 

Bulk crystals were synthesized and characterized by Dr. Arnold Guloy’s group, 

Department of Chemistry. 

SnS2 single crystals were grown via chemical vapor transport, using iodine as the 

transport agent 
96

.  Quartz ampoules were thoroughly cleaned with acid (10% HF) to 

avoid container contamination.  Stoichiometric amounts of tin granules (99.9%, 

Mallinckrodt; 30 mesh size; 4.08 mmol), sulfur crystals (resublimed; 8.15 mmol), and 

iodine (3.0 mg I2/cm
3
 tube volume) were loaded into clean quartz ampoules and then 

sealed under vacuum (p < 1 x 10
-4

 Pa).  The ampoules were then heated in a two-zone 

furnace with the reactants placed at the hot end of the furnace (T = 700 °C). Tin disulfide 

crystals were transported and collected in the cooler end of the furnace (T = 650 °C) 
96

.  

The crystals were rinsed with acetone and deionized water, and then dried under reduced 

pressure at room temperature.  
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Figure 6.1 X-ray diffraction data for SnS2 obtained using a PANalytical X’Pert PRO 

diffractometer. Five major peaks are indexed as (001), (101), (102), (003) and (004). 

 The phase purity of the resulting single crystal products were determined by X-ray 

diffraction using a PANalytical X’Pert PRO diffractometer (Cu-radiation).  The X-ray 

powder diffraction data (figure 6.2) were indexed, and the unit cell parameters were 

refined.  All X-ray diffraction peaks (> 24) were indexed to a hexagonal cell with lattice 

parameters a = 3.6498(3) Ǻ and c = 5.9020(7) Ǻ, consistent with the previously reported 

values for SnS2 (space group P-3m1 a = 3.648(2); c = 5.894(4)) 
96

. 

6.2.2 Device Fabrication 

The weak interlayer force in SnS2 enabled us to exfoliate them into crystals of 10-30 

nanometer thickness and sub-nanometer roughness [figure 6.3]. This exfoliation was 

done using a scotch tape ― a technique widely used for graphene. 
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Figure 6.2 (a) Atomic force microscopy image of exfoliated tin disulfide on silicon 

dioxide substrate. (b) Roughness of the exfoliated flake along the gray line in figure 6.3a. 

Prior to the exfoliation, metal alignment marks were patterned using electron-beam 

lithography and metallization on the substrate. Optical images were used to precisely 

determine positions of the nano-crystals (figure 6.4a). Electron beam lithography was 

implemented, followed by metallization and lift-off process, to define electrodes of 45 

nm palladium (with an adhesive layer of 5 nm chromium). 
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Figure 6.3 (a) Optical image of exfoliated tin disulfide nano-crystals on 200 nm silicon 

dioxide substrate with pre-patterned alignment marks (cross marks). (b) Optical image of 

the same nano-crystal with palladium electrodes, patterned by electron-beam lithography. 

(c) Atomic force microscopy image of the area defined by the black box in figure b. (d) 

The height profile along the white line in figure c which reveal the thickness of the thin 

crystal to be 15 nm. 

A Veeco dimensions 3000 atomic force microscope was utilized to characterize the 

fabricated devices. The image in the tapping mode of a device (device 1) is presented in 

figure 6.4c. The metal electrodes are contacting the SnS2 nano-crystal with a gap of 400 

nm between them. So the conduction channel length is 400nm and the channel width is 
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1.8 µm. The height profile (figure 6.4d) along the white line in figure 6.4c reveals a 

thickness of 15 nm which corresponds to approximately 25 layers. 

6.2.3 Electrical Characterization 

The schematic diagram of the device is presented in figure 6.5a. We used a silicon 

wafer covered with 200 nm silicon dioxide as the substrate. In the experiment the 

degenerately n-doped silicon body was used as a back-gate to tune the carrier density in 

the channel by applied voltage. In the two-terminal device geometry, a voltage was 

supplied by a voltage source and the current was measured using a current pre-amplifier 

and a data acquisition system. All electrical characterizations performed in a cryogenic 

probe-station under vacuum (10
-5

-10
-6

 Torr). 
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Figure 6.4 (a) Schematic representation of the back-gated device configuration. (b) 

Drain-source current IDS as a function of drain-source voltage VDS at room temperature 

for zero applied gate voltage. (c) IDS-VDS is linear in the low voltage range of ±0.5 V, 

revealing the Ohmic nature of the contact. 

Figure 6.5a presents the drain-source current-voltage characteristics (IDS vs. VDS) 

at room temperature for device 1. There is a strong asymmetry in the IDS vs. VDS curve, 

showing higher conductance at large negative VDS compared with that at positive VDS 

which can be explained by an increased effective gate voltage at large negative VDS. This 

would be more evident as we discuss the effect of gate voltage in the following sections.  

At relatively low bias (|VDS| < 0.5 V), the current-voltage curve is linear (figure 6.5c) in 
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nature, which indicates that the contacts between the metal electrodes and the 

semiconducting SnS2 nano-membrane are Ohmic and thus there is no rectification 

behavior (due to significant Schottky barriers) in the IDS-VDS curve. 

 

Figure 6.5  (red dot) Drain-source current IDS as a function of back-gate voltage VG at 

room temperature, for fixed VDS=-1 V. (black line) Linear fit of the data between 

VG=+30 V and +60 V. Carrier mobility value of 0.8 cm
2
V

-1
s

-1
 is calculated using a linear 

capacitor model for the back-gate configuration. 

Figure 6.6 shows the drain-source current IDS at fixed drain-source bias VDS = -1 V as a 

function of the applied gate voltage VG. As the gate voltage is changed from VG = -80 V 
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to +80 V, the channel switches from an insulating state to a conducting state.  This n-type 

behavior in our crystalline SnS2 thin nano-membranes is similar to what was reported for 

solution-processed spin-coated granular thinfilms of SnS2 
80

 and bulk SnS2 crystals (~300 

µm thick) 
97

, indicating electron doping in as-grown SnS2 materials. When a positive gate 

voltage is applied, electrons (the majority carrier) are accumulated in the conduction 

channel so that the current IDS first increases nearly linearly and then tends to saturate at 

higher voltage. At negative VG, electrons are depleted, resulting in a suppressed electrical 

conductance. 

 

Figure 6.6 Drain-source current IDS in logarithmic scale vs back-gate voltage VG for fixed 

drain-source bias voltage VDS=-1 V, at room temperature. 
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Figure 6.6 presents the magnitude of the current IDS is plotted in a logarithmic 

scale as a function of VG.  When the gate voltage VG is less than -60 V, the channel is in a 

completely depleted state with IDS ~ 2 pA which is comparable to the open-circuit current 

offset of the current preamplifier used for the experiments. For VG>+60 V, the device is 

highly conducting with current of the order of µA. One can define an “On” state for VG > 

+60 V when the channel is conducting, and an “Off” state for VG < -60 V when it is 

highly resistive. The corresponding on/off current ratio is found to exceed 2 x 10
6
 , which 

is an order of magnitude higher than the previously reported value (~ 8 x 10
4
) for spin-

coated granular thin films of SnS2 
80

.  The high on/off ratio is resultant from the energy 

band gap ~ 2.1 eV for SnS2. This is in contrast to graphene-based FET devices with zero 

or negligible band gap yielding poor on/off ratio.  

