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ABSTRACT OF THE DISSERTATION

Optimization Methods on Synthesis of Atomically Thin Layered Materials and
Heterostructures

by

Selcuk Temiz

Doctor of Philosophy, Graduate Program in Materials Science and Engineering
University of California, Riverside, September 2017
Dr. Cengiz S. Ozkan, Co-Chairperson
Dr. Mihrimah Ozkan, Co-Chairperson

Two dimensional (2D) materials have emerged as a new class of materials that only
a few atoms thick. Owing to their low dimensionality, 2D materials bear rather unusual
properties that do not exist in traditional three dimensional (3D) materials. Graphene, a
single layer of carbon atoms arrange in a 2D hexagonal lattice, has started the revolutionary
progress in materials science and condensed matter physics, and motivated intense research
in other 2D materials such as h-BN, and layered metal dichalcogenides.

Chemical vapor deposition (CVD) is the most studied bottom-up graphene
production method for building the prototypes of next-generation electronic devices due to

its scalability; however, there is still not an ultimate consensus of growth mechanisms on



control the size and morphology of synthesized-crystals. In order to have better
understanding the growth mechanisms, the role of oxygen exposure in the graphene growth
has been comprehensively studied. The oxygen gas is introduced into the CVD reactor
before and during the growth, and its effects on the morphology, crystallinity, and
nucleation density of graphene are systematically studied. It is found that introducing
oxygen during growth significantly improves the graphene crystallinity while pre-dosing
oxygen before growth reduces the graphene nucleation density.

The stacking of graphene and other layered materials in the lateral or vertical
geometries can offer extended functionality by exploiting interfacial phenomena, quantum
confinement and tunneling, which requires the interface between the layered materials be
free of contaminates. The vertical heterostructures of CVD-grown graphene and h-BN
single crystals are deeply investigated by analytical scanning transmission electron
microscopy (STEM) and electron energy loss spectroscopy (EELS). It is shown that
graphene contamination, undetectable using optical microscopy, is prevalent at the
nanoscale, and the interfacial contamination between the layers reduces the interlayer
coupling and ultimately undermines the graphene/h-BN heterostructures.

Raman spectroscopy is a versatile and non-destructive technique for the
identification of structural properties and phonon features of atomically thin layered
materials. Especially, the second order resonant Raman spectroscopy, which can be applied
to the resonance conditions in energy of the incoming photon and interband transitions of
an electron in a crystal lattice, reveals additional phonon modes to typical Raman active

modes in spectra. Various 2D materials, including SnSe;, WSe>, SnS», and MoTe;, and

vi



their heterostructures are fabricated by dry transfer method as a top-down approach. The
vibrational characteristics of these 2D materials systems are unambiguously established by

using second order Resonant Raman spectroscopy.
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1. Chapter 1. Introduction

1.1 The Emergence of Atomically Thin Layered Materials

Atomically thin layered materials are the family of materials that includes the
inorganic compounds of two-dimensional (2D) layers, which are linked together by van
der Waals (vdW) forces while atoms are organized by covalent bonding in the plane, and
that excludes atomically thin solid films which do not possess layered structures.
Atomically thin layered materials consist of a few layers.

There have been reports about whether 2D crystal order is possible or not since late
1930s. As of leading scientists, Peierls [1] and Landau [2] had argued that low dimensional
ordered materials are not possible to exist due to the lack of thermal stability, however
Mermin has stated that some quantitative calculations indicates disputation on their results
in terms of dimensionality of crystalline orders [3,4]. According to Landau, the thermal
fluctuations are too big, and destroy the structure in 2D geometry when the fluctuation
displacements are comparable to the size of the height of material [5]. Atomically thin
materials, specifically 2D form of graphite, has been theoretically studied for years. Philip
R. Wallace had calculated the interlayer spacing is quite larger than the distance between
carbon (C) atoms in plane, and concluded that the interaction between the layers of graphite
is insignificant, on his paper titled “The Band Theory of Graphite” in 1947 [6]. On his talk
at American Physical Society (APS) annual meeting in 1959, famous physicist Richard
Feynman has stated, “What could we do with layered structures with just the right layers?

What would the properties of materials be if we could really arrange the atoms the way we



want them? They would be very interesting to investigate theoretically. I can't see exactly
what would happen, but I can hardly doubt that when we have some control of the
arrangement of things on a small scale we will get an enormously greater range of possible
properties that substances can have, and of different things that we can do” [7].

The discovery of isolating layers of graphite to individual sheets of hexagonal
arrangement of C atoms, called graphene, by Novoselov and Geim in 2004 [8], has started
the revolutionary progress in materials science and condensed matter physics which is later
called “Two Dimensional Materials” or “Atomically Thin Layered Materials”. The
realization and physical characterization of graphene has led scientists to a next chapter,
which is to develop the complimentary group of atomically thin layered materials, so-called
“Transition metal dichalocogenides (TMDs)” with the general formulation of MX, (M:
transition metal, X: chalcogenide). Molybedenum disulfide (MoS>), tungsten diselenide
(WSe»), and tin disulfide (SnS»), tin diselenide (SnSe>), molybdenum ditelluride (MoTe»)
are some intriguing examples of the TMDs family. Hexagonal-boron nitride (h-BN),
silicine, germanene, phosphore and other similar materials are discovered soon after
graphene, as members of atomically thin layered materials family.

Topological insulators (TIs) have emerged as a new class of quantum matter and
member of atomically thin layered materials. Fu and Kane have predicted the TIs in their
report [9] in 2007. Time reversal symmetry protected topological surface states are
experimentally proved by David Hsieh and M. Zahid Hasan in 2009 [10]. Examples of the

TIs include, but not limited to, bismuth telluride (Bi>Tes), bismuth selenide (Bi2Se3),



antimony telluride (Sb2Tes), stanene, mercury telluride (HgTe), and cadmium telluride

(CdTe).

1.2 Properties of Atomically Thin-Layered Materials and Heterostructures

Atomically thin layered materials are single or few layers of sheets of materials in
which atoms form strong chemical bonds in plane and there are weak van der Waals bonds
between the layers of sheets. In these materials; electrons are free to move in two
dimensions, but its movements are restricted in the third direction. This quantum
mechanical confinement effect of electrons give rise to interesting properties such as;
exceptional electronic and heat conductivity, dangling bond free and extremely smooth
interfaces, energy independent step-like density of states, etc. These materials are expected
to form the future electronics applications in transistors, sensors, solar cells,
semiconductors, wearable electronics, battery electrodes, and spin devices.

Graphene has the unique electronic structure, at which the energy-momentum
dispersion (Dirac-type energy dispersion) relationship is linear except the intersection of
occupied and unoccupied energy states at gamma point of the Brillouin zone, leading to
zero band gap structure. In graphene, four outer shell electrons make three 6 bonds in plane
and leaving an out of plane p, orbital available for electronic conduction. These ¢ bonds
formed by the sp» orbitals give graphene excellent mechanical and thermal properties.
Graphene is hundreds of times stronger than the strongest steel, and it is quite flexible. The
highly mobile p; orbital electrons are located above and below the graphene sheet, and they

give graphene excellent electronic properties such as Dirac type energy dispersion, high



mobility, etc. Dirac type energy dispersion in graphene implies that electrons have zero
effective mass. Graphene has an excellent mobility (200,000 cm?V-'s! at Room
Temperature) [11], and that makes it the target material to work on for various device
applications in electronics, spintronics, optoelectronics, etc.

Another important class of atomically thin layered materials is the metal
dichalcogenides (MX>: M: metal, X: chalcogen) that are three atom thick layers of
semiconductors such as; MoS2, MoSe>, MoTez, WSz, WSez, SnS», SnSe, etc. These
materials have a direct electronic band gap when they are in monolayer form, but they have
indirect electronic band- gap when they are few layer (2-8 layers), multilayer (9-25 layers),
and bulk (>25 layers). They possess strong spin orbit coupling (SOC) in contrary to
graphene. Strong spin orbit coupling gives rise to spin splitting, and this drives to control
on electrons spin through tuning excitation signal. Their electronic band gap varies from
0.7 eV to 3.0 eV, and that gives the opportunity to use them in various applications. The
electronic band gap of MX> materials can be tuned by mechanical strain for usually
transistor applications.

Topological insulators (TIs) are another layered material family that consists of one
atomic thick layer in two-dimensional TIs (e.g. stanene) and 5 atomic thick layers
(quintuple layers) in three-dimensional Tis (e.g. Bi2Ses), where layers are bonded to each
other via van der Waals interactions. These materials are insulator in bulk, but they have
conducting metallic surface or edge states on their boundaries. Bi>Ses, BixTes, SbyTes are
among the three-dimensional topological insulators, mercury telluride (HgTe), cadmium

telluride (CdTe), stanene, silicine are among the two dimensional topological insulators.



Topological insulators consist of heavy atoms; hence spin orbit coupling is so strong in
these materials. Strong spin orbit coupling enables them to be used in spintronics. Two-
dimensional topological insulators, such as stanene, present strong quantum spin hall
behavior and they are called quantum spin hall insulators (QSHI). The electronic
conduction is confined through the boundaries, and it is spin-polarized. QSHI type
materials are the perfect candidates for their use of spintronics by their room temperature
metallic states at boundaries. Topological insulators are also used in heterostructures of
atomically thin materials to mostly exploit their induced spin orbit coupling at interface
with other layered materials such as graphene. In graphene-bismuth telluride
heterojunction, the epitaxial graphene turns into a quantum spin hall phase due to proximity
to topological insulators by developing a spin orbit gap around 20 meV [12], which is three

orders of magnitude larger than the one of on pristine graphene.

1.3 Synthesis of Atomically Thin Layered Materials and Heterostructures
Atomically thin layered materials can be synthesized by various techniques from
bottom-up to top-down approaches. Micromechanical exfoliation (as of top-down
approach) is one of the mostly used synthesis methods for production of these materials.
Micromechanical exfoliation is operated by picking up layered crystal form the source
material by mechanically-breaking the bonds between layers and transferring to arbitrary-
substrate through an adherent tape or polymer. The structural formation of atomically thin
layered materials provides the perfect compatibility with this synthesis method thanks to

weak interlayer van der Waals type bonding. Micromechanical exfoliation is the technique



that is relatively easy to apply, reliable, and results high crystalline quality [13]. The
downsides of micromechanical exfoliation are lack of scalability, repeatability, and
contamination caused by adhesives. Graphene has been discovered by isolating layers of
graphite to single layer form with scotch tape. This method is mostly preferred for
academic research purposes due to its high quality yield.

The source materials used for micromechanical exfoliation are usually grown by
so-called Bridgman method [14]. In the Bridgman method, a polycrystalline precursor,
usually in the powder form, is heated up to melting point, and then it is gradually cooled
down to the point where it starts forming seed. The Bridgman method yield high crystalline
quality product on their bulk, but the process takes long time from 48 to 72 hours.

Chemical exfoliation is another technique used to separate layers of atomically thin
layered materials [15]. The source material is immersed in a liquid solution and vibration
is applied through sonication, and that results the separation of layers. The important point
with chemical exfoliation is to manage to determine the right solution in terms of the
interaction energy. This method yields defective product, hence it is favorable for energy
storage applications, which require defective and porous surfaces.

Chemical Vapor Deposition (CVD) is a bottom-up approach to synthesize
atomically thin layered materials [16]. CVD process occurs when the introduced-precursor
gases decomposed and condensed onto surface of hot substrate because of temperature
gradient in the reaction chamber. Precursor and noble gases in CVD chamber is evacuated

through an exhaust system to avoid contamination or side effects on the product. CVD



method provides relatively high quality, uniform, scalable atomically thin layer materials

as a final product.

1.4 Characterization of Atomically Thin Layered Materials and Heterostructures

Understanding and utilizing the scattering phenomena require number of scientific
tools to research highly-ordered crystalline structures by the interaction of photon, ion and
electron with matter. Raman spectroscopy is a micro-scale analytical tool that provides
information about molecular vibrations and crystal structures [17, 18]. Raman
spectroscopy employs the analysis of inelastic scattering of electromagnetic radiation with
the matter of interest.

The scattering events can be observed when a pocket of energy in the form of light
interacts with the non-uniform media through molecular vibrations, resulting the change in
the direction and energy of the incoming light. Scattering of light can be categorized as
elastic and inelastic scattering based on the conservation of energy. Raman spectroscopy
utilizes the inelastic (Raman) scattering of incoming light, while detectors filter out the
elastic part (Rayleigh scattering). Raman scattering can be visualized with the Stokes and
anti-Stokes lines depending on the incoming photon gaining or losing energy to the
molecules interact with (Figure 1.1). Stokes scattering represent the conditions that the
scattered light has lower energy than incoming light by transferring some of its energy to
the molecules during interaction. When the scattered light is promoted to the higher energy
levels than incoming light by gaining energy from the molecules interact with, it is called

anti-Stokes scattering.
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Figure 1.1. The schematic illustration of Stokes, anti-Stokes, and Rayleigh scattering.

The Raman shift in wavenumbers (V*) is calculated by the Eq. 1.1, and it depends

on the vibrational, rotational or electronic transitions inside the molecule.

V= (——— ——— ) (cm?Y (Equation. 1.1)

Aincident Ascattered

Where, Aicigent 1S the wavelength of the incoming light and is a known parameter.

