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ABSTRACT
Sparked by the 2D graphene, advanced 2D transition metal dichalcogenides have
captured enough attention due to their extraordinary properties and are promising enough for
future high speed flexible electronic and optoelectronic devices. Among all the transition metal
dichalcogenides, molybdenum disulphide (MoS2) and tungsten disulphide (WS2) are explored
most extensively since the last few years because of their complementary nature to metallic
graphene. These thin 2D materials are semiconducting in nature, and moreover, bandgap also
changes from indirect to direct as these materials are thinned down from bulk to monolayer form.
In this study, a stabilized and large area growth of MoS2 monolayers has been established
on oxide and semiconducting substrates such as (0001) sapphire, (100) p-type SiO2/Si, GaN and
Ga2O3 using low pressure chemical vapor deposition. The quality and crystalline nature of grown
MoS2 is deeply investigated optically by micro-photoluminescence and micro-Raman
spectroscopy. Topography and morphology are characterized by scanning electron and atomic
force microscopy. The applications of as grown MoS2 monolayers have been studied by the
fabrication of large area photodetector. Also, the gas sensing ability of MoS2 has been explored
by using CO2 gas, and the minimum detection limit found is 200ppm.
In-addition one step growth of ternary alloys Mo1-xWxS2 has been achieved by LPCVD.
Different compositions of W in MoS2 have been investigated by micro-photoluminescence and
micro-Raman spectroscopy. In-plane heterojunctions of atomic-thick (2D) semiconductors
(MoS2/WS2) are novel structures that can potentially pave the way for efficient ultrathin and
flexible optoelectronics, such as light sources and photovoltaics. Such heterostructures are very
ii

rare and not much is known about their characteristics. They can only be achieved through a
synthetic growth process such as chemical vapor deposition (CVD). This is unlike vertical
heterostructures, for which the materials can be mechanically stacked one layer on top of the
other.
Here, we report a one-step CVD growth of monolayer thick MoS2/WS2 in-plane
heterostructures. We have characterized their morphological and optical properties using microRaman and photoluminescence spectroscopy. Kelvin probe force microscope was used to extract
the contact potential difference profile across the MoS2/WS2 heterojunction boundary. The
junction region of these heterostructures are observed to be a ternary alloy Mo1-xWxS2.
Moreover, through the tip enhanced Raman spectroscopy (TERS), the minimum junction width
is extracted out to be pixel limited 25nm. Also, some novel Raman modes are detected through
TERS in MoS2, and WS2 monolayers, which were not elaborated before.
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CHAPTER 1.
INTRODUCTION

1.1

Background

The revolutionary applications of graphene intrigue to explore the other atomically thin 2D
materials with extraordinary properties. These include borophene (2D boron) 1,2, germanene 3,4,5,
phosphoerene 6,7, silicone (2D silicon) 8,9, MXenes (2D carbides/nitrides) 10,11 and 2D transition
metal dichalcogenides (2D TMDs) 12,13,14,15,16,17. Based on the chemical composition, subnanometer thick 2D materials are categorized as insulating, semiconducting and metallic. In all
of these 2D materials, 2D TMDs sparked huge interest because of almost as thin, flexible and
transparent as graphene. Transition metal dichalcogenides TMDs (MX2) are a class of materials
that exist in bulk as vertically stacked monolayers with weak van der wall interactions between
them. In the chemical formula MX2, M is a transition metal (Mo, W, Ti, Nb and so on) and X is a
chalcogen (S, Se and Te). These TMDs are studied extensively because of some TMDs (MoS2,
WS2, MoSe2, WSe2) exhibit the semiconducting behavior with transition of indirect to direct
bandgap as TMD changes from bulk to monolayer form 18, 19. This unique behavior endows them
with novel and exotic properties in an optical and quantum field such as valley Hall effect and
spin-valley physics, which can lead to their potential applications as an effective field effect
transistors (FETs) with an appropriately high on/off ratio, photosensors, photovoltaics and in the
transparent and flexible electronic devices 20,21,22,23,24,25,26,27.
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Figure 1-1.Catagory of different types of 2D materials 28

Figure 1-2: layered structure of 2D transition metal dichalcogenides
The MoS2 crystals occur naturally in the form of two structures, 2H-MoS2 and 3R-MoS2, both
structures have the trigonal prismatic coordination 29,30,31. The unit cell of 2H-MoS2 consists of
two layers which are stacked in the hexagonal (H) symmetry as shown in Figure 1-3, while unit
cell of 3R-MoS2 structure consists of three layers in the rhombohedral (R) symmetry. In both
structures of MoS2, 2H-MoS2 is the more dominant and more stable form of MoS2. The bulk
MoS2 is made up of Vander Walls bonded single S-Mo-S layers. The layered MoS2 material,
interlayer bonding is very weak as compared to intralayer bonding. Each single stable S-Mo-S
layer is referred as a monolayer 1H-MoS2.

2

Figure 1-3.a Side view of bulk MoS2 (van der Walls bonded MoS2 units), b top view of both bulk
MoS2 and monolayer MoS2, c side view of monolayer MoS2
Among all the TMDs, semiconducting MoS2 has been explored most extensively because of its
complementary nature to graphene and a transition from indirect bandgap in bulk 1.29eV to
direct bandgap 1.85eV in monolayer form18. MoS2 monolayer based FET was realized with an
ultralow power dissipation and high on/off ratio 108, ultrasensitive photodetectors. Highly
efficient LEDs were investigated based on WSe2 based p-n junctions. Also, the anisotropic
behavior in black phosphorous and TMDs (ReS2, ReSe2) has been noted lately, which can be
beneficial to control the device performance based on the crystal orientation 32,33. Recent study
shows monolayer MoS2 possess a huge potential to replace state-of-art silicon based transistors,
which is struggling to keep up (with an ever shrinking device technology at nanoscale level.
Recently a batch fabrication of 8,100 FETs based on MoS2 on a 4inch SiO2/Si wafer has been
reported 34. MoS2 monolayer has been used for an application for anti-exocytosis-enhanced
synergistic cancer therapy 35.

3

Figure 1-4 shows the change of indirect bandgap to direct bandgap semiconductor as MoS2 layer
thickness decreases from bulk to monolayer 36. This transition in bandgap is explained as the
conduction band states at K points are formed by d-orbitals at Mo atoms. At K, the occupied
band has 𝑑𝑑𝑥𝑥𝑥𝑥 -𝑑𝑑𝑥𝑥 2 −𝑦𝑦2 character and unoccupied band is dominated by 𝑑𝑑𝑧𝑧 2 character. These states

have a minimal interlayer coupling effect because Mo atoms are located in the middle of S-Mo-S
unit cell. However, the electronic states near the Γ points are combinations of d-orbitals from Mo
atoms and antibonding pz orbitals from S atoms and have strongly been affected by the interlayer
coupling. The energies of these states primarily depend upon the layer thickness. Therefore, as
the MoS2 layer number decreases, the layer-layer interaction also decreases and lowers the
energy of antibonding orbitals at Γ point 37. Thus, the direct excitonic bandgap near K point
remain unchanged, but the transition in the indirect bandgap at Γ point changes to much larger
value. This unusual behavior of MoS2 monolayer paves a way for potential applications in
sensing, optoelectronic and photonic devices.

Figure 1-4.Band structures of (a) bulk MoS2, (b) quadrilayer
MoS2, (c) bilayer MoS2, and (d) monolayer MoS236

Like MoS2, WS2 exist as an indirect bandgap of 1.3eV in bulk form, but changes to direct
bandgap of 2.01eV in monolayer form 38.
4

Figure 1-5. Band structures of bulk WS2, and monolayer WS238

Figure 1-6.Schematic diagram of the study of CVD grown MoS2 monolayers
In this dissertation, the study on MoS2 monolayers has been sectioned into four parts as shown in
the schematic in Figure 1-6. The first part involves the large area monolayer MoS2 growth using
conventional low pressure chemical vapor deposition (LPCVD) on many different insulating and
semiconducting substrates such as (0001) sapphire, (100) SiO2/Si, GaN and Ga2O3 substrates and
5

also the systematic study to explore the optical and crystalline nature of as grown monolayer
flakes from CHAPTER 3 to CHAPTER 7. The significant impact of the dielectric constant of the
substrate on the MoS2 PL peak position has been studied thoroughly. The complete set of
properties of MoS2, WS2 and all different substrates used for the growth is mention in Table 1.
Table 1.Physical properties of growth materials and used substrates
Physical Properties
MoS2
Crystal Structure

Melting Point (°C)

P63/mmc
(hexagon
al)
1185

WS2

Sapphire

GaN

β-Ga2O3

P63mc
(Wurtzite)

C2h
(C2/m)
(monoclini
c)

1414

2500

1900

a = 5.43

a = 3.187
c = 5.16

a = 12.23
c = 5.8

Silicon

P63/mmc
m3m
3� m
(Cubic)
(hexagon (hexagonal)
al)
1250

2040

Constant

a = 3.15
c = 12.29

a = 3.16
c = 12.32

Thermal
exp.
-1
Coefficient (K )

a = 1.9 x
-6
10
c=8x
-6
10

14.8 x 10

131

142

23

142

160

10-30

1.21.3eV
(Indirect)
1.81.9eV
(Direct)

1-1.3eV
(Indirect)
1.952.01eV
(Direct)

Insulator
(10eV)

1.12 eV

3.4 eV

4.8eV

Lattice
(Å)

Thermal
Conductivity
(W/mK)
Band Gap (Bulk)
(Monolayer)

a = 4.76
c = 12.99

3

-

-6

a = 8 x 10
c = 5.0 x
-6
10

6

-6

2.5 x 10

a = 5.59 x a = 3.7 x
-6
-6
10
10
c = 3.17 x c = 6.34 x
-6
-6
10
10

In CHAPTER 8, the large area two terminal electrical device has been fabricated on as-grown
MoS2 monolayer film using microfabrication techniques. The device electrical response to light
6

has been demonstrated through I-V characteristics. In addition, the photoresponse capability of
the device has been explored by studying photo-responsivity and gain of the photodetector
device. Moreover, the same device gas sensing ability was investigated using CO2 gas and the
minimum detection limit of the device was found to be 200ppm. Existence of noise at low
frequencies is very crucial factor to decide the true sensitivity of the device. Thus, in CHAPTER
9, we have talked about different types of noises and find the most important 1/f noise. This 1/f
noise was used to find the specific detectivity of the photodetector. CHAPTER 10 is dedicated to
the ternary compounds in which different concentrations of W was doped in MoS2 monolayers.
The doping effects the bandgap of the material and results in bandgap can be tuned between pure
MoS2 (1.85eV) to pure WS2 (2.01eV). Finally, in CHAPTER 11, we are discussed the lateral and
vertical MoS2/WS2 heterostructures. Lateral heterostructures were grown by one step CVD
synthesis method, however, vertical heterostructures were synthesized by manually stacking
MoS2 monolayers on top of WS2 monolayers by PDMS stamping method. TERS coupled with
SPM was used to explore the nano features hidden at the transition region of lateral
heterostructures. Transition region was explored to be ternary alloy and the minimum width of
the region was detected to be pixel limited 25nm between MoS2 and WS2 regions.
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CHAPTER 2.
CHARACTERIZATION TECHNIQUES

2.1

Scanning Electron Microscope

Scanning electron microscope (SEM) scanned the sample surface using an electron beam in
raster scan pattern and produces sample image and its composition. When an incident electron
beam interacts with an atoms in the sample, various signals are emitted which includes
secondary electrons (SE), back-scattered electrons (BSE) and characteristic x-rays depending
upon the type of interaction as shown in Figure 2-1.

Figure 2-1: Mechanisms of emission of various electron signals from the sample in SEM
The most common mode in SEM is the secondary electron mode, in which in-elastically
secondary electrons are emitted from the top atoms of the sample surface when excited by the
incident electron beam. Later these secondary electrons are detected by secondary electron
detector called Everhart-Thornley detector. Secondary electrons carry very low energy around
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50eV and thus, only can be emitted from the top of the sample surface. The collection of
secondary electron makes it feasible to study the topography images of the sample. Back
scattered electrons are the elastic scattering of the incident beam from the sample. Since BSE
emerges from the deeper portion of the sample and also the intensity of BSE is dependent upon
the atomic number of the specimen, so, it is used to study the chemical composition of the
sample, but not the identity of different elements present. However, the elemental analysis has
been done by detecting characteristic x-rays which emits when an electron beam removes an
electrons from the inner shell of the atoms and are detected by energy dispersive x-ray
spectroscopy (EDS) or wavelength dispersive x-ray spectroscopy (WDS).

Figure 2-2: JEOL 7000F SEM, front and side view and labelled all the detectors
The basic SEM setup consists of electron gun which could be either thermionic or field emission
gun (FEG), condenser lens and the scanning coils. In the typical mechanism, an electron beam
emitted from the electron gun is focused or controlled the spot size by the condenser lens or an
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electromagnetic lens. Scanning or a pair of deflector plates are used to deflect the electron beam
in the X and Y axis to raster scan over the sample surface. A JEOL 7000F SEM, equipped with a
FEG of Schottky type, SED, BSD, EDS and WDS was used in our analysis. The electron beam
energy can be adjusted between 0-30KeV with a maximum resolution of 1nm at 15KV. The
picture of front and side views of JEOL 7000F is shown in Figure 2-2.
2.2

Micro - Raman Spectroscopy

Raman spectroscopy is an optical scattering technique which is widely used to study the identity
of the tested materials. In this characterization, a set laser wavelength is impinged on the material
and after reflection from the sample surface, a shift in the position of incident wavelength occurs
due to the interaction with the samples molecular vibrational or rotational energy levels. The
shift in the higher wavelength which is called a stokes shift is most usually captured by the
detector. Raman is a non-destructive technique and not much sample preparation technique is
required. In addition, Raman peaks for individual molecules are distinct, thus, the sample
composition can be detected using Raman spectroscopy. Now-a-days, Raman spectroscopy has
become an indispensable tool to characterize the material under investigation as the Raman
spectral lines are extremely sensitivity to the material quality, crystalline nature. The FWHM of
Raman lines have been used to check the crystalline quality of the material. Lower FWHM
corresponds to higher crystalline nature of the material.
Raman spectroscopy measured Raman spectra in terms of wavenumbers (cm-1),
which is relative to the excitation wavelength. If the Raman inelastic scattering signal is located at
λRaman(nm) then the shift in Raman signal relative to the excitation wavelength is given by,
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Raman shift (cm-1) = 107 (

1

𝜆𝜆𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 [𝑛𝑛𝑛𝑛]

−

1

𝜆𝜆𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 [𝑛𝑛𝑛𝑛]

)

(1)

In our Raman spectrometer, excitation laser wavelength is 532nm imping on the sample with
200mW optical power. The scattered signal after passes through the same objective reaches to
the monochromator after filtered by 532nm notch filter. And finally, from the SP-2500, the
Raman signal was detected by Pixis 100 camera.
2.3

Atomic Force Microscope

Atomic force microscopy is a high-resolution imagining technique where it demonstrates a
resolution as tiny as a fraction of a nanometer or in the order of an angstrom. The AFM set up
consists of silicon or silicon nitride cantilever with a sharp tip of the order of 20-30nm. When the
tip comes closer to the sample surface, adhesive forces sets up between the sample and the tip,
which attracts tip towards sample. However, when the tip touches the sample surface, repulsive
forces sets up, which repel the tip away from the sample surface. The deflection of the laser light
hit on the cantilever tip depends upon this attraction and repulsion of the tip which creates an
image on the screen. Usually an AFM is operated in a tapping mode to protect the sample surface
from the tip scratches and to keep the tip clear of any accumulation of dust on the sample
surface.
In this mode, a cantilever tip oscillates at a particular frequency called the resonance
frequency and the amplitude of the oscillation is set between few nanometers to 200nm. The
frequency of the oscillation is fixed, and an amplitude also stays constant until the cantilever tip
has no interaction with the sample surface. As the tip comes closer to the sample surface, the
types of interactions such as Vander Waal’s interaction, dipole-dipole interaction, electrostatic
interaction between the tip and the sample surface causes a change in the amplitude of the
cantilever tip and results in the change in the deflection of the laser light striking on the head of
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the tip. This change in the deflection makes a sample image by capturing a laser light on the
photographic plate. In this tapping mode imaging, a phase contrast image between cantilever
oscillation and driving signal can be plotted as well. This type of imaging is advantageous in
which sample consists of different regions of uniform thickness but having different chemical
compositions with a varying adhesive property and are not distinguishable in the topographic
image.