The field-effect carrier mobility at positive gate voltage, where the majority 

carrier (electron) is accumulated in the channel, can be estimated using a linear 

capacitance model for the back-gate device configuration. From the slope of the linear 

region in the IDS vs. VG curve of figure 6.5, we obtain a field-effect carrier mobility µ = 

0.8 cm
2
V

-1
s

-1
 for this SnS2 nano-membrane device by using the formula 

98
: 
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 is determined by the linear slope 

extracted from the experimental data of figure 6.6, L = 0.4 µm is the length and W = 1.8 
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µm is the width of the conduction channel, and 
d

C r0  is the capacitance per unit area 

estimated for the gate dielectrics, with 112

0 10854.8  Fm  being the free-space 

permittivity, 9.3r  being the relative permittivity for the SiO2 dielectrics, and d=200 

nm being the thickness of the dielectrics. Four devices were fabricated with SnS2 nano-

membranes in the thickness range (from ~10 nm to 20 nm) and the obtained mobility 

varied in the range from 0.8 to 1.2 cm
2
V

-1
s

-1
. The relatively low mobility in our devices 

can be attributed to the impurity scattering in the bulk and/or the surface scattering due to 

the contaminations from the fabrication process.  A complete understanding of this issue 

is complicated and requires future systematic investigations to identify detailed scattering 

sources. Nevertheless, the temperature study of the transport properties of the devices 

reveals that the carrier mobility at temperatures down to 100 K does not show any 

improvement compared with the room temperature value, which indicates that electron-

phonon scattering―which is suppressed at low temperature―is not the limiting factor for 

the mobility. Higher carrier mobility may be achieved by minimizing the external 

impurity scattering with optimized device schemes (e.g., with a dielectric passivation 

layer on top or a suspended geometry) or suitable device annealing process. 
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Figure 6.7 (a) Drain-source current IDS as a function of drain-source voltage VDS for 

VG=0 V, +20 V, +40 V, +60 V and +80 V. (b) IDS as a function of back-gate voltage VG 

for VDS=-1 V, -2 V, -3 V, -4 V and -5 V. 

Current-voltage characteristics of the device at room temperature (Figure 6.7a) 

are consistent with the n-type behavior. The slope of the IDS-VDS increases with higher 

positive gate voltages as more and more carriers are attracted into the conduction 

channel. Figure 6.7b presents the room-temperature transfer characteristics, i.e., IDS vs. 

VG curves for different VDS ranging from -1 V to -5 V, which shows typical n-type 

transistor behavior with the drain-source current monotonically increasing as the bias 

voltage increases. With higher bias voltage, the current is tending to saturate at a lower 

gate voltage as the maximum current is limited by the channel size. 

The as produced field effect devices demonstrated n-type transport properties. 

One possible source of n-doping is the impurity atom inside the crystal, for example, 
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iodine atom (electron configuration 5s
2
 5p

5
) which was used as the transport agent in the 

bulk crystal synthesis.  Another possible source of n-doping is the sulfur vacancy in the 

crystal. Since a sulfur atom has six outer shell electrons from a configuration 3s
2
 3p

4
 

(compared with the electron configuration 5s
2
p

2
 for a tin atom), the presence of a sulfur 

atom provides an acceptor for electrons in the SnS2 lattice, while the absence of a sulfur 

atom (i.e., a sulfur vacancy) provides an effective electron donor. To address this more 

quantitatively, we have estimated the carrier concentration at VG=0 from the conductance 

and the mobility data, as outlined below. From figure 6.5, we calculate the mobility µ 

near gate voltage VG = 0 V to be ~ 0.1 cm
2
V

-1
s

-1
. Using the Drude formula for 

conductivity  ne , we obtain a carrier density n to be 5 x 10
17

 cm
-3

 at zero gate 

voltage.  This leads to a carrier-doping ratio of 1 electron per every 10
5
 unit cells in the 

SnS2 crystal, since there are ~ 5 x 10
22

 unit cells per 1 cm
3
 volume of crystal based on the 

known lattice parameters.  The result of doping ratio corresponds to an impurity or 

vacancy ratio ~0.001%, which indicates that a potential n-doping source of either iodine 

impurity atom or sulfur vacancy is reasonable. 
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Figure 6.8 (a) Atomic force microscopy image of device 2. The film thickness is 10 nm. 

(b) (red dot) Drain-source current IDS as a function of back gate voltage VG for fixed 

drain-source voltage VDS=-1 V at room temperature. (black line) Linear fit of the data 

between VG=+9.6 V and +40 V. (c) IDS-VDS curves at room temperature for VG=0 V, +30 

V, +40 V, +50 V. (d) IDS-VG curves at room temperature for VDS=-1 V, -2 V, -3 V, -4 V 

and -5 V. 
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A second field-effect transistor device (device 2) and its charge carrier transport 

properties are presented in figure 6.8. Device 2 also demonstrates n-type transport with a 

maximum field effect mobility of 0.8 cm
2
V

-1
s

-1
 (figure 6.8b), estimated using the linear 

capacitor model 
98

. The current voltage characteristics (figure 6.8c) and the transfer 

characteristics (figure 6.8d) curves are similar to that of device 1 and consistent with the 

n-type behavior. In total 5 devices were fabricated and all of them show similar 

properties with maximum field effect mobility ~1 cm
2
V

-1
s

-1
. 
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Figure 6.9 (a) Drain-source current IDS as a function of drain-source voltage VDS for 

device 1 at selected temperatures from 295 K to 100 K. (b) (solid square) Drain-source 

resistance R of device 1 extracted from 6.10a in a logarithmic scale as function of 1/T.  

(black line) Arrhenius fit of the data. (c) Drain-source current IDS as a function of drain-

source voltage VDS for device 2 at selected temperatures from 295 K to 80 K. (b) (solid 
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square) Drain-source resistance R of device 2 extracted from 6.9c in a logarithmic scale 

as function of 1/T.  (black line) Arrhenius fit of the data. 

The carrier density in a semiconductor depends on the temperature. As the 

temperature goes down, the number of thermally excited carriers drops exponentially 

which leads to a temperature dependent carrier transport. We studied the temperature 

dependence of the conductance and the field effect. As the thermally excited carrier 

concentration is reduced at low temperature, the device became much more resistive at 

low temperatures (figure 6.9a and figure 6.9c). The drain-source resistance R is 

determined by linear fitting the low-bias IDS vs. VDS curves at different temperatures and 

plotted in a logarithmic scale as a function of 1/T (figure 6.9b and figure 6.9d). An 

activation type behavior is recognized, and the resistance can be well fit by the Arrhenius 

equation, TkE Bae
GG

R
/

0

11
 , with an activation energy Ea = 133 meV for device 1 and 

Ea = 138 meV for device 2, at gate voltage VG = 0. The Arrhenius behavior can be 

justified by using the Drude conductivity  ne
 where the carrier density is 

TkE Baenn
/

0


 , with Ea = Ec − EF where EF is the Fermi energy and Ec is the conductance 

band minimum.  SnS2 has a band gap of 2.1 eV and the magnitude of the activation 

energy Ea is approximately 1/16th of the gap for device 1 (1/15
th

 of the gap for device 2). 