A molecule can be excited to higher vibrational energy states from the ground state
by interacting a shining light on it. These excited energy levels are quantized and
designated as normal modes of vibration of molecules. These modes can be visualized as
the vibrations of bonds between two or three atoms or bonds direct to out of plane. The
Raman spectroscopy relies on the polarizability of molecules since incoming light interacts
with molecular bonds. The spectral analysis of the scattered light provides useful
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information about the composition and structure of the molecules. We employ the Raman
spectroscopy characterization to identify the thickness, crystal quality, and composition of
graphene, h-BN, and graphene/h-BN structures, TMDs crystals and its heterostructures.
The systematic analysis of the interactions of electron with matter provides a broad
range of information about structural and chemical properties of the material of interest
(Figure 1.2). Electron's interaction with a specimen can be categorized as elastic and
inelastic forms. In the elastic interactions, there is no energy exchange between electron
and specimen as the beam of electrons pass through or scattered by specimen with the same
energy as incident beam energy. Inelastic interaction is the more beneficial part of the
electron-matter interactions since it provides a lot of physical and chemical characteristic
of a specimen. Energy exchange occurs during the course of inelastic interactions that can
be read as the scattered primary electrons with changing the momentum and direction, or
the excited secondary electrons, photons, X-rays, Auger electrons. The outcomes of
inelastic interactions of electrons with matter can be utilized to determine various

characteristics of samples by evaluating these change in energy spectrum.
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Figure 1.2. The schematic illustration of electron-matter interaction.
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1.5. Applications of Atomically Thin Layered Materials and Heterostructures

Atomically thin layered materials promise the leading advancement in future

technology thanks to its extraordinary properties. These technological applications include

transistor devices, sensors, spintronics, photovoltaic, flexible electronics, energy storage,

composites, and information processing [19]. The most prominent applications of these

materials is the transistor devices due to their semiconductor nature and unique electronic

properties stem from quantum confinement of electrons.
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It has been more than six decades since the first silicon transistor introduced as a
revolutionary technology to human lives, and it is improved over these years parallel to the
Moore’s Law. New technological applications, such as nanotechnology, develops gadgets
to have more transistors in smaller sizes, hence it results to shrink the channel length of
devices. The performance problem, which is designated as the deteriorated mobility,
appears when the reduced channel length becomes comparable to the thickness of the
materials used in nano-scale devices. The response or adaptation of the scientific
community to this size related problem is to redesign transistors made of atomically thin
layered materials to overcome these mobility-based obstacles stem from the channel
length-thickness ratio to as-defined problem. Atomically thin layered materials have
emerged as the need for future generation electronics since the conventional silicon chip
based applications came to its limit. Atomically thin layered materials are not only offer
solution to mobility problem, but also, they are the unique platform to serve as almost
scattering-free ballistic conduction in room temperatures and ideal materials for wearable
electronics devices. These materials promise the ideal materials base for nano-scale device
applications such as; transistors, sensors, solar cells, optoelectronic devices, etc. The
heterostructures of atomically thin layered materials are the excellent candidates for new
generation technology with their distinct properties which is not possible with homogenous
or homo-junction structures. Heterostructures present a platform that the interface can be
tuned by mechanical strain, thickness, and electric field. These heterostructures can
optimize the charge transfer by applied electric field and materials thickness at interface

for device applications such as, the tunnel field effect transistors (TFETs).
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1.5.1. Heterostructures of Atomically Thin Layered Materials

Heterojunctions of materials with different characteristic properties present a useful
foundation to understand, discover, and optimize complex condensed matter systems that
are shaped by new physical states. Tunnel field effect transistors (TFETs), one of the most
promising applications, are quite efficiently enabled by heterostructures of atomically thin
layered materials. Near broken or broken band gap heterostructures of these materials allow
the phenomena so-called band-to-band tunneling (BTBT) of electrons to operate the
transistors based on electrical band alignment by applied electric field instead of thermionic
excitation of electrons.

Future generation electronics, including low power electronics by tunneling field
effect transistors (TFETs), field effect transistors (FETs), spintronics, p-n junctions, and
photodetectors, employs heterostructures as the base-platform for their operations [20].
Heterostructures of materials with different physical properties have served as a basis for
finding new physical states and understanding complex phenomena in condensed matter
systems. The electronic, optical, and magnetic properties in heterostructures differ from
those individual crystals itself. Junctions between heterogeneous materials present
interesting properties that are not likely to be observed between homogenous junctions.
The diffusion of the order parameters by proximity induces a weak order in the nano-
ordered materials, generating quantum interference effects. Heterojunctions of materials
with different topological orders can thus provide an interesting platform to explore

emerging quantum phenomena of Dirac fermions at the interface. As an interesting
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example of the use of heterostructures in spintronics, “the Graphene-Bismuth Telluride
junction” is used as the spin device, in which the built-in spin orbit coupling in graphene
is regulated by the Bismuth Telluride’s proximity effect at the junction, hence graphene is
being spin polarized at the junction [21, 22]. This device design enables one to use spin
device with no need of spin valve to turn on/off. Another use of heterostructures in
electronics is the platform for tunnel field effect transistors by using specific atomically
thin-layered materials with near broken band gap alignment such as molybdenum disulfide-
tungsten disulfide [23]. Graphene-hexagonal boron nitride is another widely studied
interesting class of heterostructures because of structural similarities, and electronically
different properties, hence the synergy between these two materials. In graphene channel
devices, the h-BN is mostly used as a substrate due its stable and uniformly smooth surface

results to enhance the performance of devices [24].

1.5.2. Band Bending at Semiconductor Heterojunctions

The new generation electronics demands to interpret and utilize how the band
structure lineup in energy of two or more different semiconductors at interface in terms of
materials engineering because of its fundamental and technological implications. The
energy band diagram is a representation of the carrier energy levels determined in quantum
mechanical calculations by tracing the probability of the allowed wave functions in certain

states.
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Figure 1.3. The illustration of energy band diagram of semiconductor heterostructures.

The Figure 1.3 shows an energy band diagram of a p-n type heterostructures consist
of two different type of semiconductors; semiconductor-1 is being n-type, energy band gap
Eq1, and semiconductor-2 is being p-type, energy band gap Eg2. Vacuum level is the energy
of a free electron that is at rest with respect to the semiconductors. At absolute zero
temperature, Ey is the valence band that is the highest fully occupied band, Ec is the
conduction band that is the lowest empty band. The positions of Ec and Ey are determined
by the chemical bonding of the atoms. Where y is the electron affinity that defines the
change in energy of a neutral atom (in the gaseous phase) when an electron is added to the
atom to form a negative ion. Er is the Fermi level that is the highest occupied electron

energy level at absolute zero temperature.
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The band bending is the way to draw a picture about how the charge exchange at
interface reorder energy offset of a semiconductor’s band structure near a junction. When
two different semiconductors meet at interface, at first, the edges of the valence and
conduction bands line up while the Fermi level reveal discontinuities. Then, the carriers
diffuse across the junction that leads to accumulation of space charges until the built-in
potential balances carrier diffusion and Fermi levels of both materials get aligned to each
other in equilibrium. According to the Fermi-Dirac statistics, there must be only one Fermi
level at interface; this is why the band edges bend spatially as in illustrated in the energy

band diagram of heterostructures.

1.5.3. Band Alignment in Semiconductor Heterojunctions

The characteristics of heterostructures depend on the energy band alignment of
heterogeneous semiconductor combinations [25]. The energy band line has step-like
discontinuities in semiconductor heterojunctions. It is crucial to predict the band alignment
of energy bands in heterostructure in terms of device applications. There are several
methods to predict the band alignment of heterostructures of semiconductors.

Anderson’s rule or affinity rule is a method to build energy band diagram of the
heterojunction between two semiconductors. It basically aligns the vacuum levels of two
semiconductors on each side as the same energy. Anderson’s rule does not practically
predict the band alignment of actual heterostructures on lack of consideration of strain
effects, defects, and lattice mismatch by fundamentally avoiding the influence of chemical

bonding.
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Another model is a common anion rule that predicts the band alignment of the
heterostructures of semiconductors by generalizing the energy band behavior of valence
band of semiconductors because valence band characteristics of semiconductors are linked
to anionic states, and same anionic states should result quite small valence band offsets.
Even though, the common anion model is useful to generalize the chemical behavior, it is
not useful for use of wide range of solids with structural variation.

Gap state model is a method to predict band alignment similar to the case when the
schottky type contact formed. The metal electron states penetrate into the semiconductor’s
band gap, and this penetration length can be calculated. Gap state model take consideration
of the dipole layer, stem from electron tunneling from conduction band of a material to the
energy gap of the other same as Schottky type contact) at the interface between two
semiconductors. This model is successful with the heterostructures on which the
semiconductor components with negligible lattice mismatch.

There are three types of band alignments of heterostructures of semiconductors at
the junctions. To understand the band alignments at the junctions of heterostructures are

very important to design and build nanoscale devices in various fields.

1.5.3.1 Type I (Straddling Gap) Band Alignment
The type I band alignment happens when the band gap of one material completely
overlap the band gap of the other material, and it is called straddling gap. Figure 1.4 shows

type I band alignment when semiconductor materials form heterostructures.
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Figure 1.4. The illustration of the type I band alignment of semiconductor heterostructures.

1.5.3.2 Type II (Staggered Gap) Band Alignment
Type II band gap alignments occur when the band gaps of the two materials overlap
but one does not completely enclose the other, and it is called staggered gap. Figure 1.5

shows type II band alignment when two semiconductor materials form heterostructures.
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Figure 1.5. The illustration of the type Il band alignment.
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1.5.3.3. Type 1I (Broken Bandgap) Band Alignment
Type III bandgap alignments occur when the bandgap of two materials do not
overlap at all in energy, and it is called the broken bandgap. Figure 1.6 shows type III

band alignment when two semiconductor materials form heterostructures.
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Figure 1.6. The illustration of the type III band alignment.

1.5.4. Tunneling Field Effect Transistors (TFETS)

Field Effect transistor is a device composes of semiconductor p-n junction, and its
channel structure and behavior is controlled by applied electric field. The conductivity of
FETs depends on the diameter of the channel. Tunneling field effect transistor (TFET) is
one of the futuristic device design placed in low power electronics as an advancement of
FET transistors®. The structure of TFET is similar to MOSFET, but it differs from the
traditional transistors with its switching mechanism that is to regulate the quantum
mechanical tunneling instead of regulating the thermionic diffusion of carriers. Vertically

stacked heterostructures of atomically thin-layered materials present promising candidacy
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for TFET device applications with their dangling bond free smooth interfaces and energy
independent step-like density of states.

Power consumption is the one of the biggest challenges to accomplish in new
generation electronics. In today’s electronics, scaling down (nano-scale) on widely used
transistors allows one to put more transistors into the circuit, hence more nano-devices
drain more power that cause shorter battery life and heating on the gadgets we use our daily
life. In the existing transistor designs, such as MOSFET, the low power switching is not
possible because the thermal emission of carriers has its limitation (substhreshold switch
(SS) is limited to 60mV/dec.) according to the Boltzmann statistics. Subthreshold is the
gate voltage needed to change the transistor current by one order of magnitude. In the light
of this power consumption issue, the revolutionary advance, based on quantum mechanical
effects, is the so-called “the Steep Slope Devices” that includes “Impact lonization Field
Effect Transistors”, “Electro-Mechanical Field Effect Transistors”, “Ferroelectric Field
Effect Transistors”, “Feedback Field Effect Transistors”, and “Tunnel Field Effect
Transistors”.

Tunneling field effect transistors exploits quantum mechanical tunneling
phenomena between energy bands, so-called band-to-band tunneling (BTBT). Tunneling
is the probability of the wave function of transmission that calculated from the
Schrédinger’s equation by the law of quantum mechanics. Tunneling is always possible,
but the probability function varies with the barrier height, internal energy, perturbation,
etc. Band to band tunneling implies the tunneling of carriers form the valence band of one

material to the conduction band of the other material or vice versa by the operation of gate
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voltage. Band to band tunneling mechanism needs low voltage regulation to be functioned,
and it is fast because of the quantum nature of tunneling. Tunnel field effect transistors are
requires low power to fast operations thanks to the band-to-band interband tunneling. There
are possible fundamental enhancements of the performance of tunnel field effect transistors
such as channel structure engineering, doping engineering, and materials selection
engineering. We work on the materials engineering by using the best-suited materials in
nanoscale to obtain best results.

Schrodinger’s Equation and tunneling probability (Eq. 1.2):

%Y@ _ Zh_TZ”{E - U)W (2) (Equation. 1.2)

0z2

And solution of the Schrodinger’s Equation (Eq. 1.3) gives us:
P(z) = P(0)e*k” (Equation. 1.3)

Where, Y is the wave function of the carrier, z is the spatial distribution, W is the barrier
width, E is the kinetic energy of the carrier, U is the potential energy of the carrier which
is related to band structure.

The starting point to the material engineering for tunnel field effect transistors is
materials selection that is to study, simulate, prepare, and optimize the suitable materials
for the purpose. According to tunneling probability calculations, the materials effective
masses, and their energy band structures play a crucial role on quantum tunneling, so does

the device performance. To point of view of quantum mechanics, small band gap

20



semiconductors are more preferable for tunneling based application. Another issue is the
keep the barrier as low as possible to ease the tunneling. With conventional materials, the
Fermi level pinning is the issue that puts extra energy barrier on the surface, but fortunately,
in atomically thin materials the Fermi level pinning is not occurs thank to dangling bond
free smooth surface. When the heterostructure is built with atomically thin materials, there
it forms a van der Waals gap between the materials, and it prevents the Fermi level pinning.
Atomically thin materials also easy to build because of their layered nature. As a result, to
choose proper the proper materials is the key issue for technological advance.

Figure 1.7 illustrates the structure of a field effect transistor built on a lateral
heterostructure. Lateral heterostructures can be built in different ways, among them CVD
based synthesis is preferred by most of the engineers because of its large scale, uniform
product.

Figure 1.8. Illustrates the structure of field effect transistor built on vertical
heterostructure. Vertical heterostructures are preferably synthesized by micromechanical
exfoliation and dry transfer method, and CVD is not desired for vertical heterostructures
because atoms from different origin diffuse into each other and creates alloys instead of

protected van der Waals gap between the layers.
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Figure 1.7. The schematic illustration of tunnel field effect transistor form on a lateral
heterostructures.
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1.6. Challenges of the Production and Integration of Atomically Thin Layered
Materials to the Nanotechnology Applications

Atomically thin layered materials are used to be synthesized either isolating
individual layers from their bulk form as a top-down approach namely exfoliation, or
building the structure from the scratch as a bottom up approach namely growth. For each
synthesis technique; there are wide range of parameters to consider such as operational
difficulties, selection of sources, and the enhancement of quality of the product. Therefore,
it is crucially important that how one synthesizes these materials and utilizes its properties
to obtain the maximum efficiency in terms of materials design, device performance,
compatibility with various applications, etc.