Figure 2-3: Typical AFM configuration
Figure 2-3 illustrates the typical AFM assembly of Digital Instruments 3100 AFM available at
UA analytical research center. The imaging process was done by operating the AFM cantilever
tip at the frequency range between 100KHz to 500KHz with a center at 333KHz. Scan rate was
set at 1Hz. Regarding the lateral resolution of an image is depended upon the radius of curvature
of the tip. Sharper the tip, better will be the lateral resolution. In addition to the radius of
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curvature, samples/line option is also crucial factor to determine the lateral resolution. The
samples/line features the number of data points collected in the image in X and Y scan direction.
Individual data points are called pixels. Available options of samples/line in an AFM are 512,
256 and 128. The size of the individual data point (pixel) selects the lateral resolution as we are
not able to resolve features of sizes smaller than the pixel size. For instance, scanned image of
50µm x 50µm size with the samples/line selected at 512, then the pixel size will be 50µm ÷512 =
98nm. So, we cannot resolve features smaller than 98nm size in a 50µm sized image. But if we
want to resolve smaller features then we need to reduce the size of an image. As an example,
select the image size 5µm with the samples/line 512. Then the lateral resolution will be 5µm
÷512 = 9.8nm.
2.4

X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a powerful surface analysis technique that can detect
types of elements present in a material, their oxidation states, and the overall electronic structure.
In an XPS technique, an intense beam of x-rays (Al Kα X-rays, Ephoton = 1486.7 eV) from the
source are irradiated upon the sample surface which further ejects large number of electrons from
the core of the atoms as shown in Figure 2-4.
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Figure 2-4: XPS physics and spectra of copper
The kinetic energy of the emitted electrons are measured by the instrument and the binding
energy of the electrons is calculated using the relation,
Ebinding = Ephoton – (Ekinetic + ɸ)
ɸ is the work function of the material and this equation follows the conservation of energy
equation and is used to calculate the binding energy of the emitted electrons.
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(2)

Figure 2-5: Kratos Axis Ultra DLD XPS at AARC UA
An XPS system named Kratos Axis Ultra DLD at UA analytical research center was used to
collect an XPS data. This system is installed with a dual (Al/Mg) and a monochromatic Al X-ray
source, and an electron analyzer. This instrument has a spatial resolution of < 3µm and has an
ability to scan large area ~700 x 300µm. An argon ion sputter gun is also fitted in this instrument
for the depth profiling analysis on the samples. The typical base pressure in the analysis chamber
of an XPS is < 8 x 10-10Torr.
2.5

Scanning Kelvin Probe Force Microscope

Scanning kelvin probe microscopy (SKPFM) is another variant of AFM in which the cantilever
tip is oscillating by the applying small signal AC voltage between the cantilever tip and the
surface of the sample unlike the mechanical vibration of tip at the resonance frequency in
conventional AFM. In this technique, the contact potential difference (CPD) between the
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metallic AFM tip and the sample surface is measured, and results in the work function or CPD
mapping of the sample with high spatial resolution can be collected.
In SKPFM, CPD is measured between the conducting AFM tip and the sample’s surface,
therefore, the CPD is defined as 39,
VCPD =

𝜑𝜑𝑡𝑡𝑡𝑡𝑡𝑡 −𝜑𝜑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑞𝑞

(3)

Where 𝜑𝜑𝑡𝑡𝑡𝑡𝑡𝑡 and 𝜑𝜑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 are the work functions of the tip and the sample, q is the electronic

charge. Figure 2-6 illustrates the generation of VCPD between the tip and sample in three steps. In
step 1, (a) sample and the metallic tip are not in contact and are separated by distance d, therefore
no electron tunneling takes from the tip to the sample or vice versa. In step 2, (b) the metallic tip
and the sample are brought in close contact with each other, which cause the fermi levels
alignment by flowing electrons between the tip and the sample until the equilibrium is reached.
The alignment of fermi levels will generate VCPD between the conduction bands of tip and the
sample surface. In step 3, (c) an apparent VCPD can be compensated if an external bias VDC is
applied opposite to VCPD and brings the fermi levels of the tip and the sample back to their
original positions. The amount of external DC biased voltage VDC that eliminated the VCPD is the
work function value of the sample.
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Figure 2-6: Energy levels of sample and the metallic tip: (a) sample and tip are not in contact and
separated by distance d, (b) sample and tip are in contact and generates VCPD, (c) applied external
bias VDC to compensate VCPD
By applying both an AC and DC voltage to the cantilever tip, work function of the sample can be
measured in SKPFM. VAC oscillates the tip at the set frequency and generates an electrostatic
force between tip and the sample and the VDC is applied to eliminate the VCPD between the tip
and the sample and brings the cantilever tip to the minimum vibration. The resultant applied
voltage between the tip and the sample is
ΔV = (VDC – VCPD) + VAC . sin(ωt)

(4)

The resulting electrostatic force between the tip and the sample is written as
F=
Where

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

1 𝑑𝑑𝑑𝑑
2 𝑑𝑑𝑑𝑑

𝛥𝛥𝛥𝛥 2

(5)

the capacitance gradient between the tip and the sample and ΔV is the potential

difference between the VCPD and an applied VDC to bring the tip vibration to a minimum
vibration. By inserting equation 4 into 5, we get
F=

1 𝑑𝑑𝑑𝑑
2 𝑑𝑑𝑑𝑑

[(VDC – VCPD) + VAC . sin(ωt)]2
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(6)

The above equation is divided into three parts FDC, Fω and F2ω. Here, FDC is used for the
topographical signal, Fω is used to measure the contact potential signal between the tip and the
sample and F2ω is used for the capacitance microscopy.
2.6

Tip Enhanced Raman Spectroscopy

Tip enhanced Raman spectroscopy is a technique where the local surface plasmons of sharp
metal coated nano-tip are utilized to enhance and confine the EM field near the tip surface,
which is further used to enhance the Raman scattering signal emanating from the nanoscale
volume of the sample in use. This technique is very effective to generate Raman images with a
very high spatially resolution of the order of 20-30nm by scanning the sample surface with a
nano-tip.

Figure 2-7: (a) TERS gold tip, (b) illustration of TERS mechanism
Out of the three SPM (scanning probe microscopy) based TERS, here I will discuss the STM
(scanning tunning microscope) based TERS. In this system, a sample is inserted between a gold
substrate and gold tip, therefore, reflection mode is utilized with a side illumination and a side
collection of Raman signal. The proximity of gold tip to the substrate creates like a metallic
nanogap due to surface plasmons resonance after excited by the incident visible light source and
it further enhances the EM field (or near field) in the vicinity of the gold tip apex. Therefore,
this near field enhances the Raman scattering signal coming from the sample by a factor of 103106 and scan the sample with a high spatial resolution 40.
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CHAPTER 3.
MOS2 MONOLAYERS GROWTH ON SAPPHIRE

3.1

Experimental

Chemical vapor deposition is a very versatile and well-known technique because of its simple
operation and high-quality growth of various nanomaterials and thin films from atomic size
dimensions to sub-microns size. In the CVD growth, a precursor in a powder, liquid or gaseous
state, has been vaporized at a very high temperature and carry the vapors downstream with either
argon or nitrogen inert carrier gas followed by the deposition of vapors on the growth substrate at
lower temperature.
Among many factors, the following parameters which greatly influence the growth of MoS2
monolayers are 41, 42, 43, 44.
1.

Type of the precursor used

2.

Evaporation temperature of the precursor

3.

Growth temperature on the substrate

4.

Evaporation time

5.

Pressure at which growth occurs
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Figure 3-1.CVD setup
In the current growth mechanism, large area MoS2 nanoflakes were grown at various growth
temperatures (700°C, 750°C, 770°C, 800°C) in the low pressure chemical vapor deposition
(LPCVD) fitted with a quartz tube in a 3 zone furnaces (LINDBERG/BLUE) and had studied the
morphology and size of as deposited flakes.
Prior to the growth, (0001) Sapphire substrate was cleaned using acetone solution followed by
IPA. The High purity MoS2 powder precursor (Alfa Aesar) was placed in a quartz boat at the
center of a quartz tube. The sapphire substrate was placed downstream at a distance of ~10cm
from the position of precursor. The growth at various growth temperatures as mentioned in Table
2 was performed at a pressure of 10 mbar under 20 sccm Ar flow, with the furnace temperature
ramped to set temperature with a heating rate of 20.8°C/min, and hold at that set furnace
temperature for a duration of 20 min. Afterwards, the furnace was allowed to cool down
naturally. The Table of growth temperature vs domain size is mentioned below:
Table 2: Growth temperature vs. MoS2 domain size
Growth Temp.

700°C

750°C

770°C

800°C

Size (µm)

0.204

3-5

6-7

70-97
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3.2
3.2.1

Results and Discussion of as Grown MoS2 Flakes
Scanning Electron Microscopy

The morphology of the grown MoS2 flakes has been studied by scanning electron microscope as
shown in Figure 3-2. As the SEM images exhibit, the MoS2 triangles domain size is deeply
affected by the growth temperature. Notably, at the growth temperature ~700°C, the triangular
MoS2 flakes are of uniform edge length of ~200nm. Upon increasing the growth temperature to
750°C, the edge length of obtained MoS2 flakes enlarged to 3-5 µm. Further increase the growth
temperature to 770°C while keeping all other parameters remains constant, the edge length
increased to 6-7µm. These obtained results show that with the rise of growth temperature, the
edge length of MoS2 flakes increased. This is due to the rise in temperature, which causes more
precursor dissociate into Mo and S atoms, which further enhances the vapor pressure of Mo and
S on the substrate. Thus, upon increasing the growth temperature to 800°C, the size drastically
raised to ~70-96µm explicitly shown in Figure 3-2.

Figure 3-2. SEM analysis of MoS2 flake size grown at different growth temperatures
3.2.2

Micro-Raman and Optical Characterization

Raman spectroscopy is a non-destructive tool and was used to make sure the obtained flakes on
sapphire substrates are indeed MoS2 monolayers. MoS2 monolayers has two characteristic
Raman modes of vibration named as E12g mode due to in-plane vibration of Mo and S atoms and
A1g mode due to out-of-plane vibration of two sulfur atoms. On our CVD grown monolayers,
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Raman modes occur at positions 385.5 cm-1 (E12g) and at 405.7 cm-1 (A1g) as shown in Figure
3-3. As can be seen, the peak positions display the same peaks at all samples grown at different
temperatures except at 700°C (200 nm sized MoS2 flakes were too small to generate any Raman
peak) because the flakes were too small for the laser beam to focus on. The obtained peak
frequency difference between two Raman modes is 20.2 cm-1 and is independent of growth
temperature and this matches well with the CVD growth MoS2 monolayers43,44, which manifests
the growth of monolayer form of MoS2 crystals. In addition, to reveal the dependency of layered
MoS2 on thickness, the Raman vibrational modes of monolayer have been compared with the
bulk MoS2 from which gives the characteristics Raman peaks at 381.6cm-1 (E12g) and 406.8 cm-1
(A1g) with a peak separation ~25.2cm-1 as shown in Figure 3-3.

Figure 3-3. Raman Spectra of MoS2 grown at different temperatures.
Moreover, luminescence study is another inevitable tool to investigate the optical nature of thin
MoS2 flakes. Figure 3-4 illustrates the typical PL spectra of as obtained MoS2 flakes on all the
samples grown at different temperatures. For the samples grown above 750°C, two PL peaks
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were observed, one at 1.86-1.87 eV, which is called A-exciton peak, and another small intensity
peak called B exciton peak at 2.01-2.02eV. These two A and B exciton peaks are direct bandgap
optical transitions and their energy difference is caused by the spin-orbit splitting of the valance
band. It has been also shown that monolayer PL peak is very strong and sharp as compared with
the bulk counterpart which also represents the direct bandgap nature of MoS2 monolayers 45,46.
The extracted value of full width of half maxima (fwhm) of that MoS2 flakes grown on sapphire
substrate was ~58meV, which exhibits the highly crystalline nature of as grown MoS2
monolayers 47,48.

Figure 3-4. PL spectra of MoS2 grown at different temperatures.
3.2.3

Uniformity Check of MoS2 monolayer triangle

To obtain the uniformity of the MoS2 triangular region, micro-Raman and luminescence spectra
was taken within the marginal MoS2 islands as shown in Figure 3-5. At the excitation
wavelength of 532nm, micro-Raman spectra at all the edges and the corners of MoS2 monolayer
flake as shown in optical microscope images gives the both signature Raman modes of vibration
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E12g and A1g. It can be seen that the intensity of both modes and the spacing is consistently
~20.2cm-1, which shows MoS2 triangular is homogeneously grown monolayer. In addition, the
uniformity of grown triangle is evident from the PL spectra taken at the same positions. The
position of the PL peak is located at 1.842eV (673.6nm) for all the regions which exhibit the
uniformity of the triangle. The possibility of inhomogeneous strain in the grown flake is ruled
out because Raman peaks are strain sensitive 49,50,51 and are consistent over the entire MoS2
monolayer flake.

Figure 3-5.Uniformity study of as grown MoS2 flake on sapphire substrate.
3.2.4

The Excitation Power Dependence of PL Spectra

To access the nature of radiative recombination mechanism, the study of excitation power
dependence of PL spectra is usually a good indicator. Predominantly, the PL emission intensity,
𝛼𝛼
IPL, exhibits a dependence on the incident laser power, as IPLα𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜
. In this equation, the power

coefficient α represents the radiative recombination mechanism, in which the value of α ~ 1-2
implies free and bound exciton recombination and α < 1 implies impurity or defect related
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recombination. Figure 3-6 presents the PL spectrum dependence on the incident laser power of
wavelength 532nm at room temperature. In the spectrum, a strong A exciton emission peak at
670nm and weak B exciton peak at 623nm were observed. The inset of Figure 3-6 shows the loglog plot of luminescence emission intensity with the incident laser power. The extracted value of
exponent α is ~0.71, which indicates the recombination is excitonic with some contribution of
defect or impurity related recombination.

Figure 3-6. Excitation power dependence PL spectra of MoS2 monolayer, inset is the log-log
plot of PL intensity vs incident laser power
3.2.5

XPS Study of as Grown Pristine MoS2 monolayers on Sapphire Substrates

To explore the chemical composition of the pristine monolayer MoS2 and to measure the binding
energies of Mo and S, MoS2 monolayer was probed using XPS technique. The Mo 3d core
energy spectrum is presented in Figure 3-7. The positions show two peaks with a doublet at
229.875eV (Mo 3d5/2) and 233.15eV (Mo 3d3/2), respectively with a spin-orbit splitting ∆
~3.28eV and is attributed to Mo+4 formal oxidation state of MoS2, whereas a minor peak is
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realized at 236.72eV corresponding to MoOx state because its Mo 3d3/2 peak occurs at ~236eV.
The relatively weak signal of MoOx peak suggests a small MoOx content. The S2- peaks,
corresponding to S 2p3/2 and S 2p1/2 are observed at 162.72eV and 163.85eV. All the achieved
peaks are consistent with the reported values for monolayer MoS2 crystal 52, 53, 54

Figure 3-7. XPS spectra present the Mo and S peaks
3.2.6

Thickness Study of MoS2 Flakes by Atomic Force Microscope

AFM characterization was performed to explore the topography and the grown MoS2 flake
thickness, and the measured thickness of MoS2 flake is ~0.725nm as shown in Figure 3-8, which
is close to three atoms thick. It proves the growth of single monolayer MoS2 flakes. The ideal
monolayer height calculated through x-ray diffractometer is ~0.615nm 55, 56 and our achieved
layer thickness is close to the typical value of the state-of-art values between 0.6-0.8nm 57, 58.

Figure 3-8.AFM characterization of CVD MoS2 flakes
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3.2.7

Temperature Dependent PL of Monolayer MoS2 on Sapphire Substrate

Here, the focus is on the PL measurements taken at low and high temperature. These types of
measurements reveal the significant impact of different temperatures on optical bandgap, which
includes the positions of excitons in MoS2 monolayers.
In this study, a PL spectrum is taken at room temperature with 532nm laser beam excitation. A
monolayer MoS2 shows free energy exciton (A-exciton) peak at 673nm (1.844eV) with an
inhomogeneous broadening. However, the A-exciton PL peak at cryogenic temperature 7k and
with 620nm excitation exhibit blue shift and centered at 660nm (1.88eV). This blue shift in Aexciton peak is due to the existence of strain at the interface from the different thermal expansion
coefficients of sapphire and MoS2 monolayer and as calculated blue shift is ~36meV, which is
very consistent with the reported values 59,60,61. In-addition, a broad peak (D) at 720nm (1.72eV)
has been noted, which is due to bound excitons 62,63

Figure 3-9.PL spectra at room and low (7k) temperature
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3.2.8

Valley Selective Polarized PL of Monolayer MoS2

Recently, these MoS2 monolayers are realized as good candidates for the valley selective
electronics. In monolayer form, due to inversion symmetry breaking the emission from the
corners of the hexagonal Brillion zones K and K’ of MoS2 is degenerate energy levels but with
different polarization states. This is due to the different Berry curvature and spin magnetic
moments of the electrons associated with different valleys, which provide the possibility of
manipulating and employ the valley degree of freedom59,64,65. The realization of valley selective
polarization has been done by excitation of MoS2 monolayers by circularly polarized light.

