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Abstract

Atomically thin two-dimensional (2D) materials and heterostructures have emerged as
a frontier in materials science, offering unique physical properties and unprecedented
potential for technological applications. These materials, such as graphene, tran-
sition metal dichalcogenides (TMDs), and hexagonal boron nitride (hBN), exhibit
exceptional electronic, optical, and mechanical characteristics due to their reduced
dimensionality and strong quantum confinement effects. As research progresses, the
disassembling and reassembling the 2D materials to realize these heterostructures is
still a hot and ongoing research. Ensuring clean interfaces and high-quality materials
is crucial to access these novel properties.

After a brief introduction and literature review, Chapter 3 introduces different
novel approaches to the stacking of different 2D materials and the fabrication
of heterostructures with tailored properties, enabling the exploration of novel
phenomena such as phase change investigation of PdSe, and the memcapacitive
and memresistive effects of stacked nanosheets of PdSes. These heterostructures
are pivotal for advancing nanoelectronics, photonics, and phase transition devices.
A simple polymer-free graphene transfer technique is introduced that improves the
quality of transferred graphene.

Chapter 4 of the dissertation investigates the behaviour of various excitons such
as free exciton, bound exciton along with defect states in a partially encapsulated
GaSe by varying the GaSe thickness and temperature (4 to 295 K). This further

expands our understanding of excitons and deep defects in 2D GaSe. This knowledge

vil



is crucial for the future use of GaSe in nano-optoelectronics, particularly when it
comes to manipulating its optical properties.

Finally, chapter 5 investigates the structural evolution and correlated optical
properties of the various alloys between PdSe; and PdTe, with different Te fractions.
we have observed several phase transitions using Raman spectroscopy, and transitions
from PdSe, ambipolar transport characteristics to n-type in PdSe; gTep s, and

subsequently to p-type in PdSe; 5Teq 5 as Te doping increases.
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Chapter 1

Introduction

The pivotal moment in the history of 2D materials can be attributed to the efforts
of Novoselov and Geim et al.(2) who achieved the successful exfoliation of graphene
using scotch tape. This notable work was intended to present graphene as a new
viable alternative material for silicon-based technologies whose properties can be
controlled by external application of the electric field. Since then, there has been
research on graphene showing extraordinary properties like high mechanical strength,
conductivity (both electrical and thermal), and high flexibility. Graphene was shown
to have a high electron mobility 200,000 cm?/Vs at room temperature (3) and a high
thermal conductivity of 5x10> W/m-K (4). It also has an exceptional ability to carry
ultra-high current densities of 1 x10° A/cm? (5). These extraordinary properties
of graphene and many others have generated considerable interest. These properties
have consequently necessitated diverse applications in the field of nanotechnology
and science, such as high-speed electronic and optical devices, energy generation
and storage, hybrid materials, chemical sensors, RF transistors, interconnects, ultra-
capacitors, biosensors, stretchable electronics, thermo-electrics, photo voltaic.
However, the lack of bandgap of graphene has posed a limit on graphene
applications, which has led to the emergence of other layered materials such as

transition metal dichalcogenide with tunable bandgap from bulk to monolayer, Black



phosphorus, and other equally important materials like hexagonal Boron nitride(hBN)
which acts as an insulator due to its large bandgap. The newly enriched properties
of these layered materials have further widened the scope of applications of the 2D
material. For instance, the Transition metal dichalcogenides exhibit diverse electronic
characteristics due to their partially filled d orbitals. These range from insulating or
semiconducting (e.g. Mo, Ti, and W dichalcogenides) to metallic or semi-metallic
properties (V, Nb, and Ta dichalcogenides). Even more intriguingly, several research
studies have emerged on the unique ways to stack various layer materials, forming
novel heterostructures endowed with remarkable properties. The disassembling and
reassembling the 2D materials to realize these heterostructures is still a hot and
ongoing research. Ensuring clean interfaces and high-quality materials is crucial to
accessing these novel properties. The work in the field intends to introduce novel
approaches to address the critical issue of achieving a clean interface and to advance

the transfer method for accessing these important properties.

1.1 Objectives of this dissertation

The Objectives of this dissertation are
1. To advance the methods of exfoliation, transfer, and stacking of 2D materials.

2. To address the challenges and limitations in the precise manipulation of 2D

materials.

3. To investigate the several applications of different heterostructures fabricated

using novel transfer and stacking techniques.

1.2 The organization of this dissertation

The Structure of this Dissertation is as follows:



e Chapter 2 presents a literature review describing the various major methods of
synthesis of 2D materials with emphasis on mechanical exfoliation and chemical

vapour deposition and several transfer and stacking techniques.

e Chapter 3 introduces a new method of transferring graphene without using
polymers. It also introduces a hybrid of wet and dry transfer to fabricate a
heterostructure of PdSe, sandwiched with graphene to investigate the phase
transition of PdSe; under irradiation. A new technique of fabricating moiré
using gold assisted method, discuses nanoscale probing of electrical memory

effects in van der Waals heterostructure of PdSe,.
e Chapter 4 Discuses exciton photoluminescence of encapsulated few-layer GaSe.

e Chapter 5 explores the optical , structural, and transport properties of the

various alloys of PdSe;_,Te,.

e Chapter 6 Summary and conclusion.



Chapter 2

Literature Review

Synthesis of two-dimensional materials has garnered a lot of attention in recent
years due to the fact that these materials possess distinctive features and have the
potential to be utilized in a variety of fields, including electronics, optoelectronics,
energy storage, and catalysis (6). The atomic thickness and vast lateral dimensions
of two-dimensional materials are what distinguish them from three-dimensional
materials. These characteristics give rise to unique electrical, mechanical, and thermal
capabilities (7). Figure 2.1 showns the Particular attention is paid to techniques such
as chemical synthesis, liquid-phase exfoliation, chemical vapor deposition (CVD), and
mechanical exfoliation, respectively (8).

The synthesis of 2D materials is a rapidly advancing field with a variety of
techniques available, each with its own advantages and limitations. Mechanical
exfoliation, chemical vapor deposition, liquid-phase exfoliation, and chemical syn-
thesis are among the most commonly used methods [ (9), (10), (11) |. Emerging
techniques like molecular beam epitaxy, electrochemical exfoliation, and laser ablation
offer new possibilities for creating high-quality 2D materials| (12), (13) ]. Continued
research and development in this area are expected to lead to new materials with

unprecedented properties and applications across various fields.



