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Abstract
Fabrication of Two-Dimensional Graphene-
Based Heterostructures for Photodetection
Applications

Tongxin Chen

Supervised by Professor Jamie H. Warner

The discovery of graphene has so far drawn significant attentions since 2004 when
isolation of single layer graphene was first achieved. Over the past few years, the
interest in graphene has also expanded into other two-dimensional (2D) materials,
including transition metal dichalcogenides (TMDs), such as Molybdenum disulfide
(MoS2) and WS, metal chalcogenides, such as gallium sulfide (GaS), and
heterostructures base on these materials. Numerous studies have been done on
fabrication and characterization of 2D heterostructures with various functionalities in
electronics and optoelectronics. However, in most studies the 2D heterostructures were
constructed using exfoliation and transfer approach, which possesses the disadvantages
of low efficiency and low yield. It is necessary to develop new fabrication processes for
large-scale production of 2D heterostructure nanodevices. This DPhil project aims to
exploit the possibility to assembly 2D heterostructures by chemical vapor deposition
(CVD) growth of 2D semiconductors (e.g. MoS2, WS> and GaS) using pre-patterned
graphene as growth template, which enables large-scale fabrication of graphene based
nanodevices in photodetection applications.

In the first part of fabrication of MoSz:graphene vertical heterostructure, a new
ambient pressure CVD process was developed via control of chemistry of graphene and
MoS: by hydrogen addition, which enables the direct growth of centimeter-scale
continuous films of vertically stacked MoS> monolayer on graphene. Hydrogen
addition enables longer CVD growth times at high temperature by reducing oxidation
effects on monolayer graphene. By careful control of nucleation density and growth
time, high quality monolayer MoS: films could be formed on graphene, realizing all
CVD grown vertical stacked monolayer semimetal-semiconductor interface. The
photodetectors fabricated using this vertical heterostructure show photoresponsivity
reaching 2.4A/W under 135uW 532nm illumination.

In the second part of fabrication of WSa:graphene lateral heterostructure, a new
controlled CVD process was developed to directly grow WS> in pre-patterned graphene
gaps, creating better interfaces. By lowing the effective Schottky barrier height via
improved contact between graphene and WS, Direct CVD grown
graphene:WSs:graphene  lateral ~ photodetecting  transistors  exhibit  high



photoresponsivity reaching 121 A/W under 2.7x10° mW/cm? 532 nm illumination,
which is around two orders of magnitude higher than similar devices made by the layer-
by layer transfer method.

Lastly, mass production of GaS:graphene lateral heterostructure was achieved by
directly growing layered GaS in the gap of pre-patterned graphene electrode pairs on
Si wafer via a selective CVD process. Due to the large band gap of GaS, the CVD
grown GaS:graphene lateral photodetecting transistors is sensitive to UV light only. The
detection limit could reach down to 2.61 puW/cm? with a photoresponsivity of 11.7 A/W
and a photo gain of 53.7. The devices also show long-term stable and reproducible ON-
OFF switching behavior, with a response time lower than 60 ms, which is comparable
to other high-quality photodetectors made by 2D materials.
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Chapter I Introduction

Chapter 1

Introduction

1.1 Project Aims

The object of this doctoral project is to develop and optimize the processes for large-
scale fabrication of two-dimensional heterostructures using direct chemical vapor
deposition (CVD) technique. Continuous graphene film and patterned graphene ribbons
were used as growth template for the growth of other 2D materials, including
molybdenum disulfide (MoS>), tungsten disulfide (WS>) and gallium sulfide (GaS),
directly forming the vertical or lateral heterostructures. These heterojunctions were then
fabricated into photodetectors. A range of characterization techniques were carried out
to investigate the physical and electronic properties of the products.

1.2 The Scope of this Thesis

The thesis covers the research that has been done during the four years” UK DPhil
degree at the Department of Materials, University of Oxford. It starts with a literature
review (Chapter 2) that summarizes the recent progress on the properties,
characterization techniques and synthesis methods of 2D materials including graphene,
MoS,, WS, and GaS, followed by a brief introduction of the applications of 2D
materials in optoelectronics and the fabrication of 2D heterostructures. In Chapter 3,
the CVD setups for the growth of graphene and other 2D materials, nanofabrication of
ultrathin 2D devices and a series of characterization techniques employed in this project

are briefly introduced.
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The first work was to synthesis continuous MoS; film on graphene substrate. The
purpose of this work was to look for an easy and efficient method to fabricate vertical
MoS,/graphene heterojunction. Hydrogen gas was introduced to the CVD system,
allowing the control of chemistry of MoS, and graphene to achieve the growth of
centimeter-scale continuous MoS; film on graphene. Photodetectors were fabricated
based on the as synthesized heterojunction by depositing metal bond pads, whose
performance was characterized and explained in Chapter 4.

Subsequently, the focus of the study shifted to the fabrication of
graphene/TMDs/graphene lateral heterostructures, which are considered the basic form
of 2D phototransistors. The first attempt was to directly grow WS> in the gap of
prepatterned graphene electrode pairs. By controlling the nucleation of WS>, WS> could
be selectively deposited in the gap of two graphene electrode pairs, naturally forming
the graphene/WS»/graphene heterojunction. The as fabricated phototransistors
exhibited excellent photoresponsivity, owing to the lowering of Schottky barrier by
improved contact. (Chapter 5). Following this, a large band gap 2D semiconductor GaS
was studied as a promising candidate for 2D UV photodetector. Thanks to the previous
works on the CVD growth of GaS, a modified CVD process was developed to directly
deposited GaS in the channel between graphene electrode pairs, forming the
graphene/GaS/graphene lateral heterojunction. By directly applying source-drain bias
onto the graphene electrodes, the as fabricated devices shew photodetection behavior
for UV light only. (Chapter 6)

The final chapter summarizes the whole thesis and envisions a potential future research
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as extension to this thesis.
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Chapter 2

Literature Review

2.1 Introduction

Since 2004 when Graphene was first discovered, remarkable success of graphene
research has sparked enormous interest in a wide range of 2D materials, especially on
semiconducting transition metal dichalcogenides (e.g. MoS, and WS;) and metal
chalcogenides (e.g. GaS) owing to their chemical stability and complementary
electronic properties. Due to their unique mechanical and physical properties, 2D
materials and their heterostructures are considered as one of the potential build blocks
with promising features to replace Si in next generation ultrathin and flexible electronic
and optoelectronic devices. This chapter is devoted to review the recent advances in
synthesis and applications of 2D materials. Based on the subject of this thesis, it starts
with introduction of the properties and synthesis of graphene, MoS>, WS, and GaS.
This is then followed by a review of optoelectronics based on 2D semiconductors with
a specific focus on photodetectors, and the fabrication of wvertical and lateral
heterostructures based on 2D materials.

2.2 Graphene

2.2.1 Whatis graphene

Graphene is a carbon material which is fundamentally a two-dimensional (2D) sheet of
honeycomb network composed of sp2 hybridized carbon. The 2D honeycomb network

is regarded as the basic building block of other carbon materials; it can be curl up to
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form zero-dimensional (0D) fullerenes, rolled to form one-dimensional (1D) carbon
nanotubes, and vertically stacked and held together by Van der Waals force to form
three-dimensional (3D) graphite, as shown in Figure 2.1.! The long-range n-
conjugation in graphene is supposed to have extraordinary thermal, mechanical and

electrical properties that have long been the focus of many theoretical studies. >

Sy dyty

e 'r,‘:i’:;r"f:‘::.
e 9
e e e B

Figure 2.1. Graphene as the building block for other carbon materials in various
dimensions. Graphene can be curl up to become 0D fullerenes, rolled to become 1D
carbon nanotubes or stacked to become 3D graphite. Reprinted with permission from

ref. [1]. © 2007 Nature Publishing Group
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Although the history of graphene could date back to 1859 when British chemist
Benjamin Brodie exposed graphite to strong acid and obtained a suspension of graphene
oxide,’ it was not until 2004 that the study in graphene leapt to prominence. In that year,
the successful separation of graphene from highly oriented pyrolytic graphite (HOPG)
was first achieved using mechanical exfoliation method by Prof. Andre Geim and Prof.
Konstantin Noveselov.® The experimental isolation of single-layer graphene enabled
measurement and quantification of graphene’s unique properties for the first time. A
large amount of interesting physics were observed shortly afterwards, including
graphene’s ambipolar field effect,’ the quantum Hall effect at room temperature,” high

10-13 and the first ever detection of single molecule adsorption.'*!  Prof.

carrier mobility,
Geim and Prof. Novoselov were awarded the Nobel Prize in Physics in 2010 for their
pioneering work in 2D materials.

Besides the all these new physics mentioned above, the unique physical and electrical

properties of graphene also generated huge interest in the possible implementation of

graphene in a selection of applications, including reinforcement composites, ' corrosion

21-22 23-24 25-27

protection,!”"!® display and touch screen,?” infrared sensors,>!? solar cells,>** etc
2.2.2 Properties of Graphene

In this section, some of the characteristic properties of graphene will be discussed. Since
the first isolation of graphene in 2004, the majority of graphene-related research interest

has been on graphene’s excellent mechanical properties, thermal and vibrational

properties and novel electrical properties, such as high carrier mobility and existence of
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a massless Dirac fermion system, which are very important in various applications and
characterization of graphene.

2.2.2.1 Mechanical Properties of Graphene

The theoretical studies predicted that graphene would have extraordinarily mechanical
properties.?® The first experimental measurement of graphene’s mechanical properties
was performed with help of atomic force microscope (AFM).?’ A graphene sheet was
suspended over a substrate embedded with an array of micrometer scale perforation.
The elastic and inelastic breaking strength could be measured by applying force using
an AFM tip on the surface of suspended graphene. It was discovered that graphene has
an intrinsic strength of 130 + 10 GPa and a Young’s modulus of 1.0 + 0.1 TPa. However,
the extraordinarily high experimental value was not only ascribed to the nature of
graphene, but also to the fact that the measurement was performed on relatively defect-
free regions, as the experimental value was very close to ab initio calculations based on
single layer, defect-free graphene.>**! The experimental strength of a relatively more
defective graphene sheet could vary a lot, owing to different type, size and density of
defects in the target area under the tip.

Other mechanical properties of graphene, such as flexibility, elasticity and mechanical
stability have been quantified by transferring as prepared graphene film on PET
substrate.!” It was discovered that the graphene is perfectly elastic until 18.7% strain
applied. The further experiments indicated that graphene has outstanding transparency
and flexibility, which shows great potential to replace ITO in applications such as

optoelectronic devices.'”
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2.2.2.2 Thermal properties

Thermal conductivity is a critical figure of merit for materials used in nanoelectronics,
as the needs for heat dissipation rise along with increased miniaturization. The
experimental measurements have proved that free-standing monolayer graphene has an
excellent thermal conductivity of ~ 5,000 W m™' K™ at room temperature, matching
with theoretical predictions.>3 This was measured on a suspended single layer
graphene by extracting graphene’s characteristic Raman signal, using a non-contact
confocal Raman spectroscopy technique. (see section 2.2.2.3) The principle is that the
position of G peak in Raman spectrum of graphene is dependent on the excitation laser
power and temperature.

Nevertheless, graphene mostly requires it to stay on a substrate in practical. Comparing
to ideally suspended graphene, the phonon coupling with the substrate could likely
reduce graphene’s thermal conductivity. For example, using similar measurement
method mentioned above, the thermal conductivity of graphene on SiO»/Si substrate at
room temperature could reduce to 600 W m™' K3

2.2.2.3 Vibrational properties

Raman spectroscopy, a non-destructive technique that relies on inelastic scattering, is
commonly used to determine the vibrational properties of graphene.>>*’ The Raman
spectroscopy is usually measured by illuminating a monochromatic light source on the
sample. The majority of the incident light can be scattered elastically by the sample, in
a process called Rayleigh scattering, while the rest of light is scattered inelastically due

to the vibrational phonons in the lattice of target sample. The principle of Raman
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spectroscopy is to detect the frequency variations of the excitation source caused by
inelastic scattering, illustrated by Raman peaks in Raman spectrum whose X axis is the
frequency shift and Y axis describes the intensity of inelastically scattered light. It is an
important technique to identify the quality and quantify the thickness of graphene.

There are two predominant peaks in Raman spectra of graphene and graphite: G peak
at ~1580 cm™! and 2D peak at ~2700 cm™'. G peak is a signature of carbon-carbon in-
plane vibration mode, related to doubly degenerate E>g mode at the Brillouin zone center.
In other words, it is caused by the bond stretching of all sp? carbon atom pairs. On the
other hand, 2D peak is the overtone of D peak, which relates to transverse optical
phonons at the edge of the Brillouin zone, also known as the breathing mode to sp?
aromatic ring. However, D peak only presents in defective graphite or graphene samples
while 2D peak is always detectable. This is because that the activation of D peak follows
a double resonance activation (DR) mechanism that needs defects for initiation,
contrary to 2D peak whose activation does not require defects. Similar mechanism also
applies to D’ peak, locating at ~1600 cm’!, which is only detectable in strongly
disordered graphene. The presence of D and D’ peak and their relative intensity to G

peak provides an effective identification of the defect level in graphene samples.
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Figure 2.2. The vibration properties of graphene. (a) Raman spectra of graphite and
graphene. (b-c) Evolution of 2D peak as a function of layer number under 514 nm (b)
and 633 nm (c) excitation wavelength. (d) D peak of graphite edge (top) and graphene
edge (bottom). Reprint with permission from ref. [36]. © 2006 American Physical

Society

Figure 2.2 shows the Raman spectra of graphite and monolayer graphene. They can be
easily distinguished by the shape of 2D peak, its position and its relative intensity to G
peak. As the layer number increases, the position of G peak slightly red shifted. The 2D
peak of monolayer graphene could be fitted into one Lorentzian peak. When the number
of layers increases, the 2D peak gradually blue shifts and the shape evolves into a
broaden peak made up of several Lorentzian peaks. The intensity of lower frequency
Lorentzian subpeak in the 2D peak decreases along with increasing thickness,
eventually turning to the shape observed in the Raman spectrum of bulk graphite. 3¢

When incident excitation light interacts with different graphene samples, their Raman
spectrum could exhibit different peak positions and peak shapes. Comparing to
optically identification by contrast or AFM measurement, Raman spectroscopy is an

efficient, effective and non-invasive technique to give a quantitative evaluation of
10
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thickness and identification of defect level in graphene sheets.

2.2.2.4 Electronic Properties

In the planar structure of graphene, the carbon-carbon c-bond spread out to 120°
separation, yielding a hexagonal symmetry. The valence and conduction bands of
graphene meet at K and K’ points across k-space, which makes graphene a so-called
zero-bandgap semiconductor or semimetal. The K and K’ point originate from two
unique lattice vectors of graphene lattice, as illustrated in Figure 2.3(a). There are
altogether six of these so-called Dirac points across the Brillouin zone. (Figure 2.3(b))
Ideally, the conduction band is empty while the valence band is filled in pristine
graphene. The relationship between energy and momentum is linear near the Dirac
points, making the charge carriers in graphene so-called massless Dirac fermions.*® In
other words, they can be regarded as relativistic particles that travel at speed of light

with an effective mass of zero.'!
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Figure 2.3. The lattice structure of monolayer graphene and its band structure. (a)
Planar structure of monolayer graphene composed of sp? hybrid carbon atoms(left) and
Brillouin zone of graphene (right). (b) Energy spectrum of graphene with a zoom-in
image of Dirac cone at K and K’ points. Reprinted with permission from ref. [38]. ©

2007 Nature Publishing Group

Additionally, graphene exhibits an ambipolar field effect due to the linear dispersion
relation. By tuning the Fermi level via a gate voltage or doping, either holes or electrons
can be the majority type of charge carriers in graphene, resulting in an intrinsic carrier

12
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mobility of free-standing graphene as high as ~200,000 cm?V-'s! at room

temperature.'® The mobility of graphene is superior than any other well-studied
conventional semiconductors, such as silicon (~1,400 cm?V-'s™),3? carbon nanotubes
(~100,000 cm?V-'s1) 40 gallium arsenide (GaAs) (~4,600 cm?V-'s").#! and indium
antimonide (InSb) (~77,000 ¢cm?V-!s!).** This unique property makes ultra-thin
graphene films possible candidates in high speed nanoelectronics applications,
including high frequency devices and field effect transistors (FETs).*

However, in practice the mobility of graphene can be lowered by various factors, such
as grain boundaries, defects, surface impurities and phonon interactions at the interface,
which cause the scattering of charge carrier.*** For example, the mobility of monolayer
graphene transferred on silicon wafer(SiO2/Si) was measured to be 16,000 cm*V-'s,!
and 35,000-60,000 cm?V-'s™! on hexagonal boron nitride (hBN).*47

2.2.2.5 Transparency

Graphene is regarded as a potential candidate for transparent conductor owing to its

good transparency. According to the theoretical calculation, the transmittance (T) of

monolayer graphene could be estimated by the following equations:
_e? 1
" he " 137
na
T= (1+7)‘2 ~1-—na~97.7%

o

where e is the elementary charge, h is the Planck’s constant, c is the speed of light and
o is the fine structure constant describing the coupling between photons and electrons.*®
The experimental results matched well with the theoretical calculation, exhibiting a 2.3 %
absorption of normal incident light per layer, which is much better than ITO coatings
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(50 nm -200 nm) whose transparency is around 70-90% in white light spectrum
region.*’

2.2.3 Preparation of graphene

The unique properties of graphene have attracted great research interest since its
discovery. Along with the “graphene boom”, the need to produce high quality graphene
rose. If one can develop an efficient synthesis method to produce large-scale, high-
quality graphene, one big problem that hinders the implementation of graphene in
industrialized productions can be resolved. Up to now, there are primarily two types of
synthesis strategy: top-down route and bottom-up route. The top-down method aims to
separate graphite layers by breaking the van der Waals force between them, such as
mechanical exfoliation and chemical exfoliation. The bottom-up approach aims to
synthesize graphene using alternative carbon sources, such as oriented growth on
silicon carbide (SiC) and chemical vapor deposition (CVD).

2.2.3.1 Mechanical exfoliation

Mechanical exfoliation was first developed by Geim et al. in 2004, which is well-known
as the “Scotch tape” method.® (Figure 2.4) It is a remarkably simple method to isolate
graphene. Briefly speaking, an adhesive tape is used to remove flakes of graphite from
highly order pyrolytic graphite (HOPG). Graphene flakes with varying thickness and
size could be obtained by several peeling iterations. Subsequently, after transferring the

graphene flakes from the sticky tape to a silicon substrate (300 nm Si0»/Si), the layer

number could be identified by contrast under an optical microscope.
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I pum

~ Single-layer graphene

Figure 2.4. An illustration of the Scotch-tape method to isolate graphene flakes
from HOPG. Reprinted with permission from ref. [S0]. © 2015 The Royal Society of

Chemistry

This breakthrough enables easily isolation of graphene flakes large enough to perform
all sorts of measurements to quantify the basic properties of graphene. However, despite
that this method is straightforward and accessible to everyone, there are still several
drawbacks on this method. It is time-consuming to locate the exfoliated graphene flakes
and the size of these flakes is usually limited to sub-micron scale, which is only suitable
for fundamental studies, but not for mass production.

2.2.3.2 Chemical Exfoliation

The wet chemical exfoliation of graphene can be achieved by two methods: liquid-
phase exfoliation (LPE) and the reduction from graphene oxide (GO) to graphene.

In a typical liquid-phase exfoliation process, graphite flakes are dispersed in a solvent
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followed by an exfoliation process to isolate individual layers. To successfully isolate
graphene layers, the van der Waals interaction between adjacent layers of graphite
should be overcome. Solvents that have a similar surface tension with graphene (46.7
mN/m) would be suitable for exfoliation.’’ N-Methylpyrrolidone (NMP, 40 mN/m),>?
N,N’-dimethylformamide (DMF, 37.1 mN/m)>? and ortho-dichlorobenzene (o-DCB, 37
mN/m),** are popular solvents used to exfoliate graphene layers.

The reduction of graphite oxide or graphene oxide to graphene is another low-cost
technique for large-scale production of graphene. The Hummers method is the most
well-developed and widely used chemical process to prepare GO sheets. The oxidation
of GO is achieved through the addition of potassium permanganate (KMnQOj4) into a
mixed solution of graphite, sodium nitrate (NaNO3) and sulfuric acid (H2S04).> The
GO sheets are then chemically reduced to graphene sheets by reducing agents, including
hydrazine (N2H4),>® hydriodic acid (HI),*’ sodium borohydride (NaBH4),’%and dimethyl
hydrazine.>

The chemical exfoliation methods provide a possible solution to mass produce graphene
sheets. However, the exfoliated products are usually of extremely poor quality and
inhomogeneity in structure and size, which is not suitable for applications in
nanoelectronics.

2.2.3.3 Oriented Growth on Silicon Carbide

In 2004, Berger et al.® first reported the formation of oriented graphene film on the
single-crystal silicon carbide (SiC) surface by heat treatment in an ultra-high vacuum
(UHV). The reaction started with thermal decomposition of SiC, which silicon atoms

16



Chapter 2 Literature Review

evaporate from the SiC surface. Remaining carbon atoms then rearranged and re-
bonded to form oriented graphene layers on the substrate. Generally, the thickness of
oriented graphene films prepared by this method ranges from one to three layers,
varying with the decomposition temperature of SiC.%! Figure 2.5 illustrates four low
energy electron diffraction (LEED) patterns captured in situ during the oriented growth
of a graphene film about 2.5-layer thick.