This can be explained by the presence of impurity donor levels close to the conduction 

band. The Fermi level EF is pinned near the impurity donor levels and hence the 

activation energy is Ea = Ec − EF. This is consistent with the n-type behavior of the FET 

devices. We rule out thermal activation over a contact barrier as the origin of the 
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observed Arrhenius behavior of the electrical conductance, because the linear IV curves 

(figure 6.9a and figure 6.9c) indicate the absence of either tunneling or Schottky barriers 

in the contacts. 

 

Figure 6.10 (a) Drain-source current IDS as a function of back-gate voltage VG at T=295 

K, 260 K, 220 K, 180 K, 150 K, 120 K and 100 K. (b) Maximum field effect mobility, 

extracted from figure 6.10a, as a function of temperature. 

IDS as a function of VG is plotted in figure 6.10a at different temperatures T=295 

K, 260 K, 220 K, 180 K, 150 K, 120 K and 100 K. The maximum field effect mobility at 

different temperatures is calculated by doing a linear fit of the data and plotted a function 

of temperature in figure 6.10b. Carrier mobility µ decreases monotonically as the 

temperature is lowered from room temperature (295 K) to 100 K. This suggests that 

electron localization may occur at low temperatures and thus the electron transport in the 

device may be dominated by carrier hopping at low temperatures. At low temperature 
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electron-phonon scattering is reduced and a higher mobility is expected when it is the 

dominant source of scattering. However, here the lower mobility at low temperature 

indicates that electron-phonon scattering is not the dominant source of scattering and 

carrier mobility is limited by impurity scattering.  

While estimating the activation energy from Arrhenius equation we assumed a 

temperature independent behavior of carrier mobility µ. Because the exponential 

dependence of the carrier density n is strong, an Arrhenius behavior can still be justified 

quantitatively even with a temperature dependence of mobility µ not so strong compared 

with the exponential dependence of the carrier density. The resistance increases 

exponentially with decreasing temperatures as the number of carriers decreases 

exponentially, whereas the mobility falls off more or less linearly (figure 6.10b). So, the 

effect of the relatively weak temperature dependence of the mobility does not hinder the 

estimation of activation energy from the Arrhenius fit. We justify our argument in the 

following way: 

From Drude equation      , the temperature dependence comes from the 

carrier density      
 

  
    and the corresponding Arrhenius equation      

 
  

   . 

Now, we rewrite the Drude equation as      ( ) assuming that mobility µ also has 

some dependency on the temperature. So, the modified Arrhenius equation: 

     
 

  
   

 ( )

  
          Or,          

 
  

    ( )    
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where  ( )  
 ( )

  
 which is obtained from experiment (Figure 4d). Now, we define a new 

adjusted conductance    
 

 ( )
  and rewrite the Arrhenius equation as: 

      
 

  
    

                  Or,        
  

    

Next, we plot this adjusted resistance R
*
 as a function of temperature with our 

original R (figure 6.11). Incorporation of the temperature dependence of mobility μ(T) 

leads to a slightly corrected activation energy 125±9 meV. 
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Figure 6.11 (solid square) Drain-source resistance in logarithmic scale as a function of 

1/T. (solid line) Arrhenius fit of the raw data represented by solid square. (solid circle) 

Recalculated drain-source resistance considering the temperature dependence of the 

carrier mobility plotted in logarithmic scale a function of 1/T. (dash line) Linear fit of the 

recalculated data represented by solid circles. 

6.3 Effect of Selenium Doping 

Field effect transistors based on SnS2 was shown to exhibit high on/off current ratio of 

~10
6
, underlining its potential for application in nanoelectronics. SnS2 has an energy gap 

of 2.1 eV. This band gap can be altered by means of doping with selenium (Se) 
99

.  SnSe2 



108 

 

has a similar crystal structure with an energy band gap of 1.0 eV. SnSe2 also have higher 

carrier mobility in bulk form 
100

 than SnS2. In a study of transistors based on spin coated 

granular thin films of SnS2-xSex, it was demonstrated that the device performance was 

superior with higher selenium content 
80

. Here in this section, a systematic study of field 

effect transistors based on exfoliated crystalline thin films of SnS2-xSex with x=0, 0.4, 0.8, 

1.2, 1.6 and 2.0.  

This part of the work has been done in close collaboration with the fellow graduate 

student Taisong Pan. Bulk samples were prepared and characterized by Dr. Arnold 

Guloy’s group, Department of Chemistry. 

6.3.1 Synthesis and Bulk Characterization 

The synthesis and bulk characterizations were performed by Sean Sea from Dr. Arnold 

Guloy’s group, Department of Chemistry. In experiment, SnS2-xSex crystals were 

synthesized by reacting pure elements in quartz ampoules via chemical vapor transport 

using iodine as transport agent 
96

. Crystals of the tin dichalcogenides, with six 

compositions (SnS2, SnS1.6Se0.4, SnS1.2Se0.8, SnS0.8Se1.2, SnS0.4Se1.6 and SnSe2) were 

prepared and their crystal structures were confirmed by x-ray diffraction (PANalytical 

X’Pert PRO, Cu Kα, λ=1.5406 Å). 

X-ray diffraction patterns (figure 6.12) of our SnS2-xSex crystals were indexed with 

hexagonal unit cells, as reported previously 
101,102

. The lattice constants are tabulated in 

table 6.1. The atomic radius of selenium (atomic number 34) is larger than that of sulfur 
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(atomic number 16). This is reflected in the increasing lattice constants with increasing 

selenium content. 

 

Figure 6.12 X-ray diffraction data of the bulk samples of SnS2, SnS1.6Se0.4, SnS1.2Se0.8, 

SnS0.8Se1.2, SnS0.4Se1.6 and SnSe2. The lattice parameters were extracted and tabulated in 

table 6.1. 
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Table 6.1 Lattices parameters of the SnS2-xSex samples (x=0, 0.4, 0.8 1.2, 1.6 and 2). 