Mechanically-assembled stacks

Figure 2.1: Top-down and bottom-up approaches to build heterostructure (1)



2.1 Transitional metal dichalcogenide

Transition metal dichalcogenides (TMDs) are a group of layered materials charac-
terized by the structural formula M X5, where M denotes the transition metal (such
as Mo, W, etc.) and X represents the chalcogen (such as S, Se, etc.).All TMDCs
possesses a hexagonal structure, where each monolayer consists of three layers stacked
on top of each other in an X-M-X arrangement. The two predominant polytypes of
monolayers are trigonal prismatic and octahedral. They possess distinct electrical and
optical characteristics that result from the quantum confinement and surface effects
that occur when bulk materials are reduced to monolayers, leading to a transition
from an indirect bandgap to a direct bandgap. The variable bandgap in transition
metal dichalcogenides (TMDs) is accompanied by a robust photoluminescence (PL)
and significant exciton binding energy. This makes TMDs highly attractive for
optoelectronic devices, such as solar cells, photo-detectors, light-emitting diodes, and

photo-transistors.

2.2 Top-Down Methods forming 2D materials

2.2.1 Mechanical Exfoliation

This method, which was initially implemented in 2004 to produce monolayer graphene
from graphite, has since been applied to most two-dimensional layered substances.
This straightforward technique allows the separation of extremely crystalline 2D
flakes. Mechanical exfoliation of Van der Waals crystals is one method that has
been used to make very good monolayers or few-layer structures of transition metal
dichalcogenides. However, exfoliating monolayers from tape depends on the likelihood
of a crystal cleavage that results in the retention of (N-1) layers on the tape and the
transfer of a single monolayer onto the SiO, substrate. The weak interaction between
TMDCs and the SiO4 substrate leads to a low probability of the event, as mentioned

earlier, occurring and, as a result, provides limited control over the size of the



flake (14). This approach is limited by its very low yield and usually produces modest
lateral dimensions, typically less than 5pm. However, minor adjustments, such as
applying exfoliation to the flakes by applying heat, lead to a marginal enlargement
of the flakes.

The process of cleaving thin layers of two-dimensional materials involves overcom-
ing interlayer bonding, which is a complicated balance of forces that is dependent on
a number of parameters at the same time (15). In most kinds of layered materials,
weak van der Waals bonds serve as the mechanism for holding the layers together in
the (001) direction. On the other hand, covalent bonds are responsible for holding
the layers together in the (100) and (010) directions (16). Their structures consisting
of only one or a few layers of atoms result in a low bending stiffness, D, in the out-of-
plane direction, which is approximately 1 electronvolt (eV) and high in-plane tensile
stiffness (17). The interfaces between 2D materials and the substrate are typically
influenced by many interactions, including chemical bonds, van der Waals forces, and
electrostatic interactions (18).

These interactions can be altered by manipulating the chemistry of the interfaces.
Van der Waals bonds possess a lower bond strength (0.4-4 kJ/mol) and a greater bond
length (0.3-0.6 nm), while covalent bonds have a higher bond strength (e.g.345 kJ/mol
for C-C bonds) and a much shorter bond length (0.154 nm for C-C). Hence, the weak
van der Waals forces can be overcome using mechanical, chemical, or electrochemical
means, allowing for the straightforward separation of these layers along the (001)
plane (19). Therefore, separating these layers in the (001) plane by mechanical,
chemical, or electrochemical techniques is easy by overcoming the weak van der Waals
forces.

Applying a peeling force to the ultra-thin sheets, which are formed of single or
a few layers of atoms and are bonded to materials like a scotch tape, allows for
the separation of the sheet from a substrate. When examined, the morphology of the
samples that have been exfoliated typically reveals that the sheets have been partially

torn during the peeling process (20). Cracks have begun to form and spread along



the interface between the sheet and the substrate to enable successful exfoliation. A
further factor that contributes to the sheet splitting into smaller pieces is the presence
of fractures located within the material. When subjected to peeling, the 2D sheets
can be delicate due to their extremely thin nature, which consists of only a single or
a few atomic layers. This presents a technical challenge in terms of controlling the
geometry of exfoliation due to the intricate interaction between the characteristics of

the material and the configuration of the peeling process.

2.2.2 Gold-Assisted Method of Exfoliation

The first major breakthrough in mechanical exfoliation of 2D materials that
proved difficult due to stronger interlayer bonding was reported by Desai et al
(21).Consequently, several previous reports on mechanical exfoliation have employed
gold to improve yield, with gold deposited on the top surface of bulk crystals, followed
by exfoliation, and then transferred to a clean new substrate before the gold is etched.
Exfoliation of TMDC bulk crystals on gold substrates has also been reported to yield
monolayers up to the centimeter scale (21). The gold-assisted method of exfoliation
has proven to be effective in producing monolayers and few layers of TMDCs with
stronger interlayer bonding. Example is PdSe; exfoliated using the gold-assissted
method shown in Figure 2.2.

Gold atoms form a bond with chalcogen atoms, comprising the uppermost layer
of MX5 (21). The strength of the interaction between the evaporated gold and the
uppermost layer is greater than the vdW interactions between that layer and the
lowermost layers of MXy (22). This process facilitates the careful removal of the
uppermost layer by means of a thermal release membrane, which is subsequently
adhered to the intended target substrate, which may be SiOy/Si or quartz (23).
Following the release of the thermal tape onto a hot plate (130 °C), a gentle Oq
plasma is applied to the substrate in order to eliminate any remaining tape from

its surface (24). Low O, plasma power and etching time are utilized to prevent the



etching away of the gold, which would expose the MXs monolayer beneath. Following
this, the gold film is wet-etched with potassium iodide and iodine (KI/I3) using a
Transene Gold Etch-type TFA for four minutes. It is important to note that this
etching method does not affect the TMDC flakes. Following this, isopropyl alcohol
(IPA) and acetone are used to rinse for ten minutes in order to eliminate any remaining

residues and acquire the large-area monolayers.

2.3 Bottom-Up Methods:

2.3.1 Chemical Vapor Deposition (CVD)

Chemical Vapor Deposition (CVD) is a method that involves the deposition of thin
films or coatings onto a substrate surface by causing a chemical reaction between
gaseous precursors| (25), (26) |. During CVD, reactive gases are injected into a
chamber containing the substrate, initiating a chemical reaction that results in the
deposition of a solid substance onto the substrate (27). This technique is extensively
employed in the semiconductor sector, fabrication of coatings, and creation of diverse
materials with distinct features (28).Chemical vapor deposition (CVD) has been
extensively employed for the efficient manufacturing of high-grade, expansive two-
dimensional (2D) materials (24). Contrary to the limited effectiveness of mechanical
exfoliation and the subpar results of chemical synthesis in solution, CVD provides
a well-coordinated approach that ensures high quality, efficiency, uniformity, and

control throughout the process (24).
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Figure 2.2: An optical image of monolayer and few layer PdSe, crystals exfoliated
on a Si0y/Si substrate using a gold-assisted method



2.4 Stacking and Transfer Methods of 2D Materi-
als

In recent years, there has been significant interest in 2D-layered materials from a
fundamental physics and applied science standpoint. Remarkably, a wide range of
unique stacked structures with diverse properties and applications can be inten-
tionally constructed. FExamples of such structures include vertical van der Waals
(vdW) heterostructures, twisted multilayer 2D materials, and hybrid-dimensional
structures (29). The stacking technique is a potent approach to building precise
and high-quality structures of 2D materials with atomic accuracy, in contrast
to the conventional synthesis process (30). Mechanical stacking is the method
most commonly used for assembling two-dimensional heterostructures. Stacking
strategies for two-dimensional materials are the subject of many articles. Due
to the rapid progress of vdW heterostructures and twistronics, new and effective
strategies for transferring and stacking materials with different twists have been
developed (31).Direct growth of two-dimensional materials on substrates of interest
for commercial applications is sometimes hampered by limitations such as the
utilization of high growth temperatures, the utilization of chemically active growth
precursors and promoters, and the requirement of epitaxy.