Even though, the better device performance has been obtained by
micromechanically exfoliated samples for research point of view, chemical vapor
deposition (CVD) is still more preferred materials synthesis method on graphene
production for applications point of view including electronics, spintronics, and photonics
thanks to its wafer scale, uniform, and controllable features [25]. However, there are certain
complications for CVD growth of graphene. One major issue is that the deposition is
limited to occur on a catalyst metallic substrate surface such as copper and nickel, and these
substrates cannot be employed as a base platform for device applications, hence; the
graphene needs to be transferred onto mostly S102/Si1 substrates after CVD process. There
are different types of techniques for transferring graphene from copper substrate to SiO> or
other final substrates [26]. It is important that to employ the best technique to preserve

graphene’s unique properties, which are high mobility, mechanical strength, etc., after
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transfer process. CVD grown graphene needs to deal with some other issues such as choice
of substrate, orientation of substrate, contamination from the reaction chamber, etc. The
controlling the order and quantity of exposure of gaseous species in CVD system plays a
crucial role on graphene production.

Even though, micromechanical exfoliation is limited by materials library and lack
of control on product, it is a mostly preferred synthesis method with its simple, reliable,
high crystalline quality yield features to study elementary properties of materials for
research purposes. The key parameters that have an effect on the quality of the product
with micromechanical exfoliation are to handle the transfer process properly, the choice of
adhesive tools, cleanness of the substrate, quality of the bulk materials, aftermath
treatment, etc. Building heterostructures of atomically thin layered materials with the dry
transfer tool is basically the post micromechanical exfoliation process. Dry transfer method
is to attach two different layered materials mostly in vertical orientation to form a
heterostructure. The quality of heterostructures by dry transfer method depends on the
compatibility of equipment used in process, operational skills, aftermath treatment, etc.
The structural identification via characterization tool is an important step for
micromechanical exfoliation. The non-destructive, easy to apply, and versatile micro-
characterization tool, namely Raman spectroscopy, is employed to identify the properties
of atomically thin layered crystals. However, there is still not a standard and peak
assignment for identifying structural properties and analyzing phonon behaviors of some

transition metal dichalcogenides such as, WSe; and MoTeo».
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1.7. Outline

The sequent chapters of this dissertation is organized as follows. In chapter 2, the
effect of intermittent oxygen exposure on chemical vapor depostion of graphene is
systematically investigated. In chapter 3, the interface of graphene / h-BN is investigated
in terms of interlayer coupling between the constituents of the van der Waals
heterostructures. In chapter 4, the second order resonant Raman spectroscopy
characterization of the metal dichalcogenides and heterostructures are studied.

Conclusively in chapter 5, we are going to summarize the key findings of this thesis.
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Chapter 2. The effect of Intermittent Oxygen Exposure on Chemical

Vapor Deposition of Graphene

Abstract:

Chemical vapor deposition is the most proficient method for growing graphene on copper
foils due to its scalability, repeatability, and uniformity, etc. Herein, we systematically
study the effect of oxygen exposure on graphene growth. We introduced oxygen before
and during the growth, and then studied its effects on the morphology, crystallinity, and
nucleation density of graphene. We observe that introducing oxygen during growth
significantly improves the graphene crystallinity while pre-dosing oxygen before growth
reduces the graphene nucleation density. These studies suggest that intermittent oxygen
exposure play a significant role in graphene growth, enabling scalable production of high

quality graphene.

2.1. Introduction

Graphene, as one of many stable carbon (C) allotropes, is the two-dimensional (2D)
arrangement of C atoms on a hexagonal lattice structure. Even though, theoretical studies
of graphene went back to 1940s [1], the experimental work on graphene has started in 2004,
by Geim and Novoselov and their discovery of isolation of single layer graphene by using
so-called scotch tape method [2], and number of publications both experimental and theory
are getting exponentially increased since then. Graphene is an exceptional material with its

unique properties such as high electrical and thermal conductivity [3, 4], excellent
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electronic mobility [5, 6], and mechanical strength [7] by far than any other materials. In
graphene, four outer shell electrons make three ¢ bonds in plane and leaving one out of
plane p; orbital available for electronic conduction. These ¢ bonds formed by the sp?
orbitals give graphene excellent mechanical and thermal properties. Graphene is around
hundred times stronger than the strongest steel, and it is quite flexible. The highly mobile
p; orbital electrons are located above and below the graphene sheet, and they give graphene
excellent electronic properties such as Dirac type energy dispersion, high mobility, etc.
Dirac type energy dispersion in graphene implies that electrons have zero effective mass,
and lack of electronic bandgap enables ballistic carrier transport around symmetry points.

Graphene can be synthesized by using different methods such as chemical vapor
deposition (CVD) [8], epitaxial graphene growth on silicon carbide (SiC) [9],
electrochemical exfoliation [10, 11], and micromechanical exfoliation [2] from bottom-up
to top-down approaches, that vary the product in quality, size and quantity according to the
purpose of applications. The optimization of synthesis of graphene is going to promote and
shape technological advancements in materials science integrated application platform
which demand large scale, high quality, and uniform graphene in order to utilize devices
in cutting-edge nanoscale electronics, optics, spintronics, etc. CVD grown graphene on
copper (Cu) substrate is the most promising, prevalent materials source for device
fabrication process by its compatibility with academic and industrial demand.

CVD is the most studied graphene production method for building the prototypes
of next-generation electronic devices thanks to its scalability; however, there is still not an

ultimate consensus of growth mechanisms on control the size and morphology of
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synthesized-crystals. The varying results in different laboratories imply the necessity to
reach better optimization to enhance materials processing. Graphene synthesis by CVD
employs the formation process through primarily the nucleation and growth of C atoms on
the surface of Cu right after the thermal decomposition of hydrocarbon precursors. The
details of nucleation of C atoms on Cu surface and Kkinetics of gaseous species determine
the quality of graphene. Significant improvement has been achieved in graphene growth
by investigating fundamental variables. Han et al. have found that graphene growth is
affected by Cu surface morphology as smooth surface lowers nucleation density and yields
larger graphene domains [12]. The effect of base pressure of CVD growth of graphene
regulates the coverage as the higher sublimation rate of Cu leads to desorption of C
adatoms, hence reduces the graphene nucleation density in low pressure CVD, while the
Cu desorption in atmospheric pressure CVD is negligible due to higher activation energy
[13]. The effect of hydrogen (H2) exposure on graphene growth forms the morphology and
thickness as the lower dosage of H2 would manage the multiple layer graphene formation
quickly, then succeeding high dosage of H> for etching to single layer graphene [14]. The
surface oxygen and oxygen (O.) exposure before the growth of graphene reduce the
graphene nucleation density by passivating Cu surface [15].

In this work, we systematically investigate the effect of O> on the CVD growth of
graphene in a single zone split horizontal quartz tube furnace. The O2 gas with varying
concentrations is introduced into the quartz reaction chamber during the different steps of

the thermal process. The detailed characterization of the morphological, structural and
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chemical properties has been performed by various microscopic and spectroscopic

techniques.

2.2. Methods

2.2.1. Materials synthesis

Electropolishing of Cu foils: It is well-understood procedure that the smoothing of Cu foils
prior to growth helps to improve the quality of graphene [16]. We cut (wrinkle-freely) Cu
foils 2 cm x 1.5 cm x 20 um in dimensions and set as an anode, then immersed the Cu foil
in a solution with the larger and thicker Cu foil set as a cathode in a homemade
electrochemistry cell. The electrochemical solution consists of 500 mL deionized (DI)
water, 250 mL phosphoric acid (HsPOs), 250 mL ethanol (C2HsO), 50 mL isopropyl
alcohol (IPA: C3Hg0), and 10 g urea (CHsN20). A direct current (DC) power supply was
used to apply 0.7 A of current at 2.7 V of potential for 100 sec. After electro-polishing, the
Cu foil was rinsed with DI water, further washed with IPA, and then blow- dried with
nitrogen.

CVD of Graphene on Cu foils: The graphene samples were grown by CVD method using
three different recipes, referred as recipe I, recipe Il, and recipe Ill. Briefly, the furnace
was heated up to 1000 °C with the heating ramp of 25 °C min under a gas mixture of H
(100 sccm) and Ar (400 sccm), and the growth pressure of 15 Torr was maintained during
the entire process in all recipes. While the graphene samples were grown without
introducing Oz in recipe I, Oz was introduced into the system before and during the growth

of the graphene, respectively, for recipe I1, and recipe IlI.
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The thermal steps for chemical vapor deposition (CVD) growth of graphene on
copper (Cu) foils are schematically illustrated in Fig. 2.1, and the corresponding growth
parameters for each step are summarized in Table 2.1, 2.2, and 2.3 as the thermal recipes
I, I1, and 111, respectively. Briefly, recipe | excludes the oxygen (O2) exposure either before
or during the growth step. Only recipe Il includes the O2 exposure between the annealing
step and growth step, referred as O annealing in Table S2. Recipe 11l employs the O>
exposure during the growth. The different Oz exposures (0, 1, 3,5, 7, 9, 10, and 20 sccm)

in the main manuscript are grown based on recipe llI.
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Figure 2.1. Schematic of thermal steps of CVD growth of graphene on Cu.
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Table 2.1. Parameters of recipe I for CVD growth of graphene on Cu.

~ " ThermalRecipel

CVD Step Heating Annealing Growth Cooling
Temperature (°C 24 to 1000 1000 1000 1000to 24
Time (min) 40 10 0.5 45
Pressure (Torr) 15 15 15 15
Ar 400 400 0 400
Gas Flow| Hj 100 100 100 100
(scem)
0, 0 0 0 0
CH, 0 10 0
Table 2.2. Parameters of recipe I for CVD growth of graphene on Cu.
Nermal Ke NE
CVD Step Heating Annealing 02 Annealing Growth Cooling
Temperature (°C 24 to 1000 1000 1000 1000 1000 to 24
Time (min) 40 10 2 0.5 45
Pressure (Torr) 15 15 15 15 15
Ar 400 400 0 0 400
Gas Flow H» 100 100 100 100 100
(scem)
0, 0 5 0 0
CH, 0 0 10 0
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Table 2.3. Parameters of recipe III for CVD growth of graphene on Cu.

CVD Step Heating Annealing Growth Cooling
Temperature (°C 24to 1000 1000 1000 1000to 24
Time (min) 40 10 2 45
Pressure (Torr) 15 15 15 15

Ar 400 400 0 400
Gas Flow| H, 100 100 100 100
(sccm)
0, 0 0 5 0
CH, 0 0 10 0

Transfer of Graphene from Cu foils to SiO./Si substrates: The grown graphene was
transferred from Cu foil to the final substrate by electrochemical delamination method?’.
The transfer experiment was started with spin coating of Poly (methyl methacrylate)
(PMMA: (CsO2Hs)n) on graphene/Cu sample as a supporting layer. Next, we let the PMMA
to dry 30 minutes under white light or bake it on a hot plate at 180 °C for 90 seconds.
Electrolysis process took place in a homemade electrolytic cell by setting the trio of
PMMA/graphene/Cu as a cathode while thick graphitic rod as an anode, and applying 1.7-
2.1V electrode potential in a solution 1M of sodium hydroxide (NaOH). After separation
from Cu, the PMMA/graphene was fished out of solution to deionized water bath to cleanse
the residual solution. PMMA/graphene were later transported to SiO/Si (300 nm thick
oxide), and dried up at 65 °C before acetone (C3HsO) cleaning. After removing the PMM
layer by acetone washing, we completed transfer process with IPA rinsing and dry nitrogen

blowing.
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2.2.2. Materials characterization

X-ray photoelectron spectroscopy (XPS) characterization of graphene on Cu
substrate was carried out using a Kratos AXIS ULTRADLD XPS system equipped with an
Al Ko monochromated X-ray source, and a 165- mm mean radius electron energy
hemispherical analyzer. The size of slot for XPS is 300 um x 700 pm. The vacuum pressure
was kept below 3x10° Torr, and the neutralizer was applied during the data acquisition.
Microstructural analyses of graphene on Cu substrates were done by the FEI NNS450
scanning electron microscopy (SEM). Raman spectra of graphene on SiO / Si substrate
were collected using a Horiba system with a 532 nm excitation laser (<2 mW excitation
power, 100X objective lens).
2.3. Results and discussion

As described in methods, graphene islands were grown on the Cu foils by CVD
using three different recipes, recipe I, 11, and 11, to establish a conclusive comparison of
the effects of the O that is introduced in the different stages of the thermal process with
varying flow rates on the CVD growth of graphene. It should be noted that the graphene
was intentionally grown in the form of islands, allowing us to understand how the O affects
the shape, density and thickness of the individual islands of graphene.

As a starting point, we characterized the graphene islands on the Cu foils by SEM.
Fig. 2.2 a and 2.2 b show the SEM images of the graphene islands grown by recipe I and
recipe Il, respectively. The graphene islands can be easily distinguished from the Cu foils
thanks to their sharp contrast to the Cu foils. Recipe | provides higher surface coverage of

the graphene islands than that of the islands obtained by recipe Il. Specifically, the density
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of the graphene islands is calculated to be ~ 0.164 and 0.054 um for recipe I, and recipe
I, respectively. The decrease in the density of the graphene islands with the Oz exposure
can be attributed to the passivation of the Cu surface, and thus reducing the nucleation
sites™.

We further investigated the role of O; introduced during the growth step in the
growth of the graphene islands, which has not been studied to date. Fig. 2.2 ¢ and 2.2 d
show the SEM images of the graphene islands grown by recipe Il using 3 sccm and 5 sccm
of O flow, respectively. The O is introduced to the reaction chamber in cooperation with
CH4 and H> during the growth. The presence of O» during the growth yields more uniform
coverage for Oz flow of 3 sccm and 5 sccm (0.062 and 0.067 flake / (um)?) in Fig. 2.2 c,
and 2.2 d, respectively. The comparison of Fig. 2.2 ¢ and 2.2 d points out that the O
exposure during growth is optimized at the flow rate of 5 sccm, since Fig. 2.2 d represents
the most uniform coverage and thickness distribution of graphene islands.