Sample a=b (Å) c (Å) 

SnS2 3.6513(7) 5.902(1) 

SnS1.6Se0.4 3.6802(7) 5.971(2) 

SnS1.2Se0.8 3.7060(7) 6.021(2) 

SnS0.8Se1.2 3.7415(6) 6.076(2) 

SnS0.4Se1.6 3.783(1) 6.117(1) 

SnSe2 3.815(1) 6.144(2) 

 

6.3.2 Device Fabrication 

Bulk crystals were exfoliated into thin crystals using the scotch tape method onto silicon 

dioxide substrate. Thin nanocrystals were identified under optical microscope. Field 

effect transistors with 5nm Cr/45 nm Pd electrodes were fabricated using electron beam 

lithography followed by metallization and lift off process. Figure 6.13 presents atomic 

force microscopy images of the devices with all six compositions. These images were 

taken after electrical characterization. Some of the devices appear damaged which may 

have been done during the post-measurement current annealing process, performed to 

remove residual contamination in order to improve device performance. The thickness 

and the channel width are extracted and presented in table 6.2. 
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Figure 6.13 Atomic force microscopy images of the field effect devices based on 

exfoliated nanocrystals of (a) SnS2 (b) SnS1.6Se0.4 (c) SnS1.2Se0.8 (d) SnS0.8Se1.2 (e) 

SnS1.6Se0.4 and (f) SnSe2. Devices based on SnS1.2Se0.8 (figure 6.14c) and SnS0.8Se1.2 

(figure 6.14d) may have been damaged during the current annealing process after the 

electrical characterization. 
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Table 6.2 Thickness and channel width of the field effect devices based on exfoliated 

nanocrystals of SnS2-xSex 

Composition Thickness (nm) Channel width (µm) 

SnS2 15 1.8 

SnS1.6Se0.4 11 2.4 

SnS1.2Se0.8 35 5.1 

SnS0.8Se1.2 25 2.3 

SnS0.4Se1.6 28 1.7 

SnSe2 25 1.3 

 

6.3.3 Electrical Characterization 

Field effect transistors based on all six different compositions were characterized in room 

temperature in a probe station under high vacuum (~10
-5

 Torr). The device configuration 

is similar to that of the field effect transistors based on SnS2 discussed earlier (figure 

6.5a). The degenerately n-doped silicon substrate was used as a back-gate to tune the 

carriers in the channel. 

The drain-source current IDS as a function of back-gate voltage VG for field effect devices 

based on all six compositions SnS2-xSex with x=0, 0.4, 0.8, 1.2, 1.6 and 2.0 are presented 

in figure 6.14 (a)-(f). For SnS2 (x=0) a typical n-type field effect is observed as described 

in the earlier sections of this chapter. With negative gate voltage the device is depleted of  

carriers and the current IDS is insignificant. With this an “off-state” can be defined for the 

device at negative gate voltage. The same is observed for devices based on SnS1.6Se0.4 

(figure 6.14b) and SnS1.2Se0.8 (figure 6.14c). For positive gate voltage the current 
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increases as electrons (majority carriers) are induced into the channel and an “on state” of 

the device is achieved. Thus the conduction of the channel can be controlled by applying 

a voltage (positive or negative) to the back gate. Interestingly as the selenium content is 

further increased to SnS0.8Se1.2 the channel cannot be switched to a completely carrier 

depleted off state within VG=±50 V (figure 6.14d). The drain-source current is reduced as 

a negative voltage is applied to the gate and drops to its minimum value at the largest 

negative gate voltage. A complete off-state is not achieved even at the largest negative 

gate voltage of -50 V for the devices based on SnS0.8Se1.2 (figure 6.14d), SnS0.4Se1.6 

(figure 6.14e) and SnSe2 (figure 6.14f). This suggests that for higher selenium doping 

(x≥1.2) the material becomes heavily electron doped leading to a shift in the threshold 

voltage (VTh). The Fermi level is pinned at the impurity level close to the bottom of the 

conduction band. With higher selenium content the separation between the conduction 

band minimum and the Fermi level―the activation energy― is reduced and 

consequently the number of thermally excited carriers increased. This conclusion is 

confirmed by temperature study of the conductivity as discussed later. 

Figure 6.14 (g)-(l) presents IDS as a function of VDS for VG=0 V and +50 V. An 

asymmetric current-voltage characteristic is observed for SnS2, SnS1.6Se0.4, SnS1.2Se0.8 

and SnS0.8Se1.2 based devices, at zero gate voltage. The applied drain-source voltage can 

be effective as a gate voltage between the drain and source and hence cause the 

asymmetry. However in the low bias region (VDS≤0.5 V) the current-voltage curves are 

linear which indicate Ohmic contact between the electrodes and the semiconductor 

channel in the absence of any Schottky or tunneling barrier.  
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For devices based on SnS1.6Se0.4 and SnSe2, the current-voltage curves are non-linear 

(figure 6.14 (k) and 6.14 (l)) which can be explained by the existence of Schottky barrier 

at the metal electrode-semiconductor contacts. With increased selenium content a 

Schottky barrier is formed as the Fermi level shifts and/or due to the effects of surface 

states.  

At VG=+50 V the current is increased significantly for the same bias voltage as more 

carriers are induced in the channel (figure 6.14 g-l). The asymmetry for x=0, 0.4, 0.8 and 

0.8 is removed at VG=+50 V as the applied gate voltage is higher than effective drain-

source gate voltage. The non-linear current-voltage behavior persists even at VG=+50 V. 

The drain-source current is increased at VG=+50 V, however the enhancement is smaller 

compared to that of the devices with low selenium content (x=0, 0.4, 0.8 and 1.2) where 

there is no barrier at the electrode-semiconductor contact. 
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Figure 6.14 (a)-(f) Drain-source current IDS as a function of the back-gate voltage VG at 

room temperature for fixed drain-source bias voltage VDS. The devices are based on 

exfoliated thin films of SnS2-xSex and the selenium content x is specified. (g)-(l) IDS as a 

function of VDS for VG=0 V (open triangle) and VG=+50 V (open circle). 
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Figure 6.15 Drain-source current IDS as a function of drain-source voltage VDS at 

temperature T=90 K, 100 K, 120 K, 180 K, 220 K, 260 K and 295 K for devices based on 

(a) SnS2 (b) SnS1.6Se0.4 (c) SnS1.2Se0.8 (d) SnS0.8Se1.2 (e) SnS0.4Se1.6 (f) SnSe2. 

IDS-VDS curves were studied under variable temperature from 295 K to 90 K (figure 

6.15). At low temperature, the number of thermally excited carriers in semiconductor 

drops and as a consequence conductivity is reduced. In experiment, the devices based on 

all six compositions became more resistive at low temperature. The activation energy Ea 
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is defined as the energy difference between the Fermi level EF and the conduction band 

minimum ECB. 

Ea=ECB   EF 

The activation energy of the channel material can be determined from the temperature 

dependence of the drain-source resistance R using the Arrhenius equation: 

     
  

    

where R0 is a pre-exponential factor, kB is the Boltzmann constant and T is the 

temperature. The drain-source resistance is calculated by doing a linear fit of the IDS-VDS 

curve in the low bias region. Activation energies of all six compositions were calculated 

and plotted as a function of selenium content x in figure 6.16. 

 

Figure 6.16 Activation energy Ea plotted as a function of selenium ratio x. 
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The activation energy of SnS2 (x=0) was determined to be 133 meV and it is reduced 

systematically with increasing selenium ratio x. For SnSe2 the activation energy was 

calculated to be 22 meV. The band gap of the material is reduced from 2.1 eV for SnS2 to 

1.0 eV for SnSe2. So, the activation energies are 1/15
th

 and 1/54
th

 of their energy band 

gaps for SnS2 and SnSe2 respectively. This suggests that selenium doping gives rise to 

shallow donor impurities. In that case the activation energy would be equal to the donor 

ionization energy. 