This has resulted in the creation of a vast number of ways for the layer transfer
of two-dimensional materials from the growing substrate to the target application
substrate. These methods have varied degrees of cleanliness, homogeneity, and
damage associated to the transfer process (32). Chemical vapour deposition and
other vapour-related growth methods have been shown to perform very well in
terms of both quality and scalability, among the many techniques that may be used
to manufacture two-dimensional materials (29). However, in order to create two-
dimensional semiconductors with a reasonable carrier mobility, temperatures that
are higher than 700 degrees Celsius are required. The growth conditions such as high

temperature , has the potential to have adverse impacts on the substrate that is being

11



grown on, which can compromise the dependability and performance of the devices
that are being created (33). While there have been recent advancements in methods
that utilize precursors like salt to lower growth temperature and enhance growth
quality, it is important to note that these precursors can also introduce undesirable
effects such as doping and contamination to the substrate.As a result, the ability for
high-quality 2D materials to be grown on a (growth) substrate and cleanly transferred
to another (target) substrate for device fabrication is crucial (30).

When it comes to CVD samples, the growth of materials is closely affected by the
substrates that they are grown on. If it is not possible to develop the appropriate
materials directly on the substrate that is being targeted, then the heterostructure
assembly should stack all of the 2D components in the order that they were built (31).
After the substrate and the bottom material have been created, another piece of
material, known as the top material, needs to be prepared or moved onto a carrier
that is capable of providing essential structural support. As soon as the top material
is separated from its substrate, it is able to immediately fit exactly on the carrier
without developing any creases or breaking (34). There are at least three categories
that can be used to classify common carriers. These include viscoelastic stamps, which
include polydimethylsiloxane (PDMS), deposited metal films, such as gold films, and
amorphous polymer membranes, which include polymethyl methacrylate (PMMA),
polycarbonate (PC), and poly-propylene carbonate (PPC).

The primary objective of transfer is to separate the upper material and place
it onto the lower material without causing any damage. In order to fully realize the
promise of large-area two-dimensional (2D) materials in a variety of applications, such
as electronics, optoelectronics, catalysis, energy harvesting, and so on, it is essential
to ensure that the transfer of these materials is damage-free. On the other hand,
because the majority of atoms are located on the surface, two-dimensional materials
are susceptible to etchants and water, which are invariably utilized throughout the
typical wet transfer processes. This is due to the fact that all or the majority of their

atoms are directly exposed.
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It is therefore essential to build appropriate assessment methods in order to
promptly and precisely describe two-dimensional materials both before and after the
transfer process. This is done in order to guarantee that quality control is managed
effectively. The post-transfer film cleanliness, defectivity, and uniformity, as well as
the electronic and optoelectronic transport properties of nanoscale devices fabricated
from the transferred films, can be used as benchmarking metrics to determine the
strengths and weaknesses of various layer transfer methods. This is in addition to
the transfer speed and complexity, which are also important factors to consider. A

2D transfer system used for various stacking is shown in Figure 2.3.

2.4.1 Dry Transfer

Van der Waals (vdW) heterostructures composed of several 2D materials have
exhibited numerous unconventional phenomena in the field of nanoscale science
and technology. 2D materials possess the unique ability to be stacked together,
thanks to the presence of van der Waals forces that hold the layers together.
Heterostructures can be created using techniques that enable the removal of lattice
mismatch limitations and interface reactions. The formation of such van der Waals
(vdW) heterostructures has been accomplished using a technique known as the
transfer method. There have been a number of different transfer methods for two-
dimensional materials investigated in order to produce these heterostructures. There
have been a number of different transfer methods for two-dimensional materials
investigated in order to produce these heterostructures. These transfer methods
include the wet release transfer, the dry release transfer, and the stamping methods.
When it comes to the techniques that may be used to investigate different forms of
heterostructures, the dry release transfer method has been acknowledged as the most

adaptable and flexible technique by researchers.
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Figure 2.3: A 2D materials transfer system from HQ Graphene Inc (i) temperature
control and vacuum substrate holder, (ii) control system in x-y-z direction, (iii)
monitor
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Using this technique, flakes of the two-dimensional material are initially exfoliated
on a sheet of polymer, and then they are transferred onto another material without
the polymer sheets being dissolved by organic solvents. The dry transfer technique
enables the manipulation of two-dimensional flakes with great precision. The flakes
that mechanical exfoliation produces become less or less directly exposed to water
as the process continues. Instead, a polymer layer serves as the transfer medium to
prevent the flakes from becoming wet. Using this approach, it is also possible to put
CVD flakes in the desired locations. To accomplish this, an additional step involves
turning the carrying layer over. Detailed explanations of each technique are included
in this part, including illustrations of the equipment used to carry out dry transfer.
Some polymers, like polypropylene carbonate (PPC) and PC, are used in this process.

The procedure of dry transfer using polymers is described in Figure 2.4.

Van der Waals-based heterostructures

This Method employs hBN as the mediator in picking of other 2D materials.It is
suitable for stable 2D materials and especially air sensitive materials (35). A PPC
membrane (the carrier) is initially spin-coated onto a Si substrate. Following the
exfoliation of some h-BN flakes onto the PPC membrane, the desired flake material
is chosen. By mechanically detaching the PPC membrane from the Si substrate, it
is firmly adhered to a PDMS stamp. At this instant, a mounting platform brings
a graphene flake (the lower material) on a Si/SiOy substrate into complete contact
with the h-BN flake. The target flake is captured when the h-BN flake is raised
due to the robust vdW interaction between the two substances. An additional
desired h-BN flake is captured using the identical method, forming an encapsulated
h-BN/TMDCs/h-BN heterostructure. This method, on the one hand, facilitates
an effective transfer process between diverse two-dimensional materials via vdW
forces. In contrast, h-BN is methodically inert and electrically insulating, making
it a viable candidate for substrates of other 2D materials seeking to improve their

carrier transport capabilities. A highly desirable feature of heterostructures assembled
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via vdW pick-up is that the interfaces are atomically pristine and devoid of carrier

residues, owing to the mechanism of self-cleansing.