Figure 3-10.Valley selectivity by the polarized incident light
In our measurement to investigate the potential Valley selective polarization of MoS2
monolayers on sapphire substrate, the sample at cryogenic temperature (7k) was excited with
620nm laser beam with right circulated polarization (σ+). In Figure 3-11, the spectra show the
circularly polarized PL emission peak, in which K and K’ are selectively excited by σ+ laser
beam. It has been seen that the blue curve represents the emission peak (A exciton) from the K
valley is also highly circulated right polarized (σ+) light with the same helicity as the incident
light and the orange curve represents the left circularly polarized emission (σ-) light from K’
valley.
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To quantify our measurements, the degree of PL polarization is defined as P = (I+ - I-)/(I+ + I- ),
Where I+ and I- are the helicity-resolved PL intensities from K and K’ valleys. We observe P =
(1100-600)/(1100+600) = 30% for the A exciton. A bound exciton state luminescence (D) was
realized at 720nm, which does not exhibit polarization. The non-polarization of D peak confirms
that A-exciton PL polarization is in a significant amount 66,67 and arises from valley selective
excitons.

Figure 3-11.Detection of σ+ and σ- emission after illumination by σ+ excitation
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CHAPTER 4.
SPECIFIC AREA GROWTH OF MOS2 MONOLAYERS

4.1

Circular Template Formation by Microfabrication Followed by the CVD Growth of
Monolayers

Specific area growth of semiconductor materials has been a goal for many industries. Despite the
scalable and crystalline growth of many TMD materials, area specific growth of TMD materials
is always a challenge. This is perhaps due to the lack of proper integration of TMD materials
with the nanofabrication techniques that often brings contamination from photoresist and
eventually results in degraded materials surface or defect introduction during fabrication. Here
we have attempted to demonstrate a robust method for the specific area growth of MoS2
monolayers using the conventional photolithography techniques. Using a 5nm thick SiO2 layer
deposited on sapphire substrate perforated on specific locations, we can localize the MoS2
monolayers growth only to those specific areas.
4.1.1

Substrate Patterning by Microfabrication Techniques

The schematic diagram of patterning process is shown in Figure 4-1. Prior to the patterning, the
standard sapphire substrate was cleaned by rinsing with acetone and isopropanol, followed by the
DI water while the substrate was on spin coater. Using the e-beam deposition tool, 5nm SiO2 was
deposited on the cleaned sapphire substrate. Following the spin-casting of photoresist (S1808)
onto a sapphire substrate, it was soft baked at 115°C for 60 sec. After mounting the photoresist
coated
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substrate on a photolithography machine, it was selectively exposed to UV beam for 3.8 sec
through a designed mask with circular patterns, followed by chemically developing in a solution
(MF319) to remove UV-exposed photoresist regions and to expose bare SiO2 regions on sapphire
substrate. Later, exposed bare SiO2 regions were etched away by using buffer-oxide-etch (BOE)
solution, following the removal of un-exposed photoresist and thoroughly rinsing with an
acetone and isopropanol solution. The final processed sample with patterned holes is shown in
Figure 4-2.

Figure 4-1. Schematic diagram process for Patterning by microfabrication

Figure 4-2. Different sized circular patterns on sapphire substrates
4.1.2

Synthesis of MoS2 monolayers on Specific Areas

The growth mechanism for MoS2 monolayers is identical as explained in CHAPTER 3. The
chemical thermal vapor deposition of MoS2 was carried out in a quartz tube fitted in 3 zone
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furnace (LINDBERG/BLUE). In this growth, MoS2 nanoflakes were grown at temperature
(800°C).
Prior to the growth, substrate was cleaned using IPA solution. The High purity MoS2 powder
precursor (Alfa Aesar) was placed in a quartz boat at the center of a quartz tube. The substrate
was placed downstream at a distance of ~10cm from the position of precursor. The growth was
performed at a pressure of 10mbar under 20sccm Ar flow, with the furnace temperature ramped
to 970°C with a heating rate of 20.8°C/min, and hold at 970°C furnace temperature for a duration
of 20 min. Afterwards, the furnace was allowed to cool down naturally. The schematic diagram
of specific area growth of MoS2 on substrate is shown in Figure 4-3.

Figure 4-3.Schematic diagram of MoS2 growth on specific areas

4.2
4.2.1

Results and Discussion
SEM Characterization of MoS2 monolayers Grown at Specific Areas

Sapphire substrate was chosen for the study of location specific growth because of the potential
to grow large area of MoS2 with a high quality of monolayer form. A low magnification SEM
image presented in Figure 4-4 shows the full patterned sapphire substrate after the CVD growth.
In high magnification images in Figure 4-4, both 80µm and 50µm sized circular patterns are
shown. As shown SEM images indicates a uniform growth of monolayer MoS2 on both circular
patterns with some nucleation spots. It has been noticed that the density of nucleation spots and
multilayer growth of MoS2 is more on 50µm sized circular patterns then the 80µm. This may be
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because the growth conditions were not optimized for 50µm sized circular pattern or may be due
to high vapor pressure of Mo and S atoms over a small sized 50µm patterns, and results in the
growth of some multilayer MoS2.

Figure 4-4.SEM images of grown MoS2 flakes on specific locations
4.2.2

Structural and Luminescence Study of Grown MoS2 Monolayers

To provide the evidence of growth of monolayers at specific areas, Raman and
photoluminescence characterization was performed on circular patterns of size 80µm and 50µm.
In the inset of Figure 4-5 and Figure 4-6, optical image has been shown of the as grown
monolayers. MoS2 Raman modes of vibrations in both the circular patterns are at 384cm-1 and
405.7cm-1 exhibit the growth of monolayers. In addition, PL characterization in inset of Figure
4-5 and Figure 4-6 also provide the evidence of growth of MoS2 monolayers. However, growth
of some multilayer flakes on top of monolayer has been observed in the optical images of MoS2
growth at 50µm, which may be due to not optimized growth conditions for 50µm circular
pattern.
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Figure 4-5. Raman and PL spectra at 80µm patterned and inset is OM image

Figure 4-6. Raman and PL spectra at 50µm patterned and inset is OM image
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CHAPTER 5.
MOS2 MONOLAYERS GROWN ON SIO2/SI SUBSTRATES

5.1

Experiment

Prior to the CVD growth of MoS2, p-type silicon (100) substrates were oxidized under O2/Ar
atmosphere at 1000°C and at 1atm pressure for 60 minutes. The thickness of SiO2 layer after the
oxidation was 40nm measured by Rudolph Auto-EL III ellipsometer in a clean room at the
University of Alabama (UA).
The growth conditions and method of MoS2 monolayers are the same as explained in CHAPTER
3. However, in this growth method, SiO2/Si substrate was used and was cleaned using acetone
solution followed by IPA. The High purity MoS2 powder precursor (Alfa Aesar) was placed in a
quartz boat at the center of a quartz tube. The growth occurred at a pressure of 10 mbar under 20
sccm Ar flow, with the furnace temperature ramped to 970 °C with a heating rate of 20.8°C/min,
and hold at 970°C furnace temperature for a duration of 20 min. Afterwards, the furnace was
allowed to cool down naturally.
5.2
5.2.1

Results and Discussion
Morphological Characterization of MoS2 by Scanning Electron and Optical
Microscope

SEM images in Figure 5-1 represent the CVD grown MoS2 flakes on SiO2/Si substrate at 800°C
growth temperature. It exhibits a growth of continuous large area MoS2 monolayer of few mm2
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with a characteristic triangular flakes sized ~30-60µm at the periphery of the substrate. During
the analysis, the average grain size of 2000µm2 was achieved. In a magnified SEM image, a
grain boundary can be seen (dashed as a white line) where monolayers start to coalesce and
ultimately form a large continuous layer.

Figure 5-1.SEM images of MoS2 monolayer flakes and thin film region (scale bar is 200µm)
The growth of bilayer/multilayer flakes with a monolayer MoS2 is quite inevitable and to clearly
distinguish between them, perhaps SEM is not the best technique due to the unclear contrast
between monolayer and bilayer. Thus, an optical microscope was used and the images in Figure
5-2 distinctly manifest the monolayer MoS2 triangular flakes with some bilayer regions.

Figure 5-2.Optical images present the monolayer and bilayer MoS2 regions
5.2.2

Micro-Raman and micro-PL Characterization

To confirm the monolayer and multilayer nature of as grown MoS2 flakes, micro-Raman
spectroscopy was implemented. As the positions of two Raman modes of vibration E12g and A1g
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are characteristics of the number of MoS2 layers 68, 69. The Raman spectra taken over the large
thin film monolayer region (marked 1L) in Figure 5-3 gives a characteristics peaks separation
~20.2cm-1, bilayer region (2L) gives ~23.2cm-1, trilayer (3L) ~24.2cm-1 and also the Raman
spectra over the many layers (bulk) gives peaks separation ~25.1cm-1. These achieved peak
separations are very consistent with the reported values so far and confirm the growth of large
area monolayer with a few bi and multilayer regions.
In the PL spectra in Figure 5-3, A-exciton (1.83eV) and B-exciton (1.99eV) two emission peaks
are shown. The A-excitonic PL emission peak for monolayer (1L) is very intense at 1.83eV
(680nm), which manifests the direct bandgap nature of monolayer MoS2. However, PL peak
intensity of bi and multilayer MoS2 flakes is extremely low, which is due to its indirect bandgap
nature 70, 71, 72. Also, energy difference between the two A and B exciton peaks calculated of ~
160 meV, which is due to valence band splitting due to spin orbit coupling.

Figure 5-3. Raman and PL spectra of 1L, 2L, 3L and bulk MoS2
5.2.3

In-sights of Raman Peaks of Various MoS2 layers thicknesses

The full width half maximum (FWHM) values of both the Raman modes of vibrations (E12g and
A1g) of MoS2 at different thicknesses are presented in Figure 5-4. It has been noted that E12g
almost remains constant and is independent of MoS2 thickness, while A1g peak FWHM increases
as the MoS2 layer thickness decreases from bulk to 2 layers. The change in A1g line width may
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be due to the presence of varying force constants, which leads to structural changes between
inner and outer layers and varying column interactions between S atoms of neighboring layers.

Figure 5-4.Raman FWHM vs MoS2 layers
In Figure 5-5, MoS2 Raman modes peak positions (E12g and A1g) for different MoS2 layers are
plotted. The behavior of Raman peaks as a function of MoS2 layer thickness intrigues several
interesting features as difference in Raman peak positions has been monotonically increasing
with an increase in MoS2 layers. Also, most strikingly, it has been noted that E12g vibration
softens, while A1g vibration stiffens when MoS2 film thickness increases. It is explained
according to the reported description 73 that stiffing of A1g is due to the addition of each layer to
form bulk MoS2 increase the interlayer vdw forces that results in increase in effective restoring
force acting on individual atoms, while the E12g behavior is attributable to long range coulombic
interlayer vdW interactions. Thus, the difference in Raman peaks is particularly an effective
thickness indicator for MoS2 thickness.
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Figure 5-5. MoS2 characteristic Raman peak positions and their difference vs MoS2 layers
5.2.4

Importance of Thin Oxide in Electrical Devices

Since the beginning of MOSFET devices, SiO2 has been the favorable gate insulator. Among the
numerous factors, gate oxide thickness plays a vital role in determining the performance of the
device. To enhance the device speed and high On/Off ratio, it is viable to use thinner gate oxide.
However, gate oxide should be of substantial thickness to reduce the off current. Since the circuit
speed and high On/Off ratio considerably relies on threshold voltage VT, it is preferable to use
lower threshold voltage, which depends upon the gate oxide thickness. A widely used expression
of VT and gate oxide capacitance is given as 74, 75
VT = VFB + 2�𝜑𝜑𝑝𝑝 � +

1

𝐶𝐶𝑜𝑜𝑜𝑜

�2𝜖𝜖𝑠𝑠 𝑞𝑞𝑁𝑁𝐴𝐴 �2�𝜑𝜑𝑝𝑝 � − 𝑉𝑉𝐵𝐵𝐵𝐵 �

(1)

VFB is the flat band voltage, φp is the fermi potential, ϵs is the dielectric constant of silicon, NA is
the silicon doping and Cox is the oxide capacitance which categorically depends on oxide
thickness as, Cox =
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𝜖𝜖𝜖𝜖

𝑡𝑡𝑜𝑜𝑜𝑜

Hence scaling down the oxide thickness consequently causes a rise in oxide capacitance and
results in less threshold voltage needed for the performance of device as equation 1. Thus, the
thinner oxide, raises the Cox and a larger Cox further enhances the Ids as the below mentioned
expression 76
Ids = µs Cox

𝑤𝑤𝑒𝑒𝑒𝑒𝑒𝑒
𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒

(Vgs - VT -

𝑉𝑉𝑑𝑑𝑑𝑑
2

) Vds

(2)

Thus, thinner oxide is necessary to enhance the On/Off ratio and to maximize the circuit speed.
This study exhibits that the growths of MoS2 monolayers on thin oxide substrate plays a
considerable role in high performance devices.

Figure 5-6.Schematic of device on SiO2/Si substrate
5.2.5

MoS2/SiO2/Si with Various SiO2 Thicknesses

To assess the crystalline quality, Raman peaks line width of MoS2 monolayers grown on the
various thicknesses of SiO2 were studied and plotted in Figure 5-7. It has been noted that the line
width for E12g and A1g was essentially independent of the oxide thickness and stays in the range
of 2–2.5cm-1 and 3.5cm−1, respectively. For comparison, the state-of-the-art FWHM of the E12g
and A1g Raman peaks of CVD grown MoS2 monolayer lays in the ranges of 3.5 – 4.2cm-1 and of
5–7cm−1 respectively 77. Furthermore, the reported lowest FWHM of exfoliated MoS2
monolayers from geological materials exhibits a FWHM of 2.1cm−1 for E12g peak. Thus, the low
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value of Raman FWHM as compared to the reported FWHM obtained may indicate that our
CVD grown MoS2 monolayers is potentially better in crystalline quality. Such good crystalline
quality along with large-scale continuous monolayer MoS2 may be attributed to a high growth
temperature over ~800°C with a temperature of 970°C for the powder precursor, since the higher
temperature enhances surface diffusion of ad-atoms and lateral crystal growth, and therefore,
smooth coalescence into a continuous film.

Figure 5-7. Raman peaks FWHM of 1L MoS2 grown on differently thick SiO2
To further explore the optical properties and crystalline quality of monolayer MoS2 on various
SiO2 thicknesses, PL FWHM has been plotted in Figure 5-8. The achieved FWHM on different
SiO2 thickness was found to range from 60 to 80meV, which is closest to the best reported stateof-the-art values of CVD monolayer MoS2 ~50-70meV 78,79, and 50meV is for the freely
suspended MoS2 monolayer79, and is much narrower than the exfoliated MoS2 monolayers ~100150meV79,80. The achieved PL FWHM results indicate that our CVD grown monolayer MoS2
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samples are either of highly crystalline quality or with a clearer electrostatic environment than
the exfoliated monolayers.

Figure 5-8. PL FWHM of 1L MoS2 grown on differently thick SiO2
5.2.6

The Excitation Power Dependence of PL Spectra

To assess the nature of radiative recombination mechanism, the study of excitation power
dependence of PL spectra is usually a good indicator. Predominantly, the PL emission intensity,
𝛼𝛼 81, 82
IPL, exhibits a dependence on the incident laser power, as IPLα𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜
. In this equation, the

power coefficient α represents the radiative recombination mechanism, in which the value of α ~
1-2 implies free and bound exciton recombination and α < 1 implies impurity or defect related
recombination. Figure 5-9 presents the PL spectrum dependence on the incident laser power of
wavelength 532nm at room temperature. In the spectrum, a strong emission at 1.84eV is the A
exciton peak and a weak emission at 1.99eV is the B exciton peak. The inset of Figure 5-9 shows
the log-log plot of luminescence emission intensity with the incident laser power. The extracted
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value of exponent α is ~0.79, which indicates the recombination is excitonic with some
contribution of defect or impurity related recombination.