6.4 Conclusion 

Here in this section we have documented our proof-of-principle studies on electric field 

effect devices based on undoped tin disulfide (SnS2). The devices were characterized by 

carrier mobility of ~1 cm
2
V

-1
s

-1
 and high on/off ratio exceeding 10

6
. The n-type transport 

in as produced devices was explained by an impurity band state near the bottom of the 

conduction band. This conclusion was further confirmed by an observed activation 

behavior of carriers in the temperature study. Furthermore, we have studied the effect of 

selenium doping in SnS2 system. We fabricated and characterized field effect devices 

based on SnS1.6Se0.4, SnS1.2Se0.8, SnS0.8Se1.2, SnS0.4Se1.6 and SnSe2. The high current 

modulation in devices based on undoped SnS2 was suppressed with increasing selenium 

doping. The temperature dependence of all composition was characterized by an 

activation energy of carriers from the impurity band to the conduction band and the 

activation energy systematically decreased as a function of increasing selenium doping. 

Our results are useful for the investigation of the potential of this class of material in 

nano-electronics applications. 
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CHAPTER 7 

Nature of Electronic States in Zirconium Nitrogen Halides 

This chapter is based on our previously published work Electric Field Effects in Ultrathin 

β-ZrNBr Nano-crystals, Applied Physics Letters 103, 043107 (2013). 

7.1 Introduction 

In search of layered semiconductors which could be complimentary to graphene, so far 

our focus has been on metal dichalcogenide class of materials such as molybdenum 

disulfide, tin disulfide, tin diselenide etc. There are other classes of layered 

semiconductors with non-zero band gap. In this chapter we investigate the electron 

transport properties of β polymorph of zirconium nitrogen bromide β-ZrNBr.  

In layered materials like graphite and metal dichalcogenides, the electronic structures can 

be modified by chemical intercalation 
103,104

. The β polymorph of zirconium nitrogen 

halides have a similar layered crystal structure where different layers are held by weak 

van der Waals interactions. This layered structure was exploited to add charge carriers to 

by mean of chemical intercalation, thereby modifying their electronic structures to induce 

superconductivity 
105,106

. Following an alternative route, these materials can be exfoliated 

into thin nano-crystals with atomically flat surfaces. In a recent study an electric double 

layer transistor was implemented using ionic liquid to induce superconductivity in β-

ZrNCl, with a superconducting transition temperature of 15.2 K
107

. 
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In this chapter we describe the electric field effects in field effect transistors based on 

exfoliated nano-crystals of β-ZrNBr. The as-produced devices were characterized in 

room temperature and the results promote the potential of this class of materials in the 

field of applied nano-electronics. In addition, from the study of the electron transport 

properties as a function of temperature, we comment on the nature of electronics states.  

7.2 Electric Field Effects in β-ZrNBr 

In this section we describe the investigation of electric field effects in β-ZrNBr based 

devices. Bulk crystals were synthesized by chemical vapor transport method and then 

characterized by x-ray powder diffraction. Bulk crystals were exfoliated using into nano-

crystals using scotch tape onto dielectric substrates. Using nano-fabrication techniques, 

field effect transistors were constructed. The field effect transistors were electrically 

characterized at room temperature and low temperature down to 4.2K. 

7.2.1 Synthesis and Bulk Characterization 

Bulk crystals were synthesized and characterized by Dr. Arnold Guloy’s group, 

Department of Chemistry. 

β-ZrNBr bulk crystals were obtained from a two-step synthesis process by reacting 

zirconium foil (Aldrich, 99.98%) with two molar equivalents of ammonium bromide 

(Aldrich, 99.999%) in an evacuated quartz tube 
108

.  The quartz tube was loaded into the 

furnace temperature and the furnace temperature was slowly increased to 600 
o
C. and 

kept for four days  Subsequently, the product was reground with NH4Br in a 5:1 (ZrNBr 

to NH4Br) ratio and recrystallized by chemical transport for two weeks under a 
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temperature gradient of 750 
o
C - 850 

o
C.  β-ZrNBr crystals formed at the hot end of the 

tube. 

β-ZrNBr crystals were characterized via X-ray powder diffraction, using a PANalytical 

X’Pert PRO diffractometer with θ-θ geometry and a Cu Kα source (figure 7.1).  The 

lattice with parameters a = 3.6410(4) and c = 29.275(2) were found to be in good 

agreement with those reported in the literature 
109

. 

 

Figure 7.1 X-ray diffraction data for bulk β-ZrNBr crystals. Major peaks are indexed. 

(inset) Schematic diagram of the three dimensional crystal structure of β-ZrNBr. 

7.2.2 Device Fabrication and Characterization 

The β-ZrNBr bulk crystals were then mechanically exfoliated into thin nano-crystals 

using the Scotch tape method, on a silicon wafer covered with thermally grown 200nm 

silicon dioxide.  The nano-crystals were identified under an optical microscope.  
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Electron-beam lithography was performed to define the metal electrodes (45 nm Pd on 

top of 5 nm Cr) electrically contacting the ZrNBr nano-crystal. A schematic diagram of 

our back-gate device configuration is illustrated in figure 7.2a.  An optical micrograph of 

the device is presented in figure 7.2b and an atomic force microscopy (AFM) images is 

presented in figure 7.2c. AFM revealed the thickness of the nano-crystal to be ~21 nm 

(figure 7.2d), which corresponds to approximately 22 layers.  Although we designed a 

Hall-bar geometry device, the highly insulating behavior at low temperatures restricted us 

to two terminal measurements. The two selected terminals are labeled as “Drain” and 

“Source” in the optical micrograph [figure 7.2b].  The electrode width of 1 µm results in 

a metal-semiconductor contact area of ~1 µm
2
. The gap between the drain-source is 1 µm 

and the conduction channel width is ~1.5 µm between the selected electrodes. We used 

the degenerately n-doped silicon as a back gate to tune the carrier density in the 

conduction channel. 
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Figure 7.2 (a) Schematic representation of the back-gated device configuration. (b) An 

optical image of the field effect device based on exfoliated β-ZrNBr nano-crystal. The 

electron transport properties reported here are measured between the two electrodes 

labeled as “source” and “drain”. (c) Atomic force microscopy image of the device. (d) 

Height profile along line “1”, as marked in figure 7.2c. 