Polymer-based heterostructures

The isolation of 2D materials and their assembly into van der Waals heterostructures
has attracted much attention because of their diverse functionalities when fabricated
into devices and their wide-ranging applications in electronics, optoelectronics, and
sensing. However, the performance of these devices depends on the method and
the interface quality between the layers. A clean interface ensures high performance
and maximizes their functionalities. Contaminants introduced during exfoliation and
transfer usually gather as blisters between layers, severely affecting the transport
properties and compromising the perfect vdWs interlayer adhesion between the
layers (36). There are many ways to avoid these contaminants, such as Pre-treatment
using oxygen plasma, which improves yield and size of flakes but also increases the
interaction of the oxidized silicon substrate with the desired flaked, which results
in a reduced Raman intensity of the 2D material. The wet transfer process typically
begins with the growth of 2D materials on a substrate, often using chemical vapor
deposition (CVD). A polymer support layer, such as poly(methyl methacrylate)
(PMMA), Poly(Bisphenol A carbonate) (PC), poly(propylene) carbonate (PPC) or
polydimethylsiloxane (PDMS),

2.4.2 Wet Transfer

Wet transfer is a widely used technique for transferring two-dimensional (2D)
materials, such as graphene, hexagonal boron nitride (h-BN), and transition metal
dichalcogenides (TMDs), from their growth substrates to target substrates (37). This
process is crucial for integrating 2D materials into various electronic, photonic, and

optoelectronic devices ( (38), (39)).
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Figure 2.4: schematics show the procedure for dry transfer method
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is then spin-coated onto the 2D material Figure 2.5 (a). This support layer
provides mechanical stability and protection during the transfer process.Next, the
underlying substrate is etched away using a suitable chemical etchant Figure 2.5 (b).
For example, SiO, layer on Silicon is etched using potassium hydroxide(KOH), copper
substrates used for graphene growth can be etched using ammonium per sulfate or
ferric chloride solutions. The polymer with 2D material underneath is rinsed in DI
water 2-3 times once the substrate is removed Figure 2.5 (d). Wet transfer offers
several advantages, including the ability to transfer large-area films and preserve
the material’s intrinsic properties. However, challenges such as the introduction of
defects possibly through etching, residues contamination from the polymer layer,
and alignment issues remain. Optimizing the wet transfer process is essential
for achieving high-quality 2D material integration, which is crucial for developing
advanced applications in nanoelectronics, flexible devices, and other cutting-edge
technologies. Wet transfer methods involve the use of solvents by any mean (40).
The solvents could be etchant such as potassium hydroxide (KOH), Gold etchant,
Iron Chloride (FeCls), Acetone, IPA, Chloroform, etc. The wet transfer is always very
effective, especially for stable CVD-grown 2D materials in which the adhesion of 2D
materials with growth substrate is high because of the growth conditions. However,
it is unsuitable for sensitive 2D materials since it involves the use of solvent in the
transfer process The 2D material, now supported by the polymer layer, is carefully
transferred to the target substrate, which can be silicon, TEM grid, glass, or any
other desired material Figure 2.5(e). Finally, after positioning the 2D material on
the target substrate, the assembly is dried and heat gently at 80-90 C, Figure 2.5 (f)
and the polymer support layer is removed using solvents like acetone or chloroform
depending on the polymer used Figure 2.5 (g). The Schematic diagram is shown in
Figure 2.5.
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2.5 Contamination control in heterostructures

During the fabrication of heterostructure, the presence of contamination on the
surfaces of two-dimensional (2D) crystals presents significant challenges to the
fundamental research and practical uses of 2D crystals(41). Surface residues are
responsible for the uncontrolled doping and charge carrier scattering that occurs
in two-dimensional crystals. Furthermore, trapped residues in two-dimensional
vertical heterostructures that are mechanically formed frequently impede the coupling
between stacked layers(42). During the process of transfer, the surface of two-
dimensional materials has the ability to spontaneously adsorb and react with
molecules discovered in the surrounding environment.

The interlayer contaminants pose a significant challenge. This issue can poten-
tially diminish the performance of the two-dimensional materials stack and impose
limitations on achieving a realistically sized and homogeneous device. Contaminants
trapped within the layers tend to segregate into isolated regions, adversely impacting
device functionality and optical response (36).Several Methods have been employed
for cleaning transferred 2D materials. Thermal annealing is the predominant method
employed to clean the surface of 2D materials. The existence of interlayer impurities
is a key challenge that must be overcome in order to successfully fabricate van der
Waals heterostructures(43). This is due to the fact that it has the potential to either
decrease the performance of the two-dimensional materials stack or constrain the size
of the practicable homogeneous device. When contamination is trapped, it has a
tendency to split into isolated bubbles that are typically between tens and hundreds
of nanometers in size(44). This phenomena is brought about by a balance between
the expense of elastic energy to produce such bubbles and the gain in surface van der
Waals energy that occurs from the production of clean interface regions(45).

During fabrication of heterostructure, Of the many polymer used in this process,
PMMA, which stands for poly(methylmethacrylate), has been utilized extensively

as a supporting layer in order to prevent the transfer process from causing harm to
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two-dimensional materials(46). The removal of the Gr and h-BN layers from the
copper foil and the assembly of these layers into van der Waals heterostructures on
the substrate of choice have both been accomplished by the use of polymer sacrificial
layers, such as poly(methyl methacrylate) (PMMA)(47). The latter are commonly
annealed at temperatures that are higher than 500 degrees Celsius in order to remove
the PMMA; nonetheless, the complete removal of the PMMA residue is still a difficult
challenge to solve.

Following the transfer of two-dimensional materials onto the target substrate,
the polymer layer ought to be eliminated in order to get a surface that is free of
contaminants(48). When the polymer residue is left behind on the surface, it produces
a number of issues, such as an increase in the contact electrical or thermal resistance
between the two-dimensional material and the electrode in the device, as well as
unwanted doping on the two-dimensional materials. In addition, it is vital to have
a clean surface when using two-dimensional materials as a growth template for the
synthesis of heterostructure. It has been reported that there are numerous ways that
may be used to remove the polymer layer during transfer of 2D materials. One of
the most common methods for removing the polymer layer is to dissolve it in an
organic solvent and then anneal it after thermal processing (49). In recent times,
a method that utilizes ultraviolet (UV) light and annealing at high temperatures
for an extended period of time have been devised in order to effectively remove the
polymer layer. On the other hand, it is still difficult to totally eliminate the polymer
residue. As an additional point of interest, the removal of the polymer layer from

other two-dimensional materials has not yet been thoroughly investigated.
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2.6 The role of interlayer interaction on the struc-
ture and functionality of 2D materials