We conclude that O, exposure on the Cu foil before the growth substantially reduce
the density of the graphene islands, while the O> during growth does this. This results will
pave the way. As the amount and step of exposure of O, differs, the coverage and
uniformity of graphene islands significantly changes.

Raman spectroscopy is a non-destructive tool commonly used for the
characterization of graphene as well as other 2D materials [17-24]. Raman spectroscopy is
further performed to obtain information about the thickness and crystallinity of the
graphene islands that are transferred onto Si02/Si substrates. Typical Raman modes as

namely D (disorder band or defect band), G (in-plane vibrational mode), and 2D (second
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order overtone of the D band) of the graphene islands grown with different O2 flow rates
are shown in Fig. 2.3 a. Particularly, the Raman mode frequencies are located at 1340,
1587, and 2678 cm-1 for D, G, and 2D bands, respectively, for the top panel. The weaker
Raman D band is an indication of lesser defective graphene structure. The graphene islands,
which are grown in the presence of O2 exposure during the growth step, exhibit negligible
Raman D band, and this exemplifies highly crystalline structure.

The intensity ratio of Raman 2D and G band is utilized to evaluate the thickness
and quality information of graphene. The 2D / G band intensity ratio of the graphene islands
grown with O flow rate of 5 sccm is significantly higher than the samples grown with O
flow rate of 3 sccm, and much higher than the growth held in the absence of O flow. The
2D / G band ratio with various O» exposure rates are plotted in Fig. 2.3 b. The highest
2D/G intensity ratio value is measured for graphene islands grown with Oz flow of 5 sccm.
The high Raman 2D/G band intensity ratio of the samples, which are grown with O, flow
during growth step, is the clear confirmation of single layer, and high quality (close to the
value of micromechanically exfoliated) graphene [25]. The sharpness of 2D Raman band
is an indicator of crystallinity; peaks are getting sharper as the crystal quality of the
graphene island increases. The Raman 2D band full width half maximum (FWHM) with
the different O, exposures is plotted in Fig. 2.3 ¢. The lowest (28.4 cm™) value of 2D
Raman band FWHM is measured for the graphene islands grown by O> flow rate of 5sccm.
The sharp Raman 2D band signifies that high quality graphene islands are synthesized with
the Oz exposure during the growth step. We observe that the excessive Oz flow (20 sccm)

during the growth damages the quality of graphene by yielding defective and thicker
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crystals, Fig. 2.4. The Raman 2D / G band ratio and FWHM values are summarized in
Table 2.4. The Raman spectroscopy analysis on graphene designates the favorable growth

with the O flow of 5 sccm by recipe I1l. The extensive Raman spectroscopy of graphene

grown with more or lesser O2 flow rates are plotted in Fig 2.5-2.8.

Figure 2.2. Surface morphology of graphene islands. SEM images of the graphene
islands grown on the Cu foils by recipe I (a) and recipe II (b). SEM images of the graphene
islands grown by recipe III using the O> flow of 3 sccm (¢) and 5 scecm (d).
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Figure 2.3 Raman spectroscopy characterization of graphene islands. Raman spectra
comparison (a), intensity ratio of the 2D and G Raman peaks (b), and FWHM of the 2D
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peak (c) for the graphene islands grown under varying concentrations of O».

In Table 2.4, we have recapitulated the results of Raman spectra of graphene grown
with different parameters. The intensity ratio of Raman 2D and G bands gives information
about the thickness of graphene, as the ratio is higher, thinner the graphene. The sharpness
of 2D band also signify the quality and thickness, as sharper the 2D band, better the quality

of graphene. Based on the results on Table S4, O, exposure of 5sccm during the growth

gives the best results in terms of quality and single layer graphene production.
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Figure 2.4. Raman Spectra of graphene grown under 20 sccm O> exposure.
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Table 2.4. Summary of the results of Raman spectra of CVD grown graphene islands.
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Figure 2.5. Raman spectra of graphene grown by recipe III, O flow of 1sccm.
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O2 flow: 7sccm
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Figure 2.6. Raman spectra of graphene grown by recipe 111, O> flow of 7sccm.
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O2 flow: 9sccm
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Figure 2.7. Raman spectra of graphene grown by recipe III, O> flow of 9 sccm.
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Figure 2.8. Raman spectra of graphene grown by recipe I1I, Oz flow of 10sccm.

Raman mapping of the 2D band intensity has been proven to be useful for thickness
identification of graphene [26]. The optical microscopy images and corresponding Raman
mappings of the graphene islands grown by three different recipes, which are transferred
on the SiO2/Si substrates, are displayed in Fig. 2.9. We observe that recipe | provides the
graphene islands with a thickness ranging from single to a few layers as seen in Fig 2.9a,
and 2.9d. The graphene islands consisting single to bilayers are obtained by recipe 11, as
shown in Fig. 2.9b, and 2.9e. Introducing Oz just before the growth relatively improves the
thickness uniformity of the graphene islands. On the other hand, the graphene islands
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grown by recipe IlI, in which O is introduced during the growth, have a uniform
monolayer thickness in Fig 2.9¢c and 2.9f. We find that O, exposure during the growth plays
a key role to achieve complement uniformity of the graphene islands synthesized by CVD.
The Raman mapping confirms that the recipe Il with 5sccm Oz flow yields uniform single
layer thickness distribution through Cu surface for graphene production. The Raman
spectroscopies taken from different regions of the graphene islands as center, edge, and
between edge and center verify the thickness classification made based on Raman
mappings of different samples, in Fig 2.10-2.12.

Graphene SiO,/Si
7 -

-

e

Figure 2.9. Raman imaging of graphene islands. Optical images and corresponding
Raman mappings of the graphene islands grown by recipe I (a, d), recipe II (b, e), and
recipe III (c, 1), respectively.

Fig. 2.10 represents the optical image (Fig. 2.10a), Raman mapping (Fig. 2.10b),
and Raman spectra (Fig. 2.10.c) taken from three different regions as green curve for
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center, blue curve for edge, and red curve between center and edge of graphene island
grown by recipe | (No Oz exposure involved), and also illustrated at Fig. 2.9a, d. The Fig.
2.10c shows that the center region consists of few layers, the edge region is single layer,

and between center and edge region is single or two layers of graphene.

Fig. 2.11 represents the optical image (Fig. 2.10a), Raman mapping (Fig. 2.10b),
and Raman spectra (Fig. 2.10c) taken from three different regions as green curve for center,
blue curve for edge, and red curve between center and edge of graphene island grown by
recipe 11 (O2 exposure after annealing and before growth as 5sccm), and also illustrated at
Fig. 2.9b, e. The Fig. 2.9c shows that the center region consists of two or three layers, the

edge region is single layer, and between center and edge region is one or two layers.

Fig. 2.12 represents the optical image (Fig. 2.12a), Raman mapping (Fig. 2.12b),
and Raman spectra (Fig. 2.12c) taken from three different regions as green curve for center,
blue curve for edge, and red curve between center and edge of graphene island grown by
recipe 111 (O2 exposure during growth as 5sccm), and also illustrated at Fig. 2.9c, f. The
Fig. 2.12c¢ shows that the center region, the edge region, and between center and edge

region is single layer uniformly.
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Figure 2.10. Optical image (a), Raman mapping (b), and Raman spectra (c) taken form the
different areas of graphene islands grown with recipe I.
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Figure 2.11. Optical image (a), Raman mapping (b), and Raman spectra (c), taken form
the different areas of graphene islands grown with recipe I1.
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O, flow: Sscem during growth
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Figure 2.12. Optical image (a), Raman mapping (b), and Raman spectra taken form the
different areas of graphene islands grown with recipe III.
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The surface chemistry of the graphene islands and Cu foils are investigated by XPS
analysis [27]. The XPS survey spectra of the graphene islands grown by recipe 11l and O>
flow of 5 sccm reveals only C, Cu, and O elements are present on the surface, Fig. 2.13.
X-Ray Photoemission spectroscopy (XPS) of graphene provides information about surface
chemistry of product. The XPS survey spectra of the graphene islands grown by O
exposure of Sscem during the growth is added to show the surface chemistry behavior of
graphene samples grown with the ideal recipe. The C 1s core level peak of graphene shows
no sign of sp® binding, which implies defect free, high quality production, Fig. 2.14. The
higher C 1s peak on the graphene islands grown with O2 flow of 0 sccm than O flow of 5
sccm indicates higher graphene coverage with the absence of O exposure as a comparison
between recipes | with recipe I11. The C 1s peak is located at the binding energy (B.E.) of
284.6, while it is shifted to higher B.E. by 0.3 eV after graphene deposition. The XPS
spectrum also tells us none or negligible amount of O2 bonded to graphene with changing
exposure rates, which is an indication that changing O> exposure does not change the
surface chemistry of graphene but affects the growth conditions. The XPS spectra presents
C 1s peaks of the graphene samples grown by recipe 11l under O flow of 5sccm and 20
sccm, fig 2.14. 1t is clearly seen that excessive O2 exposure (20 sccm) leads the syntehsis
of the thicker graphene islands compare with monolayer graphene islands grown with O
flow of 5 sccm during the growth step, Fig. 2.15. It is clearly seen that O, exposure of 20
sccm gives much higher (approximately four fold) C 1s peak than O exposure of 5 sccm,
and it indicates that 20 sccm growth yields multiple layers of graphene in contrary to

uniform single layer graphene by Ox flow of 5scem.
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Figure 2.13. XPS survey spectra of graphene grown with Oz flow of 5sccm on Cu.
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Figure 2.14. Surface chemistry of graphene islands. The XPS C 1s core levels of the
Cu foil, and the graphene islands grown by recipe I, and recipe III.
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Figure 2.15. XPS spectra of graphene samples grown with recipe III and different O
exposures.

2.4. Conclusion

In conclusion, we have systematically investigated the effect of O, exposure during
the growth in CVD system for high quality graphene synthesis. We suggest that O>
exposure during the growth plays two important roles on graphene synthesis in CVD. The
first effect is the suppression of nucleation density by passivating the Cu surface, and the
second effect is the etching of graphene islands. The reduced nucleation density enables
more uniform distribution of graphene islands through Cu surface. The etching of graphene
islands provides more uniform thickness by yielding single layer graphene island formation
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on Cu surface. The synthesis of high quality and uniform graphene islands confirms that

the optimization conditions are attained by the Oz exposure of 5 sccm during the growth.
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Chapter 3. Interface Investigation in Graphene/hBN Heterostructures

Abstract:

In this chapter, we study surface contamination of CVD grown graphene through its two-
dimensional heterostructures with hexagonal Boron Nitride (h-BN). The stacking of
graphene and other layered materials in the lateral or vertical geometries can offer extended
functionality by exploiting interfacial phenomena, quantum confinement and tunneling,
which requires the interface between the layered materials be free of contaminates. The
vertical heterostructures of CVD-grown graphene and h-BN single crystals are deeply
investigated by analytical scanning transmission electron microscopy (STEM) and electron
energy loss spectroscopy (EELS). It is shown that graphene contamination, undetectable
using micro-scale characterization tools, is prevalent at the nano-scale, and the interfacial
contamination between the layers reduces the interlayer coupling and ultimately

undermines the graphene/h-BN heterostructures.

3.1. Introduction

As the foremost and thinnest member of two-dimensional (2D) materials, graphene
is one atom thick sheet of carbon (C) atoms, which are densely packed in a honeycomb
lattice structure [1, 2]. Carbon atoms connect to each other via hybridized-sp? orbitals to
form o-bonds by three electrons in plane, while the remaining fourth electron involves in
p; orbitals to form delocalized-n-bonds perpendicular to the plane. Graphene possess

extreme mechanical strength thanks to C-C bonds, and gapless semimetallic behavior due
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to p; orbitals. C atoms are located 1.42 A apart from each other in plane, while sheets are
spaced by the distance of 3.35 A [3].

Hexagonal boron nitride (h-BN) has emerged as another branch of study of
2D materials [4-6], which was initiated by the discovery of graphene. h-BN is a chemically
[7] and thermally [8] stable, wide-direct electronic band gap [9] 2D material. The h-BN has
an equivalent crystal structure with graphene [10], except polarized covalent bonds formed
between boron and nitrogen atoms unlikely non polar C-C bonds that of graphene. h-BN
is @ member of two-dimensional layered materials family that has atomically smooth
surface, dangling bond free interface, and close lattice structure with graphene.

Graphene is one of the remarkable outcomes of innovative efforts to productize
next-generation electronics by materials point of view [11-17]. Graphene possesses
superior properties such as high carrier mobility, high thermal conductivity, optical
transparency, and tunable electronic band gap [18-20]. The characteristics of this recently
discovered two-dimensional carbon (C) allotropes are ideal to be utilized as channel
material for high performance device applications, namely transistors, biological and
chemical sensors [21-23], etc. The effectiveness of graphene-based nanoscale devices is
easily altered by various factors. The numerous studies indicate that the performance of
devices built on a channel material of graphene sitting on hexagonal h-BN is quite higher
than graphene is on SiO2/Si substrates [24-27].