Although this method has potential for the production of graphene films with relatively
high yield, the domain size of graphene is usually limited to micro scale, leading to a
mobility as low as ~2.5 cm?V-!s™1.%! To improve the quality of graphene, Emtsev et al.®?
optimized the process by heating the SiC in an argon atmosphere (900 mbar), aiming
to reduce the surface roughness of SiC. Continuous graphene films about 50 um in
length could be synthesized with improved single domains size. The mobility was
measured to be around 2,000 cm?V-!s! at ~27K. However, it is very challenging to
transfer graphene from SiC to other substrates, which unfortunately limits the versatility

of this method in industrialized production of electronic and opto-electronic.
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Figure 2.5. Oriented Growth on Silicon Carbide. (a-d) LEED patterns from
graphite/SiC(0001) during successive heating process. (a) 1050 °C. (b) 1100 °C. (¢)
1250 °C (d) 1400°C. Reprinted with permission from ref. [60]. © 2004 American

Chemical Society.

2.2.3.4 Chemical Vapor Deposition

Among all the methods to synthesize graphene sheets, CVD is widely considered as
one of the most promising methods to meet the industrial requirements. Using gaseous
carbon source as precursor and metal as substrate, continuous, high-quality graphene
films can be synthesized, whose area is only limited to the size of the substrate itself.
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In a typical CVD process to grow graphene, gaseous carbon sources, such as methane
(CHa), first decompose on the catalytic metal surface at high temperature to generate
hydrocarbon intermediate species (CHx), which then react on metal surface to form
graphene layers. The first attempt to grow thin graphitic film using CVD method can
date back to 1969.% Since then, CVD growth of graphene has been performed on a
variety of metal substrates, including Ni,* Cu,'® Fe,® Ru,% Co,” Pt®® and Au.® Among
them, Ni, Cu and their alloy are the most attractive substrates due to their high catalytic
efficiency and relatively low cost.

At early stage of graphene study, Ni was believed to be an ideal substrate to grow
graphene since the lattice constant of Ni(111) plane is similar to that of graphene.”® As
is illustrated in Figure 2.6(a), the growth of graphene on Ni is a surface segregation
process. Carbon has a high solubility in Ni film at high temperature. Therefore, when
the Ni film is cooled down, carbon atoms precipitate on the surface of metal and formed
graphene layers.”’ However, as graphene is formed during the cooling process, the
thickness and quality of the graphene sheets are primarily determined by cooling rate,

which it is difficult to control.
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Figure 2.6. CVD growth of graphene on metal substrate. (a) Schematics of carbon
segregation process at metal surface with different cooling rates. Reprinted with
permission from ref. [70]. © 2008 American Institute of Physics. (b-c) SEM images
of as grown graphene on copper substrate. (d-e) Optical images of graphene transferred
on Si0»/Si and glass. Reprinted with permission from ref. [71]. © 2009 American

Association for the Advancement of Science

On the other hand, Cu has a relatively low carbon solubility, which limits the diffusion

1.7 used copper foil as substrate to synthesize

of carbon to metal surface. In 2009, Liet a
large scale monolayer graphene by CVD process. Figure 2.6(b) shows the SEM images
of graphene on the copper substrate and as-transferred graphene on Si0O»/Si and glass
substrate. The wrinkles on the copper surface in the SEM image were a clear
identification of the presence of graphene film. Raman characterization confirmed that
the as synthesized graphene film was mostly single layer with only a small percentage
of multilayer graphene. The carrier mobility can reach up to 4,050 cm?V-'s™1.7! This

method was further improved by Sony who demonstrated low pressure chemical vapor
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deposition (LPCVD) process to produce a 100-meter-long continuous graphene film
with a comparable quality to other conventional graphene produced by CVD.”?

Despite the good scalability to produce graphene on Cu substrate, the quality is still
beyond the requirement for commercial electronics. During the CVD process, grain
boundaries in graphene film can be formed as misaligned graphene islands with
different orientations join together, which dramatically influences the physical and

electrical properties. This is overcome by a recent study done by Ming et al.”®

using a
single crystal Cu/Ni(111) alloy foil as growth substrate. Thanks to the formation of
CueNi; superstructure on the top layers of Cu/Ni substrate, oriented graphene domains
could nucleate on the alloy surface very quickly and merge together to form continuous
film without grain boundaries. It was reported that very high-quality graphene, either
single crystal or mostly single crystal graphene film, over large area, can be formed
within 5 min. This is perfect for the future commercial production of large-scale
transparent electrodes.

2.2.4 Transfer of Graphene

Graphene directly grown on metal surfaces, such as Ni, Cu and their alloy, has limited
applications in industry. In most cases, graphene films are required to be on non-
metallic substrate such as SiO»/Si or polymers. Various transfer methods have yet been
developed to fulfill this need, among which wet transfer and dry transfer methods are
two most widely studied and used techniques

2.2.4.1 Wet Transfer

Up to now, the most widely used transfer method in laboratories is the wet transfer
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method. A typical wet transfer process starts with coating of poly(methyl methacrylate)
(PMMA) in anisole solution as a polymer buffer layer. The PMMA layer helps to
maintain the integrity of graphene during the transfer process.!” The metal substrate can
be subsequently removed using proper etchants, for example iron (III) chloride or
ammonium persulfate (APS) solution, without damaging the graphene. The
PMMA/graphene film is then rinsed by floating on deionized (DI) water to wash away
chemical residues from etchant solution. Upon transfer, the PMMA scaffold can be
removed by organic solvent like acetone.”

Despite that this technique is easy to process, there are several drawbacks. Due to the
fragile nature of polymer scaffold, it is difficult to use this technique to transfer large
area graphene films. The contaminations from polymer residues and the etchant
solution are usually inevitable. Besides, both organic and inorganic chemical waste are

generated during this process, which is not eco-friendly.”
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Figure 2.7. Wet transfer of graphene (a) Schematic illustration of processes for wet
transfer of graphene films. The top-right and bottom-left images are the optical images
of as transferred graphene on SiO/Si substrate using “old” and “new” transfer method,
respectively. Reprinted with permission from Ref. [74]. © 2009 American Chemical
Society. (b) Schematic of electrochemical cell used for the “bubbling” method. (c-e)
Photographs illustrating the peeling process of PMMA/graphene film from copper foil.

ref. [76]. © 2011 American Chemical Society

Another technique, known as “bubbling transfer” method, is also widely used to
separate graphene from Cu substrate via an electrochemical process.’”® Using glassy
carbon as anode and Gr/Cu as cathode, graphene can be separated from Cu by
electrolysis of water which generates hydrogen bubbles between graphene and Cu. This
technique can significantly lower the pollution and cost by recycling Cu substrate, but
the PMMA/graphene film is more likely to fracture during this process.

2.2.4.2 Dry transfer

Instead of PMMA, the dry transfer methods utilize polydimethylsiloxane (PDMS)
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stamp or thermal release tape (TRT) as polymer support. After the metal etching and
cleaning processes, graphene on the polymer supporting layer can be stamped, pressed
or rolled to a target substrate. Lee et al. ” reported transfer of wafer-scale graphene onto
arbitrary substrates using polymer assisted dry transfer method, followed by batch
fabrication of FET arrays, as shown in Figure 2.8. Shortly afterwards, Bae et al.”?
introduced a transfer system that combines adhesion of polymer buffer layer, metal
etching, rinsing, and dry transfer in a roll process, which can efficiently transfer and

1.7® developed a transfer process

stack graphene layers onto a target substrate. Kim et a
using the pressure-sensitive adhesive film (PSAF) as supporting polymer scaffold,
taking advantage of the difference in wettability and adhesion energy of graphene
between PSAF and target substrate. After etching away metal substrate, the
PSAF/graphene film can be attached to target substrate by weak pressing or rolling,
followed by peel-off of PSAF scaffold. The surface of graphene transferred by this
method was claimed to be cleaner than conventional transfer processes using PMMA
or TRT.

In conclusion, the dry transfer method is suitable to transfer wafer-scale graphene films.

However, polymer residues and the problem of integrity of graphene usually

accompany this method.
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Figure 2.8. Dry transfer of graphene on copper. Schematics of preparation, etching
and transfer of wafer-scale graphene films to arbitrary substrate using dry transfer

method. Reprinted with permission from ref. [77]. © 2009 American Chemical Society.

2.3 Transition Metal Dichalcogenides (TMD)

Since the discovery of unique physical properties of graphene triggered an explosion of
research in 2004, a wide variety of other 2D materials have also receive great attention.
In particular, transition metal dichalcogenides (TMDs) has become the one of the
biggest research interests in 2D materials thanks to their intriguing properties.

TMDs are a class of materials with the chemical composition of MX,, where M stands
for a transition metal element from group IV (e.g. Ti, Zr, Hf), group V (e.g. V, Nb, Ta)
or group VI (e.g. Mo, W), and X stands for a chalcogen (S, Se, Te).”” These materials
have a layered structure in the form of X-M-X, with a plane of metal atoms sandwiched
by the chalcogen atoms in two hexagonal planes, as shown in Figure 2.9(a). The
sandwich layers are held together by weak van der Waals force.’® These materials
present diverse electrical properties, including metallic (e.g. VSez, NbS>,), semi-

metallic (e.g. WTez, TiSe2), semiconducting (e.g. MoS>, WS») and insulating (e.g.
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HfS,).%

These TMDs usually have various polytypes and polymorphs, also known as stacking
order and metal coordination geometry, respectively. There are three most common
polytypes for TMDs: 1T, 2H and 3R. The numbers represent the number of layers in
the unit cell and the letters stand for different crystal symmetry systems: trigonal (T),
hexagonal (H) and rhombohedral (R), respectively.’! (Figure 2.9(b)). Among these
polytypes, 2H phase TMD semiconductors from group VI (e.g. MoS,, WS, WSe») are
considered as promising candidates in areas including flexible and transparent

electronics and opto-electronics due to excellent thermodynamic stability.®?

Figure 2.9. Structure of TMDs. (a) Schematic illustration of layered TMDs, with X
representing chalcogen atoms and M representing metal atoms. (b) Illustration of 2H,
3R and 1T structural polytypes. Reprinted with permission from ref. [§1]. © 2012

Macmillan Publishers Limited. All rights reserved

MoS; was the first semiconducting TMD isolated in the single layer form. Monolayer
MoS; has a direct bandgap of 1.8 eV.% Thus far, MoS, has achieved major
breakthroughs in a selection of fields, including energy conversion,®* energy storage,®’
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hydrogen evolution reaction (HER),% stretchable electronics,’’ field-effect transistors
(FETs),%® memory devices,® and photodetectors.”® Shortly after MoS,, WS> was
successfully isolated and gained its popularity. Monolayer WS> has a direct bandgap
around 2.1 eV.”! The photoluminescence (PL) yield of monolayer WS; is several tens
of times higher than monolayer MoS,.”! Theoretical simulations suggested that
monolayer WS> has a reduced effective mass comparing to other 2D semiconducting
TMDs, leading to its highest mobility among them. °> Since the melting point of bulk
WS, is much higher than that of bulk MoS;, WS, is expected to be more
thermodynamically stable than MoS,. Thanks to its exotic properties, WS> has become
the popular member of TMDs family in various applications, including laser,”® LED,”*
FETs,” and solar cells”®

2.3.1 Molybdenum Disulfide (MoS:)

2.3.1.1 Properties of MoS:

2.3.1.1.1 Mechanical Properties

Like graphene, the 2D MoS; sheet has extraordinary flexibility which is essential in
applications of bendable devices. The elastic modulus of suspended monolayer MoS:
could be measured with AFM tip, using the similar method mentioned in section 2.2.2.1.
29 The 2D elastic modulus of single layer MoS; is ~ 170 N/m, nearly half the value of
grapehene (~340N/m).”’

2.3.1.1.2 Electronic Properties

Bulk 2H-MoS: is a well-known semiconductor with an indirect bandgap of 1.29 eV.
However, when the layer number is reduced to single layer, a transition from indirect
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to direct bandgap occurs.”® Theoretical band structures simulated with first principles
density functional theory (DFT) can give an insight into the influence of low-dimension
quantum confinement.

Figure 2.10(b-d) shows the calculated band structure of bulk, bilayer and single layer
MoS;. In bulk MoS,, the smallest gap between conduction band and valence band is
from I" to X which locates between the K and I' point of the Brillouin zone. As the
thickness reduces to two layers, the valence band maximum (VBM) remains at I point
whereas the conduction band at X shifts upwards and surpasses the K point, which
consequently become the CBM. When the layer number further decreases to monolayer,
the valence band at K point shifts upwards and become the new VBM, enabling the

transition from indirect to direct bandgap of ~ 1.9 eV.”
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Figure 2.10. Electronic properties of MoS:z. (a) Brillouin zone for 2H-M X, TMDs, in
which (i) Side view of the unit cell, containing two monolayers. (ii) Top view. (iii) First
Brillouin zone of the MX> TMDs. Dashed lines indicate mirror planes. Reprinted with
permission from ref. [98]. ©2011 American Physical Society (b-d) Electronic band
structures of monolayer (b), bilayer (c¢) and bulk (d) MoS». Reprinted with permission

from ref. [99]. ©2012 American Physical Society.

Another interesting phenomenon in the band structure of MoS: is the sizable spin-orbit
(SO) splitting at the edge of both valence band and conduction band, owing to the
absence of inversion symmetry.'% The SO splitting exists in both monolayer and bilayer
MoS,,” leading to two so-called A and B exciton peak in photoluminescence (PL)
spectrum of MoS», which will be further discussed in section 2.3.1.1.4.

The large direct bandgap of monolayer MoS, makes it a promising candidate in

nanoelectronics. In transistors fabricated with single layer MoS,, the electron mobility
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of monolayer MoS; turned out to be ~200 cm? Vs at room temperature with a
hafnium oxide (HfO,) dielectric gate. The on-off ratio could reach up to 1x10%.1!
2.3.1.1.3 Vibration Properties

Like graphene, Raman spectroscopy is a convenient and non-invasive characterization
method to identify the evolution of structural parameters in layered MoS> samples.
Generally, there are two predominant peaks, Eo,' and A g, in the Raman spectra of MoS.
In specific, Eag! and A, are two peaks indicating in-plane and out-of-plane vibration
mode of S atoms, respectively, as illustrated in Figure 2.11(a). After systematical
studies of these vibration modes, three changing rules can be concluded as the thickness
increases from monolayer to bulk MoS». For monolayer MoS;, Eze! and A, peak locate
at ~384 cm’! and ~405 cm!, respectively. As the layer number of MoS; increases, the
Ez,' mode exhibits a red shift while the A1, mode exhibits an opposite blue shift. Second,
the frequency spacing between Ez,' and A, peaks increase as layer number increases,
from ~19 cm™ for monolayer sample to ~25 cm™! for bulk sample. Third, the intensities
of both Ez,' and A, peak increase up to four layers and then decrease as MoS; becomes

thicker.!%?
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Figure 2.11. Vibration properties of MoS:. (a) Raman spectra of MoS> with thickness

from 1L to 6L. (b) Frequencies of E'5; and A1y Raman modes and their differences as

the function of thickness (c) Schematics of five possible atomic displacements in the

unit cell of bulk MoS: crystal, including four Raman-active modes and one IR-active

mode (E1u). Reprinted with permission from ref. [102]. © 2010 American Chemical

Society. (d-e) Position of the A, (d) and E'5 (e) vibration mode of monolayer (open

circles) and few-layer (filled squares) MoS» as a function of strain. Reprinted with

permission from ref. [103]. © 2013 American Physics Society.
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Raman spectra could also indicate the level of strain in MoS.. By applying a uniaxial
strain on MoS», Rice et al.!® discovered a small red shift of A, peak at a rate of 0.4
cm™! per % strain for both monolayer and multilayer MoS». The Ez,' peak, on the other
hand, exhibits a more significant red shift at a rate of 2.1 cm™ per % strain for monolayer
MoS; and 1.7 cm! per % strain for few layer MoS,.!%

2.3.1.1.4 Photoluminescence Emission Characteristics

In photoluminescence (PL) measurement, a semiconducting material is excited by a
monochromatic light source that provides photons with energy larger than the bandgap
of the semiconducting material. Once the photons are absorbed, the electrons and holes
are formed with finite momenta k in the conduction and valence band, respectively.
Finally, the electrons and holes recombine and emit photons. The PL peak energy of a
direct bandgap semiconductors is usually called the optical bandgap. The value of
optical band gap equals to the electrical band gap minus the energy required to separate
the Coulomb interactions between the electrons and holes in excitons or trions.”®!%4

In the case of MoS,, two major peaks appear in the PL spectra of MoS,, at
approximately 1.85 eV (A) and 2.05 eV (B). The A peak and B peak correspond to the
direct gap transitions at K or K’ point. The energy difference between A peak and B
peak is caused by valence band splitting due to the strong SO interaction. When the
layer number increases to two layers, a weak peak I rises. (Figure 2.12(a)) This is
associated with the indirect bandgap transition as the structure evolves from direct
bandgap (monolayer MoS») to indirect bandgap structure (multilayer MoS;). As the

layer number further increases, the intensity of A peak decreases, also owing to the
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evolution of band structure.'®
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Figure 2.12. Photoluminescence spectra of MoS2. (a) PL spectra of 1L, 2L and 3L
MoS,. (b) Analysis of the PL spectral shapes for as-prepared and FsTCNQ-doped (p-
doped) 1L-MoS>. The A peaks in the PL spectra were multi peak fitted into two
Lorentzian peaks, corresponding to trion (X) and exciton (X) peaks. Reprinted with

permission from ref. [105]. © 2010 American Chemical Society.

By further analyzing the intensity ratio of subpeaks, the PL spectrum can give an insight
to the doping level of single layer MoS,. The A peak can be regarded as a combination
of two subpeaks, exciton peak A (~1.88 eV) and negative trion peak A- (~1.84 V), by
multi peak fitting. The negative trion is defined as a quasiparticle made up of two
electrons and a hole, which can be created optically.' (Figure 2.12 (b)) In most cases,
MoS; samples are unintentionally electron-doped (n-doped) during sample preparation.
Therefore, in the PL spectra of as-prepared MoS» samples, the trion peak A- is usually
dominant. In contrast, when MoS; is p-doped, the PL spectra of MoS; are dominated
105-106

by A peak due to decreased density of excess electrons in p-doped MoS:> samples.

2.3.1.2 Synthesis of MoS:
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2.3.1.2.1 Exfoliation

Like graphene, the simple “Scotch tape” method can mechanically exfoliate thin MoS>
flakes from bulk material. This technique is suitable to isolate high quality monolayers
used for intrinsic sheet production and fundamental researches but is also known for
poor control of sheet size and layer number, as well as relatively low yield, which is not
suitable for large scale production in practical applications.'?’

Another type of exfoliation process is through liquid phase approach, which can be
further divided into two subsections: ion intercalation and solvent-based exfoliation.
In 2011, Zeng et al.'® reported a highly controllable electrochemical lithiation
discharge process to exfoliate MoS: nanosheet from bulk MoS». The yield of monolayer
MoS; sheets could reach to 92%. However, the product was dominated by 1T phase
metallic MoS». Also, in 2011, solvent-based exfoliation process known as the Coleman
method was first introduced. High yield 2H-MoS: nanosheets could be obtained from
exfoliation of bulk MoS, flakes using organic solvents, followed by sonication.!?
Chemical exfoliation methods could significantly increase yield comparing to
mechanical exfoliation methods. Nevertheless, the sonication process involved would
inevitably introduce defects and reduce flake size, which is not suitable for applications
such as large-scale electronics and optoelectronics.'?’

2.3.1.2.2 Chemical Vapor Deposition

Recently, CVD approach has attracted researcher’s attention because of its capability
to synthesis continuous 2D MoS; film on a wafer-scale, which shows great potential in
practical applications like large-scale integrated electronics. Currently, most works use
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solid Mo based compound powders as Mo source and sulfur powder or H>S gas as sulfur
source to produce MoS; film.

In 2012, Lee et al.''” reported an ambient pressure CVD (APCVD) process to grow
large-area, single layer MoS: films on SiO»/Si substrate for the first time. Molybdenum
trioxide (MoQ3) powder and sulfur (S) powder were used as solid precursors. Before
deposition, the SiO; substrate was pretreated by graphene-like molecules that acts as
seeds for nucleation. The thickness of CVD grown monolayer MoS; was about 0.72 nm,
measured by AFM. The result matches well with that of mechanically exfoliated
monolayer MoS;. Later, Yu et al.!!'! reported a self-limiting low-pressure CVD (LPCVD)
process at ~ 2 Torr pressure. By replacing the MoOs powder with molybdenum chloride
(MoCls) as Mo source, centimeter-scale MoS: film with high uniformity could be
produced at lower temperature. However, the MoCls is very moisture sensitive, which

is hard to preserve and process.
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Figure 2.13. CVD growth of MoS2. (a)Schematic illustration of one hot zone CVD
setup to grow 2D MoS. (b)The optical image of the MoS: layers grown on the substrate
treated with rGO solution. The inset is the magnified optical image of the MoS: films,
showing that there is a seed located at the center of each star-shaped domain. (c) AFM
image of a monolayer MoS: film on a SiO»/ Si substrate (d) The AFM cross-sectional
profile along the line indicated in (c) proves that the thickness of single layer MoS; is
0.72 nm. Reprinted with permission from ref. [110]. © 2012 WILEY-VCH Verlag

GmbH & Co. KGaA, Weinheim

Metal-organic CVD (MOCVD) is a special case of CVD where gaseous organometallic

precursors are used as metal source. In 2015, Kang et al.!'?
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scale monolayer MoS; film deposited on SiO substrate. Molybdenum hexacarbonyl
(Mo(CO)s) was used as Mo source and diethyl thioether ((C2Hs)>S) was used as S
source. Full coverage of monolayer MoS; film on the substrate, without second layer
nucleation, could be achieved within 26 hours. They also discovered that a low
concentration H» addition into Ar carrier gas could be beneficial for the growth as H»
aids the decomposition of (C2Hs),S, while a higher H» concentration may etch MoS,.!!2
This method is promising to produce large scale monolayer MoS; film in modern
semiconductor industry, but it should also be noticed that Mo(CO)s is very toxic, which
needs extra attention in the laboratory.