Another important factor to be considered during creation of heterostructure is the
role of interlayer bonding. Interlayer bonding in two-dimensional (2D) materials plays
a critical role in determining their mechanical, electronic, and thermal properties(50).
Unlike bulk materials, 2D materials are composed of atomic layers held together
by van der Waals forces rather than strong covalent bonds. This weak interlayer
interaction allows for the easy exfoliation of individual layers, ((51),(52)). These
interactions not only result in the formation of polymorphs with distinct stacking
sequences, but also the facilitation of the exfoliation and interlayer stacking of various
TMDs for the purpose of the development of TMD-based heterostructures(53)

One of the most significant impacts of interlayer bonding is observed in the
mechanical properties of 2D materials. For instance, graphene, a single layer of carbon
atoms arranged in a hexagonal lattice, exhibits extraordinary strength and flexibility
due to its robust in-plane covalent bonding(32). However, the overall mechanical
integrity of stacked graphene layers is influenced by the weaker interlayer van der
Waals interactions, which can affect the material’s response to external stresses and
strains.

Interlayer bonding also influences the electronic properties of 2D materials. In
multilayer graphene, for example, the interaction between layers can lead to changes
in electronic band structure, resulting in phenomena such as bandgap opening or
modulation(54). This effect is particularly notable in transition metal dichalcogenides
(TMDs) like MoS, where the electronic band structure can vary significantly between
monolayer and bulk forms(55). By controlling the stacking order and rotational
alignment of layers, researchers can engineer novel electronic properties, such as the
emergence of moiré patterns and flat bands, which are essential for studying correlated

electron phenomena and superconductivity(56).

22



Interlayer bonding in 2D materials is a fundamental aspect that influences
their mechanical strength, electronic characteristics, and thermal conductivity.
Understanding and manipulating these interlayer interactions enable the design and
optimization of advanced materials and devices with tailored properties, opening new

avenues for applications in electronics, photonics, and beyond.
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Chapter 3

Novel approaches in van der Waals

heterostructure fabrication

3.1 The role of van der Waals in electrical memory

effects in stacked PdSe,

3.1.1 Introduction

Computer systems based on the von Neumann architecture have demonstrated
unparalleled efficiency in solving intricate mathematical problems. Nevertheless, the
rapid progress in big data, the Internet of Things (IoT), and artificial intelligence
(AI) has brought to light substantial obstacles for conventional von Neumann
computers (57), (58). These challenges encompass excessive energy consumption
and sluggish processing rates, making them unsuitable for addressing progressively
intricate problems. The physical separation of the central processing unit and the data
memory component as characterized in the traditional von Neumann design, limits
the possibility of achieving a high integration density of devices and the transfer
of data between these components results in a significant energy consumption that

accounts for up to sixty percent of the overall processing energy. In contrast to von
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Neumann design, neuromorphic computing design which mimics the brain where both
the central processing unit and the data memory component are in the same space,
overcomes the limitation of von Neumann design(59).

Scanning microwave impedance microscopy (SMIM) is employed to examine the
specific capacitive and resistive characteristics of orthorhombic PdSe2 nanosheets
(NSs) and NS stacks at the nanoscale. This mesoscale method serves as a connection
between the behavior of individual atoms and the overall performance of larger devices
(60). SMIM is a technique in atomic force microscopy where a tip at the nanoscale is
used to scan a surface of a sample. SMIM not only gathers data on the topography,
but also measures the local electrical properties. This is done by transmitting micro
waves at around 3 GHz through a nanoscale tip that is in contact with the sample,
generating a near-field electromagnetic wave. The microwave signal reflected by the
probe is contingent upon the impedance of the tip-sample contact. Demodulation is
used to extract data on the capacitive (SMIM-C) and resistive (SMIM-R) properties
of materials at the nanoscale (61). When used in conjunction with the microwave
signal, voltage spectroscopy (VS) allows for the precise measurement of capacitive
and resistive properties at specific points in an area of interest, based on the applied
DC voltages. The local electronic properties, such as the type and density of charge
carriers, can be examined by demodulating the SMIM-C channel in relation to an
extra AC voltage.

This work indicate that NSs demonstrate memcapacitive behavior and resistive
switching, which may be altered by stacking NSs, and NSs can display either n-type
or p-type behavior with different levels of inversion in vertical geometries. By stacking
n- and p-type nanosheets (NSs), the inversion can be tailored, presenting another way

of modulating the memcapacitance.
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3.1.2 Methods

The bulk PdSe; single crystal was manufactured using a self-flux approach. Thin
flakes of PdSe2 were obtained by exfoliating a bulk PdSe, single crystal onto a 50 nm
Au substrate shown in Figure 3.1 The exfoliation process involved the use of Nitto
SPV blue tape. After exfoliation, the various thin flakes of PdSe; were stacked on
other flakes with different thicknesses using the dry transfer method to ensure a clean
interface. We avoided the use of gold etchant by exfoliating first directly on gold

substrate before the dry transfer process.

3.1.3 Results and discussion

We examine multiple PdSe2 nanosheets (NSs) with thicknesses ranging from 15
nm to 60 nm in Figure 3.2. Scanning microwave impedance microscopy (SMIM)
signals, specifically SMIM-C and SMIM-R, display similar responses within these
NSs and their stacked regions. However, dC/dV (differential capacitance-voltage)
measurements reveal distinct local electronic properties between the NSs and the
substrate (). The dC/dV amplitude peaks at NSs that are 15 nm, 20 nm, and 31 nm
thick, indicating different charge carrier concentrations compared to the 45 nm thick
NS and the overlap area of 15 nm and 45 nm sheets, highlighted by white dashed
lines in Figure 3.2.

Typically, a lower dC/dV signal corresponds to higher charge carrier concentra-
tions, but the interpretation is complex due to the non-monotonic nature of dC/dV
signals. Factors like shifts in flat band voltage and series resistance can influence
the signal. Generally, both heavily doped and insulating materials show low dC/dV
responses, with the signal peaking at certain concentrations ( 10!7-10'8 atoms/ cm?)
and decreasing at higher or lower concentrations. Additionally, dC/dV amplitude

signals vary for n-type and p-type carriers at the same concentration.
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Figure 3.1: Dry transfer of PdSe; on a 50 nm gold substrate
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Figure 3.2: Height and deflection images showing the sample topography. The
white, dashed lines in the height image indicate the area where two NSs are stacked.
SMIM-C and SMIM-R images corresponding to the local capacitance and resistivity.
dC/dV amplitude and phase data shows the concentration and polarity of charge
carriers and dR/dV amplitude and phase indicates how the resistivity changes in
magnitude and direction as a function of an applied AC voltage

28



Capacitance-voltage curve analysis confirms that higher dC/dV signals correlate
with lower charge carrier concentrations, and vice versa. The dC/dV phase image
shows opposite values for areas with high and low concentration NSs, indicating
different types of active charge carriers, even without DC voltages.