The very similar crystal structure and completely different electronic characteristics
of h-BN offer ideal platform to tune graphene's electronic properties by building

graphene/h-BN heterostructures [28-30]. Building vertical heterostructures of two
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dimensional (2D) materials promises great opportunities to devise electronic properties in
certain aspects. Graphene / h-BN heterostructures have been emerged as a popular topic to
investigate and enhance the properties of utilitarian combination of these two materials as
being channel and substrate components in devices [31-34]. Accordingly, it is important to
synthesize clean interface of graphene/h-BN for sensitive electronic device applications
[35]. Herein, we investigate the interface of graphene/h-BN by surveying interlayer
coupling, which gets significantly affected through surface contamination on graphene.
The heterostructures of vertically stacked graphene/h-BN are achieved by the procedure of
integration of micromechanically produced h-BN crystals onto CVD-grown graphene
crystals on Copper (Cu) foils. We perform Raman spectroscopy to characterize the
graphene and h-BN crystals, and further to verify the formation of graphene/h-BN
heterostructures. We used scanning electron microscopy (SEM) to study the surface
morphology of graphene We employ the high resolution scanning transmission electron
microscopy (STEM) to visualize the graphene, h-BN, and their heterostructures, and
complementary electron energy loss spectroscopy (EELS) to investigate interlayer
coupling, and energy dispersive X-ray (EDX) spectroscopy to analyze the contamination

of graphene surface.
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3.2. Methods:

3.2.1. Materials synthesis:

Electropolishing of Cu foils: It is a very important procedure that the smoothing of Cu foils
prior to growth helps to improve the quality of graphene. We cut (wrinkle-freely) Cu foils
2 cm x 1.5 em x 20 um in dimensions and set as an anode, then immersed the Cu foil in a
solution with the larger and thicker Cu foil set as a cathode in a homemade electrochemistry
cell. The electrochemical solution consists of 500 mL deionized (DI) water, 250 mL
phosphoric acid (H3zPO4), 250 mL ethanol (C2HeO), 50 mL isopropyl alcohol (IPA: C3Hsg0),
and 10 g urea (CH4N20). A direct current (DC) power supply was used to apply 0.7 A of
current at 2.7 V of potential for 100 sec. After electro-polishing, the Cu foil was rinsed

with DI water, further washed with IPA, and then blow- dried with nitrogen.

CVD of Graphene on Cu foils: The graphene samples were grown by CVD method in a
single zone split horizontal quartz tube furnace. The furnace was heated up to 1000 °C with
the heating ramp of 25 °C min! under a gas mixture of Hz (100 sccm) and Ar (400 sccm),
and the growth pressure of 15 Torr was maintained during the entire process. The annealing
for 20 minutes with Oz (10 sccm) and Hz (100) flow is followed by the growth for 25
seconds for island type graphene deposition under a gas mixture of CH4 (10 sccm), and H>

(100 sccm). The furnace then cooled down to room temperature with Ar and Ha flow.
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Micromechanical exfoliation of h-BN onto Graphene / Cu foils: The h-BN crystals are
prepared by micromechanical exfoliation technique by isolating from the bulk crystal. The
h-BN crystals are later transferred onto the graphene / Cu foil from a mediate carrier
substrate such as PDMS or scotch tape. It is quite challenging to be able to convey h-BN
onto graphene / Cu foil since the foil gets even thinner than the initial thickness of 20 pm

due to the high temperature during the CVD graphene synthesis process.

Transfer of Graphene/h-BN from Cu foils to TEM grids: To transfer the as built-
heterostructures from a Cu foil to a TEM grid, wet transfer method, which employs the
electrochemical delamination, was used. Briefly, The transfer experiment was started with
a spin coating of Poly (methyl methacrylate) (PMMA: (CsO2Hs)n) on graphene/h-BN/Cu
sample as a supporting layer. Next, we let the PMMA to dry 30 minutes under white light
or bake it on a hot plate at 180 °C for 90 seconds. Electrolysis process took place in a
homemade electrolytic cell by setting the composite of PMMA/graphene/h-BN/Cu as a
cathode while thick graphitic rod as an anode, and applying 1.9-2.2 V electrode potential
in a solution 1M of sodium hydroxide (NaOH). After separation from Cu, the
PMMA/graphene/h-BN were fished out of solution to deionized water bath to cleanse the
residual solution. The PMMA/graphene/h-BN were later transferred to quantifoil holey
carbon TEM grids. The PMMA layer was successively dissolved in acetone, followed by
the IPA rinse and nitrogen blow.

Optical microscopy images in Figure 3.1 displays the steps of graphene/h-BN

fabrication process on TEM grid. The fabrication process is summarized as the CVD
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growth of graphene crystals on Cu foil (a), micromechanical exfoliation of h-BN crystals
on PDMS (b), h-BN crystals integrated onto graphene on Cu foil surface to achieve the
graphene/h-BN heterostructure (c), and as a final step; the graphene/h-BN heterostructure
was transferred on TEM grid by using electrochemical delamination process (d).
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Figure 3.1. Optical microscopy images of step by step graphene/h-BN heterostructure
fabrication process. Graphene synthesis (a), h-BN synthesis (b), the integration of h-BN
onto graphene on Cu foil (c¢), the transferred graphene/h-BN from Cu foil to TEM grids

(d).
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3.2.2. Materials characterization:

Microstructural analyses of graphene on Cu substrates were done by the FEI
NNS450 scanning electron microscopy (SEM). Raman spectra of graphene on SiO2/Si
substrate were collected using a Horiba system with a 532 nm excitation laser (<1 mW
excitation power, 100X objective lens).

FEI Titan G2 60-300 aberration-corrected STEM equipped with a CEOS DCOR
probe corrector was used in this study. ADF-STEM images (2048 x 2048 pixel2) were
acquired with the STEM operated at 200 keV using a dwell time of 6 ps per image pixel at
a camera length of 130 mm. The beam convergence angle, aobj, was measured to be 26
mrad. The ADF detector inner and outer angles of collection were measured to be 54 and

317 mrad, respectively. The measured probe size was ~0.8 A.

3.3. Results:
3.3.1. Raman Spectroscopy Characterization

Raman spectroscopy is a non-destructive tool to obtain information about
molecular vibrations and crystal structure [36, 37]. Raman spectroscopy is widely used in
physical characterization of 2D materials field to probe the surface structure and thickness
analysis [38,39]. In Raman spectroscopy, the monochromatic beam of light interacts with
the 2D materials through the scattering events by various molecular bonding and phonons
in-plane or out of plane, and reveals the spectra with possibly active Raman modes vs. the
intensity of corresponding peaks. The Raman spectra of graphene, h-BN, and graphene/h-

BN heterostructures provide information about the thickness, crystalline quality, and
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substrate effect. We categorize the Raman characterization into three sets, which are the
Raman characterization of graphene and h-BN on SiO»/Si and PDMS, and the Raman
characterization of graphene/h-BN heterostructures on SiO2/Si and TEM grids. We
separately characterize the graphene and h-BN crystals to track the thickness and
crystallinity information of samples, and compare the substrate effects. We finally conduct
the Raman spectroscopy investigation of graphene/h-BN heterostructures to determine the

thickness and crystallinity of structures without changing or damaging their properties.

3.3.1.1. Raman Spectroscopy Characterization of Graphene

Raman spectroscopy characterization of graphene is a functional tool that can
provide the broad range of information such as; thickness, disorder, doping, strain, thermal
conductivity [40, 41]. The Raman spectroscopy of graphene differs in characteristic values
depending on the substrate, at which graphene crystals synthesized on it [42]. There are
three major Raman modes of graphene crystals. The Raman D band is associated with A,
breathing mode, and it indicates the defects or disorder in graphene crystals. The intensity
of Raman D band corresponds to the degree of defects or disorders. The Raman D band is
significant for defective graphene samples, and it is negligible in pristine graphene,
therefore the Raman D band can be used itself as a parameter to assign the quality of
graphene. It is also noteworthy that Raman D band is dispersive and sensitive to the laser
properties. The Raman G band is associated with in-plane Exg stretching mode. The Raman
frequency of G band is sensitive to the thickness of graphene crystals, as the decreasing

thickness causes Raman G band shift to the higher frequencies. Moreover, the position and
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intensity of Raman G band can be changed by temperature, doping, and strain, etc. The
Raman 2D band is a second order overtone of the D Raman band, and it is dispersive as
well. The Raman 2D band is a decisive factor to assign the thickness information of
graphene crystals, as the intensity of the peak is higher with decreasing thickness of layers.
The sharpness of 2D Raman band is also an indication of high quality graphene samples,
as the sharper peaks , narrow full width half maximum (FWHM), implies higher crystalline
quality. The intensity ratio of Raman 2D band and G band (I>p/lg) determines the thickness
of graphene, as Iop/Ic>2 indicates single layer graphene. The intensity ratio of Raman D
band and G band (Ip/Ig) reveals information about the level of defect or disorder in
graphene crystals. Raman spectroscopy characteristics of graphene vary with respect to

origin of the type of synthesis and substrate.

Raman Spectroscopy of CVD Grown Graphene:

The CVD-synthesized graphene crystals on Cu foils are transferred onto S102/Si
substrates for the detailed Raman spectroscopy characterization. The Raman spectra of the
graphene crystals reveal distinguishably varying 2D and G band peak intensity ratios
depending on the thickness of samples. The Raman D peak also appears in different
intensity values depending on the degree of defects and disorders. The typical Raman
spectra of CVD grown graphene with the typical D, G, and 2D peaks is shown in Figure
3.2. The ratio of Raman 2D and G peaks (I>p / Ic=2.63) indicates that the graphene crystal
is single layer [43]. The D peak shows some degree of disorder or defect that might

originate from CVD process itself or from the transfer process from Cu to SiO> [44,45].
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Figure 3.2. The Raman spectra of CVD grown graphene. The inlet presents the optical
microscopy image of CVD-grown graphene on SiO/Si.

The Raman spectra of graphene crystals with different thickness reveals the varying
Raman 2D/G band ratio and shifting Raman G band frequency, Figure 3.3. The Raman
2D/G band intensity ratios of graphene crystals are calculated as 2, 0.91, and 0.61 for single
layer (SL), few layer (FL), and for multilayer (ML), respectively. The increasing graphene

thickness leads the Raman G band shifts to the higher Raman frequencies. We reference
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the Raman G band location of SL graphene as reference, and calculated the change of the

Raman G band from the reference point with changing thickness.
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Figure 3.3. The Raman spectra of multi-layer (ML), few-layer (FL), and single-layer (SL)
CVD grown graphene crystals.

The Raman frequencies, the shift of G band, the Intensity ratios, the FWHM values
of the Raman spectra of CVD-grown SL, FL, and ML graphene are listed on the table 3.1.
The Raman band intensities were normalized as the intensity of Raman I mode was being

equal to 1.
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Table 3.1. The Raman spectra parameters of CVD grown graphene in different thickness.

Thickness Single Layer (SL) Few Layer (FL) Multi Layer (ML)
Wp (cm) 1347 1 1351.9 1345.8
W; (cm™) 1588.3 1583.7 1579.1
Wy (cm™) 2683.8 2698.9 2688.3
AW (cm™) 0 46 9.2

Ip 0.08 0.16 0.24

le 1 1 1

o 2.00 0.91 0.61
2D-FWHM (cm™) 36 55 52
G-FWHM (cm’') 18 24 29
D-FWHM (cm™) 19 30 57

* The Raman peak intensities are normalized as I values equal to 1.

AW values are calculated as the wavenumber of Raman G peak’s deviation from the

Raman G peak value that of single layer.

The Figures 3.4, 3.5, 3.6 show the thickness dependent trends of Raman spectra
components that are listed on the Table 3.1. Raman 2D/G band ratios increase with the
reducing the number of layers. The Raman G band shifts to the higher Raman frequencies

with the reducing the number of layers. The value of Raman 2D band FWHM increases

with the increasing number of layers.
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Figure 3.4. The Raman 2D and G band intensity ratios with changing graphene thickness.
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Figure 3.5. The Raman frequency and shift of D band with different graphene thickness
as multi-layer (ML), few-layer (FL), and single layer (SL).

73



-----

o
&
O

o
Q@

Raman 2D band FWHM / cm’’

w
¢

ML FL SL
Graphene thickness

Figure 3.6. The FWHM of Raman 2D band with different graphene thickness as multi-
layer (ML), few-layer (FL), and single-layer (SL).

Raman Spectroscopy of Micromechanically Exfoliated Graphene on PDMS:
Micromechanical exfoliation is a common technique for preparing high quality
graphene samples in easy to handle and reliable operational process. The individual layers
of graphene is isolated from highly ordered pyrolytic graphite (HOPG) by using adhesive
surface of scotch tape while thinning and transferring the layers from the source material

to final substrate. The graphene crystal exfoliated onto the PDMS substrate reveal major
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Raman peaks along with the Raman peaks of PDMS, in Figure 3.7. The FWHM of 2D
band is calculated as 22 cm’!, this indicates very high quality of graphene. Furthermore,
the intensity ratio of the Raman 2D and G band (Iop/Ig) is calculated as 5.26, and this very
high intensity ratio indicates single layer (SL), high quality graphene on PDMS substrates.
The Raman spectra of exfoliated graphene on PDMS reveals that the very sharp Raman 2D
peak, very high intensity ratio of Raman 2D/G modes, and lack of Raman D mode. These
interesting results implies that the Raman features, which are linked to crystalline quality,

are significantly enhanced by the choice of the type of synthesis method and substrate.
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Figure 3.7. The Raman spectra of micro-mechanically exfoliated graphene on PDMS
substrate. The inlet presents the optical microscopy image of micromechanically exfoliated
graphene on PDMS.

3.3.1.2. Raman Spectroscopy Characterization of h-BN

Raman spectroscopy is a practical technique to verify the h-BN single crystals and
designates its characteristics such as thickness, etc. [46]. The h-BN crystals reveal a major
E»; peak between 1360 and 1375 cm™! that its intensity and Raman wavenumber position
depend on the thickness of the crystals, as in usually observed blue shift with the decreasing

thickness [47]. The in-plane Raman E>z mode is analogous to graphene Raman D band,
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however it is not dispersive in contrary to graphene Raman D band. Due to large band gap
of h-BN, the Raman scattering is not resonant with the laser source in the visible spectrum.
Hence, the Raman interlayer shear modes of h-BN are much weaker in intensity than that
of the other 2D materials and graphene.

Figure 3.8 shows typical Raman spectra of the h-BN crystal micromechanically
exfoliated on PDMS substrate. The vibrational mode of Ezg is located at the Raman
wavenumber of 1362 cm™! with the corresponding FWHM of 10.1 cm™. Figure 3.9 shows
typical Raman spectra of the h-BN crystal micromechanically exfoliated on SiO»/Si
substrate. The vibrational mode of Ez is located at the Raman wavenumber of 1372 cm”
lwith the corresponding FWHM of 10.4 cm™. The h-BN crystals exfoliated on different

substrates does not show any dramatic change on their Raman spectra.
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Figure 3.8. Raman spectra of h-BN on PDMS. The inlet presents the optical microscopy
image of micromechanically exfoliated h-BN on PDMS.
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Figure 3.9. Raman spectra of h-BN on SiO»/Si. The inlet presents the optical microscopy
image of micromechanically exfoliated h-BN on SiO»/Si.