2.3.1.2.3 Atomic Layer Deposition

Atomic layer deposition (ALD) could be regarded as a subclass of CVD.!7 Different
from CVD techniques, in ALD processes the ultrathin film is formed by exposing the
substrate surface to alternating gas reactants. Different precursors never present in the
chamber simultaneously. Instead, they are transported into the reaction chamber as non-
overlapping and sequential pulses with purge stages in between. In each pulse, the
deposition and reaction of molecules have a self-limiting behavior, which enables
precise thickness control via layer-by-layer deposition.!?” Successful ALD of MoS: has
been reported using MoCls with HzS,''* and Mo(CO)s with HoS"*11¢ or dimethyl
disulfide.!"-118

2.3.1.2.4 Transfer of MoS;

Like graphene, the as synthesized MoS» samples are expected to be transferred onto
other substrates for further characterization and device fabrication. Due to the nature of
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2D materials, the transfer method developed for MoS; is quite similar to that of
graphene. A polymer supporting layer is usually required to maintain the integrity of
MoS; samples during the transfer process. For wet transfer route, PMMA is usually
used as buffer layer. The substrate is etched away by proper etchant solution. For
instance, NaOH/NaF or NaOH solution are generally used for sapphire substrate!!*-!2°
and KOH are widely used for SiO2/Si.!?!"122 The PMMA/MoS: stack is subsequently
scooped out and transferred onto a new substrate. For dry transfer method, PDMS or
TRT is used as the polymer scaffold. Followed by etching and cleaning process, the
polymer/MoS; stack is stamped to a new substrate.

2.3.2 Tungsten Disulfide (WS:)

2.3.2.1 Properties of WS:

2.3.2.1.1 Mechanical Properties

For applications like flexible and stretchable electronics and optoelectronics, elastic
modulus is an important figure of merit. Like MoS2, 2D WS, exhibits outstanding
mechanical properties, which has been measured by the AFM method mentioned above.
The CVD-grown monolayer WS was reported to have a 2D elastic modulus as high as
177 £ 12 Nm™!, almost half of that of graphene (~ 340 Nm™).”” This makes 2D WS: a
potential candidate in flexible devices applications.

2.3.2.1.2 Electronic Properties

The fundamental band structure physics of WS, is very similar to MoS».!?* Figure
2.14(a) and (b) are the theoretical band structures of bulk WS, and monolayer WS>,
calculated by DFT. In bulk WS>, the smallest indirect bandgap is from the VBM at the
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I" point of Brillouin zone to the CBM at T symmetry point, halfway between I" and K.
As the layer number of WS, decreases, the conduction band at K point almost remains
still, while the conduction band at T point gradually shifts upwards. When the thickness
further reduces to single layer, the energy required for indirect transition exceeds the
direct transition, which results in the transition from indirect bandgap structure to direct
bandgap at K point. The optical indirect bandgap of bulk WS, is ~ 1.3 eV and the direct
bandgap of monolayer WS is about 2.1 eV.”!

In bulk WS», the valence band splits at K point, leading to two direct transition at K
point. This derives from the interlayer coupling between WS> monolayers, which has
been proved by observation of so-called A excitons at 1.95 eV and B excitons at 2.36
eV."?* As interlayer coupling is absent in monolayer WS>, this feature cannot be
observed in monolayer WS,.

Numerous studies have been done on measuring the electron mobility of exfoliated WS>
samples, as illustrated in Figure 2.14 (c). It has also been reported that by transferring
onto hexagonal boron nitride (h-BN) substrate the electron mobility of WS> could

significantly enhance.”126-127
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Figure 2.14. Electronic properties of WSa. (a-b) Simulated band structure and total
density of states (DOS) of bulk WS, (a) and monolayer WS (b). Reprinted with
permission from ref. [91]. © 2012 American Chemical Society. All rights reserved.
(c) Reported carrier mobility values of monolayer and multilayer WS> at room
temperature or low temperature. Reprinted with permission from ref. [95]. © 2015 The

Royal Society of Chemistry. All rights reserved.

2.3.2.1.3 Vibration Properties

Same as MoS,, there are two prominent first-order vibration modes in the Raman
spectra of WS»: Ez,' and Ay, corresponding to in-plane vibration and out-of-plane
vibration, respectively.'?®'?° Figure 2.15(a) and (b) show two Raman spectra of single
layer WS> obtained using 514.5 nm and 488 nm laser excitation. In the Raman spectrum
with 488 nm excitation, the first order and second-order longitudinal acoustic modes at
the M point of the Brillouin Zone, known as the LA(M) and 2LA(M) peak, can be
detected in addition to Eo,' and A1 peaks. In the Raman spectrum using 514.4 nm laser
excitation, numerous other second-order peaks could be observed. It should be noticed
that the intensity of 2LA(M) becomes very strong under 514.5 nm excitation, owing to

a double-resonant Raman process that only occurs in monolayer WS,.!28 As a result, it
4
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is easy to distinguish monolayer WS> from few-layer WS, by the intensity ratio of

2LA(M) and Ag at 514.5 nm excitation.
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Figure 2.15. Vibrational properties of TMDs. (a-b) Raman spectra of single layer
WS, under 514.5 nm (a) and 488 nm (b) excitation. ref. [128]. Reprinted with
permission from © 2013 Macmillan Publishers Limited. All rights reserved. (c)
Evolution of the Ag, Ez,' and 2LA Raman modes during the deformation of a WS,
monolayer. (d) Raman frequencies of A1, E2,' and 2LA bands as a function of strain.
ref. [130]. Reprinted with permission from © 2016 IOP Publishing Ltd.
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The interlayer interactions can easily influence the position of A peak. As the layer
number increases, the A1, peak blue-shifts while Ex! and 2LA (M) peak almost remain
unchanged. On the other hand, the Ex,' and 2LLA peak are sensitive to lattice strain in
monolayer WS». The position of Ez,' and 2LA modes exhibit a red/blue shift enacted
under a tensile/compressive strain, as illustrated in Figure 2.15(c) and (d).!*
2.3.2.1.4 Photoluminescence Emission Properties

Similar to MoS;, the as prepared 2D WS, flakes are usually negatively doped, which
suggests that there are three possible quasiparticles, A exciton, B exciton and A- trion,
in the PL spectra of WS,. However, as is mentioned in section 2.3.2.1.2, B exciton is
absent in monolayer WS». Therefore, there is only one predominant A peak locating at
~1.98 eV in the PL spectrum of monolayer WS,, with a A- trion peak, which can be
distinguished by multi peak fitting, locating at the lower energy side of A exciton
peak.'20-131-133 (Figure 2.16(c)) The binding energy of trion in monolayer WS; is around
20-45 meV."** In experimental measurements, the binding energy can vary a lot as it is
sensitive to a variety of factors including dielectric environment, laser excitation power
and doping level.'3>"3” Comparing to monolayer WS>, the PL intensity of bilayer WS,
1s much weaker due to its indirect bandgap nature, making it possible to distinguish the
thickness of WS,. Besides, the experimental measurements suggest that monolayer WS»
has a PL quantum yield of ~ 6%, highest among 2D semiconducting TMDs. This is due

to its relatively high thermodynamic stability and low defect density.
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Figure 2.16. Photoluminescence properties of WS2. (a-b) Schematics for the energy
level and the model of excitons and trions in 2D WSa. (¢) PL spectrum of the monolayer
WS, measured at room temperature, fitted with two Lorentzian peaks that attribute to
excitons (633 nm) and trions (640 nm). (d) the energy difference between exciton peak
and trion peak at different excitation energies and different temperatures are presented
in (d). ref. [135]. Reprinted with permission from © 2017 The Royal Society of

Chemistry

2.3.2.2 Synthesis of WS;
2.3.2.2.1 Exfoliation

The “Scotch tape” method can also apply to mechanically isolate atomically thin WS>

flakes from bulk WS> crystals. The bulk crystals are commonly synthesized using
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chemical vapor transport (CVT) technique.'*® A typical CVT process involves
vaporization and recrystallization under new equilibrium conditions, which would
likely to take days or weeks to complete. The advantage of CVT is that it can produce
high purity, single-crystalline pristine crystals, which could reduce the number of
defects and impurities in exfoliated 2D materials. Mechanical exfoliation technique
enables the study of intrinsic properties of monolayer WS»,'*° but the low-yield nature
of mechanical exfoliation process makes it not suitable for scalable production.
Like other TMDs, 2D layered WS, can be chemically exfoliated by organic solvents,!%
and aqueous surfactant solutions. '** It is possible to generate large quantity of
exfoliated sheets with liquid-phase exfoliation method but the random thickness and
limited flake size (sub-micron) hinders its viability for large scale device fabrication.
To overcome this drawback, researchers introduced the intercalation-based exfoliation
method. The principle is to insert species between layers, which weakens the interlayer
interaction and thus reduces the energy barrier required to exfoliate.!*!"!** Using lithium
ion as intercalation species, sub micrometer-sized monolayer WS, flakes can be
produced. However, the resulting products may have changed phases (e.g. from 2H to
1T phase), which is not ideal for applications in electronic devices.'*1%

2.3.2.2.2 Chemical Vapor Deposition

Unlike exfoliation methods, the CVD approaches show great potential to meet the
industrial requirement for mass production of large area, high quality WS». There are
basically three routes: sulfurization of metal or metal oxide, powder vaporization and

MOCVD.
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The sulfurization method contains two steps. First, the W-based precursors, usually
WOs, are coated on the substrate. Then, the transformation into WS» is achieved
through exposure to sulfur vapor at high temperature.'*® WOj thin film can be deposited
using various technique, including thermal evaporation,'¥” RF-sputtering,'*® and
ALD.'¥ By controlling the thickness of WO; film, the thickness of WS, can be
precisely controlled.!*® The sulfurization routes are appropriate for growing continuous
wafer-scale WS> film, but the grain size is generally limited to sub micro scale, which
hinders its applications in the devices due to poor electrical performance.

The powder vaporization processes are typically achieved via chemical vapor reaction.
A typical setup involves a quartz tube placed in a horizontal furnace, with the WO3
powder positioned at the hot zone of the furnace and S powder placed at the low
temperature upstream of WOs3. The substrates can either be placed face down above the
WOs precursor or at the downstream of WO3 powder. '°° The first successful attempt
on the chemical vapor reaction growth of monolayer WS> was an APCVD process.
Perylene-3,4,9,10-tetracarboxylic acid tetrapotassium salt (PTAS) was used as seeding
to improve the nucleation of WS> domains. The size of as-grown WS, domains was
measured to be ~ 10 um.'*® Later, Zhang et al.'?° reported a LPCVD process to grow
WS, monolayer domains on sapphire substrate. The domain size could be improved to
50 um. To further increase the domain size, Cong et al.!*! proposed a one hot zone
APCVD setup, as is illustrated in Figure 2.17(a). Before the reaction, WO3; powders
were deposited onto one of the SiO2/Si chips and while the other SiO»/Si chip was
placed face down on top of it, as the substrate. The size of single WS, domain could
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reach up to 178 um. In addition, introduction of hydrogen in the system could help to
form continuous films of WS, instead of separate single domains. Kang et al.'>? and
Sheng et al.!>3 reported Hz addition in LPCVD and APCVD process, respectively. The
H; addition would reduce the size of single WS> domains but dramatically increases the

2 size

nucleation density. Continuous polycrystalline monolayer WS» film up to cm
could be achieved with these methods.

Generally, CVD process is very promising in synthesis of large WS, domains and
continuous WS film for device fabrication. However, this method often suffers from
poor control of the vaporization rate of solid precursors, which may cause a morphology

gradient in the product. For instance, more WS> domains tend to deposit in the upper

stream region of the substrate than in the downstream region.
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Figure 2.17. CVD synthesis of WS:. (a) Schematic illustration of CVD setup with two
stacked substrates. (b) Optical and (¢) SEM image of as-grown WS, domains on SiO»/Si
substrate. ref. [151]. Reprinted with permission from © 2013 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim. (d) Optical image and (¢) SEM image of as-grown
WS using Ar as carrier gas. (f) Optical image and (g) SEM image of as-grown WS>
with addition of H into the system. ref. [153]. Reprinted with permission from © 2017

American Chemical Society
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By controlled introduction of chemical or molecular precursors into the hot zone of the
furnace, the MOCVD technique shows great potential for an industrialized scalable
synthesis of WSs. Using W(CO)s and (C2Hs),S as gaseous precursors, Kang et al. '
reported a MOCVD growth, with addition of Hz, to produce high quality WS> film on
4-inch SiO»/Si wafer. The monolayer WS> film exhibited high uniformity over the entire
4-inch wafer. The electron mobility of WS, FETs fabricated by the WS, film could
reach up to 18 cm? V-!'s! with an on/off ratio up to 10°.

2.3.2.2.3 Atomic Layer Deposition

Like MoS;, high quality WS> can also be synthesized by ALD. Groven et al.'** reported
successful synthesis of 2D WS, with plasma enhanced ALD (PEALD) on SiO; or Al,O3
substrate, using WFs, H> plasma and H»S as precursors. The PEALD has a two-step
reaction cycle, composed of H> plasma exposure and HoS exposure with presence of
WFs. The reduction and oxidation of the W happened during H> plasma and H»S
reaction process, respectively.!* Although PEALD can synthesize large area
continuous WS film, the domain size of WS> is usually very small (<200 nm), which
hinders its application in electronics and optoelectronics.

2.3.2.3 Transfer of WS,

The transfer method for WS; is very similar to MoS; and other TMDs, which has been
discussed in section 2.3.1.3.

2.4 Gallium Sulfide (GaS)

Monolayer transition metal dichalcogenides have attracted great interest over the past
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decade, thanks to their unique mechanical and physical properties. The post-transition
metals of group III and V have monochalcogenide form of MX, where M stands for
Indium (In), gallium (Ga) and X stands for S, Se. Similar to TMDs, these
monochalcogenides also have layer-by-layer structures and can be exfoliated into 2D
form.'>* These 2D monochalcogenides present unique physical properties that shows

potentials in various applications such as transistors,'>> photodetectors,'>® energy

storage,!”” gas sensing,'>® and application as hydrogen evolution catalysts.'>

Gallium sulfide (GaS) is one of the 2D monochalcogenides that has been investigated
recently. Bulk GaS crystal consists of vertically stacked single layer GaS, held together
by van der Waals interaction. The thickness of single layer is ~7.5 A. In single layer
GaS, two bonded gallium atoms are sandwiched by two layers of sulfur atoms. The unit
cell of GaS is a hexagonal crystal structure composed of two layers of GaS.!%° Unlike
other widely studied 2D materials, 2D layered GaS has an indirect bandgap ranging
from 2.6 eV for monolayer GaS to 1.8 eV for bulk GaS, according to first principle
calculations.'¢! This bandgap of 2D Ga$S corresponds to emission wavelength of blue
light. The large bandgap of GaS is unique in other most widely studied 2D materials,
which is either smaller, including MoS, and WS, or much larger such as insulating
hexagonal boron nitride (hBN).'®*16 Therefore, GaS is considered as a promising
building block in ultrathin electronics and optoelectronics, especially in applications
like blue LEDs and UV photodetectors, which other 2D materials cannot competent.
2.4.1 Properties of GaS

2.4.1.1 Electronic Properties
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The bulk GaS crystal has an indirect bandgap shown in Figure 2.18(a). The CBM and
VBM locate at the M and T, respectively. The theoretical bandgap of bulk GaS is about
1.8 eV. When the thickness reduces to monolayer, the CBM of 2D GaS remains at the
M point, while the valence band dramatically changes. Two symmetrically split VBM
could be observed.'>® (Figure 2.18(a)) The indirect bandgap of monolayer Ga$S is
calculated to be 2.61 eV, significantly larger than the indirect bandgap of bulk GaS. The
value is slightly smaller than the optical bandgap of 3.05 eV, probably from the gap

underestimation by DFT.

Figure 2.18. Electronic band structure of GaS. (a) Simulated band structure of
monolayer and bulk GaS. ref. [156]. Reprinted with permission from © 2013 American
Chemical Society (b) The evolution of valence band maxima (VBM) of layered GaS
near the I" point (dashed line) as a function of layer number. ref. [161]. Reprinted with

permission from © Tsinghua University Press 2015

Figure 2.18(b) illustrates the effect of layer numbers on the VBM, from monolayer to
6 layers. The monolayer GaS exhibits the largest VBM split of 6.1 meV. When the layer
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number increases, the two VBM shifts towards to ' point. At the thickness of 5 layers,
the VBM splitting is negligible and the band structure is very similar to bulk GaS.!¢!
2.4.1.2 Vibration Properties

Like TMDs, the Raman spectroscopy is an effective technique to characterize the
structural evolution of layered GaS. In the Raman spectra of layered GaS, there are
three first-order phonon modes, one in-plane mode known as Ez,' and two out-of-plane
modes known as Aj¢' and A%, respectively. When using 532 nm laser as excitation
light source, the Ex,' mode locates at ~ 300 cm™'. However, when Ga$ is deposited on
Si0,/Si substrate, the Ez,' mode is nearly undetectable, owing to strong SiO2/Si peak at
303 cm™. The Ayg! and A1 peak, on the other hand, can be easily distinguished, which
could help to identify the evolution of layered GaS as a function of thickness. For
monolayer Ga$S, the intensities of Aj! and A1,> peak are very weak and locates at 182
cm™ and 360 cm™, respectively. As the thickness increases, the Ai,' gradually shifts to
larger wavenumber until 188 cm™ for bulk GaS, whereas the A1,> mode remains at 360
cm’!. The intensities of Aj! and Ai> peak both increase significantly as the layer
number increases. The Raman spectroscopy provides an easy technique to determine

the thickness of layered Ga$S.!56:162.164
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Figure 2.19. Vibrational properties of GaS. The Raman spectra of bulk GaS and 2D

GaS with layer number from 1L to 6L. ref. [156]. Reprinted with permission from ©

2013 American Chemical Society

2.4.2 Synthesis of GaS

The crystals of bulk GaS are composed of 2D single layer GaS. They can be easily
mechanically or chemically exfoliated like other layered materials. In 2014, Yang et
al.'*8 presented isolation of few layer GaS by micromechanical cleavage technique. The
bulk GaS crystal was repeatedly peeled and eventually transferred on Si0/Si substrate.
The thickness of the exfoliated GaS nanosheets was measured to be 4.5 nm,
corresponding to ~6 layers. A single sheet of GaS was fabricated into a photodetector
via depositing two metal bond pads on it. The electron mobility was measured to be ~

54



Chapter 2 Literature Review

0.1 cm? V'!s™! with an on/off ratio in the range of ~10* to 10°. Hu et al.'>® reported a
similar study on exfoliated GaS nanosheets. The bulk GaS laminar precursor was first
synthesized using a two hot-zone horizontal setup with a fused silica tube. Sulfur
powder and gallium powder were used as reactants. The few layer GaS nanosheets were
then exfoliated using solvent exfoliation or mechanical cleavage method. The
photoresponsivity and external quantum efficiency (EQE) of the as exfoliated GaS
nanosheet were measured at various wavelength excitation, maximizing to 19.2 AW"!
and 9373%, respectively, at 254 nm. Although mechanical and chemical exfoliation can
easily and quickly produce highly crystalline single and few layer GaS nanosheets,
scalable manufacture of high-quality uniform GaS for device fabrication is still difficult

to achieve by exfoliation techniques.
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Figure 2.20. Synthesis of GaS. (a) Low-resolution TEM image of exfoliated layered
GaS nanosheets. (b) Schematic of a typical GaS photodetector. The inset image is the
optical image of an actual device; (c) Time resolved photocurrent under pulse 254 nm
excitation at bias voltage of 2 V. ref. [156]. Reprinted with permission from © 2013
American Chemical Society. (d) Schematic of one hot zone setup for CVD growth of
GaS. (e) SEM image of a single GaS domain on SiO/Si substrate. ref. [167]. Reprinted

with permission from © 2018 American Chemical Society

Comparing to exfoliation methods, CVD is generally regarded as a more promising
technique to produce large-area and high-quality 2D GaS. Researchers have developed
several CVD processes using a variety of precursors to synthesize ultrathin GaS. Date
back to 1992, Barron et al.'® first reported CVD synthesis of polycrystalline GaS thin
film with gallium chalcogenide cubane [(t-Bu)GaS]s as the single-source precursor.
Later in 2009, Zhou et al.'®® demonstrated successful synthesis of GaS nanostructures
with a variety of morphologies, including nanowires, nanobelts, hexagonal microplates,

56



Chapter 2 Literature Review

etc. GaN and Bi>S3 were used as gallium source and sulfur source. The reaction used a
vapor-solid method, performed at 1170 °C. Recently, Wang et al.'®’ reported CVD
synthesis of large area, continuous monolayer GaS film on SiO»/Si substrate by
hydrogen reduction of Ga,S3 powder precursor. The region of uniform film could reach
sub-centimeter level, which shown possibility to fabricate high quality GaS based
devices and potential in large scale implementation.

2.5 Optoelectronics Based On 2D materials

Photodetector is regarded as one of the most important fundamental building blocks in
optoelectronics. Being capable of converting light signals into electrical signals,
photodetectors has wide applications in novel technologies including environmental
monitoring, remote sensing, video imaging and night vision devices, etc.!%*17° Until
now, the commercial photodetector market has been dominated by traditional
semiconductor materials, for example Si, InGaAs and HgCdTe, owing to their scalable
production, mature integration technologies and excellent performance.!’!"!”> However,
these materials are not suitable for flexible devices. On the other hand, after decade’s
research the family of 2D materials has been expanded significantly. 2D
semiconductors with various bandgap have been successfully isolated and studied.!”
(Figure 2.21) Due to their unique physical properties like atomically thickness, high
flexibility and excellent transparency, these 2D semiconductors have great potential in

next generation flexible and transparent optoelectronics devices.
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Figure 2.21. Bandgaps of 2D materials. Electromagnetic spectrum illustrating the

bandgaps of 2D materials, ranging from infrared to UV region. ref. [173]. Reprinted

with permission from © 2016 Elsevier Ltd.