Stacking alters the SMIM-R signals, resulting in distinct and separate remanent
values for the stack. Single nanosheets (NSs) display hysteresis in the behavior
of SMIM-R loops primarily when subjected to negative voltage. The resistivity
decreases as the voltage approaches -2 V and returns to its starting condition
before reaching 0 V. PdSe, that has been exposed to electron-beam irradiation
exhibits resistive switching as a result of conductive filaments emerging specifically
along the boundaries between its grains, which is not observed in non-irradiated
PdSe;. No filaments are observed in nanoscale tests using thick non-irradiated
PdSe; NSs, due to the utilization of a TiW top electrode and an Au bottom
electrode. Scanning tunneling microscopy uncovers that the process of resistive
switching is caused by the switching of defect states and the migration of Se vacancies.
Nanoscale experiments indicate that p-type charge carriers exhibit a more pronounced
accumulation, resulting in a dominant inversion branch in the capacitance-voltage

curve and displaying p-type features.

3.1.4 Summary and Conclusion

We employed nanoscale Scanning Microwave Impedance Microscopy (SMIM) tech-
niques to investigate the properties of PdSe2 nanosheets (NSs) and their arrange-
ments. Our findings indicate the presence of memcapacitive behavior and resistive
switching, notably in NS stacks. Although the macroscopic data indicated the
presence of both n-type and p-type properties, we observed p-type behavior at the
nanoscale level. The stacking of n- and p-type NSs modifies the behavior of inversion

and depletion, hence altering memcapacitance and memresistive effects. Identifying
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local variations is essential for optimizing device performance, and the identified

patterns can be applied in the design of neuromorphic hardware components.

3.2 Polymer-Free Method of transfer of graphene

3.2.1 Introduction

Chemical vapor deposition (CVD) manufacture of large-area graphene and other two-
dimensional materials on typical growth substrates has been the subject of numerous
attempts, which have ultimately led to a breakthrough in this field. Nevertheless, a
significant obstacle has surfaced in the form of the absence of dependable after-growth
transfer techniques for the layering of two-dimensional membranes onto arbitrary
substrates for the purpose of large-scale technological applications. At the moment,
the most significant problems that are related with the transfer of two-dimensional
materials are caused by cracks, wrinkles, and interfacial contaminants that are
formed during the transfer process. These characteristics limit the homogeneity and
electronic performance of the material, such as carrier mobility.

In most cases, the removal of supporting polymer coatings, such as poly (methyl
methacrylate) (PMMA), is insufficient and necessitates the application of severe
chemical treatments. As a result, the removal process results in the production of
organic waste solvents and leaves inevitable contamination on surfaces, in addition to
metals and etchant residues in etching-based delamination, which leads to a decrease
in the quality of graphene. Techniques that do not need the use of polymers are
effective in preventing contamination; nevertheless, they are not suitable for applying
to vast areas. For this reason, there is a significant demand for procedures that
do not require the utilization of organic solvents and that are capable of ensuring

contamination-free transfer.
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3.2.2 Methods

A polymer-free technique was recently developed. It employs the use of polymer
which is spin coated on clean silicon substrate and is heated at 100 °C for 5 minutes.
The polymer is then peeled off from the substrate and perforated at the center with
a diameter of 2-3 mm. The perforated polymer is placed on the graphene grown on
copper and heated at 90 °C for 10 minutes for good adhesion. Finally, it is etched
using FeCl; and rinsed in DI water. The schematic steps and results are shown in

Figure 3.3.

3.2.3 Result and Discussion

The optical microscope, SEM as shown in Figure 3.4 and Raman spectroscopy as
shown in Figure 3.5 are used to carefully examine the quality of the transferred
materials. Comparing graphene transferred using PMMA assisted transfer and this
new method, we confirmed that there are less residues as seen the SEM image.
Numerous more 2D material systems grown on various substrate types can be

developed using this technique.

3.3 PdSe; encapsulation with graphene

3.3.1 Introduction

Transition Metal Dichalcogenides (TMDs) exhibit a variety of phases and phase
transitions, which can significantly alter their electronic, optical, and structural
properties. Understanding these phase transitions is crucial for potential applications
in electronics, optoelectronics, and other advanced technologies (62). For instance,
MoS; can change from the semiconducting 2H phase to the metallic 1T phase through
chemical doping, such as lithium intercalation. This transition significantly alters its

electronic and catalytic properties. MoTe, is known for its reversible phase transition
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between the 2H and 1T’ phases upon thermal cycling (63). This makes it a candidate
for phase-change memory applications while WS, and WSe, exhibit phase transitions
under strain or doping, which can be utilized to engineer their electronic and optical
properties for specific applications. Most TMDCs exist in 1T Phase is a metallic
phase where the transition metal atoms are octahedrally coordinated by the chalcogen
atoms. It is less stable and can transition to other phases under certain conditions.
2H Phase is a semiconducting phase where the transition metal atoms are trigonal
prismatic coordinated by the chalcogen atoms. It is the most stable and commonly
observed phase for many TMDs. 3R Phase is phase has a rhombohedral structure
and is another semiconducting phase. It is less common but still significant in some
TMDs. 1T’ and 1T” Phases are distorted 1T phases can exhibit topological and
superconducting properties, adding to the functional diversity of TMDs (64). We
investigate the phase transition of PdSe; under irradiation at the atomic scale. To

achieve this It, therefore, required a graphene-PdSes-graphene system.

3.3.2 Methods and Approaches

Creating a heterostructure of PdSe,; encapsulated with graphene at both the top and
bottom involves a hybrid of the wet and dry transfer methods. The interface between
the top graphene-PdSe, and PdSe,- graphene was confirmed clean using the TEM
analysis. This required a heterostructure of graphene-PdSe,;-graphene with a clean
interface. The procedure involves the exfoliation of PdSe, using the gold-assisted
method, and the PdSe, flakes were transferred to the CVD-grown graphene/copper.
Afterward, a separate graphene/Cu was spin-coated with PPC at 3000 rpm, etched
with FeCls, and rinsed in DI water a minimum of three times. The PPC-graphene film
is placed on the PdSe, /graphene/Cu and is gently heated first at 60 °C for 10 minutes
and then at 90 °C for 15 minutes to enhance adhesion between the PPC-graphene
and PdSe,-graphene-Cu.
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Figure 3.3: Procedure for polymer-free transfer of graphene

33



Polymer-free transferred graphene on TEM grid

Figure 3.4
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Figure 3.5: Raman measurement of suspended graphene after transfer

35



The PPC-graphene-PdSe,-Cu is placed gently on FeCl; to etch away the bottom
graphene, leaving PPC-graphene-PdSes-graphene. Place the PPC-graphene-PdSe;-
graphene on the TEM grid and heat it at 100 °C for 5 minutes to ensure good adhesion.
The top PPC is removed by dissolving with chloroform for 2 hours. Figure 3.6 shows
a schematic diagram of the procedure and Figure 3.7 shows the corresponding optical

Images of each step in Figure 3.6.