Figure 5-9. Excitation power dependence PL spectra of MoS2 monolayer, inset is the log-log plot
of PL intensity vs incident laser power
5.2.7

XPS Characterization of MoS2 Monolayers

The chemical details of grown MoS2 monolayers have been deduced by XPS technique by
analyzing the Mo 3d and S 2p core level emission peaks. In Figure 5-10, we noticed the
characteristic doublet associated with Mo4+, at 229.96eV (3d5/2) and 233.1eV (3d3/2). The
calculated energy difference between two Mo 3d peaks is ~3.12eV and it exists due to spin orbit
coupling. The S 2s peak at a binding energy of 227.088 eV corresponding to MoS2 is also
observed. The reported XPS peaks of MoOx 3d3/2 is ~236.024eV 83,84 and here the presence of an
intense oxide peak is because the sample was exposed to an atmosphere for a while, so probably
water vapors contaminate our pure MoS2 monolayer. Another doublet of peaks on the right of
Figure 5-10 is assigned to S2- and occurs at 162.6eV (2p3/2) and 163.8eV (2p1/2), with a spin orbit
splitting ~1.09eV.
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Figure 5-10.XPS analysis of Mo and S binding energies of CVD grown MoS2
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CHAPTER 6.
MOS2 MONOLAYERS GROWN ON GALLIUM NITRIDE SUBSTRATES

6.1

Introduction

Two-dimensional semiconducting MoS2 monolayer has been grown by CVD method but on
oxide or insulating substrates. This results in lacking of crystal alignment because of not lattice
matched structures. In-addition, MoS2 monolayers growth on insulating substrates is limited to
simple device fabrication structures and to realize the semiconductor-semiconductor based
heterostructures, they need to be transferred on other substrates. As a result, numerous research
groups made serious efforts to grow 2D materials on gallium nitride (GaN) substrate 85, 86, 87.
Lately, CVD grown MoS2/GaN photodetector has been reported with a high responsivity and
high detectivity 88. Thus, to explore the other substrates, here we have grown MoS2 on
semiconducting GaN substrate.
Epitaxial alignment between MoS2 and GaN is predicted to exist as both MoS2 and GaN are
related to a hexagonal crystal system with an in-plane lattice mismatching is as calculated:
Lattice mismatch = (3.187−3.15)/3.187 ~1%
Close proximity of the thermal expansion coefficient of MoS2 and GaN allow the epitaxial
alignment after the growth occurs.
6.2

Experimental

To study the growth of MoS2 monolayers, two different types of GaN substrates were used. One
is GaN layer deposited on sapphire substrate by MOCVD technique and another substrate used
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was pure GaN. The growth conditions and method of MoS2 monolayers have been exactly the
same as explained in CHAPTER 3. In this growth method, GaN substrates were cleaned using
acetone solution followed by IPA. The High purity MoS2 powder precursor (Alfa Aesar) was
placed in a quartz boat at the center of a quartz tube. The growth occur at a pressure of 10 mbar
under 20 sccm Ar flow, with the furnace temperature ramped to 970 °C with a heating rate of
20.8°C/min, and hold at 970°C furnace temperature for a duration of 20 min. Afterwards, the
furnace was allowed to cool down naturally.
6.3
6.3.1

Results and Discussion
Topological Characterization by Scanning Electron Microscope

Here, the CVD growth of MoS2 on GaN/sapphire substrate is investigated. A stack of GaN layer
was deposited on c-plane sapphire (0001) substrate using MOCVD technique. The MoS2 flakes
were subsequently grown on semiconducting GaN/sapphire substrate followed by the
characterization by scanning electron microscope (SEM) in Figure 6-1. The typical MoS2
triangular domain size achieved is between 500nm-1µm with the growth of some coalesced
MoS2 monolayer region shown in Figure 6-1(c).

Figure 6-1.SEM images of CVD MoS2 grown on GaN/sapphire substrate
The interesting results have been seen regarding the comparison of orientation of as grown MoS2
triangular flakes on GaN/sapphire and bare sapphire substrates. The striking feature is that the
CVD growth of MoS2 on GaN/sapphire heterostructures are well aligned with GaN in a
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hexagonal pattern as shown in Figure 6-2, however, MoS2 triangles are not well aligned with
sapphire substrate due to different lattice constants.

Figure 6-2.orientation of grown MoS2 flakes on sapphire and GaN/sapphire substrates
In the growth process, pure GaN substrate was used in the CVD growth of MoS2 flakes. Figure
6-3 shows the SEM images of MoS2 monolayer triangles on pure GaN substrate. Typical tringles
of size ~ 300nm - 1µm with some coalesced area can be seen.

Figure 6-3.SEM images of CVD MoS2 grown on pure GaN substrate
6.3.2

Topological Characterization by Atomic Force Microscopy

The realization of topographical measurements of MoS2 on GaN is greatly influenced by the
topography of GaN substrate. Figure 6-4 shows the AFM topography of bare GaN/sapphire
substrate, which exhibits that unlike sapphire and SiO2/Si substrates, bare GaN on sapphire
substrate is not uniform and smooth. In fact, it consists of a series of terrace steps ~14nm height.
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Figure 6-4.AFM topography of bare GaN/sapphire substrate
After the CVD growth of MoS2 on terrace shaped GaN/sapphire substrate, the AFM topography
is shown in Figure 6-5. It can be seen that the atomic layer thick MoS2 monolayers on terrace
shaped GaN/sapphire substrate are barely visible in height imaging, however in phase imaging,
triangular flakes are visible. Visibility of MoS2 triangles in phase imaging is due to the difference
in adhesive forces, friction, viscoelasticity and variation in composition of GaN and MoS2, which
gives contrast in the tapping mode.

Figure 6-5.AFM analysis of CVD MOS2 on GaN/sapphire substrate in height and phase imaging
In another study of CVD grown MoS2 on GaN, pure GaN substrate was used. It has been seen
that unlike GaN/sapphire substrate, bare GaN substrate is without any terrace steps as shown in
Figure 6-6.
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Figure 6-6.AFM topography of bare GaN substrate
However, non-existence of steps on GaN substrate did not make any difference in the CVD
growth of MoS2. As visible in Figure 6-7, the step height of MoS2 monolayer is also
indistinguishable in height imaging. However, in phase imaging, triangular flakes are clearly
visible. Unable to capture the step height of MoS2 monolayer on flat GaN substrate raises a
question if MoS2 is embedded inside GaN during growth, but no clear explanation has been
found yet.

Figure 6-7. AFM of CVD MoS2 on GaN substrate in height and phase imaging
6.3.3

Comparison of MoS2 growth on GaN with Other Substrates

The comparison of grown MoS2 on GaN with other substrates has been explored by optical
characterizations. Raman modes of vibrations E12g and A1g were analyzed and are shown in
Figure 6-8. It has been noted that the Raman characteristic peaks difference ∆k of CVD grown
MoS2 on GaN/sapphire and GaN substrate is ~ 20-21cm-1 as compared to 21.5 cm-1 of MoS2 on
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Si/SiO2 substrate. This small decrease in ∆k may be due to less strain in as grown MoS2 on GaN
substrates, this interpretation is supported by the decrease in ∆k of transferred MoS2 monolayers
on GaN/sapphire substrate (18.8 cm-1), which is close to strain free exfoliated MoS2 monolayer73.
In another optical characterization, PL peaks of MoS2/GaN monolayers have been compared with
the MoS2 on Si/SiO2 substrate. As shown on the right of Figure 6-8, PL peaks called A and B
exciton peaks of CVD grown MoS2 on GaN/sapphire and GaN substrate is 675nm (1.837eV) and
617.5nm (2.01eV), which is the same as PL peak of MoS2 on Si/SiO2 substrate. This confirms that
the growth of MoS2 on GaN is of monolayer nature.

Figure 6-8.Raman and PL characterization of MoS2 monolayer on GaN
6.3.4

XPS Analysis of as Grown MoS2 on GaN Substrate

The chemical details of grown MoS2 monolayers were deduced by XPS technique by analyzing
the Mo 3d and S 2p core level emission peaks. The spectra on the left in Figure 6-9 has the
characteristic doublet associated with Mo4+, at 228.94 eV (3d5/2) and 232.23 eV (3d3/2)
accompanied by the S 2s signal at 226eV consisting also only of one species. The calculated
energy difference between two Mo 3d peaks is ~3.29eV and it exists due to spin orbit coupling.
MoOx 3d3/2 peak has been observed at 235.42eV, which is due to the aging effect on MoS2/GaN
sample which was exposed to atmosphere for a while. Similarly, spectra on the right presents the
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Sulphur 2p doublet peaks consists of a species with a BE of S 2p3/2 at 160.43eV and S 2p1/2 at
162.31eV. Also Ga 3s (GaN) core level BE is also observed at 159.96eV peak has been noted
which comes from GaN substrate.

Figure 6-9.XPS comparison of MoS2 on GaN substrate
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CHAPTER 7.
MOS2 MONOLAYERS GROWN ON GA2O3 SUBSTRATES

7.1

Introduction

The growth substrate and the respective dielectric constant used for MoS2 growth are extremely
important as it can introduce two possible effects in MoS2: the lattice mismatch with MoS2 can
cause strain 89 and charge carrier transfer to MoS2, which depends upon the scattering of excitons
at the MoS2/substrate interface 90. After many attempts by different research groups, 2D MoS2
monolayers on many different substrates primarily on flexible polyimide substrate 91, glassy
carbon 92, Mica 93, and semiconducting GaN have been achieved successfully. However, the as
grown semiconducting 2D MoS2 monolayers on novel oxide materials (Ga2O3) intrigue the great
interest for the advantage of both the high dielectric constant substrate and the semiconducting
ultrathin MoS2 in terms of hybrid insulator-semiconductor heterostructure electronic devices.
The key component for the efficient hybrid devices is the high efficiency power conversion
ability for energy saving in the future. Among the other semiconducting templates to grow 2D
MoS2 monolayers, Ga2O3 is an emerging promising candidate for future power conversion
material, because of its excellent properties and appropriateness for mass production.
7.2

Experimental

The MoS2 monolayers growth had been carried out by CVD process in a three zone furnace. In a
typical run, prior to the growth, the growth substrates 50mm thick Ga2O3 on sapphire (annealed
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and un-annealed) were cleaned using acetone solution followed by IPA. The chemical thermal
vapor deposition of MoS2 was carried in a 1” quartz tube fitted in 3 zone furnace
(LINDBERG/BLUE). The high purity MoS2 powder precursor (Alfa Aesar) was placed in a
quartz boat at the center of a quartz tube. The sapphire substrates were placed downstream at a
distance of ~10 cm from the position of precursor. Before the growth, the whole quartz tube was
purged with the Ar gas repeatedly to remove the oxygen contamination. The growth was
performed at a low pressure of 10 mbar under 20 sccm Ar flow, with the MoS2 powder
vaporization temperature ramped to 970 °C with a heating rate of 20.8°C/min, and hold at 970°C
for a duration of 20 min. Afterwards, the furnace was allowed to cool down naturally.
7.3
7.3.1

Results and Discussion
Topography Study of MoS2/Ga2O3/Sapphire Sample

The topography and thickness of as grown MoS2 flakes on different substrates (c-plane sapphire,
annealed and un-annealed Ga2O3) were analyzed by optical microscope and atomic force
microscope. As the optical images presents the MoS2 triangular flakes of size ~30-60µm and
large thin film area on sapphire, however on annealed/un-annealed Ga2O3 substrate, the
triangular flakes size were small ~10-20µm and did not have a large area of thin film MoS2
comparatively to the MoS2 on bare sapphire substrate. AFM was conducted on all the substrates
for the topography study and to determine the thickness of MoS2, as shown in Figure 7-1, which
yields the thickness of MoS2 ~0.860nm on sapphire, 0.720nm on annealed Ga2O3/sapphire and
0.730nm on un-annealed Ga2O3/sapphire substrates, which is very close to the monolayer thick
MoS28,94,95. The as measured surface roughness by AFM reveals that the MoS2 monolayers
mostly had similar rms roughness: 0.119 nm, 0.236 nm, and 0.189 nm on sapphire, annealed and
un-annealed Ga2O3, respectively, which shows very smooth deposition of MoS2 monolayers 96,97
on all the three substrates.
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Figure 7-1.Optical and atomic force microscope images of MoS2 monolayers on sapphire,
annealed Ga2O3 and un-annealed Ga2O3 substrates
7.3.2

Comparison of Raman Spectra of MoS2/Ga2O3 with Other Substrates

Since the Raman analysis has become an imperative tool, it is used to distinguish between the
monolayer and multilayer MoS2. In this section, micro-Raman characterization on the as grown
MoS2 flakes was done and the comparison of the Raman spectra of MoS2 monolayers is shown
in Figure 7-2. The Raman modes of vibrations, in-plane E12g and out-of-plane A1g of monolayer
MoS2 on different substrates are easily noticeable. It has been observed that on transferred MoS2
on ITO and GaN/sapphire substrates, Raman peaks separation ∆k ~18.7cm-1. However, the E12g
Raman mode is blue shifted on annealed Ga2O3 (∆k = 20cm-1) as compared to sapphire and
SiO2/Si substrates (∆k = 21cm-1). The lower Raman FWHM of MoS2 monolayer on Ga2O3
compared to other substrates corresponds to high crystallinity in nature. This shift in Raman peak
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positions is attributed to the origin of strain in MoS2 monolayers due to different lattice constant
and thermal expansion coefficients of the substrates.
Strain in the grown thin film is given as, Strain =

𝑎𝑎𝑀𝑀𝑀𝑀𝑀𝑀2/𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (𝑅𝑅𝑅𝑅)−𝑎𝑎𝑀𝑀𝑀𝑀𝑀𝑀2 (𝑅𝑅𝑅𝑅)
𝑎𝑎𝑀𝑀𝑀𝑀𝑀𝑀2 (𝑅𝑅𝑅𝑅)

, where

𝑎𝑎𝑀𝑀𝑀𝑀𝑀𝑀2/𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the lattice constant of the TMD grown on substrate and 𝑎𝑎𝑀𝑀𝑀𝑀𝑀𝑀2 is the lattice

constant of the unstrained TMD.

Assuming that the TMD monolayer is constrained to follow the thermal contraction of the sapphire
substrate when the sample is cooled from the growth temperature, we can write
𝑎𝑎𝑀𝑀𝑀𝑀𝑀𝑀2/𝑠𝑠𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 (𝑅𝑅𝑅𝑅)
𝑎𝑎𝑀𝑀𝑀𝑀𝑀𝑀2 (1073)

So

Strain =

=

𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (𝑅𝑅𝑅𝑅)

𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (𝑅𝑅𝑅𝑅)

𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (1073)

𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (1073)

x

𝑎𝑎𝑀𝑀𝑀𝑀𝑀𝑀2 (1073)
𝑎𝑎𝑀𝑀𝑀𝑀𝑀𝑀2 (𝑅𝑅𝑅𝑅)

-1

The values of lattice constant at growth temperature was calculated using the formula,
a (1073k) = a(300) + α x ∆T
% Strain

Type of Strain

MoS2/Sapphire

-0.1%

Compressive

MoS2/GaN

-0.07%

Compressive

MoS2/Ga2O3

0.04%

Tensile

Thus, very low amount of tensile strain in MoS2 on annealed Ga2O3 enhances the importance of
annealed Ga2O3 for MoS2 growth as well as the combined heterostructures could be useful for
the high power electronics.
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Figure 7-2.Raman analysis
7.3.3

Comparison of PL Spectra of MoS2/Ga2O3 with Other Substrates

We further explored the optical characterization by measuring PL spectrum of the MoS2
monolayers on all different substrates. In 2D materials, upon the incorporation of additional
charge carriers, the neutral excitons (A°) will change into charge state, which are called trions
(A-). Due to the existence of A-, the measured PL spectrum consists of two resonant peaks, a
lower energy peak marked as A- peak and higher energy peak called the neutral excitons A°,
which is due to the very high binding energy of the neutral excitons. The kind of growth
substrate thus has a significant impact on the formation of trions in MoS2 by transferring the
excess carriers in MoS2. From Figure 7-3, we observed that the PL peak intensity enhances with
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the dielectric constant of the oxide substrate. Also, the blue shift in PL peak that occurs is clearly
noticeable on annealed Ga2O3 substrate (1.867eV) as compared to PL peak on sapphire
(1.848eV), SiO2/Si (1.837eV) and un-annealed Ga2O3, as shown in Figure 7-3. The fitted PL
peak positions and fitted PL FWHM of A° and A-, are shown as a function of dielectric constants
of the substrates. It is noted that the trions and excitons PL (energy) peak positions blue shifted
with the increase in dielectric constant of the oxide substrate. This shift can be explained by the
concept of dielectric screening effect16. According to this effect, larger dielectric constant screens
the coulomb potential of the trions and excitons, generated inside the MoS2 monolayer and
results in strong quantum confinement. Due to the large dielectric constant of annealed Ga2O3,
which causes lesser scattering of excitons with charge impurities on the MoS2/substrate interface
and lesser the charge transfer to MoS2 reduces the formation of trions and results in enhancement
in the formation of excitons in MoS2/annealed Ga2O3 substrate, contrary to the formation of
trions in MoS2/sapphire substrate. However, PL peak intensity on un-annealed Ga2O3 is lower in
intensity, which might be due to the amorphous nature of the substrate. It was also noted that the
FWHM of PL spectrum on annealed Ga2O3 substrate (45meV) is lowest as compared to SiO2/Si,
un-annealed Ga2O3 and sapphire substrates, and this FWHM value is very much close to the
reported value of exfoliated MoS2 98, which exhibits the high crystalline quality of MoS2 flakes
on annealed Ga2O3 substrate. Figure 7-4 exhibits the effect of oxide substrate’s dielectric
constant on the

𝐼𝐼(𝐴𝐴− )
𝐼𝐼(𝐴𝐴0 )

intensity ratio. As seen, with the increase of dielectric constant, the

intensity ratio decreases from 1.8 to 1.2, and this is explained by the mass action model, which
explains the intensity ratio as

𝐼𝐼(𝐴𝐴− )
𝐼𝐼(𝐴𝐴0 )

= K (kDielectric)δ exp�

𝜀𝜀𝐴𝐴−

𝑘𝑘𝐵𝐵 𝑇𝑇

�, where K and δ are fitting

parameters, 𝜀𝜀𝐴𝐴− is the binding energy of the trion, which is 17meV in our case. As can be seen by
the dashed line, shows the fitting results and compared with the red experimental dots. The
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fitting parameters extracted to be around K ~1.36 and δ ~ -0.287, and it represents the A°
excitons radiative recombination rate, which changes rapidly with the dielectric constant as
compared to A- recombination rate [16].