2.5.1 Phototransistor- Photoconductive effect

Phototransistor is regarded as the simplest form of photodetector.”® For 2D materials, a

typical phototransistor is composed of a 2D semiconducting material channel and two

contacts attached to the opposite ends of the channel. The contacts are generally

conductive, serving as source and drain electrodes. When the channel is in dark state,

only a small current flow can pass the channel. On the other hand, when the channel is

illuminated, the current flow increases. This phenomenon is known as the

photoconductive effect. When photons are absorbed by the semiconducting 2D material,
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excess free carriers, both electrons and holes, are generated, increasing the effective
charge carrier density and reducing the resistance of semiconductor channel. Usually,
the output current under a constant bias increases with raising excitation power, as

shown in Figure 2.22(b).*°
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Figure 2.22. Photoconductive effect in phototransistors. (a) Schematics of the top
view (left) and side view (right) of a typical metal/MoS»/metal phototransistor. (b) [-V
characteristics of single layer MoS: phototransistor in dark and under 56 Inm excitation
with different intensities. (c) I-V characteristics of MoS: phototransistor in dark and
under illumination. ref. [90]. Reprinted with permission from © 2013 Macmillan

Publishers Limited. All rights reserved

To characterize the detection performance of phototransistors, photoresponsivity (R) is
introduced to describe how the photodetector responds to illumination. The
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photoresponsivity is defined as the photocurrent divided by the incident illumination
power., shown as the following equation:

R = Iphoto
Piigne

Different from the photocurrent, which increases with incident excitation power, the
photoresponsivity usually decreases with increasing incident excitation power. This can
be explained that as the density of electrons holes increases under stronger illumination,
the possibility of carrier recombination and trap state saturation also rises.!”*
Photogating effect is another example of the photoconductive effect, which both effects
could occur simultaneously on the same device. The photogating effect is related to the
presence of localized trap states like surface adsorbates and structural disorder.!” As
optical excitation generates electron-hole pairs in the semiconducting channel, either
electrons or holes can be trapped in the localized states, acting as a local gate that can
influence the Fermi level in 2D semiconductors. !’ This phenomenon often leads to a
high external quantum efficiency (EQE), defined as the number of charge carriers
contributed to photocurrent divided by the number of incident photons. On the other
hand, the photogating effect also brings drawbacks. The photogating effect may be
responsible for the hysteresis loop of output I-V characterization during source-drain
sweeps. Another big problem is that the response time during light-dark switching may
be slower as it takes time for carriers to escape from the traps.

The photoconductive effect often leads to a high photogain in 2D phototransistors. The
photogain could be physically explained as the recombination lifetime of minority

carriers divided by the transit time of charge carrier travelling across the semiconductor
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between the two electrodes of the device. In other words, if the transit time is much
shorter than the recombination time of photogenerated electron-hole pairs, the device
would have a high intrinsic photogain. Therefore, the high mobility 2D materials could
be good candidates to produce high gain photodetectors. !”7

2.5.2 Photodiodes-Photovoltaic Effect

Photodiode is another common type of the photodetector, operated by a so-called
photovoltaic effect.!”® In a typical photodiode, a p-type semiconductor and a n-type
semiconductor are connected together, forming a built-in electric field at junction
interface. The built-in electric field separates the photogenerated electron-hole pairs and
extracts them to opposite direction. The 2D p-n junctions are different from traditional
bulk p-n junction. They can be easily tuned by external gate voltage owing to weak
screening effect from ultrathin thickness.

MoS:; is one of the most widely studied n-type 2D semiconductors,!”®17° and WSe is
one of the well-known p-type 2D semiconductors.'®" Figure 2.23(a) shows a typical
2D p-n junction made by vertically stacking MoS: and WSe». The Al and Pt bond pads
are deposited onto MoS> and WSe», respectively, in order to further improve the n-type
and p-type characteristics. In dark state, the I-V characteristic curves of WSe2/MoS: p-
n junction present a gate-dependent rectifying behavior. When the device is illuminated,
the electrons can be effectively injected into n-type MoS, whereas the holes injected
into p-type WSez. The heterojunction exhibits photovoltaic response that can also be
tuned by applying gate voltage. (Figure 2.23(b)) Figure 2.23(c)(ii) exhibits the spatial
photocurrent map, proving that photovoltaic response is primarily generated at the
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overlapping area of MoS> and WSe». This can be explained by the fast separation of
photogenerated electron-hole pair at the interface of MoS»/WSe> p-n junction,
combined with an efficient lateral transportation of electrons and holes, as is illustrated
by the lateral band diagram in Figure 2.23(d). It should also be noticed that by inserting
additional graphene layers into TMD/metal interface, the photoresponsivity can be
increased from 2 mA/W to 10 mA/W, probably caused by more effective collection of

photogenerated electrons and holes. !”°
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Figure 2.23. Photovoltaic effect in photodiodes. (a) Schematics and optical image of
a typical photodiode based on vertical MoS2/W Se: heterojunction. (b) Gate dependent
I-V characteristics of the photodiode. (¢) Gate dependent photoresponse characteristics
of the photodiode. (i) and the photocurrent mapping of the MoS2/WS> photodiode. (d)
Energy band diagram of MoS2, WS2 and their overlapping area. ref. [179]. Reprinted

with permission from © 2014 Macmillan Publishers Limited. All rights reserved

2.5.3 Schottky Barrier- Contact Engineering

As the channel length reduces in transistor, the performance of devices become
dominated by the contact resistance at the interface between semiconductor and metal
electrodes.!8!"18% To achieve high photoresponsivity and high on-state current, low
contact resistance is desirable in devices made by 2D materials. For metal-
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semiconductor junctions, Schottky barrier height (SBH) is a crucial figure of merits to
resolve the contact resistance. Generally, as the Schottky barrier height increases, the
energy required for thermionic emission transport of charge carriers to overcome the
barrier at the interface also increases.

Ideally, the SBH between metal and semiconductor can be estimated by the Schottky-
Mott rule, which describes the SBH as the energy difference between the vacuum work
function of metal and the vacuum electron affinity of semiconductor. '3+18% According
to the rule, it is possible to modulate the Schottky barrier height by choosing different
metals with various working function for a semiconductor channel. However, in real
metal-2D semiconductor contacts, the experimental results do not match with the
Schottky-Mott rule. The work functions of metal have negligible influence on the
Schottky barrier heights, due to Fermi level pinning effect.'®187 For example, when
using Sc and Pt as the metal contacts for the MoS; based transistors, the theoretical
Schottky barrier height should be -0.7 eV and 1.4 eV, respectively, according to
Schottky Mott rule. However, the experimental measurement indicated that the SBH is
30 meV for Sc and 230 meV for Pt.'*® A plot of extracted Schottky barrier heights for a
selection of metals is illustrated in Figure 2.24(b).

Naturally, the Fermi level pinning phenomenon occurs as the result of the charged states
in the semiconductor side at the interface, with energy states inside the semiconductor's
bandgap. These charged states could possibly be introduced by the chemical bonding
between metal and semiconductor during metal deposition or already exist in the
semiconductor—vacuum surface. The highly dense surface states can absorb a large
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amount of charge injected from metal, acting as a shielding. Consequently, the
semiconductor's bands would likely align to a location relative to the surface states

which is macroscopically exhibited as a pinning to Fermi level.
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Figure 2.24. Fermi level pinning at the contacts between metal and 2D
semiconductors. (a) Schematic band diagram of the calculated and experimental band
alignment between MoS; and various metal contacts (b) Experimental Schottky barrier
height as function of metal work function. ref. [178]. Reprinted with permission from

© 2018 The Royal Society of Chemistry.

Being a highly conductive 2D material, graphene is a promising replacement for metal
contact in 2D devices. Comparing to metal-2D semiconductor interfaces, the graphene-
2D semiconductor interfaces are supposed to be better for two reasons. First, thanks to
the unique linear dispersion relationship with finite density of states in graphene, by
applying gate voltage or doping, it is possible to modulate the Fermi level of graphene
for a better band matching.!”*'"! Second, unlike metal, graphene is more chemically
inert which limits the formation of chemical bonds with other 2D semiconductors. With
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proper transfer technique to assembly the 2D heterojunctions, the amount of charge
trapping states at the interface of graphene and 2D semiconductors could be
significantly reduced, resulting in a weakened Fermi level pinning effect.!%>!%3

2.6 2D heterostructures

The successful isolation of ultrathin 2D materials created a new area in materials
science: 2D heterostructures. In 2D heterostructures, 2D materials are either vertically
or lateral stacked. Among the family of 2D materials, graphene is an ideal candidate for
electrodes and h-BN is a promising dielectric material. By combining with other
semiconducting 2D materials, the 2D heterostructure can be the fundamental building
blocks for a wide range of ultrathin electronic and optoelectronic devices, such as
transistors, phototransistors, solar cells, LEDs, and photodetectors. This section will
present a brief review of lateral and vertical 2D heterostructures.

2.6.1 Vertical Heterostructures

The vertical heterostructures, also known as van der Waals heterostructures, are usually
assembled via layer-by-layer transfer. The dry transfer methods, such as the PDMS
stamping technique, is popular among research groups, allowing one 2D material to be

transferred onto another. Different type of 2D stacks have been fabricated and studied

190,196-197 198-199

including  graphene/hBN,""*1%  graphene/MoS, graphene/WS,
WSe2/Mo0S2,2% and WS2/MoS,.2°1222 By manually transfer, complex heterostructures
can be stacked but the method suffers from poor scalability and contaminations at the
interface between layers.

To conquer these problems, researchers have explored the possibility to synthesize the
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vertical heterostructures using direct CVD growth method. The simplest vertical
heterojunction is graphene/h-BN on metal substrate. Gao et al.2®® reported a
temperature-triggered selective assembly of vertical Gr/hBN heterostructures. The
process started with the CVD growth of a continuous monolayer hBN film on Cu,
followed by the direct growth of graphene on hBN using benzoic acid as precursor. The
reaction temperature was restricted to <900 °C, in order to protect the underlying hBN
film. Song et al.?** reported a CVD process using prepatterned PMMA as seedings on
Cu substrate, as displayed in Figure 2.25(a) and (b). The advantage of this method is

that the location and nucleation density of graphene domains can be precisely controlled.
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Figure 2.25. Direct CVD growth of vertical heterostructure. (a) Schematic
illustration of direct CVD growth of Gr/hBN heterostructure with PMMA seeding. (b)
SEM image of as grown graphene/hBN heterojunction arrays. ref. [204]. Reprinted with
permission from © 2016 American Chemical Society. (¢c) Schematic illustration of the
three hot zone system to grow WS»/hBN heterostructure using WCls and S as reagents.
(d) SEM image of oriented WS> domains grown on the surface of hBN flakes. ref. [205]
Reprinted with permission from © 2014 American Chemical Society. (¢) Schematic
illustration of MOCVD setup used to grow WS> on graphene surface. (f) SEM image
of triangular WS, domains grown on graphene. The scale bar is 500 nm. ref. [209].
Reprinted with permission from © The Royal Society of Chemistry 2015
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hBN is also considered as the ideal substrate for the CVD growth of other 2D
semiconductors, as hBN is chemically inert, dangling bonds-free and charged
impurities-free. Okada et al.?% used a three-furnace CVD system for the direct growth
of monolayer WS, domains onto mechanical exfoliated hBN flakes. The crystalline
orientation of as grown WS, domains was characterized by low-energy electron
microscopy (LEEM), showing a strong oriented growth behavior due to the van der

Waals force and the Coulomb interaction between WS> and hBN layers. Later, Zhang

1 206 1 207

et al.”" reported similar method to grow WSe> domains on hBN. Wang et al.”’ reported
direct CVD growth of monolayer MoS; on hBN films transferred on SiO2/Si substrate.
It was discovered that the MoS, had higher nucleation density but smaller average
domain size on hBN surface comparing SiO»/Si. This can be explained by the increased
surface roughness of hBN film due to transfer process.

Similar to hBN, chemically inert graphene can also be used as growth template for other
2D materials. Shi et al.?®® demonstrated direct CVD growth of MoS, domains on
graphene/Cu substrate using ammonium thiomolybdate as precursor. The growth
temperature was restricted to 400 °C to prevent the sulfurization of Cu substrate. MoS»
domains were orientedly grown on the graphene surface and by increasing the amount
of precursor transported to surface of graphene, continuous film of MoS> could form
on the surface of graphene. Bianco et al.?%’ reported CVD growth of WS; on orientedly
graphene on SiC and CVD grown graphene transferred on SiO; using a MOCVD

process using W(CO)s as precursor. The domain size could reach up to 200 nm.
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Besides this, numerous efforts have been applied to direct CVD synthesis of 2D
semiconductor vertical heterostructure to avoid trapped impurities and transfer residues
at the interface. Gong et al.?!° developed a single step controlled CVD process to
synthesize MoS2/WS; heterostructure using a powder mixture of MoQO3, tellurium and
tungsten, and sulfur powders. By putting them in the different positions in the furnace,
the nucleation and growth rate of MoS> and WS> could be controlled individually,
which determines the sequence of deposition and the final structure. Vertical WS»/MoS»
bilayer heterojunctions could be constructed at 850 °C. Zhou et al.?!! demonstrated a
two-step-oriented growth of SnSe»/MoS; vertical heterojunction. The photodetector
based on this heterojunction exhibited a photoresponsivity up to 9100 A/W, two orders
of magnitude higher than conventional devices made by MoS; only.

2.6.2 Lateral Heterostructure

As 1s challenging to atomically stitch different 2D materials using transfer method,
lateral heterostructures are mostly stacked via multistep vapor phase deposition. The
typical procedure consists of two steps. One of the 2D materials is first controlled
synthesized or patterned, followed by a second step growth of another 2D material on
the edge of it. Similar to vertical heterostructures, the graphene/hBN lateral
heterostructure is the simplest structure to construct. Han et al.?!? reported a two-step
continued CVD growth procedure to assembly lateral hBN/Graphene film on Cu.
During this process, hBN could directly nucleate and grow at the edge of hexagonal

graphene domains. (Figure 2.26(a)) Shortly afterwards, Liu et al.?!?

reported lateral
oriented growth of graphene/hBN lateral heterojunction with a hydrogen etching step
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to create hexagonal holes in monolayer graphene film on Cu. The purpose of hydrogen

etching was to create sharp and clean graphene edge that enables the nucleation of hBN.
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Figure 2.26. Direct CVD growth of lateral heterostructure. (a) Schematic of the
CVD growth of lateral graphene/hBN heterostructure. (b) AFM phase mode image of
graphene/hBN lateral heterojunction, suggesting that the nucleation of hBN happens at
the edge of graphene. ref. [212]. Reprinted with permission from © 2013 American
Chemical Society. (c) Schematic illustration of the CVD growth of MoS2 in the
prepatterned graphene channel. (d) SEM image (top) and optical image (bottom) of
CVD grown MoS,/graphene lateral heterostructure. ref. [214] Reprinted with
permission from © 2016 Macmillan Publishers Limited, part of Springer Nature.

All rights reserved.
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Recently, lateral heterostructures between graphene and 2D semiconductors is a
structure of great interests as they can be important building blocks for 2D electronics
and optoelectronics. The most straightforward fabrication route is to transfer the
graphene onto the desired substrate, pattern the graphene and directly CVD grow 2D
semiconductors. Zhao et al.>'* demonstrated the CVD growth of large-scale, spatially
controlled lateral MoS,/Graphene heterojunctions. Transmission electron microscopy
(TEM) images proved that the heterogeneous nucleation of monolayer MoS: occurs at
the edge of graphene. The phototransistor based on the MoS»/graphene heterostructure
was reported to have an on-off ratio of ~10° and mobility of 17 cm?V-'s!. In 2017,
Zheng et al.?!'® demonstrated large-scale seedless CVD synthesis of WSa/graphene
lateral heterostructure. A flat-band condition (zero Schottky barrier height) was
observed, suggesting a negligible contact resistance and perfect band alignment
between graphene and WS». Almost at the same time, Tang et al.?!® reported direct CVD
assembly of WSe»/graphene lateral heterojunction using similar procedure. The cross-
section TEM image of the interface of WSe, and graphene proved that there was an
overlapping region at the interface.

Heterostructures between 2D semiconductors is another structure being widely studied
recently. In most cases, the heterostructures are fabricated by growing individual
component sequentially with multistep CVD growth, providing atomically sharp
interface and narrow active region at the junction. So far, several lateral heterostructures
including MoS»/WS5,21%217218 MoSe,/WSe»,21220 WS»/WSe»,??! MoS2/MoSe»,**! and
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WSe2/MoS2,%2222 have been successfully fabricated. However, the biggest challenge is
that most single layer or few layer 2D materials have no tolerance to high temperature
which may cause thermally degradation during multistep CVD process.

2.7 Conclusion

After decades’ study on graphene and other 2D materials, heterostructures based on 2D
materials has become a new chapter in the history of science. The long-term studies on
the properties and synthesis of individual 2D materials have paved way for the
fabrication of 2D heterostructures. Thanks to the versatile electronic properties of 2D
warehouse, including insulators, semiconductors, semi-metals and metals, it provides
the opportunity to assembly 2D heterostructure with various functionalities in
electronic and optoelectronic applications, which have great potential in ultrathin and

flexible nanodevices.
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Chapter 3
Methodology

3.1 Introduction

This chapter aims to give a brief introduction to the major apparatuses used for the
synthesis of materials, device fabrication and property characterization, which are
exclusively employed in this project. Comparing to the working principles, this chapter
will focus more on the equipment models and operational details of the techniques used,
including CVD setups and recipes, transfer methods for 2D materials, device
fabrication and characterization of physical and electronic properties. By providing
these details, I expect that all the experiments and measurements results in this thesis
can be reproduced by other people in future.

3.2 Graphene synthesis, transfer and patterning

3.2.1 CVD growth of graphene

As is illustrated in Figure 3.1, a 4-inch CVD system was used to prepare the graphene
sheets for further processing. The CVD system is composed of a horizontal furnace
with accompanying control unit (Carbolite model HST 12/400) and a 4-inch quartz tube.
A piece of 14 cm % 6 cm copper foil (Goodfellow, 99.8%, thickness ~ 25 um) was first
manually polished using Brasso for 15 min. Afterwards, copper foil was sonicated in
diluted hydrochloric acid solution (HCl, Alfa Aesar, 37 % HCIl:H>O = 1:3) for 2 min to
remove oxide residue on the surface, followed by sonication in acetone and isopropanol
(IPA) for 5 min, respectively, to remove remaining chemical residues. Finally, the
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copper foil was flattened on a ceramic plate and placed in the center of an air-tight 4-
inch quartz tube. The horizontal furnace was then moved to the copper sheet’s position
by sliding it across mounted rails. During the reaction, the copper sheet was positioned
at the center of the furnace in order to maintain a uniform temperature across the copper
sheet. Three different types of gas were used in the system: 1% methane in argon (BOC),
25% hydrogen in argon (BOC), and 100% argon (BOC), referring to CHa4, H> and Ar.
Three Alicat mass flow controllers connected to a computer were used to individually
control the flow rate of each gas, using Flowvision software. The flow rate of all three
gases was measured in standard cubic centimeters per minute (sccm).

The whole CVD process to grow continuous graphene film was performed at
atmospheric pressure. The system was first purged with 2000 sccm Ar, 500 sccm H»
and 50 sccm CH4 for 30min. Afterwards, the gas flow was changed to a mixture of 500
sccm Ar and 100 sccm H». At the same time, the furnace was heated to 1060 °C at a
ramping rate of 60 °C/min. After reaching the target temperature, the copper sheet was
annealed with the same flow for 1 hour. The nucleation and growth of graphene was
then initiated by changing the gas flow to 500 sccm Ar, 100 sccm Hz and 10 sccm CHa.
The growth stage lasted for 1 hour. After growth, the graphene sample was fast cooled

by sliding the furnace away from the sample to one end of the rail.
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Figure 3.1. The CVD setup used for graphene synthesis in this thesis.

3.2.2 Transfer of graphene

In this project, the CVD-grown graphene films were required to transfer onto Si wafer
with 300 nm oxide layer (SiO»/Si) substrate for measurements and other post-
processing. The as-grown graphene sheet was first spin coated with a layer of Poly-
methyl-methacrylate (PMMA, 8% wt. in anisole, 495k molecular weight) with a spin
coater (Laurell-WS-650MZ-23NPP). The spin-coating process took 60 seconds at 4500
rpm for desirable thickness of PMMA film. A hot plate (STUart-SD160) was used to
cure the PMMA /graphene at 180 °C for 90 seconds to evaporate the anisole. Afterwards,
copper substrate was removed by floating the sample on an ammonium persulfate

solution (APS, 0.2 mol/L). The PMMA/graphene sheet was then rinsed by floating on
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deionized water (DI water) for three times, 30 min each time, to remove remaining
etchants. After the cleaning process, a SiO2/Si chip was used to scoop the
PMMA/graphene film. The sample was then left overnight to evaporate the water
encapsulated between PMMA/graphene film and SiO»/Si substrate. Afterwards, the
sample was baked on the hot plate for 15 min at 150 °C to completely remove the water
residue and make the PMMA/graphene firmly attached on the substrate. Subsequently,
the sample was placed in warm acetone (~ 45 °C) for 2-3 hours to remove PMMA.
3.2.3 Graphene patterning

To pattern the as-transferred graphene into desired growth template for subsequent
CVD growth of other 2D materials, electron beam lithography (EBL, JEOL 5500 FS)
was utilized. Depending on the design of pattern, either positive or negative resists were
used.

In order to pattern graphene ribbons, negative resist (maN-2403) was used. maN-2403
resist was first spin coated on as transferred graphene on Si0,/Si chip at 3000 rpm for
30 seconds. The sample was then baked at 90 °C and cooled to room temperature before
exposure to electron. After exposure, the negative resist was developed in ma-D525 for
120 seconds and the remaining developer was washed away by DI water. The excess
graphene area was etched away by oxygen plasma generated from the RF
electromagnetic field in a reactive ion etching (RIE, Plasmalab 80 Plus) equipment.
Finally, the negative resist was removed by REM-660, followed by acetone to remove
the residue chemicals.