3.3.1.3. Raman Spectroscopy Characterization of Graphene / h-BN

Graphene/h-BN heterostructures can be built on different substrates in according to
the purpose of application. We build heterostructures on SiO2/Si for Raman spectroscopy
characterization, and on TEM grids for the high resolution electron microscopy analysis.
Figure 3.10 displays the optical microscopy images of graphene / h-BN heterostructures

on Si0,/Si (a) and on TEM grid (b). Raman spectroscopy analysis have been done on the
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graphene/h-BN heterostructures that are built on SiO»/Si and TEM grid substrates. The
Raman spectra (Figure 3.11), which is taken from the junction, with the characteristic h-
BN Raman peak of Es, at 1363 cm™! with the FWHM of 9.7 cm™!, and graphene Raman
peaks of G band is located at 1579 cm™ with FWHM of 15.8 cm™, 2D peak is located at
2699 cm” with FWHM of 69 cm'verifies that the graphene / h-BN heterostructures are
successfully built on SiO2/Si. The Raman spectra does not reveal graphene Raman D band,
which is believe to be suppressed by the strong Raman E»; peak of the h-BN. The Raman
spectra implies that h-BN is multilayer, and graphene consists of multi layers of graphene
sheets. The large FWHM of Raman 2D band also indicates the low quality of graphene or

misalignment structure at interface [48, 49].
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Figure 3.10. The optical microscopy images of the micromechanically exfoliated
graphene/h-BN heterostructures on SiO2/Si (a), and graphene/h-BN heterostructures
consist of CVD grown graphene and micromechanically exfoliated h-BN on TEM grid (b).
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Figure 3.11. Raman spectra of graphene/h-BN on Si02/Si.

Figure 3.12 shows the Raman spectra that were taken from the junction of
graphene/h-BN heterostructure on a TEM grid for the free-standing structure as the longer
scan (a) and the shorter scan from same spot (b). The longer scan Raman spectra of the
heterostructure on TEM grid reveals with typical graphene Raman peaks of G peak 1578
cm™! with FWHM of 19.5 cm™!, 2D peak is 2683 cm™ with FWHM of 35.9 cm™!, and Raman

h-BN characteristic of Ezg peak 1362 cm™ with FWHM of 10.2 cm™. The Raman 2D and
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G band intensity ratio, location of Raman G band and FWHM of Raman 2D band indicate
that graphene is single layer. The Raman spectra indicates h-BN crystal consist of few
layers of sheets. The shorter scan Raman spectra may reveal splitting the Raman D peak of

graphene and Raman E», peak of h-BN.
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Figure 3.12. The Raman spectra of graphene/h-BN heterostructure on TEM grid as the
long spectra (a), and zoom in spectra (b).

3.3.2. Surface Morphology Characterization of Graphene

Scanning electron microscopy (SEM) is a useful technique that allows one to obtain
structural information on the surface of the solid state samples by analyzing the contrast
through the primarily backscattered electrons, and compositional information by
examining the emitted secondary electrons. The surface morphology of graphene crystals
grown by chemical vapor deposition (CVD) on copper (Cu) foils is investigated by the

SEM microscopy [50, 51].
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Surface contamination is a major challenge in CVD synthesis of graphene on Cu
foils. CVD synthesis of graphene on Cu foils presents an interesting detail that the self-
limited crystal growth happens on both surfaces of Cu foils. SEM images (Figure 3.13 and
Figure 3.14) clearly reveal that surface of graphene grown on the top side of Cu foil has
more contamination and surface non-uniformity than that of graphene grown on the bottom
side of Cu foil, thus the choice of the graphene from the bottom Cu surface results in better

product quality.
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Figure 3.13. SEM Image of graphene crystals grown on the top surface of Cu foil.
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Bottom-side view

Figure 3.14. SEM Image of graphene crystals grown on the bottom surface of Cu foil.

3.3.3. Scanning Transmission Electron Microscopy Characterization and
Complementary Electron Energy Loss Spectroscopy Analysis on Graphene/h-BN

Heterostructures

The transmission electron microscopy (TEM) is an advanced imaging technique
based on the interaction between the high energy electron beam and sufficiently thin
specimen through the diffraction phenomena of the transmitted electron beam. Scanning
transmission electron microscopy (STEM) employs a finely focused electron beam

scanning over the sample for higher resolution imaging [52, 53]. The high resolution STEM
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image of graphene region is shown in Figure 3.15. The high resolution STEM image of
graphene does not show any sign of contamination. The corrresponding the Fast Fourier
transform (FFT) image of Figure 3.22 is displayed in Figure 3.16. The FFT image exhibits
12 spots, and the evaluation of this structure indicates that two hexagonal structures are
stacked together by 30° angular offset. Hence, the STEM and corresponding FFT images

confirmed that we are dealing with double layer graphene crystal.
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Figure 3.15. The high resolution real space STEM image of graphene, the inset illustrates
the crystal structure graphene.
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Figure 3.16. The resulting fast Fourier transform image of high resolution real space
STEM image of graphene. (The inset illustrates the crystal structure of graphene).

The low magnification STEM image of graphene does not show any sigh of
contamination in Figure 3.17. Even though high and low magnification STEM images do

not prove any contamination agent in graphene structure, we were able to observe
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significant contamination in the intermediate magnification of STEM images in Figure
3.18. The darker regions on the background represent graphene, while the bright regions
may exhibit polymer from transfer process and other contaminants arisen from CVD

furnace during graphene synthesis in the intermediate magnification STEM image.

Figure 3.17. The low magnification STEM image of graphene.

88



Figure 3.18. The Intermediate magnification STEM image of graphene.

The hexagonal structure of only h-BN region is shown in high resolution STEM
images in Figure 3.19. The contrast represents different thickness of h-BN crystals, which
is the result of lack of uniformity of the synthesis method of micromechanical exfoliation

of atomically thin layer materials.
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Figure 3.19. The high resolution STEM image of h-BN, the inset illustrates the crystal
structure of h-BN.

The high resolution STEM images of h-BN region display few layers thick regions

of crystal structure and almost no sign of contamination (Figure 3.20). The small scale
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periodic structure shows closely-packed atoms in a hexagonal arrangement indicates high
crystallinity [54]. The larger scale contrast comes from the intenstity variations of the
signals, and indicates the different thickness of h-BN crystals. The high resolution STEM

images demonstrates that the hexagonal structure of graphene is similar to that of h-BN.

Figure 3.21 presents the low magnification STEM image of graphene/h-
BN heterostructures as the junction and constituent elements. The different regions of
graphene/h-BN components are moderately distinguishable in the STEM image. Some
degree of polymer residue can also be seen as the contaminant comes from the transfer

process of graphene / h-BN from Cu foils to TEM grids.
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Figure 3.20. The high resolution STEM image of h-BN, the inset illustrates the crystal
structure of h-BN.
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Figure 3.21. Low magnification STEM Image of graphene / h-BN.

Electron energy loss spectroscopy (EELS) is an analytical technique that evaluates
the change on kinetic energy of the inelastically scattered primary electrons upon the
interaction with a sample in a modified STEM set up [55]. EELS provides information of
the atomic structure and chemical properties of the sample within the limits of atomic
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resolution [56, 57]. The EELS enable one to investigate the interface by detecting the
electronic interaction supposedly takes place at van der Waals junction of graphene and h-
BN. The Figure 3.22 presents the core level EELS spectra of graphene/h-BN taken from
the designated regions in low magnification STEM image (Fig. 3.21). The graphene only
region of EELS spectra reveals Carbon K edge, however does not show any sign of Boron
and Nitrogen K edge. Similarly, h-BN only region of EELS spectra reveals Boron and
Nitrogen K edge, however does not show any sign of Carbon K edge. The core level EELS
spectra does not show any difference in the electronic state between the junction and
graphene, h-BN separate regions, thus we can conclude that the interlayer coupling did not

occur or negligible at interface.
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Figure 3.22. The core level EELS spectra of K shell excitations of graphene / h-BN.

Figure 3.23-25 present Boron K Edge, Carbon K Edge, and Nitrogen K Edge EELS
spectra, at which the zoom in spectra are clearly shows that no electronic state coupling or

hybridization between graphene and h-BN van der Waals structures at interface.
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Figure 3.23. The zoom in core level Boron K shell excitations of EELS spectra of
graphene/h-BN.
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Figure 3.24. The zoom in core level Carbon K shell excitations of EELS spectra of
graphene/h-BN.
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Figure 3.25. The zoom in core level Nitrogen K shell excitations of EELS spectra of
Graphene/h-BN.

3.3.4. Energy Dispersive X-Ray Spectroscopy Analysis of Contamination of Graphene

Energy dispersive X-ray spectroscopy (EDX) is an analytical technique which is
complementary to electron microscopy techniques. The emitted X-ray spectrum out of

electron-specimen interaction provides the chemical information of the matter [58]. The
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graphene’s surface contamination is analyzed by EDX spectroscopy performed in STEM.
Figure 3.26 shows STEM high angle annular dark field (HAADF) image of graphene (a),
and the corresponding EDX mappings of contaminants of Carbon (b), Oxygen (c¢), and
Silicon (d). The EDX mappings of contaminants reveals that the graphene surface mainly
consist of Carbon and Oxygen. Oxygen may be bonded to graphene during the transfer
process because of breaking the Cu-Graphene bonding. There are also small amount of

Silicon contamination may come from the quartz tube during the CVD growth of graphene.
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Figure 3.26. The HAADF image (a) and corresponding EDX Mappings of graphene
crystal as EDX Carbon mapping (b), EDX Oxygen mapping (¢), and EDX Silicon mapping

(d).

3.4. Conclusions

The graphene research is involved in a large variety of applications in electronics,
and remarkable improvement has been succeed on synthesis of these excellent materials.
The graphene is considered as a clean interface thanks to characterization done by powerful
tools of field such as Raman spectroscopy, SEM, STEM, etc. However, the high resolution

STEM microscopy images at intermediate magnification reveals contaminated structure of
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CVD grown graphene. The further sign of contamination has been experienced by
performing EELS spectroscopy through investigation of fine structure of graphene/h-BN
interface. The combined STEM and EELS spectra analysis has proved that the interlayer
coupling at interface of graphene/h-BN heterostructures has not been detected. We attribute
the lack of hybridization of electronic properties stems from the graphene surface
contamination in atomic level.
CVD growth of graphene is a prevalent method with its scalability, uniformity,

and repeatability, however it is momentous to obtain atomically clean graphene for

sensitive device applications further beyond the current conventional technology.
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Chapter 4. The Study of Second Order Resonant Raman Scattering on

Layered Metal Dichalcogenides and Their Heterostructures

Abstract:

The Atomically thin layered metal and transition metal dichalcogenides are recently
emerging concentration of materials research thanks to their unique physical, chemical,
and electronic properties. Raman spectroscopy is a versatile and non-destructive technique
for the identification of structural properties and phonon features of atomically thin layered
materials. Especially, the second order resonant Raman spectroscopy, which can be applied
to the resonance conditions in energy of the incoming photon and interband transitions of
an electron in a crystal lattice, reveals additional phonon modes to typical Raman active
modes in the spectra. Various 2D materials, including SnSe2, WSe:, SnS2, and MoTe>, and
their heterostructures are fabricated by dry transfer method as a top-down approach. The
vibrational characteristics of these 2D materials systems are unambiguously established by

using second order Resonant Raman spectroscopy.

4.1. Introduction

Atomically thin layered materials are single or few layers of sheets of materials in
which atoms form strong chemical bonds in plane, while weak van der Waals bonds take
place between the layers of sheets. In these materials; electrons are free to move in two
dimensions, but its movements are restricted in the third direction. This quantum

mechanical confinement effect of electrons give rise to interesting properties such as;
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exceptional electronic and heat conductivity, dangling bond free and extremely smooth
interfaces, energy independent step-like density of states, etc. These materials are expected
to form the future electronics by involving as the channel or base material in device
applications such as; transistors, sensors, solar cells, semiconductors, battery electrodes,
and spin devices. The applications of these novel materials are directly related to their
fundamental properties. Raman spectroscopy is a powerful tool to characterize and analyze
the most possible states of these materials. The results of Raman spectroscopy are directly
related to structural properties of atomically thin layered materials [1].