Figure 7-3.Photoluminescence spectra

Figure 7-4.PL FWHM of trion, exciton dependence on substrate, and dependence of
trion/exciton on the dielectric constant
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The complete list of the properties of as-grown MoS2 monolayers on different substrates has
been exhibited in Table 3. In this table, It is clearly visible that transferred MoS2 on any substrate
has the least distance between two Raman modes of vibrations, which should be meant to be a
strain free MoS2 monolayer though we should not neglect the impact of impurities deposited
from the PMMA or PDMS polymers which were used in the transfer process. In addition, blue
shift of MoS2 PL peak illustrates the impact of dielectric constant and hence, Ga2O3 could be a
perfect substrate material to grow MoS2 monolayers.
Table 3: Comparison chart of finding the properties of MoS2 monolayer on different substrates
MoS2/SiO2/Si
Raman peaks
difference
-1
(cm )
AFM step
height (nm)

PL peaks
position
PL intensity
(counts/sec)
Power
dependent PL
exponent
Lattice
mismatch (%)
Grain Size
2
(µm )

MoS2/Al2O3 MoS2/Ga2O3

MoS2/GaN

Transferred
MoS2 on GaN
19.2

21.6

21

19.8

20.6

0.740

0.725

0.730

677.5nm

665.8
nm
3927

675.8nm

1600

673.4
nm
1505

(No step
height)
Seems
embedded
inside
677.5nm
210

144

α = 0.79

α = 0.71

α = 0.61

--------

-------

42

33.8

74

1.1

-------

468

216

141

1

-------
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CHAPTER 8.
APPLICATIONS OF CVD GROWN MOS2 MONOLAYERS

8.1

Introduction

In the previous chapters, we have successfully studied the exceptional properties exhibited by
MoS2 monolayers that make them very fascinating for optoelectronic and electrical applications.
Most importantly the atomic layer thickness and direct bandgap nature of monolayers are very
compatible with the CMOS industry 99, Field Effect Transistors (FETs) 100, 101 flexible
electronics 102 gas sensors 103, 104 and photodetectors etc. In this chapter, the interdigitated
photodetector with large area MoS2 monolayer is fabricated and electron transport properties
have been studied. In addition, gas sensing ability of as fabricated MoS2 device was explored
using CO2 gas, in which 200ppm lowest detection limit of CO2 gas was sensed by the device.
8.2

Fabrication of Interdigitated Device

After growth of large area MoS2 monolayer, three steps were followed to complete the device
fabrication process. The completion of device processed in three steps – in step 1- a metallic
interdigitated pattern was fabricated on bare sapphire substrate, in step 2 – MoS2 monolayers
were transferred on as fabricated metallic interdigitated pattern by PMMA, in step 3 – finally, the
device was completed by transferring MoS2/interdigitated device on printed circuit board (PCB)
with a wire bonding between PCB and metallic electrodes of the device. In the first step, prior to
the fabrication, the substrate was thoroughly cleaned with acetone and iso-propanol. A positive
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photoresist S1805 was spin coated on bare sapphire substrate for 30s. The as coated photoresist
substrate was soft baked at 115°C for 60s before it was exposed to UV rays for 1.5s under a
photolithography process. To develop the pattern, the substrate was dipped in MF319 developer
followed by cleaning in DI water for 60s. The metallic contacts were made on the patterned
sample by E-beam deposition, in which Ti/Ag metals of (20/200nm) thick were deposited and
finally the device was submerged in 1165 developer to remove the excess metal by a liftoff
technique. The complete process has been shown in Figure 8-1 through a schematic diagram.
The device specifications are as follows: the spacing between metal electrodes is 20µm and the
width of each electrode was designed to be 20µm.

Figure 8-1. Schematic diagram of detailed experiment to fabricate interdigitated pattern
In step 2, the as grown CVD MoS2 monolayer was transferred on the fabricated device by
PMMA. The schematic illustration of the transfer process is shown in Figure 8-2. In this process,
the first step involves setting the hot plate at 110°C temperature. Next, spin coat a layer of
PMMA on MoS2 covered substrate and bake it on a hotplate for ~5-10minutes. In this step,
PMMA deposited substrate was dipped in DI water and kept inside for 2-4 minutes. Next,
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PMMA/MoS2 layer started detaching from the substrate due to the hydrophobic nature of MoS2
and was floating on the surface of water. Here the PMMA/MoS2 layer was transferred to new
substrate (bare interdigitated device on sapphire substrate). Later, PMMA/MoS2/interdigitated
pattern was dried for ~10minutes on a hotplate followed by completely removing the PMMA
using an acetone solution.

Figure 8-2. Steps to transfer MoS2 monolayers by PMMA
Finally, the complete device Packaging was done by mounting the device on printed circuit
board (PCB), which is connected to the interdigitated pattern by metallic wire. Figure 8-3 shows
a photograph of one of the fabricated two-terminal photodetector devices, wire bonded to copper
pads on a printed circuit board (PCB).

Figure 8-3.Two terminal MoS2 interdigitated device
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8.3

Photodetector

The electrical and opto-electronic properties of MoS2 interdigitated device was explored by
mounting the device on a probe station as shown in Figure 8-4. The schematic of the device with
the illumination light from top using a xenon lamp is shown in Figure 8-5.

Figure 8-4.Probe station to measure I-V characteristics of device

Figure 8-5.Schamatic illustration of the photodetector
8.3.1

Current-Voltage (I-V) Characteristics of Photodetector

In this device characteristics section, we first discuss the I-V measurements in dark and in
presence of incident light of different wavelengths as shown in. The measurement had been done
at room temperature under the N2 atmosphere. The device in dark was scanned from -1 to +1V
and the respective dark current were measured 5.65µA at +1V and -1V. It has been noted the (IV) characteristics of the monolayer MoS2 device showed a linear behavior, which exhibit the
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Ohmic nature of the metal contacts used. A significant photocurrent Iph = (Iilluminated-Idark) was
obtained in the case of MoS2 monolayers under the illumination of two selected incident
wavelengths, 450 and 530nm, obtained from a Xe lamp filtered through a monochromator. Both
the incident wavelengths have energy greater than the bandgap of MoS2 (1.84eV) and causes the
photo-generation of charge carriers (excitons) in the material and results in rise in photocurrent.

Figure 8-6. Current-voltage characteristics of (a) monolayer MoS2, in dark conditions and when
illuminated under λ=450 and 530nm light.
8.3.2

Photo-Responsivity vs. Wavelength of Photodetector

Photoresponsivity is one of the critical parameter of the photodetector to evaluate its
performance. It is expressed as 105, 106, 107, ℛ =

𝐼𝐼𝑝𝑝ℎ

𝐴𝐴×𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜

, where Iph is the photocurrent, Popt is the

incident optical power density and A is the MoS2 covered area (~2mm2) on the device.
Photoresponsivity is the photocurrent generated from the photodetector with an effective area A
per unit power of incident light. The measured spectral photoresponsivity of MoS2 based
photodetector at a biased voltage of 1V is shown in Figure 8-7. In particular, we clearly observe
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the near band-edge exciton-related photoresponsivity peaks at 660 and 615nm in the device. The
energy separations between the peaks, ~138meV, which is in good agreement with the spin-orbit
splitting of the valence band in monolayer. It has been noticed that the responsivity increases for
wavelengths below 450nm, due to strong absorption near the van Hove singularities of MoS2.
The monolayer photodetector exhibited a very large responsivity, ranging between 6~10A/W in
the measured spectral band in visible range. The responsivity dropped rapidly for wavelengths
longer than ~675nm, which corresponds to the direct bandgap nature of MoS2 and is consistent
with the PL measurements.

Figure 8-7. Spectral photo-responsivity of the photodetector
To examine the photo-responsivity curve, optical absorbance spectra on bare MoS2 monolayer
was taken as shown in Figure 8-8. As seen, two exciton peaks A at 672nm and B at 623nm were
received and also maximum absorbance occurred at 435nm, which is due to Van Hove
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Singularity at that point. Thus, the as received absorbance spectra is an exact replica of photoresponsivity curve.

Figure 8-8.Absorbance spectra on MoS2 monolayer
8.3.3

Photo-Responsivity and Gain vs. Incident Light Intensity

Spectral photo-responsivity has a much dependence on the incident power density. The plot of
responsivity with incident power within range of 1µW/cm2 - 7µW/cm2 at wavelength of 532nm
has been shown in Figure 8-9. Noted that spectral photo-responsivity increases by decrease in
incident power and reached at 11.7A/W at lowest power illumination of 1.31µW/cm2. This can
be described by the presence of trap states either in MoS2 or at the interface of MoS2 and
substrate. Under the illumination of high optical power, there is a reduction in density of
available states, which causes the saturation of photoresponse and leads to decrease in photoresponsivity.
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The photoresponsivity can also be written as 108, 109, ℛ = 𝜂𝜂𝜂𝜂

𝑞𝑞𝑞𝑞
ℎ𝑐𝑐

, where 𝜂𝜂 is the quantum

efficiency, G is the photoconductive gain, λ=532 nm, h is Planck’s constant, and c is the velocity
of light. The quantum efficiency represents the proportion of incident photons that are absorbed
and lead to excess electron-hole pairs. Neglecting optical reflection at the surface, the quantum
efficiency can be approximated by the following:
𝜂𝜂 ≈ �1 − 𝑒𝑒 −(∝𝑑𝑑) �

where (∝ 𝑑𝑑) is the absorbance at λ=532nm. We estimate 𝜂𝜂𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ≈4.9 % for the monolayers. The
resulting photoconductive gain is shown in Figures 7(a) for the monolayer MoS2. In this cases,
we see an increase in responsivity (and thus 𝐺𝐺) when optical excitation power is reduced, with

values of 𝐺𝐺 doubling to reach 550 for the monolayer photodetector. In semiconductors, a high
photoconductive gain generally indicates the presence of mid-gap states that trap one type of

photo-generated carriers (e.g. holes in GaN, ZnO, MoS2 110, 111, 112), thereby resulting in a much
longer effective lifetime of the other type of carriers (e.g. electrons) and allowing these to
effectively travel multiple times across the contact electrodes in order to maintain electrical
charge neutrality for the same absorbed photon. In the case of MoS2, such traps are likely found
either at the material top surface or interface with the sapphire substrate.
To better understand the dynamics of charge carriers, including trapping, in the case of the
monolayer photoconductor, we plotted the photocurrent as a function of illumination power in
𝛾𝛾

the inset of Figure 8-9 and found it had a sub-linear power dependence: 𝐼𝐼𝑝𝑝ℎ ∝ 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜 with γ=0.57.

Earlier reports of MoS2 (phototransistor) detectors exhibiting a similar relationship with

illumination yielded an exponent in the range 0.5~1, and hinted at a dependence of the exponent
on defects present in the material when below 1. In our devices, the presence of defects is
consistent with the photoconductive gain, as well as the grain boundaries commonly associated
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with a continuous film of MoS2. However, as shown below, we also believe that there exists a
dependence of the exponent on the on the illumination regime (i.e. range of optical power
density) in addition to the presence of defects. Since there exist a very wide range of sizes and
quality for MoS2 materials used as photodetector in the literature, as well as a wide range of
optical power densities, comparison between the reported power dependence of photocurrent in
MoS2 photodetector devices must take into account both material characteristics and
experimental measurement conditions.

Figure 8-9. Spectral responsivity and Gain dependence on incident power density
8.4

Carbon Dioxide Gas sensor

Gas sensing behavior of MoS2 has been realized by many different research groups 113, 114, 115, 116.
In this section, we will talk about the gas sensing behavior of MoS2 which has been exploited for
many different types of gases. The basic working principle of MoS2 based gas sensor depends
upon the type of gas being sensed. If the exposed gas is electron donor such as O2, NH3, the
charge transfers from the gas molecules to MoS2, which results in electrons accumulation in
MoS2 and leads to increase in current or conductivity through the sensor. In contrast, if the gas is
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electron withdrawing (NO2) then upon exposure, a decrease in current through the device will
occur 117. Since CO2 is electron rich gas, so it possesses electron transfer characteristics to MoS2
monolayer as shown in Figure 8-10.

Figure 8-10.schematic illustration of electron transfer from CO2 to MoS2 monolayer
8.4.1

Experimental Set-up

The experimental setup customized by us is shown in Figure 8-11. Using this set-up the data of
real time CO2 gas sensing behavior of MoS2 based device had been collected at ambient
conditions and analyzed the minimum detection limit of our device. The setup consisted of CO2
and N2 cylinders, where CO2 was a sensing gas and N2 was a dilution gas. Device was sealed in a
quartz tube to avoid any leakage. The N2 and CO2 gases were introduced into the quartz tube
through the mass flow controllers (MFC). Prior the testing of CO2 gas, the device was kept under
the N2 atmosphere and dark to minimize the effect of ambient gases and stray light. The
electrodes of the device were connected to the source meter to provide the required biased
voltage and to measure the respective current.
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Figure 8-11. MoS2 monolayer gas sensor setup
8.4.2

Results and Discussion

The sensing behavior of the gas sensor was explored using CO2 gas and has been shown in
Figure 8-12. The sensing response was collected at a biased voltage of 300mV. The base current
through the device was recorded at N2 atmosphere. The CO2 gas at a 200ppm concentration for
60s was then exposed to MoS2 based gas sensor. Upon the interaction between CO2 gas and
MoS2 monolayer, a significant rise in current had been seen. When the flow of gas was switched
off for 180s and the device was again in total N2 atmosphere, the current through the device was
started to reach its original value. It had been seen that, upon the exposure of higher
concentration of CO2 gas, the current increases abruptly. It has been observed that response time
of the sensor was much lower than the recovery time. Sensor was also exposed to the CO2 gas
concentration below 200ppm, but no response was found. Thus, the minimum detection limit of
our sensor was 200ppm.
In another study the device sensing response has been recorded by exposing
minimum 200ppm CO2 gas for various durations ranging from 60s to 210s as shown in Figure
8-13. It is clearly exhibit that with the rise of exposure time of CO2 gas on the MoS2 device, the
current enhances which reveal the electron donor property of CO2 gas.
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Figure 8-12.Sensor response to different concentrations of CO2 gas

Figure 8-13. Sensor response to different exposure time of CO2 gas
The relation between changes in current with test gas concentration is called a sensitivity, which
is defined for sensors as,
𝐼𝐼

Sensitivity (%) = � 𝐶𝐶𝐶𝐶2

−𝐼𝐼𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝐼𝐼𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

� X 100, Where Iinert is the current in N2 inert atmosphere

and ICO2 is the current in presence of test gas.
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Figure 8-14 represent the plot of sensitivity with concentration of CO2 gas exposed. Sensitivity
increases with the increase in exposed gas concentration. However, at higher concentration of
CO2, saturation in sensitivity has been seen.