7.2.3 Electronic Characterization 

The devices were characterized at room temperature in a probe-station under vacuum 

(~10
-5

-10
-6

 Torr). The drain-source current IDS as a function of the drain-source voltage 
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VDS is linear (figure 7.3 inset) at room temperature. The linear current-voltage 

characteristics suggest that the contact between the metal electrodes and the 

semiconductor β-ZrNBr is free of any potential barrier (e.g. Schottkey barrier). In figure 

7.3, IDS is plotted as a function of the back gate voltage VG, at fixed VDS=+0.1 V.  The IDS 

increase linearly with positive VG implying a n-type carrier transport in the as-produced 

devices. Calculating the slope of the linear fit of the data from VG=+17 V to VG=+32 V, 

we estimate the field effect charge carrier mobility µ to be 5.8 cm
2
V

-1
s

-1
 using the 

formula:  

  [
    

   
]   

 

   
 [

 

  
] 

where L=1 µm is the length and W=1.5 µm is the width of the conduction channel, 

  
    

 
 is the capacitance per unit area of our back-gate configuration,   =8.854  10

-12
 

F/m is the free space permittivity,   =3.9 is the relative permittivity of silicon dioxide, 

d=200nm is the dielectric thickness. The device parameters like the channel length and 

the channel width are determined from the AFM image (figure 7.2c). For a negative gate 

voltage the device behavior differs from a typical n-type field effect transistor where the 

channel is depleted of charge carriers and switches to an “off-state” 
110,111

. In contrast, 

here we observe that the current does not drop significantly, even though it continues to 

decrease, almost linearly, with negative gate voltage.  The device cannot be turned off in 

spite of the fact that the channel is a semiconductor with a calculated band gap of 1.6 eV 

(experimentally observed band gap of 3.2 eV). The residue current offset for negative 
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gate voltage could be attributed to the presence of parallel conduction channels, as 

discussed in details later. 

Fitting the data within VG=±5 V the carrier mobility µ around zero gate voltage is 

evaluated to be 3.9 cm
2
V

-1
s

-1
.  Using Drude formula σ     we can estimate the inherent 

carrier concentration at zero gate voltage to be ~8x10
12

 cm
-2
, where σ is the conductivity 

and e is the charge of an electron. We attribute the inherent carriers to the presence of 

impurity donor levels close to the conduction band edge. The gate voltage induced carrier 

concentration    
      

  
 at the largest applied gate voltage VG=50 V is calculated to be 

~5x10
12

 cm
-2

 which is comparable to the inherent carrier concentration at VG=0 V. This is 

consistent with the observed effect of gate voltage on the drain-source current where we 

see a ~90% increase when we go from VG=0 V to VG=+50 V.  However, the current is 

reduced by only ~25% as we go from VG=0 V to VG=-50 V. This asymmetry in IDS-VG 

indicates a carrier mobility change which may result from a different screening behavior 

for negative and positive gate voltage. At positive gate voltage side, the n-type carrier 

concentration is higher, which leads to a better screening of charge impurity scattering 

and thus a larger carrier mobility (i.e. a resultant larger slope in IDS-VG curves).  On top 

of that, a fraction of the gate-voltage induced charges can be trapped as immobile charges 

at the interface between the sample and the dielectrics (SiO2).  These trapped surface 

charges do not contribute to electrical conduction and thus result in an effective lower 

field-effect-mobility (nominally obtained from the IDS-VG data).  Thus, the asymmetry in 

IDS-VG curves may also be partly originated from a change of the density of such trapped 

surface states as a function of energy, e.g., the density of trapped states can be higher in 
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the energy range for negative VG side while lower for positive VG side.  Overall, the 

difference in both the screening strength and the density of trapped states can explain the 

observed asymmetric IDS-VG curves with respect to the polarity of the applied gate 

voltage. 

A low-current off state is not obtained at the largest applied negative VG (figure 7.3) 

because of enhanced screening of electric field due to relatively high carrier density and 

the parallel conduction in layered structures. The electric field induced by the bottom gate 

is screened rapidly yielding a small screening length λs, as a result of the relatively high 

inherent carrier density estimated as 8 x 10
12

 cm
-2 

at VG=0. In accordance with the 

Thomas-Fermi approximation, the electrostatic potential φ induced by the applied gate 

voltage drops exponentially with increasing distance z from the interface between the 

sample surface and the gate dielectrics, i.e.  ( )   ( ) 
  

  
⁄

. For the ZrNBr nano-

crystal with a thickness of 21 nm (~ 22 layers) and a relatively high carrier density, 

parallel conduction from different layers has to be considered, and thus a complete off-

state could not be achieved within the applied VG range.  Similar behaviors have been 

previously reported in multilayer graphene 
20,70,92,112

. 
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Figure 7.3 (open dot) Drain source current IDS is plotted as a function of back-gate 

voltage VG, for fixed drain source voltage VDS=0.1 V at room temperature (T=295 K). 

(solid line) Linear fit of the data from VG=+17 V to VG=+32 V. (inset) IDS is plotted as a 

function of VDS for VG=0 V, at room temperature (T=295 K). 

7.2.4 Electron Transport Properties at Low Temperature 

In a n-type semiconductor, the number of conduction band electrons (or valence band 

holes for p-type semiconductor) depends on the position of the Fermi level from the 

conduction band edge and the thermal excitations that excites the electrons into the 
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conduction band. Higher the temperature, stronger is the thermal excitations and higher 

the concentration of conduction electrons contributing to the transport. The reduced 

carrier concentration at low temperature affects the channel conduction and the screening 

of the electric field introduced by the gate voltage.  We investigated the temperature 

dependence of the device performance from room temperature (295 K) to 4.2 K. In figure 

7.4a we plot IDS as a function of VDS=±1 V, at zero gate voltage from 295 K to 80 K. The 

IDS-VDS characteristics are linear at T≥150 K. At temperatures below T=150 K, as the 

thermal excitation is suppressed the IDS-VDS curves becomes non-linear at 80 K. The non-

linearity is more prominent at high VDS and lower temperature as shown in figure 7.4c 

and we attribute this to the insulating behavior of the device channel. In Figure 7.4b, IDS
 

is plotted as a function of VG from -50 V to +50 V at temperatures ranging from 295 K to 

80 K. The off-state current at the negative VG side drops rapidly with lower temperature. 

This behavior deviates from the temperature dependence of other n-channel field effect 

transistors, such as SnS2, where the conduction was achieved predominantly for the 

positive gate voltage at all temperature from 295 K to 80 K. In case of SnS2 the number 

of carriers induced by the gate voltage is significantly higher than the inherent carriers at 

zero gate voltage.  The residue current in the depleted state (negative gate voltage) 

remained insignificant compared to the accumulated state (positive gate voltage) at all 

temperatures. As a result the current modulation was high over the entire temperature 

range. In the current study of β-ZrNBr, at low temperatures below T=120K the device 

can be switched to a carrier depleted “off state” by applying negative gate voltage; while 

in contrast a complete “off state” is not achievable at T≥150K. At low temperatures as the 
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number of mobile charge carriers is reduced, the screening length ―which is inversely 

proportional to the square root of the carrier density 
113
― increases and hence the carrier 

transport of the 21 nm thick β-ZrNBr crystal (conduction channel) can now be adequately 

controlled by gate-voltage-induced electric field. Also, the magnitude of conductance 

enhancement at positive VG (charge accumulation region) is smaller with decreasing 

temperature which can be explained by carrier mobility reduction. 