3.3.3 Results and Discussion

We present a PdSe, flake that has undergone a gradual and incremental rise in laser
power. Figure 3.8 shows the SEM image of the PdSe, sandwiched with graphene.
Figure 3.9 shows the clean graphene and PdSe, flakes before laser irridiation. we
manually controlled the laser by turning it on with a continuous power output of about
80 V and subsequently turning it off. By increasing the laser power, we successfully
induced a phase transition in the PdSe, flake. Every image was obtained while the
laser was not in operation and the sample was at the ambient temperature. By
employing this method, we can systematically induce a slow transition in phase,
effectively immobilizing the transformation for subsequent analysis. We observed a

phase change from PdSe; to PdySes then to Pd;7Se;5 as shown in Figure 3.10.

3.3.4 Summary and Conclusion

In summary, we have successfully shown that layered PdSes; can undergo a phase
change to metallic phases PdySes and Pd;7Se;s when exposed to laser irradiation.
Using STEM imaging, we observed the phase transformation of PdSe; sandwiched
between layers of graphene following each pause in laser irradiation. This utilization
of laser-induced phase transition is expected to facilitate the manufacture of devices

as needed.
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(a) (b) (c)

Figure 3.7: (a) Optical image of PdSe; on CVD grown Graphene on copper
substrate using the dry transfer method (b) Optical image of PPC/graphene
transfered on PdSey/Graphene after etching Cu substrate (¢) Optical image of
graphene/PdSe2/graphene on TEM grid after dissolving PPC
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Figure 3.8: SEM image graphene-PdSe2-graphene
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Figure 3.9: STEM images of PdSe, and graphene before laser irradiation
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Figure 3.10: STEM images of PdsSes and Pd;;Se;5 after laser irradiation of PdSe,
sandwiched graphene
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3.4 Preparation of 2D moiré

The emergence of two-dimensional (2D) materials has revolutionized materials
science, offering unprecedented opportunities to explore new physical phenomena
and develop innovative applications (65). Among these developments, 2D moir e
superlattices have attracted significant attention due to their ability to host a variety
of novel electronic, optical, and mechanical properties (66). Moiré patterns arise
when two or more layers of 2D materials are stacked with a small twist angle or
lattice mismatch, leading to a periodic superlattice that can significantly alter the
material’s properties.

The preparation of 2D moiré superlattices involves several key steps, including
the selection of appropriate 2D materials, precise stacking and alignment, and careful
characterization to ensure the desired moiré patterns are achieved (67). The most
commonly used materials for creating moiré superlattices are graphene, transition
metal dichalcogenides (TMDs) such as MoS; and WSs, and hexagonal boron nitride
(h-BN).

The first step in preparing 2D moiré superlattices is the selection of high-quality
monolayers of the desired 2D materials. These monolayers can be prepared using
various methods such as mechanical exfoliation, chemical vapor deposition (CVD),
or liquid-phase exfoliation. Mechanical exfoliation, while often yielding high-quality
samples, is limited in scalability. CVD, on the other hand, allows for the growth
of large-area monolayers, making it suitable for practical applications. Once the
monolayers are prepared, the next step is to stack them with precise control over
the twist angle or lattice alignment. This can be achieved using techniques such as
dry transfer, where the monolayers are sequentially picked up and transferred onto
each other using a polymer stamp or wet transfer where CVD grown materials which
are difficult to pick up using dry transfer method, are randomly placed Controlling

the twist angle to a desired value, often within a few tenths of a degree, is crucial

42



for achieving the desired moiré superlattice. Advanced techniques such as tear-and-
stack, where a single monolayer is torn into two pieces and one piece is rotated before
stacking, can provide fine control over the twist angle (68).

In addition to 2D materials and stacking order, the twist angle, a unique
characteristic, is recognized as a new component of structural flexibility. This
parameter has demonstrated its worth in fine-tuning band topologies and electrical
characteristics, specifically in twisted bilayer graphene (69). Different angles
of twisting result in moiré patterns with specific periods, giving rise to unique
properties and new phenomena in twistronics (70). One example is the discovery
of unconventional superconductivity in the magic-angle graphene system, which has
attracted considerable interest (71). This section discusses preparing the moiré using
a newly developed method. This method involves the use of a very thin film of
gold to transfer CVD-grown samples by avoiding the usual etching procedure, which
introduces contamination. The CVD-grown samples are picked up using a freshly
evaporated 10 nm gold film spin-coated with PPC. These flakes are placed on another
CVD-grown flake and heated for 20 minutes. Finally, the PPC is peeled off leaving a
high density of moiré. The procedure for the new approach is shown in Figure 3.11,

and the result is shown in Figure 3.12.
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Figure 3.12: MoS; moiré on grid
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Chapter 4

The effect of encapsulation on

excitons in GaSe

4.1 Introduction

The atomically thin 2D TMDCs semiconductors have emerged over time as the ideal
platform to investigate exciton due to their reduced dielectric screening and indirect-
direct bandgap change from bulk to monolayers (72). Their exciton-dominated optical
properties make them suitable for light-emitting and photonic devices (73).

GaSe, an inherently unstable two-dimensional material, exhibits semiconducting
properties. The GaSe monolayer has a thickness of 0.98 nm and a lattice constant of
0.374 nm (74). It is composed of a sequence of four atoms arranged as Se-Ga-Ga-Se.
Intralayer planes are held together by a strong covalent connection, while interlayer
planes are held together by weak van der Waals (vdW) bonding (75).

Gallium Selenide (GaSe) is a layered semiconductor material that has garnered
significant attention due to its unique electronic and optical properties. One of the key
features of GaSe is the presence of band-gap excitons, which play a crucial role in its

optoelectronic behavior.In GaSe, these excitons are particularly interesting because
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of the material’s direct band-gap nature and its layered structure, which influences
the excitonic properties. (76)

The band-gap of GaSe is approximately 2.02 eV at room temperature, which
places it in the visible range of the electromagnetic spectrum. This band-gap is direct,
meaning that the maximum of the valence band and the minimum of the conduction
band occur at the same momentum value. This property enhances the efficiency
of light absorption and emission processes, making GaSe a promising candidate
for optoelectronic applications such as photodetectors, light-emitting diodes, and
solar cells (76).The formation of excitons in GaSe is facilitated by its relatively
high dielectric constant and effective masses of electrons and holes, which result
in strong Coulomb interaction between the charge carriers. The exciton binding
energy in GaSe is significant, on the order of several tens of meV, which allows
these excitons to exist even at room temperature. This is in contrast to many
other semiconductors such as MoS;, WSy and WSey; where thermal energy at room
temperature is sufficient to ionize excitons. (74).The reduced dimensionality in GaSe
also leads to an increase in the oscillator strength of excitonic transitions, making the
excitonic effects more pronounced in optical spectra. Several experimental studies
of GaSe have revealed sharp excitonic absorption peaks in the optical absorption
spectrum. (77) (78) (72).While there are lots of investigation on the excitonic
behaviour in GaSe ( (79), (80)). There is a no study of the emmission properties
of encapsulated GaSe. This work presents an analysis of the behavior of excitons
in GaSe encapsulated with hBN with regard to variations in temperature, intensity,
and thickness. Additionally, it examines the impact of hBN encapsulation on these

variations.