Figure 8-14.Sensitivity vs CO2 concentration
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CHAPTER 9.
NOISE

9.1

Introduction

Noise is the significant problem in all semiconductor devices. The presence of noise limits the
accuracy of the detected signal. In semiconductor devices, it is usually an un-called signal at the
low frequencies; however, sometimes the noise signal is useful for the quality check in
semiconductor devices. The inherent noise in the devices is a superimposition of many types of
noises. Some of the major types are: thermal noise, shot noise, generation-recombination noise
and flicker noise or 1/f noise.
9.1.1

Shot Noise

Shot noise is one of the most fundamental noises, which is related to the structure and nature of
matter. It arises by considering a discrete nature of charge carriers and is governed by statistical
laws. In photoconductors, shot noise is caused by the statistical fluctuation in charge carriers,
which further cause a fluctuation in the flow of current.
Shot noise current is expressed by the formula,
2
𝐼𝐼𝑆𝑆𝑆𝑆
= (2qIdarkΔf)

7

Δf is the noise measurement bandwidth, and q is the electronic charge.
Shot noise is an intrinsic noise and is independent of the frequency and solely determined by
measuring the dark or saturation current and the bandwidth
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9.1.2

Thermal Noise or Johnson Noise

Thermal noise is also another type of fundamental noise. It is caused by the collisions between
moving free electrons and the lattice atoms at temperature T inside a matter of resistance R
which generates fluctuations in the motion of free electrons; in contrast to shot noise, which is
produced by the fluctuations in the number of free charge carriers. The well-known thermal
noise current expression is
2
𝐼𝐼𝑇𝑇ℎ
= 4KTRΔf

8

K is Boltzmann's constant, and Δf is the frequency bandwidth
9.1.3

Flicker Noise or 1/f Noise or Pink Noise

Low frequency noise or 1/f noise is a matter of growing concern in nanoscale devices. It is the
fluctuation in the conductance of the device. The typical feature of 1/f noise is its dependence on
frequency. The power spectral density (PSD) or square of the noise current is inversely
proportional to the frequency. It was first detected by Johnson while working on vacuum tubes.
Later, this unwanted noise was further detected in photodiodes, MOSFETs 118, crystal rectifiers
and photoconductors 119. At low frequencies (f < 10Hz), this noise is the most dominant in the
electrical devices. However, at higher frequencies, 1/f noise was expected to decrease faster, but
this trend has never been observed because at higher frequency, 1/f noise merges or disappears in
thermal or shot noise. Unlike other noises (shot and thermal), which are totally intrinsic
phenomena, 1/f noise is totally extrinsic and a surface phenomenon, and is particularly sensitive
to imperfections, contact potential, surface states, trapping/detrapping states, defect-defect
scattering and variations in charge mobility. Therefore, this noise is quite prevalent and
significant in thin film and polycrystalline devices.
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In order to understand the 1/f dependence, we must first consider the semiconducting thin film
consists only one type of trap state and trapping/detrapping occur at a time constant τ1. This
single process assists with the finding of auto-correlation factor of the resistance of thin film
decay like exp(-t/τ1) 120, 121. The Fourier transformation of this function leads to a noise spectrum,
Sx(f) or PSD,
Sx(f) =

𝜏𝜏1 /π

9

1+(𝜔𝜔𝜔𝜔1 )2

Figure 9-1: PSD with frequency for single trap state 122
Now the case for an infinite number of trap states with different time constants will lead to the
integration of all trap states. Thus,
∞ 𝑘𝑘

S1/f (ω) =∫0

𝜏𝜏1 /π

𝜏𝜏1 1+(𝜔𝜔𝜔𝜔1 )2

𝑑𝑑𝑑𝑑1 ,

𝑘𝑘

𝜏𝜏1

is the frequency of

occurrence of one event related to 𝜏𝜏1 time constant, k is a constant. On solving, the above
equation leads to S1/f (ω) =

𝐶𝐶

𝜔𝜔

=

𝐶𝐶

2𝜋𝜋𝜋𝜋

.
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Thus, the total power spectral density (PSD) depends inversely to the frequency as hence
illustrated in Figure 9-2.

Figure 9-2: 1/f dependence of PSD due to many trap states122
9.2

Experimental

Herein, we gauge systematically 1/f noise spectral density (S1/f) at room temperature using a
3582A Hewlett Packard spectrum analyzer as shown in Figure 9-3.

Figure 9-3. Spectrum Analyzer
The photoconductor device was connected with the spectrum analyzer as shown in Figure 9-4.
The device resistance 178Kohm was calculated using I-V curve in dark at 1V from Figure 8-6.
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Since the used battery was of 1.5V, therefore, 90Kohm resistance was connected, which enabled
1V potential across the device.

Figure 9-4: Schematic diagram of measurement setup of noise
9.3

Results and Discussion

The frequency dependence of noise spectral density is illustrated in Figure 9-5. The pattern of
decrease of noise spectral density with the frequency clearly exhibits the inversely proportional
of NSD on the frequency and endorses the theory of the cause of 1/f noise spectrum. Thereafter,
noise spectral density (S1/f) at very low frequency 1 Hz was extracted out to be 5.33 x 10-21
A2Hz-1.

Figure 9-5: NSD with the frequency
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Next, to determine the accurate sensitivity of the photodetector, we used the above calculated
NSD at 1Hz. Specific detectivity (D*) is a figure of merit of the device and defines the true
sensitivity, irrespective of the area of the thin film. The specific detectivity 123, 124 is defined as
1/2

D* = RA1/2/𝑆𝑆1/𝑓𝑓

Where A is the area of the MoS2 covered area which is 2mm2, R is the responsivity in AW-1.
After the careful addition of values, Figure 9-6 shows the calculated specific detectivity values at
different wavelengths and the achieved value as high as is ~1.8 x 1010 Jones.
2.0x1010
1.8x1010

Specific Detectivity (Jones)

Photoresponsivity (A/W)

10

1.6x1010

8

1.4x1010

1.2x1010

6

1.0x1010
8.0x109

4

6.0x109
4.0x109

2

2.0x109
0
400

450

500

550

600

650

700

0.0
750

Wavelength (nm)
Figure 9-6: Specific detectivity values at different wavelengths
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CHAPTER 10.
2D MO1-XWXS2 TERNARY COMPOUNDS ON SAPPHIRE SUBSTRATES

10.1 Introduction
Since the 2D TMDC materials are known for thickness dependent bandgap property. Afterwards
intensive study was carried out to modulate the bandgap of these TMDC materials for various
applications in optoelectronic devices. In multiple efforts, alloying the 2D materials was
extensively studied to tune the bandgap of the material such as the synthesis of Mo1-xWxSe2,
Mo1-xWxS2 125 and MoS2xSe2(1-x) 126 monolayers. This is because these alloys are
thermodynamically stable at room temperature as predicted by theoretical calculations 127.
Thus, here we studied the synthesis of doped 2D MoS2 monolayer material with another
transition metal atom (tungsten) through LPCVD and extensively investigated the change occur
in the bandgap with the increase or decrease of W concentration through Raman and optical
characterization.
10.2 Experimental
Unlike the previous CVD growth of MoS2 monolayers, in this study a W containing precursor
WS2 was used with the MoS2 powder as a precursor for Mo. The growth conditions and method
of MoS2 monolayers have been exactly the same as discussed in CHAPTER 3. In this growth
method, high purity MoS2 and WS2 powder precursors (Alfa Aesar) were placed in a quartz boat
at the center of a quartz tube. The growth occur at a pressure of 10 mbar under 20 sccm Ar flow,
with the furnace temperature ramped to 970°C with a heating rate of 20.8°C/min, and hold at
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970°C furnace temperature for a duration of 20 min. Afterwards, the furnace was allowed to
cool down naturally.
10.3 Results and Discussion
10.3.1 Topography Study by Optical Microscope
Optical microscope images of as grown single crystal Mo1-xWxS2 islands are shown in Figure
10-1. The common morphology of grown ternary compounds found is the triangular shape, with
the lateral size varies from 40µm to 90µm.

Figure 10-1.Optical images of as synthesized Mo1-xWxS2 monolayered triangles
10.3.2 Micro-Raman Characterization of as Grown Ternary Compounds
Non-destructive micro-Raman spectroscopy technique was employed on as grown Mo1-xWxS2
crystals. Since the alloyed triangular flakes were grown at different compositions of W, so the
complete dependence of Mo1-xWxS2 Raman signature peaks on x is shown in Figure 10-2. The
recorded Raman spectra of pure MoS2 (x=0) represent two characteristics peaks E12g (384.3cm-1)
and A1g (404.5cm-1). With the rise in W doping (x ~ 27%), WS2 monolayer Raman peaks E’1
2g

(+2LA) (352-357cm-1) and A’1g (416.7cm-1) starts appearing with the two Raman peaks of

MoS2 monolayer. It has been noted that with an increase in W concentration, the relative
intensity of WS2 peaks starts increasing and MoS2 Raman peaks starts decreasing. The broader
width of WS2 E’12g peak is due to it consists of two peaks (first order mode at 357cm-1 and
second order mode 2LA at 352cm-1) 128. A significant red shift in MoS2 Raman peaks (E12g from
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384.3 to 376 and A1g from 404.5 to 396 cm-1) has been seen as the dopant W incorporated as
shown in big red oval shaped circle in Figure 10-2. This shift is attributed to the local strain
caused by mixing two different phases (Mo and W) in an alloy Mo1-xWxS2 crystals 129.

Figure 10-2.micro-Raman spectra at different compositions of Mo1-xWxS2 monolayers
10.3.3 Micro-PL Characterization of as Grown Ternary Compounds
The optical properties of LPCVD grown ternary compounds has been analyzed using
photoluminescence spectroscopy. The PL spectra of Mo1-xWxS2 at different compositions have
been shown in Figure 10-3. As the value of x increases from 0 to 1, the PL peak position blue
shifts from 1.853eV to 2.01eV. The exact value of composition x can be estimated using the PL
emission peak, assuming a linear relationship for the emission energy, Eg = (1-x)EMoS2 + xEWS2,
Where Eg is the PL peak position, EMoS2 = 1.853eV and EWS2 = 2.01eV.
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Figure 10-3. Micro-PL spectra at different compositions of Mo1-xWxS2 monolayers
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CHAPTER 11.
HETEROSTRUCTURES

11.1 Introduction
Semiconductor heterostructures play a vital role in the modern semiconductor devices such as
solar cells and thin film transistors. Lateral heterostructures consist of binding two different
materials. Over the last few decades, forming a perfect lattice matched heterostructure remains a
big challenge. It is due to the fact that to form a perfect heterostructure, lattice matching between
two different semiconducting materials is an essential requirement, and till date, no such two
different materials were found with the same lattice constants. Why do we need two materials
with the same lattice constant? It is because when two different materials are combined or fused
together, due to lattice mis-matching, inevitably large number of defects also arises at the
interface. These defect sites behave like the generation and recombination centers or trap states
for the charge carriers, due to which the charge carrier transport or the flow of charge carriers
across the interface is greatly hampered and results in the poor performance of the optoelectronic device 130. Some heterostructures are widely developed using III-V semiconductors for
high frequency applications. In-spite of many efforts, the lack of perfect lattice matching
between two materials limits the III-V based heterostructures for device fabrication. Most stateof-the-art efforts to reduce these defects or the strain are by inserting a thin oxide layer between
GaAs/GaN, Si/GaN 131, and by inserting an amorphous thin InAs buffer layer between InGaAs
and GaAs(111) 132. However, the formation of
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such structures is quite difficult as the buffer layer should be very thin and lack of uniformity
cause further defects.
After the detailed study of MoS2 monolayers from growth to the charge transport
properties involving the in-depth characterization, these 2D MoS2 materials also show the
possibilities of formation of lattice matched heterostructures with other 2D materials. The
limitation of lack of lattice matching and defect formation at the interface can very well be
overcome by combining these Vander walls based 2D materials. Among the many combinations
of two different 2D TMD materials, MoS2/WS2 is widely explored because of perfect lattice
match materials with different work functions 133,134,135,136 and the formation of type II
heterojunction 137,138,139,140,141,142. In type II heterojunction, the lowest conduction band minimum
(CBM) lies in the MoS2 monolayer, and the highest valance band maximum (VBM) resides in
the WS2 monolayer as illustrated in Figure 11-1.

Figure 11-1: Type II band alignment diagram of MoS2/WS2 heterostructure 143
Optical excitation of these heterostructures with a laser energy higher than the respective
bandgaps of MoS2 and WS2 leads to the formation of interlayer exciton. In the interlayer exciton,
electron lies in the minimum of the conduction band of one material and hole in the maximum of
the valance band of adjacent connected material. Similarly, in the case of MoS2/WS2
heterostructures, electron flows from WS2 to MoS2 and start accumulation in the conduction
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band of MoS2 and holes flow from MoS2 to WS2 and start accumulation in WS2 monolayer and
results in the formation of interlayer excitons. Such heterostructures (HS) are very rare and not
much is known about their characteristics. They can only be achieved through a synthetic growth
process such as chemical vapor deposition (CVD). This is unlike vertical heterostructures, for
which the materials can be mechanically stacked one layer on top of the other. The CVD growth
of in-plane heterostructure is a thermodynamically driven process and presents several
challenges to control the vapor pressure of the precursors. Additionally, new analytical tools
need to be developed in order to gain access to and understand the physical properties of these
HS.
11.2 Experimental Growth of Lateral Heterostructures
Unlike the previous CVD growth of MoS2 monolayers, in this study a W containing precursor
WS2 (2g) was used with the MoS2 powder (2g) as a precursor for Mo. The growth conditions and
method of MoS2 monolayers have been the same as discussed before. In this growth method,
high purity MoS2 and WS2 powder precursors (Alfa Aesar) were placed in a quartz boat at the
center of a quartz tube. The growth occurs at a pressure of 10 mbar under 20 sccm Ar flow, with
the furnace temperature ramped to 970°C with a heating rate of 20.8°C/min, and hold at 970°C
furnace temperature for a duration of 20 min. Afterwards, the furnace was allowed to cool down
naturally.

Figure 11-2: Illustration of CVD to grow MoS2/WS2 HS
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The growth mechanism of LHS occurs in sequence as shown in Figure 11-3. Since the
vaporization point of MoS2 precursor is lower than the WS2 precursor, therefore, at the beginning
of the reaction, MoS2 vapor pressure at the top of the substrate is the dominating one and MoS2
adatoms starts depositing in the form of monolayers but after some time, the vapor pressure of
WS2 becomes dominant and the MoS2 source starts depleting and the equilibrium conditions
favors the deposition of WS2 adatoms. Also because the MoS2 and WS2 molecules have huge
similarity, and it leads to the diffusion of WS2 molecules at the MoS2 terminating edges and
hence formation of WS2 monolayers with the MoS2 monolayer in the core.

Figure 11-3: Illustration of variation of vapor pressure to deposit the LHS
11.3 Results and Discussion
11.3.1 Topography Study by Scanning Electron Microscope and Confocal Microscope
Topological characterization of flakes revealed the formation of some hexagons/triangles with
dark contrast in the core as shown in SEM images in Figure 11-4. Heterostructures with a shell
region were expected to be WS2 monolayer with MoS2 region at the core.
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Figure 11-4: SEM images of MoS2/WS2 heterostructures
The grown heterostructures were examined under a confocal microscope and images are shown
in Figure 11-5. Nano flakes were excited using 560nm wavelength. Two detectors were used
with a detection bandwidth of 610-630nm for detecting WS2 monolayer and 665-680nm for
detecting MoS2 monolayer. As a result, the clear contrast was visible between the middle portion
and the peripheral region of the formed hexagon. The edge length of core triangular MoS2 region
is 12µm and the diagonal shell WS2 region is ~25µm.

Figure 11-5. Confocal microscope image of heterostructure with an inset image with dimensions
11.3.2 Optical Characterization of core, shell and junction regions of MoS2/WS2
Heterostructure
To confirm the spatial distribution of as-grown hexagonal crystals, they were characterized using
micro-Raman and PL spectroscopy at room temperature using 532nm wavelength on the points
shown in optical images. Three different Raman spectra shown in Figure 11-6 had been taken
from the interface, core, and shell regions. Raman spectra shown in red color represents two
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characteristic Raman peaks of monolayer MoS2, i.e. E12g (in-plane mode) and A1g out of plane
mode at 383.5cm-1 and 404.7cm-1. At the shell region, the Raman peaks existed at 353.2cm-1 and
417.8cm-1 and are shown in blue color, which in accordance with the pure WS2 monolayer
2LA(M) and A1g peaks 144,145,146. The slightly broad 2LA(M) Raman mode of WS2 monolayer is
due to it consisting of 2 peaks, one is 2LA(M) at ~353.2cm-1 and another is E12g at ~357cm-1.
2LA(M) mode is a longitudinal acoustic in-plane vibration mode. However, Raman spectra at the
junction or interface gave four Raman peaks as shown in yellow color which are characteristic
peaks of both MoS2 and WS2 monolayers. Thus, the nature of as-grown MoS2/WS2 lateral
heterostructures had been observed by the micro-Raman spectroscopy. Moreover, to further
explore the monolayer nature of heterostructures, micro-PL spectra was taken at the same
locations where Raman spectra was taken previously. The PL spectra at the core region exhibited
a peak at 1.86eV, which is a bandgap of monolayer MoS2. At the shell region PL peak existed at
1.99eV and that shows the monolayer WS2. In addition, at the interface region, two PL peaks
occurred simultaneously representing one for MoS2 and the other for WS2 monolayer. The small
intensity of both peaks at the interface shows the charge carrier transfer between different
bandgap materials.
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Figure 11-6. Optical microscope images and the Raman and PL characterization of
heterostructures
11.3.3 Surface Morphological and Kelvin Probe Force Microscope Characterization of
MoS2/WS2 Heterostructure on Sapphire and on Gold Substrates
To access the surface morphology of the as-grown lateral heterostructures, atomic force
microscope analysis had been conducted as shown in Figure 11-7. AFM imaging on the 20µm
topography image revealed the crystal at the core region, which is supposed to be MoS2, is
spatially surrounded by another crystal WS2. The relatively bright MoS2 core region signaled that
it is not a monolayer in nature, however, corresponding step height at WS2 showed the thickness
of as-grown crystals is less then 1nm, which exhibited the monolayer nature of WS2 region.
Since MoS2 and WS2 are two direct bandgap semiconducting materials with the same thickness
in monolayer form but with different work-functions. Therefore, the seamless stitching between
these two materials must be the cause of built-in-potential at the MoS2 and WS2 junction.
Scanning kelvin probe force microscopy (SKPFM) is another variant of AFM and a very
powerful tool in which local contact potential difference is measured between the conducting
AFM tip and the sample. Thus, to explore the electrical properties of MoS2/WS2 lateral
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heterostructures under thermal equilibrium, SKPFM analysis was assessed to find out the
semiconductor junctions’ most significant parameters such as built-in-potential and junction
width shown in Figure 11-8.