As the temperature goes down from 80 K to 4.2 K, the conductance continues to decrease 

monotonically and the device becomes more and more insulating. In Figure 7.4c we plot 

IDS as a function of VDS for temperatures from 80 K to 4.2 K.  In this temperature range, 

as the device become more insulating, IDS-VDS curves were measured within a larger VDS 

range: from -5 V to +5 V. Figure 7.4d presents IDS as a function of VG from -100 V to 

+100 V, for fixed VDS=+2 V at different temperatures from 80 K down to 4.2 K. The 

saturation current (at VG ~ 100 V) decreases with decreasing temperature as expected for 

reduced carrier concentration at low temperatures.  However, the slopes of the linear 

portion of the IDS-VG curves, which represent the maximum field effect mobility, do not 

change significantly in this temperature range from 80 K to 4.2 K. 

From figures 7.4b and 7.4d, we extract the channel conductance G as a function of 

temperature at VG=+20 V and plot it in a logarithmic scale as a function of T
-1/3

 (figure 

7.5a). The data at VG=+20 V are chosen so that the Fermi level is near the conduction 

band edge while the conductance is still high enough to be measured accurately. In the 

temperature range from 295 K to 32 K, the data can be fitted well with the variable range 

hopping picture for charge transport in two dimensions 
114

: 
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where G(0) is a constant conductance, T0 is a constant temperature reflecting the 

correlation energy scale. This suggests that the electronic states in the system, at or near 

the Fermi level, may be localized and electrons hop from one state to another when 

gaining energy from a phonon or external applied electric field.  From of the slope of the 

fit (figure 7.5a), we estimate T0≈5.8 x 10
4
 K. Using     (

  

  
)   where the diffusion 

constant is given by Einstein relation as   
    

 
, and the experimentally obtained 

carrier mobility µ=5.8 cm
2
V

-1
s

-1
 at T=295 K, we obtain a density of states (

  

  
) ≈ 2.2 x 

10
18

 /eVm
2
.  With that, we then estimate a localization length ξVRH≈1 nm, from the 

equation 
115          √

    

  (
  

  
)  

 . Below T=32 K, the data start to deviate from variable 

range hopping model and become almost invariable with temperature, which could be 

explained by an enlarged size of localized electron puddles at low temperatures and thus 

a nearly temperature independent conduction.  A similar temperature dependency was 

also noticed recently in nano-structured anti-dot graphene samples where the conduction 

was dominated by hopping above 25 K and mesoscopic conduction at low temperature 

115
. 

From figure 7.4b and 7.4d, the maximum field effect carrier mobility at different 

temperature is calculated from the maximum slope of the IDS-VG curves. The VG ranges 

used to do so are listed in table 7.1. 
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Table 7.1 Gate voltage ranges used in determining the maximum mobility for different 

temperatures 

Temperature (K) VDS (V) VG range (V) 

4.2 +2 +46→+66 

8, 12 +2 +48→+68 

17, 24, 32 +2 +44→+64 

40, 48 +2 +42→+62 

56 +2 +40→+60 

64 +2 +38→+58 

72, 80 +2 +36→+56 

80, 90, 100, 120, 150, 180, 220, 260, 295 +0.1 +17→+32 

 

 In figure 7.5b, the maximum field effect mobility is plotted as a function of temperature.  

The carrier mobility drops as the temperature is lowered from 260 to 90 K (at a 

temperature range from 80 to 4.2 K, as shown by the data from a different measurement, 

the mobility continues to decrease at a slower rate).  This suggests that the mobility is not 

limited by phonon scattering at room temperature.  Otherwise, if phonon were the 

dominant scattering source, one would have observed an enhancement in carrier mobility 

with decreasing temperature, since electron-phonon scattering should be diminished at 

low temperatures.  Instead, the decreasing mobility with decreasing temperature can be 

attributed to charge impurity scattering arising from random disorders (e.g., 

contaminations) near the conduction channel.  More specifically, the reduced carrier 

density at low temperatures gives rise to a weakened screening of charge impurities, and 

consequently an enhanced impurity scattering causes lower carrier mobility with 

decreasing temperature. Therefore, the observed temperature dependence of the mobility 
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suggests that impurity scattering, instead of intrinsic phonon scattering, is most likely the 

limiting factor for room temperature carrier mobility of FET devices under study.   

 

Figure 7.4 (a)  IDS as a function of VDS for zero back gate voltage VG, at 295 K, 260 K, 

220 K, 180 K, 150 K and 80 K. (b) IDS as a function of VG for fixed VDS=+0.1 V at 295 

K, 260 K, 220 K, 180 K, 150 K, 120 K, 100 K and 80 K. (c) IDS as a function of VDS for 

VG=0 V at 80 K, 64 K, 56 K, 48 K, 40 K, 32 K, 24 K, 20 K and 4.2 K. (d) IDS is plotted 

versus VG for VDS=+2 V at 80 K, 72 K, 64 K, 56 K, 48 K, 40 K, 32 K, 24 K, 17 K 4.2 K. 
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Figure 7.5 (a) (solid square) Drain-source conductance G plotted in a logarithmic scale as 

a function of T
-1/3

. (solid line) Linear fit of the data from 295 K to 32 K. The data are 

collected from different thermal cycles: one from 295 K to 80 K measured with a probe 

station, and another from 80 K to 4.2 K measured with a vacuum insert immersed in 

liquid helium. (b) Carrier mobility µ as a function of temperature T. The mobility is 

calculated at a fixed VDS=+0.1 V for temperature range 295 K to 80 K and VDS=+2 V for 

80 K to 4.2 K.  The jump of mobility data at T=80 K is due to the different measurements 

from different thermal cycles with different experimental setup, as specified above. 

7.3 Conclusion 

We have fabricated field effect transistors based on exfoliated β-ZrNBr. The field effect 

carrier mobility at room temperature was calculated to be 5.8 cm
2
V

-1
s

-1
. The intrinsic 

carrier concentration is high compared to other previously studied materials like SnS2 or 

MoS2. As a result a low current “off-state” could not be realized at room temperature 
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with our back-gate configuration with 200nm dielectric (silicon dioxide) thickness. This 

led to a poor on/off ratio for the field effect devices based on these two materials. 

However, as the carrier concentration is reduced at low temperature a relatively low 

current off-state (IDS~1-30 nA) was accomplished at 80K. Low-temperature transport 

experiments revealed a carrier transport characterized by variable range hopping 

mechanism over a wide range of temperatures (295 K to 30K). 
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CHAPTER 8 

Conclusion 

This dissertation focused on the study of field effect of transistors based on layered 

materials (graphene and beyond) for their potential of application in futuristic fast and 

flexible digital electronics. 

AB-stacked multilayer graphene was synthesized via chemical vapor deposition ― a 

process suitable for large scale integration. In contrast to previously reported turbostratic 

multilayer graphene where the different layers were randomly oriented to one another, 

the multilayer graphene, obtained in the absence of hydrogen during the growth, were 

AB-stacked (confirmed by Raman spectroscopy experiments). Using a novel fabrication 

technique, suspended graphene transistors were fabricated. The suspended nature of the 

device made graphene free of any surface proximity effects. Low temperature 

experiments carried out on those devices down to 240 mK. At low temperature (bellow 

10 K), a zero bias dip was observed in the conductance spectrum. The zero-bias dip was 

attributed to an effective higher electronic temperature at non-zero bias suggesting a 

weak electron-phonon coupling in graphitic systems. The conclusion was supported by 

the evolution of the peak as function of temperature and applied magnetic field. 