Atomically thin layered materials family consist of a wide range of different
characteristic materials including graphene, metal dichalcogenides, transition metal
dichalcogenides (TMDs), topological insulators (TIs), insulators, semiconductors, super
conductors, transition metal oxides (TMOs). The metal and transition metal
dichalcogenides materials are represented by the MX, formulation (M: Mo, W, Sn; X: S,
Se, Te). Each layer consists by repeating X-M-X type unit cell, and different stacking
orders of layers designate the crystal structures. The electronic properties are correlated to
the crystal structure and symmetry groups of these materials [2]. TMDs (WSe2, MoS;,
MoTe,, etc) are usually crystallized in 2H (trigonal prismatic molecular geometry)
polytype structure and belong to Den group, while metal dichalcogenides SnSez and SnS:
are mostly crystallized in and 1T (octahedral molecular geometry) type structure belong to
D3qg group. However, the symmetry shows different behavior in bulk and few layer or
monolayer forms since the translational symmetry around z-axis exists in bulk crystals

only. For example, Dsh group symmetry of bulk form of TMDs is reduced to D3q and Dsn
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group symmetries for even layer numbers and odd layer numbers crystals, respectively.
Therefore, the physical and electronic properties of 2D layered materials crucially depend
on their layer thickness [3]. The Raman spectroscopy is the most versatile tool to determine
the most characteristic properties of atomically thin layered materials and their
heterostructures by providing information about stacking order, thickness, crystalline
quality, chemical and structural modifications, interlayer interaction, etc. [4]. Raman
spectroscopy is a method based on the evaluation of the backscattered light from a material
to probe its lattice vibrations and phonon dispersion [5]. Lattice vibrations are systematized
by the irreducible representation of the symmetry group of the crystals, and the optical and
acoustic phonons are able to be designated from this set of vibration modes [6-9]. The
phonon modes for bulk MX; type materials with Dgn group symmetry are given by ['pui=
Alg+ 2A0 + 2B2g + Biu + Eig + 2E1u + 2E2¢ +Eou, where Aig, E1g, and Exgare Raman active
modes, while Asy and Eiy are acoustic modes. The phonon modes for few layer MXo type
materials with D3g4 group symmetry is given by I'= 3A1g + 3A2u + 3E; + 3Ey, where Ay,
and E; modes are Raman active, while A2y, and Ey are acoustic modes. The phonon modes
for few layer M X type materials with D3, group symmetry are given by '=2A"; +A’| +2E’
+E"”, where A'1, and E” are Raman active, while one of the A” and E' are acoustic modes?
[3]. The Raman active modes are the E symmetry modes stem from in-plane, and the A
symmetry modes stem from out of plane vibrations, which are called shear and breathing
modes, respectively. The E symmetry modes are two-fold degenerate, while the A modes

are non-degenerate.
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The low frequency Raman investigation provides critical insights on weak
interlayer interactions of van der Waals type heterostructures that are formed by the
integration of M X type materials together [10]. The low frequency interlayer shear mode
is defined as the oscillation of which the amplitude is perpendicular to the normal of the
planes. The low frequency interlayer breathing mode is defined as the oscillation of which
the amplitude is parallel to the normal of the plane.

Heterojunctions of materials with different characteristic properties present a useful
foundation to discover, understand, and optimize complex condensed matter systems that
its properties are shaped by new physical states. The non- resonant Raman spectroscopy
provides information about the interaction between the incident photon and crystal lattice
through Raman active vibration modes at the center of the Brillouin zone. On the other
hand, the second order resonant Raman spectroscopy (two phonon involves) provides
elaborate information on especially very thin sheets of transition metal dichalcogenides by
revealing infrared active and optically inactive modes in addition to Raman active modes
thanks to the resonance conditions of incoming photon energy and interband transitions of
an electron from occupied to unoccupied state [11, 12]. The second order resonant Raman
scattering is a process that enables the inactive phonon modes, at the edge of the Brillouin
zone to, be probed by enhancing the scattered signal due to the resonance between
incoming photon with excitonic transitions. The second order Raman process is dispersive
with respect to energy of the incoming photon; hence it is related to the electronic structure
of the semiconductor materials due to the nature of excitonic interactions. The second order

resonant spectra do not only reveals structural information of TMDs, but also specifies the
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phonon behavior, which is critical in terms of thermal, electrical conductivity and many
other technical aspects in terms of application point of view. In the case of WSe;, the two-
longitudinal acoustic phonons mode (2LA(M)) appears in the spectra as a result of resonant
excitation resonant excitation at the M point of the Brillouin zone [13]. There is still not a
final agreement on the peak assignments around wavenumber of 245 cm™ and 265 cm™,
on the Raman spectra of WSe». To understand 2LA(M) phonon mode is very important
since it is located in the close proximity to degenerate E'og and Ajg peaks. The previous
studies have ignored the 2LA(M) phonon mode [14, 15], however recent studies have
shown the E', and A1, modes appear as one peak, and second order resonant phonon mode
(2LA(M)) appears as an another peak [16]. We have shown that the E'», and A, peaks are
split, and the 2LA(M) peak appears as a third peak around that wavenumber range. We
believe that the splitting effect has been observed due to local wrinkles induced strain
effects. As a contribution to ongoing discussion about the peak assignment, it is proved
that the degeneracy of the E';; and A1z modes can be lifted. In addition, the red shift of the
2LA(M) peak with the increasing thickness also provides useful information on the
synthesis of these materials.

Similar to WSe», we have observed the second order resonant phonon modes for
MoTe,. Two-phonon transverse acoustic mode (2TA(M)), at the M point of the Brillouin
zone, appears in the Raman spectra of MoTe,. The 2TA(M) mode exhibits a blue shift with
increasing thickness. Another inactive mode of B',, appears in spectra in resonance with
the incoming photon. The B',; mode also provides information about thickness due to its

appearance that is limited for monolayer and bulk, but only for few layers.
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The Raman spectroscopy demonstrates properties of vertically stacked layers of
atomically thin layered materials by differentiating the response of in plane, out of plane,
interlayer shear and breathing modes. The resonant Raman spectroscopy investigation have

been conducted to SnSe», SnS», and heterostructures of SnSe>/WSe> and SnS>/MoTes.

4.2. Methods
4.2.1. Materials Synthesis

The few layer crystals were micromechanically exfoliated from their single crystal
bulk form on the Si0»/Si (300 nm thick Oxide layer for effective optical contrast) substrates
by using scotch tape, or PDMS stamps. The heterostructures were achieved on SiO»/Si
wafers by using dry transfer tool. The dry transfer method allows one to determine the
desired orientation and selection of flakes in micro-scale. In the dry transfer method, one
specific type of 2D material is transferred onto a PDMS (Figure 4.1 a, b), while another
specific type 2D material is transferred onto a S10,/Si1 (Figure 4.1 b, ¢) substrate. The dry
transfer tool (Figure 4.2) is able to integrate dissimilar materials by proximity of stamp to
Si substrate through intermediate-controlled contact of two materials in a very short time
period. The step by step detailed images of fabrication of SnSe>/WSe> is shown in Figure
4.3. The heterostructures can be treated by applied heat to eliminate the water bubbles

formed at the junction.
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Figure 4.1.The micromechanical exfoliation of 2D layered materials. Materials
transferred onto PDMS (a, b) and SiO»/Si (¢, d).

Figure 4.2. The transfer tool for heterostructures assembly. The schematic (a) and
actual picture (b) of the transfer tool.
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Figure 4.3.The heterostructures assembly process by dry transfer tool method.

4.2.2. Materials Characterization
The Raman spectroscopy measurements were performed by using 532 nm and 633

nm excitation by solid state lasers. The magnification for the objective lens was 100x, and
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groove density was 1800 g/mm. The laser power was kept below 300 uW in order to avoid
the effect of local heating. The PL. measurements were performed by using 2.33 eV laser

with the laser power of 200 pW.

4.3. Results
4.3.1. SnSe2

The two-dimensional MX» (M: transition and main group metal, X: chalcogenide)
type materials are mostly crystallized in 2H and 1T types structures with Dgi and D34 point-
group symmetry, respectively [17, 18]. The crystal structure of SnSe; is classified in many
polytypes resulting the wide spectrum of physical and chemical properties. The various
combinations of crystal orientations of SnSe, promises broad range of applications due to
the distinct electronic and optical properties in different polytypes. SnSe> has been mostly
studied on their 2H form, however there has been limited studies done on 1T form. Herein,
we study the 1T stacking order of SnSe> single crystals [19, 20] with D3 group symmetry
in monolayer, few layer, and bulk form since the symmetry group does not depend on
thickness for this specific polytype. Figure 4.4 displays the optical microscopy image of
multilayer SnSe> exfoliated on Si0O»/Si substrates (300 nm thick oxide layer for the best
optical contrast). The thin and thick regions of the SnSe; crystal can be distinguished by

the difference of the optical contrast of the reflected light.
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SiO,/Si

Figure 4.4. The optical microscopy image of SnSe; flakes of thin and thick regions on
Si02/S1 substrate.

"The Raman spectroscopy characterization of SnSe; single crystal is an effective
method that provides structural and chemical identification [21, 22]. For 1T polytype
SnSe», the irreducible representation of 12 vibrational modes at the center of Brillouin zone

is given by I'= A + Eg +2A0, + 2E, [23].
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Figure 4.5. The Raman spectra were taken from thin and thick regions of SnSe:> crystals.

The Raman spectra were taken from two different regions (thin and thick) of a flake
of the SnSe; crystals on Si0,/Si substrate (Figure 4.5). The Raman spectra taken from the
thick region exhibits four Raman active modes, which are the typical in plane vibration
mode of E'y (109.8 cm™), and out of plane vibration mode of Ajg (184.1 cm™ and
additional two low frequency interlayer shear and breathing modes namely E%, (19.6 cm™)
and A%y (35.3 cm™), respectively. For the thin region of the flake, the Raman spectra

reveals two Raman active modes as the shear and breathing modes were not exist. The in
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plane E'y mode is located at the Raman wavenumber of 105.65 cm™ while out of plane A,
is at 184.2 cm!. The comparison of the Raman spectra of thin and thick regions
demonstrates that there is a blue shift (4.2 cm™) on the E'y mode with increasing thickness
of the SnSe;. The blue shift of E'; mode implies that the stiffening of the in plane bonds.

We did not observe any shift on out of plane A1z mode with the function of layer thickness.

4.3.2. WSe2

WSe: is a two-dimensional layered semiconductor material that belongs to TMDs
family in the MX; form. In each plane, one Tungsten (W) atom is connected with two
Selenium (Se) atoms via covalent bonding, while the adjacent layers are coupled with each
other by weak van der Waals interaction resulting the trigonal prismatic molecular
orientation. WSe; crystallized in the 2H structure with Den group symmetry for bulk form.
WSe; samples are synthesized by the micromechanical exfoliation method as top down
approach for isolation of few layer thick crystals from its bulk form. Figure 4.6 displays
the optical microscopy image of WSe; crystals on SiO2/Si substrate (300 nm oxide
thickness).

The irreducible phonon representations of modes of WSe; in bulk form are given
asI'= Aig+2Au+ Biu+ 2Bag+ Eig+ 2E 1+ Ezu+ 2E2s There are four Raman active modes,
which are Aig, Eig, E'2g, and E%. There are four infrared active modes, which are E'yy,
E%y, Al2y, and A%, There are also four optically silent modes, which are Ezy, B*2, By,
and B'z,. The symmetry is reduced by the reducing thickness, the symmetry group of Den

for bulk WSe> is reduced to D3n (for odd number of few layers form) and D34 (for even
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number of few layers form) with the transition from bulk to few layers [24, 25]. Raman
spectroscopy characterization of WSe is very sensitive to laser power due to the vulnerable
nature of low melting point materials open to immediate damage of local heating that alters
the Raman scattering [26]. There is a discrepancy in the literature about the assignment of
the two Raman peaks, which are located at the Raman wavenumber between 248 cm™ and
262 cm’!, of WSe; crystals. The Raman active Ej, mode is not observed in Raman spectra
because the backscattering is forbidden.

Figure 4.7 presents the Raman spectra of bulk form WSe: exfoliated on SiO2/Si
substrate. The typical Raman peaks reveals two major high frequency peaks at the Raman
wavenumber of 248.3 cm™ and 257.4 cm™ for bulk crystals. Although, the first peak was
assigned as the in plane E'», mode, there is no standard peak assignment for the latter peak.
In the literature, some studies have assigned the second peak as out of plane A1z mode at,
however some studies recently have assigned this peak as the second order resonant Raman
mode 2LA(M), which stems from the two-phonon scattering at the symmetry point of M
at the Brillouin zone. The theoretical calculations state that the E'», and Az modes are
degenerate, and the peaks are overtone. The E',; mode is the in plane displacement of W
and Se atoms, and A1z mode for the out of plane displacement of Se atoms. Sahin et al
stated that the degeneracy between E's, and Ay modes is calculated that to be lifted by
breaking symmetry to in monolayer WSe; [ 14], however empirical results do not verify this
expectation due to substrate effect of uniaxial strain. The interlayer shear (E%) and
breathing (B%y) peaks are observed at 23.6 cm™ and 36.3 cm’!, respectively. The Raman

active interlayer shear mode of E? is defined as the vibrations of adjacent layers as the
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oscillation amplitude is perpendicular to the normal of the plane, and the optically inactive
interlayer breathing mode of B% is defined as the vibrations of adjacent layers as the
oscillation amplitude is parallel to the normal of the plane. The existence of B%, mode in
Raman spectra of WSe: is only possible for thre crystals that are thicker than three layers,
hence it is not expect to observe this mode for the monolayer. The By, peak is located at
the Raman wavenumber of 308.5 cm™. B'2, peak is theoretically defined and calculated as
optically inactive mode. However, it is observed experimentally, which suggests that the
breaking of selection rules for phonons due to excitonic resonant Raman scattering.
Therefore, the appearance of the B!y, peak in the Raman spectra of WSez depends on the
wavelength of the incoming light since the resonance is required. The B'2, peak is observed
in the Raman spectra of the WSe> crystals that are consist of double or thicker layers, hence
it can also be employed for easy thickness assignment for monolayer crystals. The peaks
at 359 cm™ (2E1g) and 373 cm™ (A1,+LA) are the combination of the scattering of El»g 10
+LA(M) and E'g to+LA(M) phonons [27, 28].

Figure 4.8 displays optical microscopy image of few layer WSe: crystals on
S10,/Si substrate (300 nm oxide thickness). The two different thickness of the flake can be

distinguished from the optical contrast as the thin and thick regions.

Figure 4.9 presents the Raman spectra of the monolayer and few layer WSe;
crystals exfoliated on SiO2/Si substrate. It is expected to see lesser modes in the Raman
spectra of monolayer due reducing symmetry. Indeed, we do not observe the interlayer

shear (E%g) and breathing (B*,) modes, and other second other phonon modes. According
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to the Raman footprint for the thickness determination of WSe;, the B'2, mode is also not
observed in the spectra taken monolayer. The Raman spectra comparison indicates that the
2LA(M) peak performs red shift (5 cm™) with increasing thickness from monolayer to few
layers. The E'2; and Aj. peaks are located at the Raman wavelength of 250.3 cm™! for
monolayer WSe;. The as E'5g, Ajg peaks are also shown to have small amount of red shift
(0.5 cm™) with increasing thickness. In Raman spectroscopy, red shift implies that the

softening of the bonds [28, 29].

SiO,/Si

WSe, Bulk

Figure 4.6. The Optical microscopy image of bulk WSe;.
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Figure 4.7. Raman spectra of bulk form WSe.