In order to pattern the gaps in the middle of graphene ribbons, bilayer PMMA positive
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resist was utilized. A PMMA-495k (8% wt. in anisole, 495k molecular weight) layer
was first spin-coated on the sample, followed by spin coating of another layer PMMA -
950k (8% wt. in anisole, 950k molecular weight). Both layers were spin-coated at 4500
rpm for 45 seconds and then baked for 90 seconds at 180 °C on the hot plate. After
electron exposure, the bilayer PMMA film was developed by 1:3 MIBK/IPA developer,
followed by the RIE treatment to remove the excess graphene. Finally, the sample was
cleaned by acetone to remove the residue PMMA.

3.3 Chemical Vapor Deposition synthesis of 2D Materials on
Graphene Templates

3.3.1 Synthesis of Molybdenum Disulfide (MoS:) on Graphene
Templates

As depicted in Figure 3.2, a two-furnace CVD system was used to synthesize MoS; on
monolayer graphene transferred on to a Si wafer with SiO» surface layer, using Sulfur
and MoOs; powder as precursors. Sulfur powder and the substrate were placed in the
middle of front (Furnace 1) and back furnace (Furnace 2) respectively for precise
temperature control, while MoOs; could be tuned by the distance from the center of
Furnace 2. The Graphene/SiO: substrate was placed vertically to the direction of gas
flow so that the reaction took place uniformly on the substrate. The whole reaction was
carried out within two parallel furnaces in Argon atmosphere under ambient pressure.
Similar to the CVD method previously reported, a multiple-step CVD process was
developed with four stages. (1) Creation of a S rich environment in quartz tube by
heating up Furnace 1 and Furnace 2 to 160 °C and 200 °C respectively for 15 min with
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a 10 sccm H> gas and 140 sccm Ar gas flow.(2) Main nucleation stage of MoS» domains
by heating up Furnace 1 to 200 °C and Furnace 2 to 770 °C which corresponded to the
temperature of S and graphene substrate respectively. The temperature of MoOs
precursor was about 400 °C when Furnace 2 was heated up to 770 °C. The nucleation
stage lasted for 15 min. (3) Growth stage of MoS> domains by changing the gas flow to
10 sccm H». The growth stage lasted for 15-45 min, depending on the demands of MoS
topology. (4) Fast cooling to room temperature after the growth stage by moving the

furnace 2 to the right end and exposing the sample.
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Figure 3.2. The CVD setup used for synthesis of Mo0S2, WSz and GaS in this thesis.

The furnace on the left refers to the Furnace 1 and furnace on the right refers to the

Furnace 2 in this chapter.

3.3.2 Synthesis of Tungsten Disulfide (WS:) on Graphene Templates
A two-furnace system using the same setup in section 3.3.1 was used to synthesis WSo.
Sulfur and WO3 powder were used as precursors. Sulfur powder and WO3; powder were
placed in the middle of Furnace 1 and Furnace 2 and the Si wafer substrate with pre-
patterned graphene template was placed at downstream of WOs3 precursor. A multiple-
step CVD process with four stages was designed to CVD grow the WS> (1) Heating up
Furnace 1 and Furnace 2 to 180 °C and 1000 °C, respectively, from room temperature

with a mixture gas of 240 sccm Ar and 10 sccm H» gas flow. The two temperature
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correspond to actual temperature of S and WOs precursor during the reaction. (2) Main
nucleation and growth stage of WS, starts when two furnaces reached target
temperature; (3) when the growth stage ended, the reaction was stopped by cooling
Furnace 2 down to 900 °C. Afterwards, furnace 1 was heated up to 400 °C and Ar flow
rate was set to 490 sccm to blow away surplus S powder. (4) Cooling process by setting
both furnaces to room temperature and Furnace 2 was moved to the right end to expose
the sample for fast cooling.

3.3.3 Synthesis of Gallium Sulfide (GaS) on Graphene Templates

A one-furnace system was used to synthesize GaS in graphene gap, using the same
setup illustrated in Figure 3.2. During the reaction, only Furnace 2 was used. The Ga,Ss
precursor was placed at the center of the growth furnace. The SiO»/Si substrate with
pre-patterned graphene was placed at the downstream of the growth furnace. The CVD
growth of GaS was composed of three stages. First, the whole system was flushed with
500 sccm argon gas for 30 min. Afterwards, the carrier gas was changed to 70 sccm 25%
H»/ 75% Ar mixture gas. At the same time, the Ga>S;3 precursor was heated up to 800 °C
at a ramping rate of 50 °C/ min. The reaction started as soon as the temperature reached
800 °C. By holding the Ga,S3 precursor in Ha-rich atmosphere at 800 °C for 25 min, a
high-coverage deposition of layered GaS on substrate could be achieved. After the
reaction, the carrier gas was changed to 150 sccm Ar for fast cooling process to room
temperature.

3.4 Material Characterization

3.4.1 Optical Microscopy

82



Chapter 3 Methodology

Optical microscopy (OM) is a useful tool to give a quick and non-destructive evaluation
of samples, especially for checking the coverage and surface contaminants. A custom-
built optical microscope was used in this project with a yellow LED as the light source.
Two Mitutoyo objective lens, 10x and 50x magnification, were employed for different
purposes. The images were acquired by a Thorlabs high-resolution 1280 x 1024 CMOS
color sensor connected to a computer. Optic images were post-processed by Image]
software to adjust brightness/contrast to highlight the information of interest

3.4.2 Scanning Electron Microscopy

In this project, scanning electron microscopy (SEM) was frequently used to investigate
nanoscale geometry and identify the thickness of graphene and other 2D materials. A
Hitachi S-4300 field-emission gun was employed in this project using 3 kV accelerating
voltage with a beam current of 10 pA. The low accelerating voltage could minimize the
charge-up and irradiation damage to samples. To prepare the samples, carbon sticky
tape was used to paste the sample onto a sample stub. During imaging, the astigmatism,
brightness, contrast and focus need to be adjusted to obtain the best image quality.
3.4.3 Optical Transmission Measurement

The optical transmission measurement is an effective method to determine the layer
number of 2D materials. The absorbance at specific wavelength is also a crucial
parameter to calculate the efficiency of photodetectors. A JASCO V-570 spectrometer
was used to characterize the light transmission. Light from the ultraviolet to near
infrared regime can be produced by this spectrometer. The transmittance was obtained
by measuring the variation of intensity of light collected after passing through the
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sample. Before measurement, all samples were transferred on a transparent substrate,
which was glass in this project. A baseline was first taken by measuring the
transmittance of a bare substrate. The samples were then measured in the range of target
wavelength.

3.4.4 Raman and Photoluminescence Spectroscopy

Raman and photoluminescence (PL) spectroscopy measurements were performed in
this project to provide an insight of the thickness, doping level, lattice strain and
interlayer interaction of graphene and other 2D materials. Both Raman and PL spectra
were collected using a JY Horiba LabRAM Aramis confocal Raman spectrometer. By
switching modes in the software package installed, either Raman or PL measurement
mode could be selected. The excitation light source was a linearly polarized 532 nm
frequency Nd:YAG laser. The maximum power of the laser was 12.5 mW with a laser
spot size around 1 um. The laser intensity can be tuned by a set of filters to obtain a
proper laser power in case of signal saturation or laser damage to sample. Before
measurements, a standard silicon chip was used to calibrate the system.

Two different types of grating, 1800 g/mm (1800 silts per mm grating) and 600 g/mm
can be selected for different purposes. 1800 g/mm grating was used for Raman
measurement due to better spectral resolution while the PL measurements were
performed using 600 mm! grating for fast capture. In both modes, the range of spectrum,
either in cm™! or nm, as well as the acquisition time and accumulating number could be
set using the software installed to obtain a good signal intensity and signal to noise ratio.
To investigate the uniformity of as grown 2D materials, Raman and PL mapping
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measurements were utilized. They were pre-programmed capture of multi-point spectra
across lateral dimensions (XY coordinates) in a fixed step size by sequence. The spectra
of each point could be reconstructed into XYZ grid mapping image in Origin software.
3.45 Atomic Force Microscopy

Atomic force microscopy (AFM) is the most straightforward technique to characterize
the thickness, layer number and surface morphology of 2D materials. Characterization
of the as-grown GaS within prepatterned graphene ribbons’ gap in Chapter 6 was
performed by Ms. Yu Shu, with an atomic force microscope (Asylum Research MFP-
3D) using an AC-160TS cantilever made of silicon (Olympus, resonant frequency ~
300 kHZ and spring constant ~42N/m). The thickness of GaS film grown on SiO> can
be directly measured without transfer. There are four imaging modes in the AFM, which
can be recorded simultaneously: topography, phase, amplitude and Kelvin probe
microscopy (KPM) modes. In this project, topography mode was used to display the
height profile and determine the thickness of GaS film. The AFM data were processed
by software, Gwyddion.

3.5 Device Fabrication and Measurement

3.5.1 Device Fabrication

The device fabrication process started with the metal bond pad patterning by EBL
patterning utilizing the bilayer PMMA positive resist demonstrated in section 3.2.3.
After the EBL patterning and development, the samples were sent into a thermal
evaporator (Edward 360) to deposit of Cr/Au (10 nm/ 80 nm) metal bond pads. During
the thermal evaporation process, Cr and Au were evaporated by Joule heating in a
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vacuum environment and deposited onto the target substrates at a controlled rate. After
deposition, excess region of metal films was removed by a lift-off process, where the
metal films on the resist was delaminated by placing the samples in warm acetone (45°C)
overnight to dissolve the PMMA

3.5.2 Electrical and Opto-Electrical Measurement

A home-built probe station., shown in Figure 3.3, was employed for the electrical and
opto-electrical measurements of the devices fabricated in this project. The as fabricated
devices were placed on a moveable stage which can be adjusted in X, Y and Z directions
using digital controllers. A 532 nm diode-pumped solid-state laser (Thorlabs, DJ532-
40) was used as monochromatic excitation source for the photodetection measurements
of MoS; and WS, photodetectors. The laser, coupled into a confocal microscope, can
be focused into a ~150 pum? spot size. For illumination during the photodetection
measurements for GaS phototransistor, Thorlab LED370E was used as the light source
for blue light (centered 375 nm) and Thorlab M275L.4 as UV light source (centered 275
nm). The power values of the laser and LEDs were measured with a manually fixated
power meter (Thorslab Optics PM100D) which was placed under the illumination light
source before each measurement. All the I-V and -V, measurements were performed
with two Keithley 2400 source meters. One Keithley source meter was connected to the
bond pads of devices via two tungsten tips (Signatone SE-T) to apply a source-drain
bias. The gate voltage was applied by connecting the p-doped silicon substrate from the
back side with another Keithley source meter using silver paste. All measurements were
carried out in a dark room at room-temperature under ambient pressure.
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Figure 3.3 Custom-built probe station used for device characterization in this

thesis.
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Chapter 4
Hydrogen Assisted Growth of Large Area
Continuous Films of MoS> on Monolayer Graphene

4.1 Introduction:

Two-dimensional (2D) materials have received considerable attention since successful
isolation of graphene was first reported.! Monolayered 2D materials such as hexagonal
Boron Nitride (h-BN) ?** and transition metal dichalcogenides (TMDs) including
tungsten disulphide (WS>), 3! molybdenum disulphide (MoS.), >* tungsten diselenide
(WSez2), #2° molybdenum diselenide (MoSez), 2?7 etc. *?® have been successfully
synthesized. Among them, MoS, has become increasingly investigated due to its
semiconductor properties with a direct band gap (1.8 eV), and it has shown a potential
in manufacturing the next-generation nano-electronics, optoelectronics and flexible
devices. 8! 88:90:229 To make such devices, different 2D materials are usually vertically
stacked together, giving rise to van der Waals heterostructures that could take the

advantage of transparency and flexibility properties of 2D materials !%%-201-230-232,

The successful fabrication of different MoS»-graphene based heterostructure devices
usually involves two steps: individual synthesis of 2D MoS, by CVD growth,
exfoliation or PVD method followed by layer-by-layer transfer with aids of solvent or
polymer. 223237 However, scalable fabrication of high-performance devices is difficult
to achieve by those approaches. The transfer process is not only time-consuming but

inevitably introduces imperfections such as cracks, wrinkles and polymer residuals,
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which can dramatically affect the doping level of TMDs and hence the band gap and

light transfer efficiency. 2*8

An ideal solution is to directly synthesize MoSz on other 2D materials by CVD methods.
A few studies have been reported about the realization of direct CVD growth of MoS»
domains. 2% 23 However, the MoS, coverage reported in these studies was relatively
low and the size of MoS> domains synthesized could only reach sub-micron scale,
which limits their application in device fabrication. Chen et al. reported successful CVD
growth of large-scale bilayer MoS, film on graphene substrate but the
photoresponsivity is only 32 mA/W. >** Besides, most of these synthesis procedures
were also carried out at low pressure, which increases the complexity of experimental
equipment and processing design. Further work is needed to realize the direct growth
of large area film coverage of monolayer TMD materials on other 2D materials such as

graphene and h-BN.

In this chapter, I demonstrate how direct growth of large area (1cm x 1cm), continuous
monolayer MoS: films on graphene can be realized by the controlled addition of
hydrogen to modify the nucleation of domains. I explore the sensitivity of monolayer
graphene to decomposition during the reactions and optimize the conditions to enable
growth of continuous MoS; films within a time scale that allows graphene to survive at
the high temperature needed for MoS; crystallization. The large area MoS,:graphene
vertical stacked layered system is utilized to create arrays of photodetectors with lateral

electrodes, yielding high photocurrents and photoresponsivity.
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4.2 Results and discussion

As depicted in Figure 4.1(a), a two-furnace CVD system was used to synthesize MoS»
on monolayer graphene transferred on to a Si wafer with SiO» surface layer. Graphene
was grown by CVD on Cu substrate. Sulfur powder and the substrate were placed in
the middle of front and back furnace respectively for precise temperature control, while
the temperature of MoOs3 could be tuned by the distance from the center of Furnace 2.
The Graphene/SiO, substrate was placed vertically to the direction of gas flow so that
the reaction took place uniformly on the substrate. The whole reaction was carried out
within two parallel furnaces in Argon atmosphere under ambient pressure. Similar to
the CVD method previously reported, I designed a multiple-step CVD process with four
stages. **! (1) Creation of a S rich environment in quartz tube by heating up Furnace 1
and Furnace 2 to 160 °C and 200 °C respectively for 15min with a 150 sccm Ar gas
flow. (Figure 4.1(b) and (c), section I) (2) Main nucleation stage of MoS> domains by
heating up Furnace 1 to 200 °C and Furnace 2 to 770 °C which corresponded to the
temperature of S and graphene substrate respectively. MoO3 precursor was placed 10
cm away from the center of Furnace 2 which reached 400 °C when Furnace 2 was
heated up to 770 °C. The gas flow was set to relatively high flux to increase local
reactant concentration which favored the nucleation of MoS> domains. (Figure 4.1(b)
and (c), section II) (3) Slow growth stage by reducing the Ar flow rate to 10 sccm to
maintain a slow and stable growth condition which favored the growth of MoS;
domains. (Figure 4.1(b) and (c), section III). (4) When the grow stage ended, the
reaction was stopped by cooling down to 700 °C while keeping Ar flow rate to 10 sccm.
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Then both furnaces were set to room temperature and Ar flow rate was set to 500 sccm

for fast cooling.

The reason for this multi-step CVD setup is to achieve separate control of the nucleation
density and then the growth of nuclei into larger domains. In the nucleation stage, the
density of MoS> domains on graphene has a positive correlation with Ar flow rate while
extending the growth time can increase the average MoS: domain size. By altering the
flow rate during nucleation and growth time, I optimized the parameters to grow
continuous MoS; films on graphene. Oriented MoS; triangular domains could be
synthesized on the graphene surface using 50 sccm flow rate during the nucleation
period with 15 min nucleation + 15 min growth CVD process, shown as Figure 4.1(d)
and (f). However, I noticed that the formation of a MoS; film could not be easily
achieved by altering the parameters within this approach due to decomposition of the
graphene. The introduction of hydrogen to the growth enabled faster growth and the
formation of large area continuous MoS» films could be achieved on graphene, Figure
4.1(e) and (g). The region with graphene underneath is about 1 cmx1 cm, as is pointed
out in Figure 4.1(e). Figure 4.1(g) is the SEM image of as synthesized MoS,/Graphene
heterostructure. The CVD grown MoS: film (black region) shows high continuity that
almost completely covers the surface of graphene. The coverage of monolayer MoS»

could reach up to 96%.
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Figure 4.1. Atmospheric CVD synthesis of MoS: on graphene substrate (a)
Schematic illustration of the two furnace CVD system used to synthesize MoS; on
graphene substrate. (b) Temperature programming process of Furnace 1 and Furnace 2.
(c) Gas flow programming process during the CVD process. (d-e¢) Photos showing
contrast difference between graphene film transferred on SiO»/Si substrate with and
without H» respectively. The embedded figure shows the Raman spectrum of as
transferred Graphene. (f) SEM image of triangular MoS: domains deposited on

Graphene. (g) SEM image of MoS: film deposited on Graphene with aid of hydrogen.
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Figure 4.2. Characterization of monolayer MoS: domains on graphene substrate
(a) SEM images of triangular MoS> domains (black triangles) on graphene substrate.
(b) is the statistic distribution of the angle between triangle edges and X axis. The three
distinct peaks with 60° difference between each other showed good oriented growth of
triangular domains. (c) and (d) are TEM picture and FFT pattern of Mo/G

heterostructure, demonstrating that the MoS: synthesized on graphene was monolayer.
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Figure 4.2(a) illustrates SEM image of synthesized MoS, domains grown on graphene.
The size of triangular MoS, domains (black triangular in Figure 4.2(a)) could reach up
to 1.5 um. By quantifying the statistic distribution of edges of triangular domains, three
distinct peaks can be obtained, with 60° angle difference between each peak, suggesting
that there is an oriented relationship between triangular MoS> domains. The oriented
growth behavior might be due to the match of orientations of graphene and MoS:
hexagonal lattices. In the FFT pattern shown in Figure 4.2(d), there was only one set
of hexagonal diffraction pattern of MoS, which suggests that MoS,; domains
synthesized on graphene were highly crystalline and monolayer, which can be a good

reference sample for the measurements mentioned below.

The reason MoS: film could not be formed by simply changing the growth time and
flow rate was that the formation of large area continuous film required longer growth
time while the graphene was observed not to sustain long time reaction within the CVD
setup. In Figure 4.3(a) and (b), I present the comparative CVD process with different
growth time. I discovered that after an overall 40 min CVD process graphene started to
disappear before MoS: films formed. The Raman spectrum of remaining graphene
shows significant increase of D peak and decrease in 2D peak intensity (Figure 4.3(e)),

suggesting that the graphene was heavily oxidized. 2+

I speculated that the oxidation of graphene resulted from reactive O released during the
decomposition of the MoOs precursor as well as the decomposition of SiO substrate at
high temperature. Therefore, I introduced hydrogen into the carrying gas once the

growth temperature reaches 770 °C. Hydrogen serves multiple purposes. Firstly,
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hydrogen leads to more efficient reduction of MoQO3, aiding the formation of MoS: by
reducing the precursors. Secondly, it acts as a reducing agent that reacts with reactive
O atoms to prevent graphene from oxidation. Furthermore, at high temperature,
hydrogen could help to further clean PMMA residuals away from graphene surface.
After introducing H» into the CVD system, I observed that graphene could be well
preserved during long time CVD process. (Figure 4.3(¢c)) Comparing to Raman
spectrum of graphene without H» protection (Figure 4.3(e)), the rise in D peak
decreased, indicating that graphene was less damaged in presence of H».?** Moreover, |
also observed that the concentration of hydrogen was crucial to the formation of MoS,
domains. By applying different hydrogen concentration, I found that graphene could be
well-protected and act as a growth template for MoS» with presence of a trace amount
of hydrogen gas, while with a relatively higher hydrogen concentration no MoS>
domains formed on the graphene’s surface. (Figure 4.3(c-d)) This is due to the fact that
besides being a reducing agent hydrogen also has an etching effect on MoS,, especially
at high temperature with high concentration.!>® The optimal carrying gas flow I

discovered was a mixture of 7.5 sccm Ar and 2.5 sccm 25% H2/75% Ar.