Figure 11-7. Topography image and corresponding step height analysis of a lateral
heterostructure MoS2/WS2 crystal.

Figure 11-8. Scanning kelvin probe force microscopy imaging and contact potential difference
across the MoS2/WS2 regions.
In this technique, the contact potential difference between semiconducting region (MoS2 and
WS2) and the tip can be expressed as 147
CPDWS2 =

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊− 𝑊𝑊𝑊𝑊𝑊𝑊2

CPDMoS2 =

𝑞𝑞

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊− 𝑊𝑊𝑀𝑀𝑀𝑀𝑀𝑀2
𝑞𝑞
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The scanned image of surface potential distribution on MoS2/WS2 heterostructure is shown in
Figure 11-8 and the corresponding potential distribution profile has been shown in red. The
Zoom-in profile (on the right of the image) represents the contact potential difference across the
junction of MoS2 and WS2 monolayers. The fermi level difference between both semiconductors
is extracted by subtracting the CPD of both the materials as mentioned,
ΔEF = ΔCPDWS2-MoS2 = CPDMoS2 – CPDWS2
The typical values of built-in-potential and junction width were extracted out to be 64meV and
0.48µm. The generated built-in-potential influenced the naturally separation of photo-generated
electron and hole pairs in both MoS2 and WS2 monolayers in which electrons transfer to MoS2
conduction band region and holes reside in WS2 valance band region. Therefore, this inherent
property of 2D heterostructures of intrinsic separation of generated electron-hole pairs within
these materials is highly influential and significant in flexible optoelectronic and photovoltaic
devices. The same study was also conducted on another MoS2/WS2 crystal as shown in the
optical image in red circle in Figure 11-9.

Figure 11-9. Optical image of selected MoS2/WS2 crystal on sapphire substrate for the analysis
by SKPFM
The topography imaging done by AFM and the collected height profile of the selected
heterostructure crystal is shown in Figure 11-10. The scanned height profile from WS2 to MoS2
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region is completely horizontal and confirms the same thickness of both the materials, which
supports the formation of lateral heterostructure monolayer. Since these two materials (MoS2 and
WS2) have different work-functions, the corresponding contact CPD imaging collected by
SKPFM demonstrated the clear contrast between the core MoS2 and shell WS2 regions.

Figure 11-10. Topography and CPD imaging of another MoS2/WS2 monolayer crystal
In the further study on these heterostructures, a confocal photoluminescence imaging and spectra
was recorded using 638nm and 532nm laser wavelengths as shown in Figure 11-11. At 638nm
excitation wavelength, PL spectra was recorded at three different regions as shown in the
rectangular boxes in the PL mapping image in Figure 11-11(a). The PL peak related to A exciton
of MoS2 monolayer occurred at 668nm shown in the red curve along with the broad and intense
peak of heterojunction in the blue curve. Due to the inability to record below 638nm wavelength,
the exact PL peaks of WS2 monolayer and the junction was not captured. Further analysis with a
532nm excitation wavelength allowed us to record the complete spectra of MoS2, WS2 and the
junction along with the exact PL peaks and is shown in Figure 11-11(b). It is noteworthy to
understand that PL peak at the junction was recorded at 636nm, which is red shifted as compared
to pure WS2 PL peak at 628nm. Again, the broad peak at the hetero-junction is clearly visible as
compared to the sharp WS2 PL peak. The red shift of peak at the junctions is pointing towards
the formation of ternary compound or alloy (MoxW1-xS2) at the transition region. Using Vegard’s
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law in the compound semiconductors, Eg, alloy = xEMoS2 + (1-x)EWS2, the composition x was
calculated to be around 0.21.

Figure 11-11: PL spectra and PL mapping images collected at (a) 638nm, (b) 532nm excitation
wavelengths
However, conventional Raman and photoluminescence characterizations are a far field optical
technique because of the diffraction limited spot size (400-550nm) and the applications of these
techniques are restricted to the micro- and macro-worlds. In order to completely understand the
lateral integration of two semiconducting materials at the nanoscale level, an essential nanoscale
characterization technique is required, which should be near field technique with a significant
high spatial resolution at the nanometric level. Plasmon enhanced optical spectroscopy such as
tip enhanced Raman spectroscopy (TERS) and tip enhanced photoluminescence spectroscopy
(TEPL) bridge the gap to NanoPL and offer high optical spatial resolution. These new techniques
coupled with scanning probe microscope (SPM) provide an abundance of information on
structural and optical properties of interfaces in such novel heterostructures. However, in order to
study TERS in gap-mode conditions, these materials were transferred on metallic substrate
through gold assisted transfer procedure 148. In this transfer technique, a thin film of gold, ~70nm,
was coated on the MoS2/WS2 on the sapphire substrate. Later, a transfer wafer was connected
93

using an epoxy resin to the gold coated sapphire substrate. When the epoxy resin was cured, the
transfer wafer with a gold film consisting of heterostructures was stripped away from the
sapphire substrate as illustrated in Figure 11-12.

Figure 11-12: Illustration of transfer of MoS2/WS2 heterostructures from the sapphire substrate
using a thin gold film
After the transfer of heterostructures on gold substrate, it was required to confirm if the structural
and electrical characteristics of heterostructures were still alive, so, we had located the same
heterostructure crystal that was characterized before transfer as shown in an optical image Figure
11-13. The optical image on sapphire was flipped horizontally for the ease of comparison
between the images before and after transfer. The tip of the AFM cantilever is located over the
same crystal and the characteristic marker spots are connected through yellow dotted lines.
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Figure 11-13. Optical image of same heterostructure crystal to be analyzed on before transfer
(sapphire substrate) and after transferred on gold substrate
Subsequently, after locating the same crystal, topography and SKPFM measurements were
conducted as shown in Figure 11-14. As can be seen in the topography image, MoS2 core region
is quite indistinguishable from the WS2 shell region and the height profile is fairly smooth.
Moreover, SKPFM image clearly shows the bright core MoS2 region and the WS2 shell region
and the corresponding contact potential difference profile is shown. The extracted value of CPD
between MoS2 and WS2 monolayers was ~150meV, which is quite consistent with the reported
values 149. The topography image (e) is the AFM image before transfer and was flipped to show a
comparison of flake before and after transfer.
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Figure 11-14. (a) topography image and same heterostructure crystal on gold substrate with
corresponding height profile (c), (b) SKPFM image of same crystal and the corresponding
potential profile in (d), (e) again the topography image of as grown crystal before transfer just for
the close comparison.
11.3.4 Tip Enhanced Raman Spectroscopy (TERS) Characterization of MoS2/WS2
Heterostructure on Gold Substrate
To overcome the limitation of diffraction spot size of the probing laser light in conventional
optical Raman and PL spectroscopy, TERS and TEPL was used. These techniques are based
upon the principle of amplification of Raman or PL signal from the nano-sized region under the
SPM tip with a high spatial resolution. In these techniques, the incident laser light on the sharp
metallic nanotip creates the surface plasmons, which enhances the local electric field in the
vicinity of the nanotip apex. This local electric field is further used to amplify Raman or PL
signal from the nano-sized volume of a sample placed under the tip. Also, by scanning a metallic
tip on the sample surface, a Raman map can be obtained with a significantly high resolution at
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the nano scale level 150. In the last few years, TERS has become a vital tool to study the spatial
distribution of chemicals, interfaces, and to explore the physical or opto-electronic properties of
the materials at a high spatial resolution, which was unachievable by any other conventional
optical or analytical tool.
Here, MoS2/ WS2 lateral heterostructures are studied under the TERS characterization using two
excitation laser wavelengths 638nm and 785nm. It is important to note that 638nm wavelength is
in resonance with the bandgap of MoS2, WS2 monolayers, while 785nm is non-resonant
wavelength and below the bandgap of MoS2, WS2 monolayers. The recorded TERS spectra and
the mapping at 638nm excitation wavelength on heterostructure is shown in Figure 11-15. The
TERS mapping is shown in the inset of Figure 11-15(c), which is a small section of the CPD
mapping shown in Figure 11-15(a) and (b). As can be seen, the junction area in blue color
between MoS2 and WS2 is clearly visible in TERS imaging, which was not possible under any
conventional confocal Raman spectroscopy. After the collection of TERS spectra, some
interesting features had been noted. First in green colored WS2 spectra, four unusual Raman
peaks had been observed at 146.5cm-1, 176cm-1, 200 and 215cm-1 as shown in Figure 11-15(e),
neither of these peaks had been widely reported under normal Raman characterization 151,152,153.
However, there are few reports on these peaks and the assigned labels are ZA(M), E’(M)TO2LA(M) or LA(M), E”(M)TO1-ZA(M) and E”(M)TO1-TA(M) 68,154,155,156,157. Another interesting
point to be noted was the peak at 433cm-1, which was not reported before.
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Figure 11-15: (a) CPD image of same heterostructure crystal on gold substrate, (b) Zoom in
image of same crystal and (c) inset is the TERS image with a 638nm excitation, (d) collected
TERS spectra at MoS2, WS2 and the junction, (e) Zoom in TERS spectra from 100 to 700cm-1.
Monolayer MoS2, TERS spectra is shown in red curve, which clearly exhibit the E12g and
A1g peaks corresponding to monolayer nature. However, very interesting and significant peak
was realized at 455cm-1, which was never observed before under the normal Raman spectra. The
inset image in Figure 11-15(d) is a high resolution TERS mapping image and Mapping shows
the distinct regions of monolayer MoS2 in red color and WS2 in green and the junction boundary
between them in blue color, which varied from pixel limited 25nm to few hundreds of nm. The
collected TERS spectrum on the junction area is also shown in blue color. The TERS Raman
peaks at the junction region is quite the same as from WS2 monolayer and this is because of high
W concentration and very low Mo atoms doped at the junction, however, few significant changes
had been noted. First, the peak intensities at 200cm-1 and 215cm-1 is quite high as compared to
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the intensities in WS2. Also, the peak intensity of E12g peak of WS2 is very low at the junction.
Second, most important point observed that the existence of new peak at 444cm-1, which lies inbetween WS2 at 433cm-1 and MoS2 at 455cm-1 peaks.
It is a common knowledge that Raman peaks are greatly influenced by both resonant and nonresonant excitation wavelengths. For instance, in TERS due to vertical electric field between
metallic tip and metallic surface consists of out-of-plane vibration of surface plasmons, thus at
non-resonant excitation wavelength, only out-of-plane vibrational modes of thin film should be
enhanced, while at the resonant excitation, in-plane modes would also be enhanced
comparatively at a certain extent. Therefore, to gain a deeper insight into the Raman modes of
the heterostructures, TERS spectra should be collected at both resonant and non-resonant
excitations. Therefore, here we had collected the TERS spectra and imagining of the
heterostructure using a non-resonant wavelength 785nm, which is below the bandgap of both
MoS2 and WS2 monolayers as shown in Figure 11-16.

Figure 11-16: (a) TERS spectra collected at MoS2, WS2 and junction at non-resonant 785nm
wavelength and the corresponding TERS image, (b) Zoom in TERS spectra from 300 to 600cm-1
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In the inset of Figure 11-16(a), TERS mapping image at 785nm excitation is shown, which is
quite similar to 638nm excitation image, however, the TERS spectra on all the three different
regions MoS2, WS2 and the junction is significantly different then the spectra at 638nm.

Figure 11-17: Comparison of TERS spectra at 638nm and 785nm excitation wavelengths
First to note is the absence of Raman peaks in WS2 monolayer from 140-240cm-1 at 785nm
excitation as shown in comparison of TERS spectra at the excitation wavelengths of 638nm and
785nm in Figure 11-17. Also, the E12g peak was greatly reduced at non-resonant excitation. Since
E12g is an in-plane vibrational Raman mode, and the significant reduction in its intensity
endorsed our view that at non-resonant 785nm excitation wavelength, only the out of plane
modes will be enhanced. In-addition, out-of-plane mode A1g and the unknown peak at 433cm-1
still exist. The TERS spectra at the junction is shown in blue curve. In this TERS spectra, E12g
peak for both WS2 and MoS2 is practically absent, however, A1g peak was clearly noticeable.
Also, the peak at 444cm-1 was also present.
Since the TERS at non resonant 785nm excitation wavelength is able to excite only the out-ofplane modes, which is evident by the absence of in-plane E12g peak in WS2, MoS2 monolayers
and the presence of only out-of-plane A1g peak at 785nm excitation. Therefore, the peaks from
140-240cm-1 must also be in-plane modes of vibration as all these peaks are absent at 785nm
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excitation but present at 638nm resonant wavelength excitation. Therefore, the earlier reported
assignment of 146.5cm-1 to ZA(M) is clearly wrong as ZA(M) is the out-of-plane mode and
otherwise must be existed at 785nm excitation. Instead, we labelled this peak as E”(M)TO1 –
E’(LA). The mode at 200cm-1 is labelled as E’(M)LO2–E’(LA) and the mode at 215cm-1 is
E’(M)TO2–E’(TA). All these modes were labelled by analyzing the phonon dispersion relation of
WS2 monolayers 158 shown in Figure 11-18 and extracted all the Raman peaks as mentioned in
Table 4.

Figure 11-18: Phonon dispersion relation for WS2 monolayer158
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Table 4: Extracted values of Ist order Raman modes in WS2 from the above figure.

Table 5: All possible combinations of 2nd order phonon Raman modes by combining single
phonon modes from the above table

Table 5 represents all the possible combinations of 2nd order Raman modes those we have
calculated by adding and subtracting the Ist order Raman modes shown in Table 4. In this table,
numbers in blue color represent in-plane Raman modes only, black color represent the out-ofplane Raman modes only, and the red color is for mixed (in-plane and out-of-plane) Raman
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modes. For instance, all the white boxes in the diagonal is twice of the Ist order Raman mode
value (2E’(TA) = 2x133 = 266cm-1). Thus, from this table, possible 2nd order Raman modes for
WS2 monolayers were labelled and matched with our TERS spectrum.
The complete set of TERS peaks of WS2 monolayer and an alloyed interface is mention in Table
6. All these modes are combinations of in-plane vibrations and thus gives the sense of existence
only at resonance excitation wavelength. Also, the Raman vibrational mode at 433cm-1 in WS2,
455cm-1 in MoS2 and at 444cm-1 at junction corresponds to the IR active A2” mode. The position
of this mode should be solely a function of Mo and W atoms stoichiometry ratio inside the
crystal and it must shift its position as the value of Mo and W concentration changes.
Table 6: TERS peaks of shell WS2 region and an alloyed interface region at 638nm and 785nm
excitation wavelengths
WS2
TERS
peaks

Alloyed
interface
TERS
Peaks

excitation wavelengths

Peak names

638nm

785nm

147

(cm )
147

Present

Absent

176

176

Present

Absent

E"(M) -E’(LA) (purely in-plane)
LA(M) (purely in-plane)

~200

~200

Present

Absent

E’(M)

-1

(cm )

-1

TO1

LO2

–E’(LA) (purely in-plane)

TO2

~215

~215

Present

Absent

E’(M)

--

444

Present

Present

A”2/A2u(Γ)

–E’(TA) (purely in-plane)

Position may be a
function of Mo/W
433
-Present
Present
A”2/A2u(Γ)
concentration
*Note: M and Γ in brackets only represent that these modes exist at M and Γ positions of the
phonon relation.
To explore the variation of the position of A”2 mode with the change of Mo and W
concentration, confocal PL spectra and the TERS spectra was collected on different alloy
concentrations in MoxW1-xS2 ternary compounds as shown in Figure 11-19.
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Figure 11-19: (a) Confocal PL spectra of different alloy samples at 532nm excitation, (b) TERS
spectra of same positions at 785nm excitation and the variation of A”2 peak position is noted.
The confocal PL peak spectra were collected using 532nm excitation wavelength and the
positions of PL peaks of four different ternary alloys are 658nm, 650nm, 642nm and 635.5nm.
Different PL peak positions clearly exhibit the different Mo and W compositions in these
samples. Thereafter, the TERS spectra using non-resonant excitation wavelength 785nm was
collected at the same locations where confocal PL spectra was taken shown in Figure 11-19(b).
Clearly the red shift in A”2 peak is seen as W concentration increases relative to Mo
concentration. Therefore, A”2 peak position is a function of Mo and W adatoms concentration
and can be varied between pure WS2 (433cm-1) to pure MoS2 (455cm-1) monolayers.
Table 7: PL positions and the respective TERS spectra of various alloyed samples
PL

658 nm

TERS (A”2 peak)

443.9 cm

650 nm
-1

441.6 cm

642 nm
-1

438 cm

-1

635.5 nm
437 cm

-1

The variation of TERS peak position of A”2 in alloy samples with the respective PL peak
positions has been clearly drawn in Table 7.
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The alloyed samples used to verify the A”2 peak variation was tested under SKPFM and an
AFM. The images are shown Figure 11-20.