To overcome the limitations graphitic systems faced in the application of digital 

electronics, the dissertation continued ahead with other layered materials with a non-zero 

band gap which could be complimentary to graphene. Field effect transistors were 

fabricated based on single crystal MoS2 nano-grains synthesized via CVD and their 
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device performance was optimized. From the electron transport experiments, a high 

on/off current modulation (>10
8
) and a high mobility of ~17.2 cm

2
V

-1
s

-1
 was obtained. 

The mobility was several orders of magnitude higher than previously reported devices 

based on CVD grown polycrystalline MoS2 samples. The high on/off ratio makes MoS2 

suitable for digital electronics application. The mobility can be improved further by 

reducing the contaminations introduced during the fabrication process and providing with 

a providing with a proper environment i.e. a substrate of similar crystal structure, a high 

quality gate dielectric. 

The final chapters of the dissertation focused on proof of principle studies on new layered 

materials with a non-zero band gap. Field effect transistors were fabricated and 

characterized at room temperature and low temperature. In the line of search for new 

materials, this dissertation also reports a few promising materials for digital electronics 

applications. Starting with bulk crystals, thin nano-membranes were exfoliated onto 

insulating dielectric (silicon dioxide) substrates and field effect transistors were 

fabricated based on such nano-crystals. Device performance was optimized at room 

temperature and various electron transport parameters were extracted. FETs based on tin 

disulfide (SnS2) were characterized with a mobility ~1 cm
2
V

-1
s

-1
 and an on/off ratio 

exceeding 10
6
 at room temperature. According to the international roadmap for 

semiconductors, for any technology replacing current silicon based technology must have 

a current modulation of 10
4
 and our SnS

2
 based devices satisfies that condition. Low 

temperature transport experiments revealed an activated carrier transport and the 

activation energy was calculated. The reduced mobility at low temperature suggested that 
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the impurity scattering was the dominant factor determining the mobility. Carrier 

mobility in SnS2 based devices can be enhanced by reducing impurities present in the 

system. 

The effect of selenium doping was systematically studied in the system. Field effect 

transistors based on different compositions with various levels of doping were studied: 

SnS2-xSex with x=0, 0.4, 0.8, 1.2, 1.6 and 2.0. All six compositions were n-type but the 

current modulation was suppressed with higher selenium doping. A carrier depleted off 

state could not be achieved at room temperature for composition with a doping x≥1.2 

within a gate voltage of ±100 V. Systematic study of all six compositions discloses that 

the activation energy decreases monotonically with higher selenium doping. 

Finally, electric field effects in ultrathin nanocrystals of β-ZrNBr were studied. The 

devices based on β-ZrNBr were n-type with carrier mobility ~5.8 cm
2
V

-1
s

-1
. However, in 

contrast to MoS2 and SnS2 based devices, the current modulation was low even though β-

ZrNBr is a semiconductor with theoretical band gap of 1.6 eV. The carrier transport at 

low temperature in β-ZrNBr was dominated by variable range hopping with a typical 

localization length of ~1 nm. The mobility is reduced monotonically as the temperature is 

lowered suggesting a charge carrier-impurity scattering dominated transport. 

Layered materials are the base of next generation electronics applications beyond silicon. 

The atomic thickness provides the ultimate vertical scaling. High carrier mobility projects 

a faster electronics. Very good mechanical strength makes them suitable for flexible 

electronics application. The atomically thin channels also provide a platform to 
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investigate electron transport in condensed matter system. This work not only highlights 

the scope of layered materials in nano-electronics but also put forward systems with rich 

physics. 
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APPENDIX 

Publications and Conference Participation 

A1 Publications 

 “Field effect transistors with layered two-dimensional SnS2-xSex conduction 

channels: Effects of selenium substitution”, T. S. Pan
†
 , D. De

†
 , J. Manongdo, A. 

M. Guloy, V. G. Hadjiev, Y. Lin, and H. B. Peng, Appl. Phys. Lett., 103, 093108 

(2013). 

† Authors contributed equally 

 “Electric Field Effects in Ultrathin ZrNBr Nano-crystals”, D. De, G. Su, S. See, 

A. Guloy, C.S. Ting, and H.B. Peng, Appl. Phys. Lett., 103, 043107 (2013). 

 “High mobility and high on/off ratio field-effect transistors based on chemical 

vapor deposited single-crystal MoS2 grains”, W. Wu, D. De, S. Chang, Y. Wang, 

H.B. Peng, J. Bao, and S.S. Pei, Appl. Phys. Lett. 102, 142106 (2013). 

 “High on/off ratio field effect transistors based on exfoliated crystalline SnS2 

nano-membranes”, D. De, J. Manongdo, S. See, V. Zhang, A. Guloy and H.B. 

Peng, Nanotechnology 24, 025202 (2013). 

 “AB-Stacked Multilayer Graphene Synthesized via Chemical Vapor Deposition: 

A Characterization by Hot Carrier Transport”, C. Diaz-Pinto
†
, D. De

†
, V. Hadjiev, 

and H.B. Peng, ACS Nano 6, 1142 (2012). 
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A2 Conference Participations 

 D. De (speaker), John Manongdo, Sean See, Vincent Zhang, Arnold Guloy, 

Haibing Peng, American Physical Society March Meeting 2013, Baltimore, USA, 

“High on/off ratio field effect transistor based on exfoliated crystalline SnS2 

nano-membrane”. 

 D. De (speaker), John Manongdo, Sean See, Vincent Zhang, Arnold Guloy, 

Haibing Peng, TcSUH 44
th

 Bi-annual Student Symposium Fall 2012, Houston, 

USA, “High on/off ratio field effect transistor based on exfoliated crystalline 

SnS2 nano-membrane”. (1
st
 prize) 

 D. De (speaker), C. Diaz-Pinto, V. Hadjiev, H.B. Peng, American Physical 

Society March Meeting 2012, Boston, USA, “AB-stacked multilayer graphene 

synthesized via chemical vapor deposition: a characterization by hot carrier 

transport”. 

 D. De (speaker), C. Diaz-Pinto, V. Hadjiev, H.B. Peng, TcSUH 42
nd

 Bi-annual 

Student Symposium Fall 2012, Houston, USA, “AB-stacked multilayer graphene 

synthesized via chemical vapor deposition: a characterization by hot carrier 

transport”. (2
nd

 prize) 

 D. De, C. Diaz-Pinto, Z. Wu, P. Hor, H.B. Peng (speaker), American Physical 

Society March Meeting 2011, Dallas, USA, “Observation of multiple 

superconducting gaps in Fe1+ySexTe1-x through Andreev reflection”. 
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 D. De (speaker), C. Diaz-Pinto, Z. Wu, P. Hor, H.B. Peng, TcSUH 40
th

 Bi-annual 

Student Symposium Fall 2012, “Observation of multiple superconducting gaps in 

Fe1+ySexTe1-x through Andreev reflection”. (2
nd

 prize). 
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