With a trace amount of hydrogen introduced into the CVD system, the CVD growth
time could be extended longer than 40min. However, I noticed that MoS; film was not
able to grow directly onto graphene substrate by simply increasing growth time with
previous CVD process due to oxidization (Figure 4.3(a)). Even with an extended
reaction time growth (15min nucleation+ 45min growth time), the size of MoS>

domains remained barely unchanged and no continuous MoS; film was formed, which
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suggests that there is a limitation in the size of MoS, domains on graphene surface, as

shown in Figure 4.4(a-c).
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Figure 4.3. Influence of Hz concentration in carrying gas on MoS:2 and graphene
(a) MoS> domains grown on graphene substrate with 15 min nucleation + 15 min
growth in 10 sccm Ar flow; (b) MoS> domains grown on graphene substrate with 15
min nucleation + 25 min growth in 10 sccm Ar flow. Graphene (darker grey) started to
be burned away; (c) MoS» domains grown on graphene substrate after 15 min
nucleation + 25 min growth in 7.5 sccm Ar and 2.5 scem 25% H2/75% Ar gas flow.
(d) MoS> domains grown on graphene substrate after 15 min nucleation + 25 min
growth with higher H> concentration. (¢) Raman spectrum of graphene before and
after CVD synthesis. The black (without H>) and blue (with H») plots corresponds to

graphene in (b) and (c).
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Figure 4.4. SEM images of comparable MoS:2 grown on graphene under different
conditions. (a)-(i) are SEM image of MoS> grown on graphene using different
nucleation flow rate and growth time. The white dots are 3D MoS: particles. Increasing
the nucleation flow rate dramatically increased the nucleation density of 3D MoS»

crystals. (j) the growth mechanism of MoS; film on graphene
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With the size of individual MoS> domain restrained in certain range, the alternative way
to grow a continuous lay of MoS; film is to increase the nucleation density of MoS> on
graphene so that multiple small MoS> domains could be linked together. Different
nucleation flow rate and growth time were applied to figure out the optimal conditions
for the formation of continuous MoS: film. (Figure 4.4) I observed that with a high
nucleation flow rate, 2D MoS; domains as well as 3D crystals nucleated, and these 3D
crystals grew larger as the growth time increased. To maximize the nucleation density
of MoS; on graphene but minimize the formation of 3D crystals, I tried different flow
rate of nucleation stage and growth stage time. The optimal recipe for CVD growth of
MoS:; film on graphene was a 15min nucleation stage in 150 sccm Ar followed by a
30min growth stage in 7.5 sccm Ar + 2.5 sccm 25% Hydrogen/ 75% Ar. A continuous
MoS:; film could form on top of graphene substrate while at the same time the formation
of 3D MoS: crystals was limited to a very low level. (Figure 4.4(e)) It should also be
noticed in Figure 4.4(d) that upon increasing nucleation density, the MoS> domains
grown on graphene starts to lose their orientation preference and show a non-oriented
growth behaviour. These phenomena suggest that the evolution of continuous MoS»
film consists of several steps. First, oriented MoS, domains formed on the surface of
graphene substrate. As the size of these domains increase to their size limit (~5 um),
the rising lattice mismatch between graphene and MoS2 disfavour further growth of
oriented MoS; domains. As a result, secondary MoS, domains nucleate on the edge of
oriented MoS, domains and start non-oriented growth. The secondary domains grow
until their edges merge and form the continuous film. Further MoS: deposited on the
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MoS; film leads to the nucleation of 3D MoS; particles. (Figure 4.4(j))
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Figure 4.5. Raman and PL study on MoS: on Si/SiO: and graphene substrate (a)
Raman spectra of MoS> domains grown on SiO», MoS; domains transferred on
graphene, MoS> domains grown on graphene and MoS2 film grown on graphene
respectively. The dashed black line indicates the shift of E;, and Ai; peak between
spectra; (b) PL spectra of MoS> domains grown on SiO2, MoS; domains transferred on
graphene, MoS, domains grown on graphene and MoS, film grown on graphene
respectively; (c-f) Multipeak fits to the PL peak of MoS» with subpeaks corresponding
to B excitonic transition (B), the neutral excitonic transition A (A) and the charged

excitonic transition of A (A-).
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Based on the best quality MoS: film I obtained via controlling the parameter (Figure
4.4(e)), I then planned to study the quality of as synthesized MoS; film. Raman and PL
spectroscopy are two very useful techniques to determine the layer number, as well as
to investigate other effects such as lattice strain, doping levels and interfacial van der
Waals interactions between different 2D materials. *® In Raman spectrum of MoS», E),
and A1 peak represent two characteristic vibration modes. ** E;, mode is related to the
in-plane vibration of Mo and S atoms, while the A1z mode refers to the out-of-plane
vibration of S atoms. >** In order to determine the layer number and lattice strain of the
continuous MoS: film grown on graphene, I compared the Raman spectrum with
monolayer MoS> domains grown on graphene, monolayer MoS> domains grown on
Si02/Si using similar CVD method and transferred monolayer MoS, domains from
Si0,/Si to graphene. The Raman spectra are presented in Figure 4.5(a), with an
excitation wavelength of 532nm. The frequency difference between E,, and A, peak
could help to determine the layer number of MoS. 2% The fitting result shows that for
MoS; film grown on graphene, the center of E;, and A, peak located at ~382.4cm’!
and 407.0cm™! respectively, while the two peaks of monolayer MoS, domains grown on
graphene centered at ~382.1 cm™ and 406.5 cm™'. They both have a similar frequency
difference ~24.5cm™, which proves that the continuous MoS; film produced on
graphene was monolayer. However, it should also be noticed that the frequency
difference of monolayer MoS; transferred onto graphene was relatively smaller. E,,
peak shew a significant blue shift to ~385 cm™ while the position of peak remained ~
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406.5 cm’!.1 speculate that this phenomenon results from the lattice strain of MoS3, as
previous studies reported that the position of E,, peak could be easily affected by the
built-in strain of MoS> whilst A peak is less influenced.’*® The lattice mismatch
between MoS> domains and graphene of CVD grown MoS; introduced lattice strain in
MoS: domains and films. On the other hand, the transfer process released potential
strain in CVD grown MoS; domains. This conclusion is also supported by the blue shift
of E;, peak of MoS; film grown on graphene compared to the oriented MoS> domains
grown on graphene. In previous discussions on the growth mechanism of MoS; film on
graphene, I discovered that initially MoS, domains were formed on graphene in
oriented pattern, followed by non-oriented growth. The non-oriented growth reduced
part of the lattice strain coming from the lattice mismatch, resulting in the blue shift of
E;, mode.

I also studied the photoluminescence (PL) of monolayer MoS: in different conditions,
as depicted in Figure 4.5(b). All the PL spectra were normalized against the Raman
intensity. For PL spectra of MoS: either grown or transferred on graphene substrate, the
PL peak intensity was dramatically quenched compared to that on SiO; substrate. The
quench indicates that the MoS: displays effective interlayer coupling and electronic
interaction with graphene substrate. The photo-excited electrons and holes from
monolayer MoS» could efficiently transfer to graphene and combine rapidly through
nonradioactive recombination, leading to the PL quench.?*’ Furthermore, I performed
the peak fitting on PL spectra based on Lorentz peak function to show the relative
photoluminescence quantum efficiency between samples. As depicted in Figure 4.5(c-
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f), the PL spectra of MoS; have three subpeaks which correspond to A, A- and B peaks
according to previous researches.!?® The peak A and B corresponds to the direct
transition from conduction band to two spin-orbit split valence band at the K point. The
peak A-, located at slightly lower energy than A peak, is associated with the
recombination of negatively charged excitons of trions A-. The trion A- arise from a
free electron bounded to a neutral exciton via Coulomb interaction as MoS> could be
easily negatively doped by contamination or contact with substrate.?*3

By comparing the integrated A and A- PL peaks of all four samples, I noticed that the
PL intensity ratio of A to A- (A/A-) were different. The A/A- ratio indicated the relative
populations of neutral and charged A excitons. In the PL spectra of MoS> grown on
Si0,, the PL peak was dominated by A- peak, revealing high degree of charged
impurities from SiO; substrate, in agreement with previous studies. °” On the contrary,
for the other three samples of MoS, on graphene substrate, the A/A- ratio was much
higher. This indicated that graphene could conduct away charged impurities and act as
P-doping agent for MoS.. Higher A/A- ratio indicated higher P-doping level as well as
stronger interfacial interaction between MoS» and graphene. It was found that among
three MoS>/Graphene samples, MoS> domains directly grown on graphene had highest
A/A- ratio, followed by directly grown MoS» film on graphene and transferred MoSo.
This sequence matches with the Raman study of built-in strain in MoS2. Moreover, a
red shift of A peak could be observed alongside with the decrease of A/A- ratio. Other

studies suggest that uniaxial tensile strain could not only influence the Raman spectrum
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but reduces the band gap of MoS; and therefore cause the red shift of A exciton peak,
which further supports the observation. 24

Besides the change in A and A- peak, the change in B peak is also worth mentioning.
Comparing to the B peak in MoS> domains grown on graphene, the B/A ratio of MoS»
domains transferred on graphene and MoS: film grown on graphene were much higher.
In other words, the PL quench was less effective in the B peaks of these two samples.
As is mentioned before, the quench results from the nonradioactive recombination of
photo-excited electrons and holes. Therefore, I speculate that the increased B/A ratio is
due to weaker coupling between MoS; and graphene layer. In the case of transferred
MoS; on graphene, the decoupling derives from interlayer impurities introduced during
transfer process. While for CVD grown MoS: film on graphene, the oxidation of
graphene underlayer increased the number of defects and surface roughness of graphene,
leading to the decoupling. However, it is still not clear why the A peak seems to be less
influenced than B peak. As so far there is very few studies on the factors that may cause

the evolution of B peak intensity in monolayer MoS,, further studies would be

worthwhile in future.

105



Chapter 4 H, Assisted Growth of Large Area Continuous Films of MoS> on Monolayer Graphene

() (b) 10 (©)

3825

382.0

3815

381.0

T .5
350 400 450 380

Raman shift (cm")

(d) (e)

380.0

1.850

1.840

1.830

Intensity (a.u.)
>
=]

1.820

1810

17 18 19 20 21 22 1400

Energy (eV) {550
407 1.88
(g) 1.874 (h)
~ ¥ 40638 cm’! 1861
E, > 1854
= 406+ <z
£ % Z51.844
Z 382 z
g ) = 1.834
E = 381.66 cm™
= 1 1.824
1
E 2 peak Alg peak 1.811
381 L L 1.80

408.0

407.5

407.0

406.5

406.0

405.5

405.0

1.900

1.890

1.880

1.870

1.860

1.850

1.840

Figure 4.6. PL and Raman measurement of as—grown MoS: film on graphene. (a)

Raman spectrum of as-prepared sample; (b-c) Raman maps (200um x 200um) of the

continuous Mo$S; film grown on Graphene, showing (b) E;, peak position; (¢) A1 peak

position; (d) PL spectrum of as-prepared sample; (e-f) PL mappings of the continuous

MoS; film grown on Graphene showing (e) A- peak position and (f) A peak position.(g-

h) Average peak position of different peaks in Raman and PL measurement.

In addition, the PL and Raman spectra could help to evaluate the areal uniformity of as

synthesized continuous MoS> film on graphene via PL and Raman mappings. Figure

4.6(c-d) presents the Raman integrated mappings corresponding to E,, and A, peak
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position, obtained on a typical region of 200pum x 200um. The average position of E,,
peak was 381.66 cm™ with a standard deviation of 0.12 cm™'. The average position of
A peak was 406.38 cm™! with a standard deviation of 0.07 cm™!. Figure 4.6(e-f) show
the PL mapping of the peak position of A and A- on the same region. The average
position of A- peak was 1.825 eV with a standard deviation of 0.044 eV. The average
position of A peak was 1.867 eV with a standard deviation of 0.0054 eV. Both mappings
show good uniformity among the measured area and the peak positions match with the
previous discussion, proving high quality and uniformity of the MoS,/Graphene film

produced.
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Figure 4.7. Photodetector fabricated by all CVD grown MoS: film/Grapene
heterostructure (a) Schematic illustration of side view and top view of photodetector
devices fabricated by CVD grown MoS>/Graphene film; (b) Optic image of as
fabricated devices. The photo image of device chip is presented in Appendix, Figure
1; (c) Band diagram explaining the photo electron transfer; (d) I-V curve of as fabricated
dievice under various illumination; (e) Magtitude of photocurrent of as fabricated
device under various illumination; (f) Photoresponsivity of as fabricated device under

various illumination as a function of bias voltage; (g) The statsitic distribution of
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photoresponsivity of as fabricated devices under 1V bias with an incident light intensity

of 1165 puW.

In order to characterized the optoelectrical properties of the all CVD grown MoS;
film/Graphene heterostructure, I fabricated a simple photodetector. Figure 4.7(a) and
7(b) is the schematic illustration and optical image of photodetector device I fabricated
using CVD grown MoS,/Graphene film. To fabricate the device, MoS>/Graphene film
was directly transferred onto a SiO2 (300 nm)/p++ Si substrate (University Wafer) with
predeposited gold pads, which used the method reported in previous studies. >>* The

gold pads directly contacted with graphene film, acting as electrodes.

To study the photoresponse of as fabricated device, source-drain voltage was applied
on gold electrode pairs and I-V measurements were carried on the device under dark
and four different illumination circumstances. Figure 4.7(c) shows the plots of
photocurrent verses applied source-drain voltage. When the laser was off, the I-V plot
shw a linear curve, indicative of good contact between gold electrodes and
MoS:/Graphene film. By emitting laser on the photodetector, I observed that the
response current was decreased. This phenomenon can be explained by a photoinduced
electron transfer from MoS, to graphene. Previous studies have proved that the
graphene film transferred onto SiO/Si using the method in this work is p-doped. !
When no gate voltage is applied, drain current in the graphene FET is dominated by
holes. When the FET is illuminated with visible light, photoinduced electrons inject

from MoS; to graphene which reduces the current. 2> (Figure 4.7(d-e))
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Photoresponsivity(R) and photogain(G) are two important figure of merits to evaluate
the performance of photodetectors. 23323* Photoresponsivity is a measure of device’s

: I :
electrical response and can be defined as R = 2222 where Ihot is the photocurrent

laser
and Plaser 1s the collected illumination power. In my case, the photo-induced current is
negative therefore I define the current change as the photocurrent Iphoto. In Figure 4.7(f),
I present the calculated R of the device as a function of Vs under different illumination
intensity. Under all incident power density, R showed an increasing trend with a larger
applied bias. The largest R measured could reach over 2.4 A/W with 3.3x10% A

photocurrent under 135 puW illumination at +2 V bias. Photoresponsivity could also be

expressed by a function of photogain as
R = NexcGe/hv

Where 7., is the external quantum efficiency, e is the elementary charge unit, and
v =c/1 is the frequency of incident light. I assume that 7., = 8.1%, as the
absorbance of the MoS2/graphene film is ~8.1% at 532 nm, measured by absorption
spectroscopy. The calculated photogain of the device could reach up to 69 under Piaser

=135 uW and Vyias= 2V, thanks to high electron mobility and photoconductive effect.

110


http://jingyan.baidu.com/article/fa4125acb30d8228ac709235.html

Chapter 4 H, Assisted Growth of Large Area Continuous Films of MoS> on Monolayer Graphene

8.0x10™
7.0X10_4_' Dark ——V, =2V, 1165nW
6.0x10" -.
5.0x10* -.

4.0x10 -

1, @)

3.0x10*4
2.0x10"- \ \
1.0x10* .
Light
0.0 4 v ' v ' . ' .
0 50 100 150 200
Time ()

Figure 4.8. Transient photocurrent characteristics obtained from MoS:2/graphene

device. The measurement was performed under +2V bias and 1165uW illumination.

I measured the time-resolved photoresponse of one of the MoS,/Graphene devices at a
fixed bias of 2 V with an incident light intensity of 1165 uW, shown in Figure 4.8.
Reproducible high and low impedance states could be obtained by repeated cycles of
on-off states of light irradiation. Also, to evaluate the uniformity of the performance of
as fabricated devices, I measured 50 devices within ~8 mm? effective MoS»/Graphene
film area I transferred, among them 48 of them have sufficient MoS2/Graphene
coverage and clean surface to make working devices. The success rate was 96%. The
statistic distibution of photoresponsivity of the devices is presented in Figure 4.7(g).

The average photoresponsivity is about 1.18A/W and the standard deviation is 0.51.
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The result exhibited acceptable uniformity in the performance of as fabricated devices.
It should be awared that the scattering of photoresponsivity data was relatively higher
than the achieved uniformity. The main reason of the discrepancy is due to the
processing and measurement of the devices. Since that these devices were fabricated
by polymer-assisted transfer method, contaminations may inevitably introduced into
the system. Besides, during the measurements, the probes need to pierce
MoS/graphene film to contact with gold electrodes, this leads to possible

contamination between probe tips and gold electrodes, resulting in high deviation.

These photodetectors with direct CVD grown MoS»/Graphene film exhibited high
photoresponsivity and photogain in absence of applied gate potential under ambient
environment, comparing to other studies with similar design of device. Lin et al.*
demonstrated a responsivity of 79mA/W when Piighe = 40uW and bias = 1V on a directly

grown MoS»/Graphene/SiC heterostructure. Liu et al.?>

observed that on a printable
MoS,/Graphene heterostructure a photresponsivity of 835mA/W could be achieved
under Piight of 0.05mW/cm? and bias of 5V. My device exhibits at least 1- order
improvement of photoresponsivity. I also noticed that the photoresponsivity of
MoS/Graphene heterostructure could reach up to 107 A/W with a comb-shape drain-
source pair. 2> This reminds us that the performance of the directly CVD grown

MoS,/Graphene heterostructure is likely to be further improved with modified device

design, which is worthy of further studies in future.

4.3 Conclusion

In summary, I have demonstrated a simple approach to directly synthesize a large area
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of continuous monolayer MoS> film on graphene substrate by a two-step CVD process
with aids of hydrogen under ambient pressure. I discovered that oxidation of graphene
is one of the important factors that hinders the formation of MoS: film on graphene
during long time CVD process. Graphene can be effectively protected from being
oxidized by adding hydrogen into the carrying gas. Centimetre-scale continuous MoS>
film were grown on graphene susbtrate with an appropriate nucleation rate, growth time
and hydrogen concentration. The film’s microsctructure and thickness were
characterized by PL and Raman measurement, suggesting that the MoS; film is
monolayer. I also fabricated a simple photodetector based on MoS»/Graphene film,
exhibiting high photo current, photoresponse reaching up to 2.4 A/W and photogain
reaching up to 69. This approach shows a potential for scalable fabrication of high

performance optoelectronics based on 2D Van der Waals heterostructures.
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Chapter 5
High Photoresponsivity in Ultrathin 2D Lateral

Graphene: WS»: Graphene Photodetectors Using
Direct CVD Growth

5.1 Introduction

Ever since single layer graphene was first isolated by mechanical exfoliation, the study
on two-dimensional materials has been greatly simulated. *¢ Among the family of two-
dimensional materials, semi-metal graphene was most widely studied due to its
excellent conductivity which makes it an ideal material for contacts and
interconnections. 2°°2%7 Other two-dimensional materials also came into people’s sight
including insulator hexagonal boron nitride (h-BN), ?** 2> semiconductors such as
black phosphorus 2°*-2%° and transition metal dichalcogenides (TMDs). 31> 225, 261-262
Furthermore, the heterostructures based on these materials have gradually drawn
people’s attention as they are considered as important building blocks for next
generation nano-scale electronic and optoelectronic devices. 198 236 263-270

There are primarily two types of heterostructures: vertically stacked heterostructures,
190.197.271 and laterally stacked heterostructures. 2’>"* The vertical heterostructures are
usually accomplished by vertically stacking two-dimensional materials using
mechanical transfer. ’*2*! However, scalable fabrication could hardly be achieved by
such method. Recent studies have shown the possibility to fabricate various vertical

heterostructure by direct CVD growth including WS2:h-BN, 2% MoS,:graphene, 2%
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MoS2:WS2, 25 and etc. 2’® Nevertheless, not only these methods are challenging, it is
hard to control the continuity and uniformity of the as grown heterostructure film which
hinders their applications in industrial production.

Most recently, several groups have explored direct CVD synthesis of lateral
heterostructure such as MoSz:graphene, 24 WS;:graphene, 2!> and WSe:graphene. 2!
Field-effect transistors (FETs) could directly developed from as grown heterostructure.
Smaller and more controllable device size could be achieved by controlling the
topology of graphene ribbon. Also, lower intrinsic contact resistance could be obtained
from stronger connection between graphene and TMDs. These two benefits make the
CVD-synthesis lateral heterostructures appealing building blocks of 2D circuits.
However, most studies on direct CVD synthesis of lateral heterostructure use sapphire
as growth template. 21°2!® As the sapphire wafer is very costly, Si wafer is considered
to be a better substrate for manufacture purpose. There is a need to develop an
approachable method to fabricate lateral-heterostructure based devices directly on Si
wafer. Besides, as a promising candidate for next generation 2D opto-electronics,
Gr:TMD:Gr lateral heterostructure synthesized by direct CVD growth method is
supposed to improve the overall performance of light detection and light harvesting
devices.

Here I demonstrate the selective CVD synthesis of WS> stitching to pre-patterned
multilayer graphene (2-3 layers) under ambient pressure. WS> serves as the channel
material of n-type FET. Due to the high reaction temperature of WS, synthesis, as well
as other TMDs such as MoS> and WSe», the pre-patterned graphene could be easily
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damaged by oxidation. This factor is more significant on Si wafer since at the reaction
temperature (1000 °C) the Si oxide layer would decompose. I discovered that graphene
could be well protected when hydrogen was introduced into the reaction system. The
opto-electronic property measurements were then carried on as fabricated Gr:WS2:Gr
device. By comparing the performance of similar device fabricated by wet transfer
method, I discovered that the on-off ratio and photoresponsivity was significantly

improved due to better contact between graphene and WS,.
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5.2 Results and Discussion
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Figure 5.1 Preparation of sample. (a) Schematic illustration of the preparation process

of graphene ribbon substrate. (b-e¢) SEM images of (b) as grown graphene. The wrinkle
that could be observed results from the difference in coefficient of expansion of
graphene and copper during the cooling stage in CVD process; (c) As-transferred
graphene on Si chip. The embedded figure is the Raman spectrum of as-transferred
graphene; (d) As patterned graphene ribbon and (¢) Graphene ribbon with small gap in
the middle; (f) Schematic illustration of CVD system; (g)-(i) Schematic illustrations

showing the WS, growth between the graphene gap electrodes.
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The first step to fabricate Gr/WS2/Gr heterostructure is to prepare graphene ribbon with
gap in the middle. Here I present a simple route with help of electron beam lithography
(EBL), shown in Figure 5.1(a). I started from CVD-grown graphene film on copper
foil (Figure 5.1(b)). First, I transferred graphene on SiO2 (300 nm)/p++Si substrate
(University Wafer) using wet transfer method. (Figure 5.1(c)) Then EBL was applied
with aids of positive resist (PMMA 485 A4) to pattern as-transferred graphene into
graphene ribbons. (Figure 5.1(d)) Afterwards, another EBL process with aids of

positive resist (PMMA 950 A3) was applied to pattern the gap (~1pum)

A two-furnace CVD system was used to synthesize WS in graphene gap, as depicted
in Figure 5.1(f). 200 mg Tungsten trioxide (WO3) and 300 mg Sulfur powder (S) were
used as precursors. Sulfur powder and WO3 powder were placed in the middle of front
and back furnace, respectively, for precise temperature control, while the temperature
of substrate could be tuned by the distance from the center of Furnace 2. Different from
conventional CVD process, the whole reaction was carried in Argon and Hydrogen
mixture atmosphere under ambient pressure. I introduced hydrogen into CVD system
for two reasons. First, as was reported before, Hydrogen could help to further reduce
WOs; precursor. As a result, the amounts of effective reactants increase in the system,
which enhance the nucleation density and coverage of WS, during the CVD process.
153 Second, Hydrogen could act as a reducing agent that reacts with reactive O atoms
released from Si0; decomposition at high temperature and therefore could prevent

graphene from oxidation and degradation.