Figure 11-20: Topography and CPD images of various alloys
11.4 Experiment to Stack Vertical Heterostructures
Prior the fabrication of vertical heterostructures, PDMS stamp was synthesized. In this
procedure, 10g of silicon elastomer base and 1g of silicon curing agent was mixed well for
around 5 minutes and left no bubble inside the liquid solution. Poured the solution in a plane
smooth petri-dish, poured quantity was small enough to make very thin layer of PDMS in petri105

dish (remember thick PDMS would not be able to lift-off monolayers). Afterwards, petri-dish
was kept on horizontal surface and was letting the PDMS to dry for 48 hours at room
temperature. After the assigned time, PDMS was dried and was like a rubber with a sticky in
nature.

Figure 11-21: PDMS stamping process to transfer 2D materials
Stacked MoS2/WS2 heterostructures were prepared mechanically by PDMS stamping method as
shown in Figure 11-21. Prior the preparation, MoS2 and WS2 monolayers were grown
individually on sapphire substrate by a procedure as explained in CHAPTER 3. Now, a portion
of PDMS was taken with a size slightly greater than the MoS2 coated sapphire substrate. Bottom
side of PDMS was placed on the MoS2 and was pressed hard uniformly using a flat surface.
After that, small extended portion of only PDMS on PDMS/MoS2/sapphire was glued to the
mechanical motor and the rest of PDMS/MoS2/sapphire was dipped inside water in a glass petridish. After 5 minutes, tried to remove very carefully and very slowly PDMS/MoS2 from the
sapphire substrate. Point was taken into consideration that due to hydrophobic nature of MoS2,
PDMS/MoS2 should very easily be removed from the sapphire substrate. After the removal,
PDMS stamp was looked yellow and sapphire substrate was quite clean transparent. Thereafter,
N2 gas was blown on the MoS2 side on PDMS/MoS2 to remove water vapors. Now,
MoS2/PDMS was placed and pressed on WS2 coated sapphire substrate followed by heating on a
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hot plate at 100⁰C for 5 minutes to remove excess water vapors. Following this,
PDMS/MoS2/WS2/sapphire was sticked on the glass slide and the same extended portion of bare
PDMS was sticked to mechanical motor using a double-sided scotch tape. Now, extremely
slowly PDMS was lift off (total time taken was ~20-30minutes) after resting MoS2 triangles on
top of WS2 triangles.
11.5 Results and Discussion
11.5.1 Optical Characterization of stacked regions of vertical MoS2/MoxW1-xS2
Heterostructure
The stacked heterostructures are displayed in an optical microscope images in Figure 11-22. The
optical contrast between individual monolayers and a bilayer region is clearly visible.

Figure 11-22. Optical microscope images of stacked MoS2/MoxW1-xS2 heterostructure
A typical Raman spectrum of MoS2 monolayer, MoxW1-xS2 alloy and stacked bilayer
MoS2/MoxW1-xS2 is illustrated in Figure 11-23 at the colored points shown in optical images.
Raman spectra was recorded using 532nm incident laser light at room temperature. In MoS2
Raman spectrum shown in blue curve and the peaks were observed at 384.5cm-1 and 404.7cm-1,
which corresponds to typical vibrational modes E12g and A1g of MoS2 monolayer. The Raman
spectrum of an alloy MoxW1-xS2 in red color exhibit four Raman peaks at 353.2cm-1 (consist of
2LA(M) and E12g), 379.5cm-1, 397.6cm-1 and 417.7cm-1, respectively. The Raman peaks at
353.2cm-1 and 417.7cm-1 are WS2 monolayer, and the peaks at 379.5cm-1 and 397.6cm-1 are the
red shifted MoS2 monolayer peaks due to strain. The stacked hetero-bilayer Raman is shown in
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yellow curve. Although its Raman spectrum is an almost a superposition of the spectra of
individual MoS2 and an alloy monolayer, however, the point to note here is that in stacked
bilayer Raman spectra, MoS2 peaks are quite broad. It is because MoS2 peaks are comprised of
both strained and unstrained MoS2 Raman peaks (strained peaks from an alloy and unstrained
from pure MoS2 monolayer)

Figure 11-23: Left, Raman spectra and right PL spectra at the colored points on an optical
images at 532nm excitation wavelength
In order to obtain the information regarding bandgaps of stacked hetero-bilayer, MoS2 and alloy
monolayer. Micro-Photoluminescence (PL) spectroscopy was conducted at the same colored
spots in optical images where Raman spectrum was taken as shown in Figure 11-23 using a
532nm green laser at room temperature. PL spectra was collected from MoS2, alloy MLs,
together from the stacked hetero-bilayer MoS2/MoxW1-xS2. MoxW1-xS2 alloy showed strong PL
peak at 633nm and MoS2 monolayer PL peak occurred at 685nm, respectively, these PL peaks
are due to the recombination of respective A excitons. However, in stacked bilayer, both PL
peaks from MoxW1-xS2 alloy and MoS2 are visible in addition to the largely suppressed alloyed
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PL peak. The PL quenching of formed intralayer excitons in hetero-bilayers was largely reported
in several publications 159,160,161. It has been explained by the charge separation principle. The
electrons and holes in the formed intralayer excitons in individual MoS2 and MoxW1-xS2 layers
are get separated because of the type II heterostructure nature of the stacked hetero-bilayer. In
this type II heterostructure for instance, holes get transferred towards MoxW1-xS2 monolayer
alloy and electrons towards the MoS2 monolayer. Therefore, in the end, interlayer excitons are
formed with electrons reside in MoS2 layer and holes reside in MoxW1-xS2 layer. The sharp peak
had also been observed around 700nm, which was due to pre-doped Cr+3 ions in sapphire
substrate.
PL mapping image and the spectra at three different spots was also captured as shown in Figure
11-24. The collected spectra at the colored spots clearly exhibit PL peaks of MoS2 and MoxW1xS2

monolayer alloy, together with the PL peaks from stacked hetero-bilayer. Here also, the

alloyed PL peak in stacked structure was red shifted by 3nm (~10meV) as compared to
individual alloy layer. The mapping was done with the selected 636nm emission wavelength by
the detector, which corresponds to alloyed PL peak and the final image showed only the alloyed
monolayer with the intensity distribution. It showed high intensity at the edges of the triangle as
compared to low intensity at the center.
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Figure 11-24: PL spectra collected colored points of VHS and PL mapping image at 636nm
emission wavelength
Similarly, Raman mapping was done and the spectra was collected on the colored spots shown in
Figure 11-25. In the Raman mapping, images were scanned by selecting 385cm-1, 407cm-1
Raman peaks corresponds to MoS2 and 417cm-1, which corresponds to alloy WS2 peak.
Therefore, the final mapped images clearly showed the bigger layer is pure MoS2 stacked on top
of the pure alloyed monolayer.

Figure 11-25: Optical image of VHS with the corresponding Raman spectra at the colored points
shown in an optical image and also the Raman mapping image at MoS2 peaks 385cm-1, 407cm-1
also at WS2 peak 419cm-1.
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CHAPTER 12.
SUMMARY AND CONCLUSION

This thesis includes the experimental method to synthesize atomically thick MoS2 monolayer and
deep characterization techniques to investigate the electronic and optical properties. The whole
thesis is divided into two sections. Section I in this dissertation focused on the synthesis of a
large area of high quality MoS2 monolayer on various substrates. The most conventional defect
analysis characterization techniques are also introduced in this section. This section also includes
the electron transport properties of MoS2 monolayer and the sensing ability of grown flakes.
Noise measurement is a very formidable task in any device, thus this section also includes the
various types of noises and their measurements. Section II in this dissertation discusses the
synthesis of most complex Mo1-xWxS2 ternary alloys and MoS2/WS2 lateral heterostructures.
Study of Raman modes of vibrations at MoS2, WS2 and at the junction is clearly illustrated and
brings some unknown modes into the light.
12.1 Section I Summary
Low pressure CVD is the one of the most versatile and simplest techniques to synthesize high
quality MoS2 monolayers and to understand the growth mechanism. The MoS2 monolayer
growth process was developed on sapphire substrate and temperature effect was studied for yield
enhancement of monolayers in CHAPTER 3. The in-depth optical characterization was done to
understand the monolayer nature and the comparison of Raman peaks was done for monolayer,
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bilayer and bulk MoS2. The specific area growth of MoS2 monolayers was conducted on
patterned 5nm SiO2 circles of various sizes on sapphire substrate in CHAPTER 4. The same
growth method was conducted on various oxide thick SiO2/Si substrates and was characterized
thoroughly in CHAPTER 5. GaN is a semiconducting substrate and with the same lattice
constant as MoS2 monolayers. Thus, growth of MoS2 was conducted on GaN substrates and was
characterized optically and the strain generated on MoS2 monolayers due to substrate in
CHAPTER 6. In an another study of MoS2 on Ga2O3, the effect of high dielectric constant of
insulator Ga2O3 material on the MoS2 PL can be seen and was elaborated in CHAPTER 7. The
electron transport nature of semiconducting MoS2 monolayer was explored in CHAPTER 8
through the study of I-V characteristics. Photoconductor’s responsivity and the effect of incident
power density was studied. The gas sensing behavior of MoS2 monolayer was also studied
through the exposure of an MoS2 device to electron rich CO2 gas. Different concentrations of
CO2 gas were exposed and a subsequent rise in the dark current was noted. Noise in any type of
device is very significant to study especially at low frequencies to measure the true sensitivity of
the device. In CHAPTER 9, 1/f noise theory was studied, noise spectrum density was calculated
and further the true value of specific detectivity was calculated.
12.2

Section I Conclusion

Findings from the optimization of the growth parameters of 2D MoS2 monolayers is that the
growth temperature should be high enough to enhance the vapor pressure of the precursor on top
of the substrate. The right optimum temperature was achieved by analyzing the increase in the
flake size with the increase in the precursor temperature. In our case, 970ºC is the precursor
temperature and 800ºC is the growth temperature to receive large sized triangular flakes
(~100µm) and thin film area around few mm2. The grown MoS2 flakes were optically
characterized using Raman and photoluminescence spectroscopy using 532nm excitation
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wavelength. The clear change in separation in the in-plane and out-of-plane Raman modes are
seen with the MoS2 thickness changes from single layer to bulk. Intense emission peak ~1.84eV
in the photoluminescence study further endorse the existence of single layer MoS2 on sapphire
substrate. In MoS2 monolayer, K and K’ points in the Brillion Zone are not the same because of
the center of symmetry breaking, thus, they can selectively be excited by right or left circular
polarization excitation wavelengths and can gain net polarization from the MoS2 monolayers. On
the study of growth of MoS2 on different substrates (sapphire, SiO2, GaN and Ga2O3), MoS2
crystals on GaN are oriented in specific directions due to the fact that both MoS2 and GaN have
the same crystal symmetry with almost the same lattice constant. On the AFM measurement of
MoS2 on GaN, MoS2 step height was not detected as was detected on sapphire substrate in the
height mode but was clearly observed in the phase mode. Therefore, it is speculated that perhaps
MoS2 monolayers are embedded inside the GaN substrate during the growth, however, we are
limited by suitable characterization to further support our observation. In the MoS2/Ga2O3, the
large dielectric constant ~18 of Ga2O3 is clearly observed in the blue shift in PL emission peak of
MoS2 as compared to sapphire and silicon. This blue shift is due to the quantum confinement of
excitons inside MoS2. High dielectric constant of the substrate causes less interaction of the
formed excitons in MoS2 with the trap states between MoS2 and the substrate which leads to the
enhancement of exciton energy and hence the occurrence of blue shift in the emission peak. The
I-V characteristics study of MoS2 monolayers explains the formation of ohmic contacts with
Ti/Ag metal electrodes. It is due to the large work-function of Ti/Ag metal as compared to MoS2
monolayer, which results in the lowering of MoS2 fermi level to align with the metals fermi level
and hence the formation of ohmic contacts. Carbon dioxide is an electron donor gas and as the
gas was exposed to the MoS2 device, gas molecules adsorb on the MoS2 monolayer.
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Subsequently, a sudden rise in the current in MoS2 illustrates the rise in electrons reaching the
electrodes. This happens by the transfer of electrons from the lone pair of oxygen molecules to
MoS2 conduction band and hence more electrons flow and increase in current. A minimum
concentration of detected CO2 gas was 200ppm. I observed that after the gas was switched off,
an increased current takes infinite amount of time to reach its initial current. This may be due to
gas molecules still staying adsorbed on the MoS2 monolayer. This issue can be resolved by
heating the MoS2 device to around 60ºC-70ºC 162. It will desorb CO2 molecules more quickly and
hence the sensor will reach its initial current value in minimum time.
12.3

Section II Summary

Section II in this dissertation deals with the Mo1-xWxS2 ternary alloys, lateral and vertical
heterostructures. The LPCVD was used for one step growth of these compounds, however, for
the synthesis of vertical MoS2/WS2 heterostructures, PDMS based transfer process was
developed, in which MoS2 monolayers were mechanically transferred on WS2 monolayers. MoS2
based ternary compounds have been discussed in detail in CHAPTER 10. In this chapter,
different concentrations of W were infused in-situ in MoS2 monolayers during the growth and
results in Mo1-xWxS2 monolayers on sapphire substrate. Optical characterization which includes
micro Raman and micro-photoluminescence was systematically done to explore the change in
Raman peaks from MoS2 to WS2 and the change in PL emission peak as well. CHAPTER 11 is
solely based upon the heterostructures (lateral and vertical). Lateral heterostructures were
synthesized using pure MoS2 and WS2 powder precursors in LPCVD. These LHS were
characterized using SEM, confocal optical microscope, and AFM to study the topography.
Raman and PL characterization was performed at three regions: core, shell and at junction using
532nm excitation wavelength. The presence of all the Raman peaks of MoS2 and WS2 at the
junction had clearly demonstrated the transition region. In PL measurement at the junction, the
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PL emission peak at 636nm was detected, which is attributed to the Mo1-xWxS2 type transition
region. In order to further investigate the transition region, TERS was performed using 638nm
and 785nm excitation wavelengths. The excitation wavelength 638nm is in resonance with the
bandgaps of MoS2 and WS2, however, 785nm is in non-resonance condition. WS2 Raman modes
between 140-230cm-1 were observed only when excited by 638nm wavelength but were absent at
785nm wavelength. In addition, a strange Raman mode had been observed at 433cm-1 in WS2,
444cm-1 in junction region and at 455cm-1 in MoS2 monolayer region. These modes were a
function of the stoichiometric ratio of Mo or W atoms concentration in the monolayer, thus shift
in the 444cm-1 peak had been observed on different ternary compounds.
In this section, vertically stacked MoS2/WS2 heterostructures are also studied, which
were synthesized by PDMS transfer process. Collected Raman spectra from the WS2 region
elucidated the existence of impure WS2 monolayer, and the ternary nature was seen by the
existence of a PL peak at 634.5nm, rather than a pure PL peak at ~624nm. Therefore, the stacked
structure was vertical MoS2/Mo1-xWxS2 heterostructure. The significant decrease in PL at the
bilayer stacked region signaled towards the formation of interlayer exciton.
12.4

Section II Conclusion

The different concentrations of W atoms in MoS2 monolayers leads to the change in the bandgap.
Thus, bandgap can be tuned between MoS2 to WS2 monolayers by varying the Mo and W
stoichiometric ratio. The slightest red shift of MoS2 monolayer Raman modes in ternary alloy as
compared to pure MoS2 monolayer is due to the existence of strain. The transition region in the
lateral MoS2/WS2 heterostructures is a ternary alloy with a bandgap of ~636nm. The minimum
width of the transition region found out to be pixel limited 25nm by TERS characterization. In
the TERS spectra, at non resonant excitation, only out-of-plane modes are noticed, but at
resonant excitation, in-plane modes are also observed. Thus, in WS2 monolayer, Raman modes
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between 140-230cm-1 only existed when excited at resonant (638nm) wavelength, however,
these modes were absent at non resonant 785nm excitation. It illustrates that these modes are inplane modes of vibration, while the other mode at 433cm-1 is the out-of-plane Raman mode. The
position of Raman mode at 433cm-1 in WS2, 444cm-1 in junction and at 455cm-1 in MoS2
conclude that this mode is a function of Mo and W atoms and labelled it as an IR active A2”.
In vertically stacked MoS2/Mo1-xWxS2 heterostructure, a significant decrease in the PL
intensity had been observed at the stacked bilayer region. This decrease of PL cannot be
attributed to the formation of indirect bandgap at hetero-bilayer region because otherwise MoS2
A1g Raman peak should be blue shifted from 404.5cm-1 to 406cm-1. This decrease of PL happens
only because of the formation of interlayer excitons with electrons accumulated in the MoS2
conduction band and holes accumulated in the WS2 valance band. A PL mapping image was
collected at 636nm emission wavelength and clearly shows the stacked layer is ternary
monolayer alloy.
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