Figure 4.10 displays the optical microscopy image of WSez homostructure
that consists of three flakes stacked together by offset. The flake 1 (few layers) is stacked
by two other thicker flakes on its sides. The Raman spectra (Figure 4.11) were taken from
the flake at the middle as laser beam pointed. The Raman spectra reveal a clear splitting of
phonon modes of E's, Aie, and 2LA(M). We believe this is a confirmation of the
theoretical calculations that indicates three different peaks, but never observed clearly to

the date. We believe this is a result of strain induced by the stacking of three layers
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vertically. The in plane covalent bonds are responsive to induced strain, hence the E'sg

mode performs red shift, while the out of plane A1z mode does not respond significantly.

Figure 4.8. The optical microscopy image of few layer WSe:.
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Figure 4.9. The Raman spectra of monolayer and few layers WSe:.
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Figure 4.11. The Raman spectra taken from few layer WSe> (flake 1 in Fig 4.10).
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WSe, as a member of the MX> type atomically thin layered semiconductor
materials, exhibits indirect to direct electronic bandgap transition from bulk and few layers
to monolayer. Photoluminescence (PL) spectroscopy is an easy method to confirm the
monolayer crystals of WSe; thanks to the sharp PL peak assigned to the only monolayer
form of these materials [30-32]. Figure 4.12 presents the PL spectrum of monolayer WSe>.
The PL peak is located at the wavelength of 747.7 nm, which corresponds to 1.65 eV in
energy. Therefore, we verified monolayer WSe: crystal with the measured direct electronic
bandgap of 1.65 eV. We can confirm the synthesized monolayer WSe> by obtaining the
high intensity sharp of PL peak, which is limited to occur in single layer due to direct

bandgap transition.
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Figure 4.12. The PL spectra of monolayer WSe:.

128



4.3.3. SnS2

Tin disulfide (SnS,), as a member of MX5 type layered materials, is a popular
material with promising physical, electronic, and chemical properties for advanced
nanotechnology applications. SnS: can exist in the form of diverse polytype due to various
stacking order of layers that consist of covalently bonded S-Sn-S atoms in a plane. The
stacking is provided by weak van der Waals interactions between adjacent layers. Among
many polytype, 2H and 1T are the common polytype thanks to their relatively stable
conditions [33]. Herein, we study 2H type crystal orientation of SnS,. We synthesize SnS»
crystal on SiO/Si substrates by isolating thin layers from its bulk form by performing
micromechanical exfoliation method. Figure 4.13 displays the optical microscopy image
of SnS; crystal on Si0,/Si substrate with different thick regions can be distinguished from

the optical contrast of the reflected light.
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Figure 4.13. Optical microscopy image of SnS> on Si0,/Si substrate.

The 2H form few layer SnS; has Diq type group symmetry, the irreducible
representation of the phonon modes at the center of Brillouin zone is given by I'= Eog + Ajg
+ 2Eu + 2A0u. The out of plane Aig and in plane Ezg are the Raman active modes, while Ey
and Aoy are the acoustic modes. The Figure 4.14 presents the Raman spectra taken from
thin and thick regions of SnS> crystals on SiO2/Si. There are two Raman active modes
appear in the spectra as A located at the Raman wavenumber of 315 cm™, and Eag is
located at the Raman wavenumber of 206 cm™'. For the thin flake the in plane E2, mode is

not visible for the thin flakes. The Az and E»¢ peaks show small thickness dependence on
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the non-polarized Raman spectroscopy measurements except the disappearance of Eog peak
for the thin SnS,. We believe polarized Raman spectroscopy measurement would shed light

on the thickness and polytype determination of the SnS; crsytals [34].
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Figure 4.14. The Raman spectra of bulk and few layer form of SnS,.

4.3.4. MoTe2
Molybdenum dichalcogenides (MoTe:), as a member of MX> type TMDs materials,
exhibits interesting physical, electronic, chemical features that are useful to be utilized for

the applications of electronics, spintronics, valleytronics, optics, and catalysis [35, 36].
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MoTe: is crystallized in different crystal structures that results different characteristics
depend on the polytype. The two common polytype of MoTe: are 2H (trigonal prismatic)
and 1T (octahedral) as in the case of most TMDs [37]. Herein, we study the few layer 2H
type MoTe; crystals. Figure 4.15 displays the optical microscopy image of MoTe; crystal
micromechanically exfoliated on SiO»/Si as thin and thick layers can be distinguished by

optical contrast.

Si0,/Si

Figure 4.15. The Raman spectra of MoTex.

The 2H MoTe; has Degn group symmetry and its phonon modes are given by

irreducible representation of I'= Aig + 2Aou + 2B2g + Eig + 2E1u + Eou + Biu + 2E2 [38].
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The Raman active modes are Aig, Eig, E'2g, and E%g. The E'yy, E?1u, Al and A2y, are
infrared active modes. The other modes are optically inactive. The number of phonon
modes reduces with reducing symmetry for few layers MoTe: crystals [39-42].

Figure 4.16 represents the Raman spectra taken thin and thick regions of MoTex.
The E'2, mode defined as the in plane vibrations between Molybdenum and Tellurium
atoms, and it is located at the Raman wavenumber of 234.7 cm™! and 234.2 ¢cm™' for thin
and thick regions, respectively. Small amount of red shift (0.5 cm™) is observed with
increasing thickness. The out of plane A1, peak is observed at the Raman wavenumber of
172.5 cm™ and 173.5 cm! for thin and thick regions, respectively. The Aj, mode
experiences a blue shift (1 cm™) with increasing thickness. The optically inactive out of
plane B',, mode is located at the Raman wavenumber of 290.8 and 290.3 for thin and thick
regions, respectively. The B',; mode is bulk inactive, is also not observed in monolayer
form, however it exist only in atomically thin MoTe:; as few layer form, hence it results the
maximum Raman mode intensity in bilayer form. The intensity ratio of Raman B!y, and
E'>; modes provides thickness information of the few layer MoTe,. We calculated the
intensity ratio (I (B'zg) / I (E'2)) of Raman modes of thin flake MoTe; of as 0.5, which
corresponds to bilayer [43]. The second order Raman mode 2TA(M) is observed at the
Raman wavenumber of 138.5 cm™!, and 141 cm™ for thin and thick regions, respectively.
There is a blue shift (2.5 cm™) of the Raman spectra with increasing thickness of MoTe..
The 2TA(M) mode appears as a result of second order resonant Raman scattering process
at the M symmetry point of the Brillouin zone, where TA refers to the transverse acoustic

phonon. The infrared active in plane mode Eay is located at the Raman wavenumber of
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118.8 cm’! for thin region, but it is absent for the thick region. The low frequency interlayer
shear and breathing modes are observed in the Raman spectra taken from thick region of
MoTez, but these modes are not exist for thin regions. The interlayer shear mode E%, is
located at the Raman wavenumber of 26.7 cm™, while the interlayer breathing mode is at
35.8 cm™!. Another way to decide the bilayer MoTe, from the Raman spectra is to compare
the intensity of Ajgand B'2; modes, since the B!y mode is stronger than A, mode only in

bilayer form [44].
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Figure 4.16. The Raman spectra taken from the thin and thick regions of MoTe:.
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4.3.5. SnSez2/ WSe2

We built the 1T-SnSe2/2H-WSe; heterostructures, which are one of the potential
candidates for new generation electronics application of tunnel field effect transistor
(TFET) [45-47]. Figure 4.17 presents the optical microscopy image of vertically stacked
SnSe> / WSe: heterostructure on SiO»/Si substrate. The SnSe; sits on the substrate, while

WSe2 was transferred on top of SnSe.

SnSGZ === 2

SnSe,/WSe,

Figure 4.17. Optical microscopy image of SnSe»/WSe> heterostructure on SiO»/Si
substrate.
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The vertically stacked SnSe>/WSe: heterostructures have been studied by Raman
and photoluminescence spectroscopy [48, 49]. The Raman spectra (Figure 4.18), taken
from three different components as SnSez, WSe», and junction, confirms that the vertically
stacked heterostructure was achieved. The Raman spectra reveals typical first and second
order modes of both SnSe> and WSe>. The existence of second order resonant Raman
modes confirms that the few layers of heterostructures. We observed a slight blue shift (0.5
cm™) on the in plane E'y mode of SnSe; after heterostructure formation. Blue shift of E1g
peak indicates the stiffening of the in plane bonds, and this same effect of blue shift was
observed with the increasing thickness of bare SnSe». The in plane shear mode E%; mode
was suppressed at the junction. We did not see any other dramatic shift on the other modes,
and it is noteworthy that we did not see any shift on the any modes of the WSe:.

The figure 4.19 presents the PL spectra of multilayer (a) and monolayer (b) WSe:.
PL spectra reveals that indirect to direct band gap transition from multilayer to monolayer.
The PL intensity is significantly higher for monolayer WSe; than that of multilayer, and
this is the trend for all TMDs. The peak labeled as A in the spectra represent the direct band
gap at K point of the Brillouin zone. The weak peak labeled as B in the spectra is assigned
as the direct band gap transition at K point of the Brillouin zone. The difference on energy
between B and A peaks (2.06eV -1.59 eV=0.45 eV) is stem from the spin orbit splitting at
the valence band. The peak labeled as I in the spectra is assigned as the indirect band gap
transition, and it disappears for monolayer WSe,. The direct band gap is read as 1.65 eV

for monolayer WSe; [50-58].
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Figure 4.18. Raman spectra of the heterostructure of SnSe2/WSe;.
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Figure 4.19. PL spectra of multilayer and monolayer WSe,.

The figure 4.20 presents the Photoluminescence (PL) spectra taken from different
regions from the heterostructure. The PL spectra of WSe: side indicates that the 3 layers
crsytals according to literature. SnSe» is known with its weak PL behavior, hence we track
the PL behavior of WSe> and SnSe»/WSe: heterojunction. The PL spectra, taken from
WSe> and junction, reveals significant difference. We calculated the difference between B

and A peaks as 0.42 eV and 0.51 eV for WSe> and junction, respectively.
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Figure 4.20. The PL spectra taken from WSez, SnSez, and the junction of the
heterostructure.

4.3.6. SnS2/MoTe2

The figure 4.21 presents the optical microscopy image of SnS,/MoTe:
heterostructure, which has the great potential of applications of electronics thanks to its
broken band gap at junction [59]. The SnS» is located at the bottom, while MoTe; is
transferred onto SnS,. The optical contrast provides visible differentiation of the

combination of different materials and thickness.
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Figure 4.21. Optical microscopy image of SnS»/MoTe; on the SiO»/Si substrate.

Figure 4.22 presents the Raman spectra taken from three different components of
the heterostructure as SnS,, MoTe;, and junction. From the observation of second order
resonant Raman modes of MoTe; and disappearance of E; mode of SnSo, it is likely to state
we have achieved few layers of heterostructure. The out of plane A1z mode of SnS> has
been experienced a red shift (1.3 cm™) at junction. This implies that softening of the out of

plane bonds due to interaction of van der Waals force. The out of plane breathing mode
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B2, has experienced a blue shift (2.7 cm™), and this implies stiffening of the out of plane

breathing mode.
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Figure 4.22. Raman spectra of SnS2/MoTe: heterostructures.

Figure 4.23 and Figure 4.24 present the polarized Raman mapping of the selected

region in the center and corresponding analysis of the heterostructure. The bright green

region in the mapping represents bare MoTe,, the bright blue region represents bare SnS,,

and the darker blue region represents the junction.
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Figure 4.24. The analysis of polarized Raman mapping of SnS2/MoTe: heterostructures.
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4.4. Conclusions

The second order resonant Raman scattering investigation have been studied on
metal and transition metal dichalcogenides and heterostructures. The second order resonant
Raman process has been demonstrated that to be an effective characterization method on
transition metal dichalcogenides. The second order resonant Raman scattering is an easy
and powerful method to identify the structural characteristics, but also not limited to
analyze the phonon behavior of these semiconductor materials. The thickness identification
of few layer WSe> and MoTe: can be effectively conducted by resonant Raman process
thanks to variety of phonon modes that are only appear in excitation by the proper

wavelength of the interacting photon.
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Chapter 5. Conclusions

The synthesis of recently discovered atomically thin layered materials are crucially
important factor to the performance of its electronic device applications. There are
numerous details about synthesis techniques of these materials. Therefore, growth details
need to be optimized to proceed further in new generation electronics applications by
utilizing layered materials for daily life use.

As of first and the most important member of the atomically thin layered materials,
graphene synthesis has not been fully optimized yet. The results reveal significant
difference on different laboratories, which implies the necessity for more effective
optimization on graphene growth. We investigated the intermittent effect of oxygen
exposure on CVD growth of graphene to contribute to the ongoing efforts to improve
graphene production for electronics based applications. We found that oxygen has a critical
role on graphene growth by passivation Cu surface active sites and its etching effect on
graphene product. We evaluated the effect of oxygen that introduced to the reaction
chamber during the growth process with the existence of hydrogen and methane. It has
been observed that the flow oxygen of 5 sccm during the growth optimizes the growth
conditions by yielding uniform, monolayer graphene.

Surface cleanness is an important parameter for sensitive device applications. We
investigated graphene surface contamination through various characterization techniques.
We found that the surface contamination of graphene is not detectable by micro-scale

characterization tools, on the other hand nano-scale electron microscopy techniques reveal
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contamination. The one of the outcome of surface contamination of graphene is that
prevents interlayer coupling of graphene with h-BN in its heterostructures. The source of
contamination is mostly oxygen, and silicon, attributed to the factors from the CVD
furnace.

The second order resonant Raman spectroscopy was performed to found a base to
identify the structural information and phonon behaviors of WSe>, MoTez, and
SnSex/WSez, SnS2/MoTe; heterostructures. We observed that the induced strain affects the
Raman E'», mode of WSe; by leading a peak splitting that can result to assignment of
Raman modes, which are not well established yet.

As a general frame of this dissertation, a wide optimization process have been made
to improve synthesis and characterization of atomically thin materials for applications

related to the new generation electronics.
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