Similar to the CVD method previously reported, 2’7 I designed a multiple-step CVD
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process with three stages. (1) Heating up Furnace 1 and Furnace 2 to 180 °C and
1000 °C respectively from room temperature with a mixture gas of 240 sccm Ar and 10
sccm H gas flow. The two temperature correspond to actual temperature of S and WO3
precursor during the reaction. (2) Main nucleation and growth stage of WS, started
when two furnaces reached target temperature; (3) when the growth stage ended, the
reaction was stopped by cooling furnace 2 down to 900 °C. Afterwards, furnace 1 was
heated up to 400 °C and Ar flow rate was set to 490 sccm to blow away surplus S

powder. Then both furnaces were set to room temperature for fast cooling.
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Figure 5.2 Influence of growth time on the topography of WSa. (a - ¢) SEM images
of as grown WSy:graphene in Ar/H> atmosphere. The growth time was 3 min (a), 4 min
(b) and 5 min (c) respectively; (d-f) SEM image of as grown WSy: graphene in Ar
atmosphere. The growth time was 3 min (d) and 4 min (e) respectively. (f) Raman

spectra of post-growth graphene shown in (b), (¢) and (d).

By altering growth time, I hoped to figure out the ideal parameter to enable lateral
growth of WS> within graphene gap, as is shown in Figure 5.1(g-i). During my attempts
to narrow down growth parameter and optimize WS growth condition, I discovered
that different growth time could result in various topography of WS,. As is shown in
Figure 5.2(a), selective growth could be observed that at the beginning stage of CVD
growth. WS> tended to nucleate at the edge of graphene ribbons, although little
nucleation also took place on the surface of graphene ribbon. This is because that the
edges of graphene ribbon could provide abundant heterogeneous nucleation site rather
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than on the surface of graphene. As the growth stage continued, the nucleuses gradually
grew laterally to fill the gap between graphene, shown in Figure 5.2(b). Upon further
extending the growth time, 3D WS; crystals (white crystal clusters) started to form on
the surface of WS> and graphene (Figure 5.2(c)), while lateral growth of WS> on
graphene was prohibited.

It should be noticed that the presence of hydrogen is essential to successful synthesis.
In the comparison experiments without presence of hydrogen, I discovered that the
quality of graphene could be damaged. Figure 5.2(f) shows the Raman spectra of post-
growth graphene undergoing different growth process. After 4 min growth in Ar/H»
atmosphere (Figure 5.2(b)), only a small D peak could be observed in the Raman
spectrum (blue line), indicating minor degradation in the graphene ribbons. The damage
was likely due to the inevitable thermal degradation during high temperature reaction
as it could also be observed on other CVD processes on sapphire substrate.>!® On the
other side, after 3 min growth in Ar atmosphere, a strong d peak could be observed in
the spectrum (black line). Comparing with as-transferred graphene, the D/G peak
intensity ratio rises from 0.22 to 0.48, suggesting severe damage to the graphene. After
4 min growth in Ar atmosphere, the intensity of spectrum (red line) significantly
decreases. The relative intensity of 2D peak comparing to G peak (2D/G) also dropped
from 1.2 to 0.33, indicating further degradation of graphene ribbons. 2’® The presence

of hydrogen could keep the damage to lowest level.

121



Chapter 5 High Photoresponsivity in Ultrathin 2D Lateral Gr:WS:Gr Photodetectors Using Direct

CVD Growth

= g

2 e

w J .-

5 z

= 4 ]

B =

= L

< —

£ a

=

&

300 350 400 , 450 18 1.9 2.0 2.1

Raman shift (cm ) Energy (eV)

WS, E', peak Graphene G peak

d) 1.00
. i.“
0.00 0.00

Normalized peak intensity Normalized peak intensity

WS, PL peak

1.00 1.00

0.50

0.00
Normalized peak intensity

Figure 5.3 Characterization of Gr/WS2/Gr heterostructure. (a) SEM image of as-
prepared Gr/ WS2/Gr heterostructure; (b) Raman spectrum of WS> grown in graphene
gap; (c) PL spectrum of WS, grown in graphene gap; (d) Mapping of WS, E!; Raman
peak near the gap; (e) Mapping of graphene G Raman peak near the gap; (f) Mapping

of WS, PL peak near the gap.

Based on the best quality Gr:WS,:Gr heterostructure I obtained via controlling the
parameter, I then planned to characterize the quality of as synthesized heterostructure.
Raman and PL spectroscopy are two very useful techniques to determine the quality
and layer number of WS,.

In the Raman spectrum of WS», E, and A, peak represents two characteristic vibration
modes. E, mode is related to the in-plane vibration of W and S atoms, while the A1y
mode refers to the out-of-plane vibration of S atoms. The intensity ratio of E, and Aig
peak was between 1 and 2, indicating that the WS> grown in graphene gap was mono-

or bi-layer.
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I also performed PL spectroscopy measurement on WS, grown in the graphene gap. As
the gap is smaller (~500 nm) comparing to laser spot size (2 um), I inevitably observed
the G and 2D Raman peak of graphene in the PL spectrum of WS». Also, due to the low
effective area of WS>, the intensity of WS, PL peak was also relatively weak comparing
to graphene Raman peaks. However, sufficient WS> PL response could still be obtained.
(Figure 5.3(c)). In order to study the property of as grown WS, the WS, signal was
then deconvoluted into separate peaks by fitting two Lorentzian curves, exciton
emission (A), at ~1.95eV and negative trion emission (A-), at ~1.92eV. The PL intensity
ratio of exciton to trion (A/A-) was very low (~0.56), indicating a high level of doping,
probably from graphene and oxide impurities from SiO» decomposition. 2’8

Based on the difference in the Raman spectra of graphene and WS,, Raman and PL
mapping could help to determine the uniformity of graphene and WS> near the gap area.
In Figure 5.3(d), (e) and (f), I could spot a distinctive gap in both mappings. This

proved the formation of Gr:WS»:Gr heterostructure.
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Figure 5.4 Electrical properties of Gr:WS::Gr heterostructure. (a) Schematic
illustration of Gr: WS2:Gr FET; (b) Optic image of as fabricated FET array; (c) SEM
image of framed region (red dotted line) in (b); (d) I-V characterization of as fabricated
device under different gate voltage; (e) I-V; curve obtained under 2V bias; (f) Statistics
result of on-off ratio of eight measured FET devices; (g) Statistics of mobility

performance of eight measured FET devices.

To evaluate the electrical and opto-electrical properties of as fabricated Gr:WS»:Gr
heterostructure, a simple field effect transistor (FET) was fabricated. Figure 5.4(a) is
the schematic illustration of the side view of the photodetector devices I fabricated. To
make the device, the Gr:WS»:Gr heterostructure was directly transferred onto a SiO»
(300 nm)/p++ Si substrate (University Wafer) followed by depositting gold pads. The
gold pads directly contacted with graphene film, acting as electrodes. By aligning the
bond pad with Gr: WS,:Gr heterostructure, an array of FET devices were made, shown
in Figure 5.4(b). Figure 5.4(c) is the SEM image of Gr:WS»:Gr junction, showing a

channel length of 1pum and a channel width of 50 um.
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The electrical properties of Gr:WS,:Gr FET were measured as ambient pressure with
and without gate bias. Figure 5.4(d) shows the I-V measurement under various gate
bias applied through a heavily p-doped silicon under 300 nm SiO» layer. The I-V plot
exhibited a nonlinear curve, indicating of Schottky contacts at metal-semiconductor
interface of graphene ribbon and WS;. It could also be observed that the current rose
with increasing gate voltage, indicating an N-type semiconductor behaviour. This is
further proved by a gate sweep measurement presented in Figure 5.4(e). The black
curve exhibited a well-defined N-type transistor behaviour with a threshold voltage (Vin)
of ~10V. From the I-Vg curve, I could extract the field-effect electron mobility (ure) by

following equation:'>?

_dIdeL>< 1 9 1
HrE = Ay w Vas Cox

dlgs
Vg

where is the transconductance, L is the channel length, w is the channel width, Vs
is the applied drain source bias, and Cox is the gate capacitance. Judged by the
performance of eight working devices among the device array, the as fabricated WS>
FET had a FET mobility of 1.45 £ 0.18 cm?V~'S™!, which was much higher than that of
similar FET made by transfer method (~ 0.53).'5* The on-off ratio was ~10 at an

applied bias of 2 V, also in agreement with previous works.?>% 27
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Figure 5.5 Opto-electrical properties of Gr:WSz:Gr heterostructure. (a - b) I-V
curves of Gr:WS:Gr FET under various illumination power with 0 V gate voltage (a)
and 30 V gate voltage (b); (c-d) As calculated photoresponsivity under 0 V (c¢) and 30
V (d) gate voltage; (e) Photoresponsivity map of measured device under 0 V and 30 V
gate voltage (f) Transient photocurrent characteristics obtained from the device under

2 V bias with an incident light intensity of 2.0x10’ mW/cm?;
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To evaluate the photodetection performance of my devices, [-V measurements were
carried on the device under dark and five different illumination circumstances. Figure
5.5(a) and (b) show the plots of photocurrent verses applied source-drain voltage under
various illumination and gate voltage. By emitting laser on the photodetector, I
observed that the response current was increased by increasing laser power with or
without gate voltage. The liight/Iqark ratio could reach up to ~457 without gate voltage.
This suggests that my devices have promising potential in photodetection applications.
Photoresponsivity(R) is an important figure of merits to evaluate the performance of
photodetectors. 2%° Photoresponsivity is a measure of device’s electrical response and

I oto . .
can be defined as R = 22 where Iphoto 1s the photoinduced current defined by Ljign -

laser
Idark. Praser 18 the collected illumination power. In my case, the photoinduced current is
the current difference between dark and illuminated state. In Figure 5.5(c) and (d), I
present the calculated R of the device as a function of Vgs under different illumination
intensity and gate voltage. Under all incident power density, R exhibited an increasing
trend with a larger applied bias. I also performed a statistic measurement on seven
devices, shown in Figure 5.5(e). Without any gate voltage, the R was 22.3 + 2.4 A/W
under 2.7x10° mW/cm? illumination at +5 V bias. When a 30V gate voltage was applied,
the R further increased as the photocurrent increases. The R I obtained was about 121.1
+ 13.8 under 2.7x10° mW/cm? illumination at +5 V bias. In addition, Figure 5.5(f)
shows the time-resolved photoresponse of one of the working devices at a fixed bias of
1 V with an incident light intensity of 1165 uW. Reproducible high and low impedance

states could be obtained by repeated cycles of on-off states of light irradiation,
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suggesting reproducible and stable photoswitching characteristics.

Besides photoresponsivity, photogain is another parameter to characterize and
understand the performance of photodetectors.?®? Photoresponsivity could be expressed

as a function of photogain as follows:
R = ne,Ge/hv

where 7., 1s the external quantum efficiency, e is the elementary charge unit, and
v = c¢/A isthe frequency of incident light. Based on the function and photoresponsivity,
I could calculate the corresponding photogain. According to the Raman and PL
spectrum of embedded WS, I assumed that WS> was bi-layer. Therefore it could be
speculated that 7., = 7%, as the absorbance of single layer WS> is ~3.5% at 532 nm,
measured by absorption spectroscopy. ** I obtain the photogain of my device could

reach up to ~4030 under Pjaser = 2.7x10° mW/cm? and Viias= +5 V.

128


http://jingyan.baidu.com/article/fa4125acb30d8228ac709235.html

Chapter 5 High Photoresponsivity in Ultrathin 2D Lateral Gr:WS:Gr Photodetectors Using Direct
CVD Growth

5
b 6x10*4 Dark c) :::::4.: * Gr/WS,/Gr by transfer Ty 1:2x10°
5x10° Z.7X10:mwlcmf iaii] — Gr/WS,/Gr by CVD _,.' T Frosio®
X - , /
@ Ly ;:x::’::wv::’ _ :2":3: Yar2¥ ,_,-‘ T
a0t 8.7"]0:mwlcm: < 8~:* b 7 _6_0“0_,5’
- ] — 1510 mWiem g 80x107 J 8
2x10* 6.0x10° el F4.0x10
o
1x10°*4 4.0x10"4 _-"._' L2.0x107
5 e
04 Z.OXI'fu: ----- 0.0
0 1 2 3 4 5 50 40 -30 20 -10 0 10 20 30 40 50
Vi V) V. (V)

Figure 5.6. Gr/WS2/Gr photodetectors made by transfer method (a) SEM image of
a Gr/WS,/Gr photodetectors made by transfer WS; triangular domains on pre-patterned
graphene gap; (b) I-V curves of Gr:WS»:Gr FET under various illumination power with
0V gate voltage; (c) I-Vg curve of device made by transfer and CVD method obtained

under 2V bias.
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Figure 5.7 Mechanism of illumination power dependent pattern of
photoresponsivity. (a-b) Illumination power dependent pattern of photoresponsivity of
device made by transfer (a) and CVD (b) method; (c) Field effect measurement of as
transferred graphene, graphene after WS, transfer and graphene after WS> CVD growth,
using the setup shown in Appendix, Figure 2; (d) As calculated effective Schottky
barrier height as a function of illumination power; (e) Schematic illustration of photo-
doping effect and band diagram of Gr/WS,/Gr heterostructure made by transfer and

CVD method.
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In order to evaluate the performace of CVD grown devices, it is necessary to make a
comparison with other devices. I made a similar device using transfer method (Figure
5.6(a)). The electronic and opto-electronic properties were then characterized under
same condition as CVD grown devices, as is illustrated in Figure 5.6(b-c). It was found
that the photoresponsivity and photogain of CVD grown devices were much higher.
Also, It is worth noting that in previous study the Gr:WS:Gr photodetector made by
transfer method exhibits different power dependent pattern under its ON and OFF state.
Figure 5.7(a) and (b) shows illumination power dependent photoresponsivity of a
similar device made by transfer method and a device made by direct growth method, as
a function of illumination power under On (V= 30 V) and OFF state (Vo= 0 V). For
the device made by CVD method, under both On (V=30 V) and OFF state (V=0 V),
the photoresponsivity decreased as enhanced illumination. However the device made
by transfer method shew different pattern. Under ON state, the photoresponsivity also
followed a negative correlation with ullumination. While under OFF state, the
photoresponsivity initially rose along with increasing illumination then decreases along
with enhanced illumination.

Contact resistance between graphene and WS> is an important factor in 2D
heterostructure opto-electronic devices. For graphene:WS, hybrid structure made by
transfer method, polymer residues are inevitably trapped between graphene and WSo.
As the graphene: WS, hybrid structure was made by direct growth method, there is less
impurities trapped on the contact surfce, leading to a stronger contact between graphene
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and WS,. The reduced contact resistance enables easier charge transfer between Gr and
WS,, increasing the corresponding photo induced current (Iphoto). This contributes to

high photoresponsivity and photogain.

In the 2D heterostructure devices, Schottky barrier plays an important role in the
photoresponse bahaviour. Theoretically, the working function of Gr on Si wafer is
estimated ~4.6 eV and the electron affinity of WS, is ~4.2 eV, resulting in the formation
of Schottky barrier at the interface between Gr and WS». 2*! However, when graphene
contacts with WS, the charge transfer between graphene and WS, can dope the
graphene and change the Fermi level as well as the Schottky barrier height. To study
the doping level in graphene, I measured the dirac point position via a lgs-V,
measurement with help of back gate, as is shown in Figure 5.7(c). It could be observed
that the as transferred graphene on Si wafer is p-doped and WS, has a n-doping effect
on graphene, matching with previous studies. 2*> Comparing to simply transferring WS,
on to graphene ribbon, CVD growth of WS, had a stronger doping effect on graphene.
This is possibly due to easier surface charge transfer between Gr/WS;, as direct CVD
growth method enables a cleaner Gr/WS: contact surface. The stronger doping effect in
CVD grown Gr/WS; heterojunction lead to an increase in graphene Fermi level,
lowering the effective Schottky barrier height. The combination of lowering contact
resistance and effective Schottky barrier height resulted in the better photoresponse in

the devices made by CVD method.

The effective Schottky barrier height also influences the divergence of power dependent

pattern under On and Off between devices made by transfer method. When light shines
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on the device, two contradictory phenomena occur. On one hand, when the illumination
power increases, more electron-hole pairs are generated. As the result, the exciton
recombination time decreases hence the photoresponsivity decrease. On the other hand,
upon illumination the effective Gr/WS; Schottky barrier changes due to photogating
effect. When the device is illuminated, the excitons are generated in the WS> channel
with electrons injecting into graphene and holes remaining in WS». Consequently, the
working function of graphene increases as well as the Schottky barrier height decrease.
The reduced energy barrier allows a more efficient generation of photocurrent and

higher photoresponsivity. 2°% 27281

Therefore, in order to further explain the relationship between photoresponsivity and
illumination power, I introduce a back-to-back Schottky diode model as a simplified
representation of Metal(Gr):Semiconductor (WSz):Metal(Gr) structure to estimate the
Schottky barrier height. By fitting the [-V measurement using a modified thermoionic
emission equation (Appendix, section 1), I could extract the effective height of
Schottky barrier. 2!'¢ Figure 5.7(d) shows the extracted effective Schottky barrier as a
function of illumination power of devices made by transfer and CVD method. For the
device made by CVD method, the Schottky barrier was smaller than that of the device
made by transfer method. The decrease in effective Schottky barrier height was also
relatively less significant. Therefore, I speculate that the photogating effect was not
strong enough to compromise the decrease of exciton recombination time, leading to a

negative correlation between photoresponsivity and illumination power. 2>

To conclude, Figure 5.7(e) is the schematic illustration of band diagram of Gr/WS,/Gr
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heterostructure made by transfer and CVD method under dark and light state. A smaller
contact resistance and Schottky barrier height at CVD-grown Gr/WS; interface enabled
increased electron transfer efficiency between graphene and WS», as well as the
photoresponsivity. The reduced Schottky barrier also weakened the photogating effect
upon illumination, resulting in different power dependent pattern of photoresponsivity

from that of devices made by transfer method.
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5.3 Conclusion

In summary, compared to the conventional route of using dry or wet transfer methods,
constructing the heterostructure by direct CVD growth within pre-patterned graphene
gaps has potential for large scale fabrication of lateral heterostructure with high quality
contacts. Recent studies have attempted to directly synthesize the n-type and p-type
TMD in graphene gap on sapphire substrate. However, it has been challenging to
achieve the same process on Si wafer due to the degradation of SiO> layer and graphene
during high temperature synthesis. In this work, I achieved the directly grown WS> in
pre-patterned graphene gaps on Si wafers by using a hydrogen-aided CVD process. The
reduced contact resistance and effective Schottky barrier height of directly CVD-grown
WS::Gr junction resulted in an improved photocurrent. The Iphoto/Idark ratio (~457) and
photoresponsivity (~121) are significantly higher than the photodetector with same
structure under similar conditions using the conventional layer by layer wet transfer
method. Since the behavior of the TMD:Gr photodetector could be tuned by the
injection carrier type, I anticipate that an enhanced performance of both n-type and p-
type transistors could be achieved using the similar CVD process, which paves the way

to large scale construction of next generation 2D opto-electronics.
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Chapter 6
Ultrathin All-2D Lateral Graphene:GaS:Graphene
UV Photodetectors by Direct CVD Growth

6.1 Introduction

Since single layer graphene was successfully isolated, two-dimensional (2D) materials
have drawn great attention thanks to the new properties that emerged in the 2D
confinement."> & 3% 282 Transition metal dichalcogenides (TMDs) with the chemical
composition of MXj, such as MoS, 28 MoSez, 22724 WS,, 1% 31 and WSe, 226,
285-286 have become the focus of recent research due to their direct semiconducting band
gap, but recent work has extended the family into 2D monochalcogenides with the form
of MX. The monochalcogenides can have a layered structure, where in each layer the
two bounded post-transition group III or group V metal atoms such as Ga, In are
sandwiched by two layers of S or Se atoms. Like TMDs, these 2D monochalcogenides
also present outstanding physical properties and show great potential in various
applications. 1°% 28720 Gallium sulfide (GaS) is one of the 2D monochalcogenides that
has been investigated recently. °% 167 According to first principle calculations, layered
GaS has an indirect band gap with energy ranging from 3.3 eV for monolayer GaS to
2.5 eV for 3D nanocrystals, corresponding to emission wavelengths of blue to UV. 1°7-
158 The band gap of GasS is different than most other studied 2D materials whose band
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energy is either much lower, such as WS and MoS», or much higher, such as h-BN. 2°!-
22 This makes GaS a favorable building block for ultrathin electronics and
optoelectronics composed of 2D materials for the blue and UV regions. Previous studies
suggest that there are various methods to synthesis layered GaS, including mechanical
exfoliation, liquid phase exfoliation, screen printing deposition, atomic layer deposition
(ALD) and chemical vapor deposition (CVD). 136 290 293295 Among these methods,
CVD is considered to be one of the most promising techniques to produce large area
2D GaS materials. Researchers have developed several CVD process with different
precursors, such as gallium chalcogenide cubane [(t-Bu)GaS]4, GaN-Bi,S3, and Ga;Ss.
165-166.296 To date, the synthesis of GaS materials by CVD has been limited to random
nucleation of domains across the substrate, without specific control over the location of
the GaS material. Providing seed sites on the growth substrate can help control
nucleation and for devices this can be the actual electrodes. For all-2D devices graphene
can serve as both the electrode and seed site for nucleation of the semiconducting 2D
material.

In this study, I explore the chemistry of GaS growth with graphene electrode seeds to
provide site specific nucleation. By controlling the time and precursor conditions, |
show preferential GaS growth on the substrate with minimal nucleation on the surface
of graphene. This results in the fabrication of lateral Graphene(Gr):GaS:Graphene
heterostructures with a CVD method using Si02/Si chips with pre-patterned graphene
electrode pairs on it. GaS is formed by reduction of Ga;Ss precursor in hydrogen
atmosphere under ambient pressure and selectively deposited in the gaps of graphene
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electrode pairs. I then characterized the electronic and opto-electronic properties of as
fabricated Gr:GaS:Gr photodetectors. I discovered that 2D GaS show remarkable
photoresponse behavior under ultraviolet (UV) light. This paves the way for further
studies on the semiconductor properties of GaS, as well as the large-scale fabrication

of GaS based electronics and opto-electronic devices.

138



Chapter 6 Ultrathin All 2D Lateral Gr:GaS:Gr UV Photodetectors by Direct CVD Growth

6.2 Result and Discussion:
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Figure 6.1. CVD growth of Gr/GaS/Gr heterostructure. (a) Schematic illustration of
the process to make graphene electrode pairs on Si wafer; (b) Schematic illustration of
CVD setup used to synthesize the Gr/GaS/Gr lateral heterostructure; (c) Photograph of
as synthesized Gr/GaS/Gr heterostructure. The green area on the left are covered by
GaS film and the dashed lines in the GaS area are pre-patterned graphene electrodes;
(d) Optic image of Gr/GaS/Gr heterostructure arrays; (e) Magnified SEM image of

selected area in (d), showing the interface of Gr/GaS/Gr.

In order to mass produce the Gr/GaS/Gr heterostructure, the first step is to prepare
arrays of graphene electrode pairs. Figure 6.1(a) shows the standard procedure to
pattern graphene electrode pairs. I started with CVD growth of continuous graphene
film on copper substrate, followed by It transferring it on SiO; (300 nm)/p++ chip, as
previously reported.?*! The patterning was performed using electron beam lithography
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(EBL) with a negative resist (MaN — 2403). The width of graphene ribbons was 20 pum,
with a 2 um gap. The SEM image of as patterned graphene electrode pair arrays is
illustrated in Appendix, Figure 3.

A single zone system with a 1-inch diameter quartz tube inside was used to selectively
deposit GaS in the graphene gaps. Figure 6.1(b) is the schematics of the CVD setup
used in this work. Ga>S3 powder was placed at the hot zone of the furnace. The SiO»/Si
substrate with pre-patterned graphene ribbon pairs was positioned at the downstream of
the growth furnace, 8.5 cm away from the Ga>S3 precursor. The whole reaction was
carried under ambient pressure.

The CVD growth of GaS was composed of three stages. '’ The whole system was first
flushed with 500 sccm argon (Ar) gas for at least 30 min. Afterwards, the carrier gas
was changed to 70 sccm mixture gas of 25% Ha/ 75% Ar. At the same time, the GaxS3
precursor was heated to 800 °C at a ramping rate of 50 °C/ min. The reaction was
initiated upon reaching the target temperature. By holding the Ga>S; precursor in H»-
rich atmosphere at 800 °C for 25 min, I could ensure the deposition of layered GaS on
substrate with a high coverage ratio. After the reaction finished, the carrier gas was

changed to 150 sccm Ar for fast cooling process to room temperature.
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Figure 6.2. Raman spectra of graphene of Gr/GaS/Gr heterostructures (a) SEM
image of a Gr/GaS/Gr photodetectors made by CVD growth on pre-patterned graphene
gap; (b) Raman spectrum of graphene in highlighted area (blue); (¢) Raman spectrum

of graphene in highlighted area (red).

Figure 6.1(c) shows the photograph of as synthesized Gr/GaS/Gr heterostructure arrays.
The green region in Figure 6.1(c) is covered by GaS continuous film while the dark
region is covered by GaS domains. Figure 6.1(d) is the magnified image of GaS film
region. The rectangular stripes are pre-patterned graphene ribbon pairs. The green GaS
film covered the area between graphene ribbons. More than 200 devices could be
fabricated by one CVD process. Figure 6.1(e) is the SEM image of the gap region
sandwiched by graphene ribbons. The brighter grey blocks in the image are graphene
electrode pairs and darker grey polygons on the ribbon are multilayer graphene, proven
by the Raman measurement shown in Figure 6.2. The GaS film, appeared to be black,
completely fill the gap between the graphene ribbon pairs, naturally forming the lateral
Gr/GaS/Gr heterostructures. This makes it possible to use graphene as electrodes by

simply applying a bias on them, without any post-processing.
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10 min 15 min 20 min

Figure 6.3. CVD growth of GaS as a function of growth time. (a-c) SEM images of
CVD grown GaS on Gr/SiO; substrate as a function of growth time of (a) 10 min, (b)
15min and (¢) 20 min. The darker grey polygons on the surface of graphene are
multilayer graphene regions. The black polygons/film on the SiO; region are CVD

grown GaS. The white points in the images are small 3D GaS crystals.

It should also be noticed that GaS preferentially grows on SiO»/Si surface compared to
the graphene. To understand this phenomenon, I altered the CVD growth time to
investigate the growth mechanism of GaS. Figure 6.3(a-c) show the SEM image of as
grown GaS topography with different growth time. Initially, GaS nucleus formed on the
surface of SiO2, shown as the tiny black spots in the embedded magnified SEM image.
As grow time increase, the nucleus grew bigger and formed GaS domains (Figure
6.3(b)). By further increasing the growth time, the GaS film filled the gap of graphene
film and 3D GaS crystals started to form on the surface of GaS film, shown as the white
spots in Figure 6.3(c). During the whole growth process, the nucleation of GaS on
graphene surface is very limited. I could only spot some small GaS 3D clusters on the

surface of multi-layer graphene domains and at the edge of the curling polymer residues
142



Chapter 6 Ultrathin All 2D Lateral Gr:GaS:Gr UV Photodetectors by Direct CVD Growth

shown as black lines on graphene in the SEM image. I also noticed that a few GaS
domains could be found on the surface of graphene, as the dark triangular shape shown
in the SEM image in Figure 6.4(a). The Raman measurement (Figure 6.4(b)) proved

that the dark triangular shapes were GaS grown on graphene.
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Figure 6.4. CVD growth of GaS on graphene substrate. (a) SEM image of CVD

grown GaS on graphene substrate. (b) Raman spectrum of GaS grown on graphene.

However, this kind of deposition happens very occasionally in a small region and highly
unlikely to reproduce using the same parameters. Judging by the sequence of GaS
growth, 1 speculate that the selective growth behavior of GaS is determined by
nucleation process. As the whole CVD process was carried out in high temperature
environment with high H, concentration, SiO> could be easily modified. 7> The
generation of defects provides abundant nucleation site for heterogeneous nucleation of
GaS nucleus. On the other hand, the graphene is relatively more stable in high
concentration Hx environment. 2°*-3°! Comparing with the surface of SiO», there were
far fewer defects on the surface of graphene. The difference in the amount of nucleation
site resulted in the preference of growth of GaS on SiO> surface.
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Figure 6.5. Raman spectroscopy and AFM characterization on as synthesized GaS
film. (a) Raman spectra of monolayer GaS (blue curve), as synthesized GaS film (red
curve) and 3D GasS crystal (black curve); (b) Photograph of as synthesized Gr/GaS/Gr
lateral heterostructure arrays; (c-d) AFM height mapping of Gr/GaS interface,
corresponding to the highlighted areas in (b); (e-f) Height profile of highlighted lines

in (¢) and (d), respectively.
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The electronic property of GaS is closely related to the layer number and purity of as
synthesized GaS. I conducted several characterization methods to investigate the
quality of as synthesized GaS. Raman spectroscopy is a commonly used technique to
determine the quality and thickness of GaS. According to previous studies, there are
three first-order phonon modes in Raman spectra of layered GaS under 532 nm
excitation: two out-of-plane mode known as Aj,' and A%, and one in-plane mode
known as Eag!. %39 For GaS grown on SiO», Ez,' is almost undetectable as the peak
locates at around 300 cm™' owing to strong background of SiO»/Si substrate at ~303 cm’
I, On the other hand, A1,' and A4 peak can be easily distinguished from background
and evolves with the layer number of GaS film, which could help to determine the film
thickness. For monolayer GaS, the A g, A1,* peaks are very weak and locate at 182 cm’
1,360 cm™ respectively, shown as blue curve in Figure 6.5(a). However, for bulk GaS
crystals, the Ajg! and Aig* are very strong and locate at 188 cm™ and 360 cm!
respectively, shown as the black curve in Figure 6.5(a). | also presented the Raman
spectrum of as synthesized GaS film in Figure 6.5(a) (red curve). It should be noticed
that the position of Aj,' locates at about 187 cm™!, between that of monolayer and 3D
GaS. The intensity of Ais' and Ai,® peaks also lays in between that of monolayer and
3D GaS. This suggested that the as synthesized GaS film was about a few layers’ thick.
It should also be noticed that Ga>S3 has a Raman peak at about 240 cm™!, which was not
observed in the Raman spectrum. This proves the purity of the GaS film.

AFM was used to deduce the layer number of the synthesized GaS material. According
to previous researches, the thickness of wet transferred monolayer graphene is around
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Inm. I could use the height of graphene as reference to determine the thickness of GaS.
Figure 6.5(c-d) are the AFM height mapping profile of the Gr/GaS/Gr interface at
downstream and upper stream area in Figure 6.5(b). Judging by the height difference
between the graphene and GaS in Figure 6.5(e), I could estimate the thickness of GaS
to be around 9+1=10 nm at the downstream area. Since the thickness monolayer GaS
is about 1 nm, I could estimate that the layer number of Ga$ is around 10 layers. '¢7 I
also applied the height line profile measurement of Gr/GaS/Gr heterostructures on the
upper stream region. The thickness of GaS is around 10+1=11 nm, shown as Figure

6.5(f). This proves that the as grown GaS film has good uniformity across the film

region.
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Figure 6.6. Electrical properties of as fabricated Gr/GaS/Gr heterostructures. (a)
I-V characterization of as fabricated device under 270 nm UV light excitation, 370 nm
blue light excitation and dark condition. (b) I-Vg characterization of the device under
270 nm excitation and dark condition. (¢) I-V characterization of the devices under 270

nm excitation with various gate voltage.

I characterized the electronic response of fabricated Gr/GaS/Gr lateral heterostructures
under different light excitation. A source-drain bias was applied by directly contacting
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the tungsten probe tips to graphene ribbons. Two different light sources, 270 nm UV
light and 370 nm blue light, were directly irradiated on to the sample, Figure 6.6(a).
When no light is illuminated on the device, no current could be detected within range
of -20 V to 20 V. This indicates a large Schottky barrier between the graphene and
semiconductor, shown as Appendix. Figure 4. However, when 270 nm light was
irradiated on the device, I could observe a photocurrent signal that increases with
applied bias while no photoresponse was seen for the 370nm excitation, even with the
significantly higher power density. To enable photocurrent, the energy of light should
be large enough to excite electrons across the band gap. °%393-3% Figure 6.6(b-c) show

modulation of the photocurrent by applied back gate, under 10V source-drain bias.
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Figure 6.7. Photodetection properties of Gr/GaS/Gr devices. (a) -V characterization
as a function of illumination power; (b) Calculated photoresponsivity according to the
I-V curve; (¢) Photoresponsivity as a function of excitation power; (d) Statistics of the
photoresponsivity of eight working devices; (e) Transient photocurrent characteristics
of our device with 10 V and 20 V bias under 70.1 pW/cm? 270 nm incident excitation;

(f) Current vs. time plot of one typical on-off switching for response time measurement.

Figure 6.7(a) shows the 1-V plot of as fabricated device under 270 nm incident light
with various excitation power. I observed that by increasing the illumination power, the
current also increased. As the dark current of the GaS device was basically at the same
level with the noise of the measurement unit, which was about 10713 A, the ON current
was at the level of 10 pA, which is two magnitudes of order larger than the dark current,
could be clearly distinguished from noise signal. The detection limit of the device could

reach to as low as 2.61 pW/cm? with 10 pA photo-induced current at 20 V bias voltage.
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Photoresponsivity(R) is a widely used figure of merits to describe how good
photodetectors interact with light excitation via measurement of device’s electrical
response under light illumination. Photoresponsivity can be defined as the ratio of
photoinduced current (Iphoto) and intensity of excitation(Piaser), described as R =
:f’lz—::i.zs ! In Figure 6.7(b), I presented the calculated photoresponsivity from the 1-V
curve shown in Figure 6.7(a). It can be observed that photoresponsivity increased as
bias voltage increased. The maximum R I got is 11.7 A/W at 20 V bias under 2.61
uW/cm? power density. Figure 6.7(c) is the plot of photoresponsivity versus the power
of incident light. R presented a decreasing trend with enhanced incident power, which
is typical for most photodetectors that operate of exciton-separation and extracting the
respective electrons and holes at each electrode. As the excitation power increases,

more photo-induced electron-hole pairs are generated, and their interactions cause a

loss of energy and efficiency of charge extraction.

I also conducted statistical measurements on eight devices in one of the arrays, as
illustrated in Figure 6.7(d). Without any gate voltage, the R was 11.7 A/W under 2.61
uW/cm? illumination at +20 V bias. This proves good uniformity of as fabricated
devices. Additionally, the time-resolved photocurrent plot of one of the devices under
270 nm excitation presented reproducible high and low impedance states under repeated
cycles of on-off switching, as illustrated in Figure 6.7(e). The ON-state current remains
the same level even after 4 min, suggesting excellent stability and reproducible
performance over long period of time. By increasing the data acquisition frequency, |

could also estimate the response time of the device. Figure 6.7(f) shows one On-Off
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cycle of the device. The transition from off-state current to on-state current happened
within one data point, which suggested that the response time is less than 60 ms. The
result is comparable to conventional photodetectors, making the device promising in

fast photoswitching applications.

The relation between photoresponsivity (R) and photogain (G) could be expressed as

following equation:
R = NexcGe/hv

where 7., refers to the external quantum efficiency (EQE), e refers to the elementary
charge unit, and v refers to the frequency of light source. ?®! I could then calculate the
photogain of the device using this equation, showing an external photogain up to 53.7
under Plghe = 2.61 pW/cm? at +20 V bias. This indicates that Schottky barrier
modulation is occurring and that some thermionic emission is also changing during
photoirradiation. This also suggests that the photocurrent is likely coming from two
effects, photoinduced exciton separation and charge extraction, and Schottky barrier

lowering by photoexcited charge traps

6.3 Conclusion

In summary, compared to most of the widely studied 2D materials, layered GaS has a
unique band structure with a wide indirect band gap of ~3 eV. This makes it a promising
candidate material for UV detection and UV LED applications. Recently, researchers
reported successful synthesis of 2D GaS. However, it has been challenging to fabricate
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GaS based devices due to difficulties in post processing. In this work, I achieved the
selective deposition of ultrathin GaS in pre-patterned graphene gaps via a one-step
hydrogen reduction CVD process. The preferred growth of GaS on Si wafer makes it
possible to easily mass-produce the Gr/GaS/Gr lateral photodetectors on Si wafer.
Thanks to the wide band gap of GaS, the as fabricated photodetectors exhibited
photodetection behavior to UV light only with a detection limit as low as 2.61 pW/cm2.
The photoresponsivity (~11.7 A/W) and response time (<60ms) are comparable to other
high quality 2D photodetectors made by 2D materials. Due to its unique physical
properties, I anticipate that GaS could be an important building block in construction

of next generation 2D opto-electronics.
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Chapter 7

Conclusion and Future Outlook

7.1 Thesis Summary

The research in this doctoral thesis has been divided into three sections, each referring
to one chapter in this thesis. Chapter 4 investigated the method to directly synthesize
the centimeter scale MoS>/Graphene vertical heterostructure using chemical vapor
deposition (CVD) technique. Chapter 5 focused on the selective direct CVD synthesis
of WS> in the gap of prepatterned graphene ribbons, enabling large scale fabrication of
graphene/WS»/graphene lateral heterojunctions. Chapter 6 detailed the CVD synthesis
of GaS, a wide band gap two-dimensional (2D) semiconductor, in the gap of
prepatterned graphene ribbons, directly constructing the graphene/GaS/graphene lateral
heterojunction for UV detection applications.

7.2 Conclusion

Thanks to the exceptional physical and electronic properties, 2D materials have been
considered promising candidates in next generation electronics, optoelectronics and
flexible devices. Graphene, the most widely studied 2D material, is an excellent
conductor. Transition metal dichalcogenides (TMDs), such as tungsten disulfide (WS>)
and molybdenum disulfide (MoS,), and metal monochalcogenides, such as gallium
sulfide (GaS) and gallium selenide (GaSe), are semiconductors with wide range of band
gaps. By combining these 2D materials in the form of heterostructures, it is possible to
construct ultrathin nanodevices suitable for various applications. However, due to the
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limitation of current state of art, it is challenging to produce 2D heterojunction in a large
scale.

CVD is regarded as one of the most reliable and reproducible techniques for large area
production of high quality 2D materials. It is also a promising method to construct the
2D heterostructure via direct deposition of one 2D materials onto other 2D materials as
growth template. Using continuous graphene film on 300 nm SiO»/Si wafer as substrate,
MoS; could be directly deposited onto the graphene surface via hydrogen (Hz) to
control both the chemistry of graphene and MoS,. Centimeter scale MoS»/graphene
vertical heterojunction could be efficiently fabricated, whose quality and uniformity
can be confirmed by Raman and photoluminescence (PL) spectroscopy. (Chapter 4)
The optoelectronic properties of as synthesized heterostructure was characterized by
photoresponse measurement via applying source-drain bias onto deposited metal bond
pads. The high photo induced current and photoresponsivity proves the potential for
scalable fabrication of high-quality photodetectors based on CVD grown 2D vertical
heterostructures.

Besides the vertical heterostructures, CVD also holds promise in direct scalable
assembly of lateral heterostructures. Through the careful control of growth conditions,
WS could selectively deposited in the gap of prepatterned graphene electrode pairs,
naturally form the graphene/WS»/graphene heterojunctions that can be regarded as a
phototransistor. (Chapter 5) The as fabricated exhibited better performance than similar
devices constructed by transfer method, owing to a better contact between graphene
and WS; that lowering the Schottky barrier height.
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Similarly, GaS, a novel 2D materials that have been successful synthesized recently,
can also selectively deposited in the gap of graphene electrode pairs via control of
nucleation of GaS domains. (Chapter 6) The wide band gap nature of GaS opens a new
area for 2D materials in the application of ultra-violet (UV) light detection. By directly
applying bias on the graphene electrodes, the graphene/GaS/graphene heterojunction
shew photoresponsivity for UV light only. The outstanding response time, on-off ratio
and photoresponsivity exhibits great potential for commercialized scalable production

of 2D UV photodetectors.

7.3 Future Outlook

In this thesis, the CVD experiments were conducted under ambient pressure. Due to the
nature of ambient pressure chemical vapor deposition (APCVD), the deposition of 2D
materials is closely related to the mass transportation in the CVD systems, which is
challenging to achieve high uniformity in wafer scale. To facilitate the future
industrialization of 2D heterostructures, further work will involve using low pressure
chemical vapor deposition (LPCVD) to achieve scalable production of 2D
heterojunctions over a large area. In addition, the graphene growth templates used in
this thesis were fabricated via a standard procedure: growth, transfer and patterning.
This procedure is time consuming and inevitably introduces impurities onto graphene
surface that influences the contact between graphene and other 2D materials. A more
desirable process is to develop multi-step CVD process that can deposit 2D materials
on the same substrate by sequence. This involves a deepened understanding of materials’

155



Chapter 7 Conclusion and Future Outlook

chemistry in the CVD process and the development of new techniques that can tune the

surface of growth substrates.
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Appendix

Figure 1. Optical image of as fabricated device chip. The device chip was fabricated
by transferring as grown MoS»/G film (region within yellow dashed line) onto Si wafer
prepatterned with gold bond pads. The region within red dashed line was covered by

MoS>/G film while the rest was covered by 2D MoS; domains and 3D MoS: crystals.
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Figure 2. Schematic illustrations of setup used to measure the Dirac point of

graphene after transfer of WSz and CVD growth of WS:.
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Section 1. Extraction of Schottky barrier using back-to-back diode model

A modified thermionic emission equation was introduced for Schottky barrier
extraction from I-V curves. Given the semi-metal and semiconductor properties of
graphene and WS, the device can be simplified into a back-to-back Schottky diode pair

in series. The current of the device could be expressed as following set of equations:

I=1o x exp |~ (1— =) epVVy | x [exp(epVy) — 1] (1)

[ = % (2)
1

I=—Iy x exp [~ (1) epVVs | x [exp(epVs) — 1] 3)

U=V, +V,+V; 4)

By solving equation (1)-(4), we can obtain:

cosh (5(1-)ep(U-IR)) —a-h o sinh (Gep(U-IR)
cosh (%eB(U-IR)) cosh (%eB(U-IR))

I=1o[ (%)

Where I is the source-drain current, U is the source-drain bias, n is the ideality factor, e
is the elementary charge unit and B =1/kgT is the Boltzmann factor, V; (i =1, 2, 3) are
the voltage drop across the left diode, middle resistance, and right diode. I is a constant
related to the Schottky barrier height which could be expressed as

o = WAyT? X exp (~Bedsp) ©6)

Where w is the contact width of graphene and A,; is the two-dimensional equivalent

of Richardson constant, T is the temperature, and ®gp is the effective Schottky barrier

height.
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Figure 3. SEM image of as patterned graphene electrode pair array

160



Chapter 7 Conclusion and Future Outlook

R...JW

Gr GaS Gr

Figure 4. Band diagram of graphene:GaS:graphene heterojunction under dark

and illumination
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