4.2 Methods

GaSe single crystals were produced employing the chemical vapor transport technique.

The precursor materials utilized for the synthesis are Ga (99.96 percent purity) and
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Se (99 percent purity). The molar ratio of Ga and Se was combined with iodine
(I) as a transport agent in a stoichiometric ratio of 1:1. Once the components were
thoroughly blended, the powder was enclosed in a quartz tube of 25 cm in length and
6 cm in diameter. The tube was then placed under a vacuum pressure of 5 x 10* Torr.
The temperature for growth T was adjusted to 800 C in the growth zone and 850
°C in the reaction zone for a duration of 120 hours. Afterward, it was cooled down
to room temperature in a continuous way. By adhering to a systematic approach to
the crystallization technique, a superior-grade crystal formed in the low-temperature
section of the quartz tube. Gase Bulk was exfoiliated using the scotch tape in the
glove box and was encapsulated with hBN partially as shown in Figure 4.1 using dry

transfer method.

4.3 Results and Discussion

4.3.1 Temperature dependent photoluminescence of GaSe

In this section we discuss the effect of temperature on the exciton radiative
recombination of few layer GaSe and the emission properties of strained GaSe. We
identified three distinct peaks at X; 565 nm (2.19 eV), X5 575 nm(2.15 eV) and Xp
620 nm(1.99 eV) at room temperarture. X; originates from the direct band gap,
X, originates from the indirect band gap. When the temperature (T) is increased
from 4 to 295 K, the X; peak undergoes a red-shift, moving from about 570 nm
(2.17 eV) to 565 nm (2.19 eV). Similarly, the X, peak red-shifts from approximately
to 1.978 eV, and the Xp peak red-shifts from approximately 2.033 to 1.915 eV.
The photoluminescence spectra of the free, bound, and defect states all exhibited
redshifts, resulting from a band gap narrowing, which we observed throughout a
broad temperature range ranging from 4k to 295K. The band gap narrows due to
the expansion of the lattice in-plane constant and the rise in the interaction between

electrons and phonons (81).
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Figure 4.1: Optical Image of exfoliated few-layer GaSe encapsulated with hBN on
SiO4 substrate
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When the spectra of open and encapsulated bulk GaSe were examined, we
found that the encapsulated GaSe had distinct peaks, whereas the open GaSe
had a broad spectrum. Both spectra were then deconvoluted using the Lorentz
deconvolution technique. Bandgap redshift is due to the thermal expansion in-plane
lattice constants, change in the bonding length, electron-phonon interactions, and
phonon-phonon interactions (82). Redshifts were also observed in both free and bound
exciton, with the redshift of defect states being more pronounced in certain instances,
as shown in . The photoluminescence response in the bulk GaSe and thin layers are

shown in Figure 4.2 and Figure 4.3.

4.3.2 Defect-related excitonic emission in GaSe

The optical properties of 2D materials are influenced by defects that arise due to
diverse synthesis techniques, resulting in various forms and impacts (83). Multiple
significant studies have demonstrated the influence of defects on the Photolumi-
nescence of 2D materials (84). The presence of several inherent lattice defects,
such as vacancies, substitutional impurities, adatoms, and grain boundaries, is
common in transition metal dichalcogenides (TMDCs) (85). These defects are places
where excitons, electrons, and holes can be trapped. Defects impact the carrier
concentration, exciton dynamics, and band topologies (86), (87), (88). As a result,
this has an impact on the processes of exciton-based radiative recombination and
non-radiative recombination. We observe the presence of many defects arising from
the increase in the photoluminescence (PL) intensity. Defect states in GaSe arise
from strain effects caused by mechanical exfoliation and are particularly noticeable

at low temperatures and the encapsulated region as shown in Figure 4.4
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4.3.3 The effect of encapsulation on excitons in GaSe

Encapsulation of Gallium Selenide (GaSe) significantly impacts its excitonic proper-
ties, which are crucial for its performance in optoelectronic applications. Encapsu-
lation refers to the process of covering GaSe with a protective layer, typically made
from materials like hexagonal boron nitride (h-BN) or other two-dimensional (2D)
materials as shown in Figure 4.1

One primary effect of encapsulation on GaSe is the reduction of surface oxidation
and contamination. GaSe, being a layered semiconductor, has a large surface area
that is prone to degradation when exposed to air. This degradation can introduce
surface states that trap excitons, reducing their recombination efficiency and
quenching photoluminescence (89). By encapsulating GaSe, the surface is protected
from environmental degradation, preserving the intrinsic excitonic properties and
enhancing the material’s stability and optical performance.encapsulation can lead
to strain effects due to lattice mismatches between GaSe and the encapsulating
material (80). This strain can modify the band structure of GaSe, leading to
shifts in the excitonic energy levels. For instance, tensile or compressive strain can
alter the bandgap and exciton binding energy, thereby tuning the photoluminescence
wavelength and intensity (90).

Furthermore, encapsulation can improve the thermal stability of GaSe. This is
particularly important for applications where the material is subjected to varying
temperatures. Enhanced thermal stability ensures consistent excitonic behavior,
which is critical for reliable device performance ((91), (92)). The photoluminescence
(PL) spectra of an ML-TMD on a silicon substrate exhibit a rather large peak that
is caused by the recombination of excitons through radiation; Monolayer TMDCs
exhibits a PL peak that has a full-width at halfmaximum (FWHM) that is typically
between 45 and 50 or 75 meV when it is observed on a silicon substrate. As
opposed to this, the PL spectrum of a hBN/MoS2/hBN exhibits a similar PL peak
that has a substantially smaller full width at half maximum (FWHM) of around
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22 meV. This significant reduction in FWHM is mostly due to the suppression of
inhomogeneous broadening that is caused by substrates. We also observed similar
effect in hBN encapsulated GaSe with a substantial reduction in the full-width at
half maximum (FWHM) in both few-layer and bulk as shown in Figure 4.3 and
Figure 4.4 respectively.

Intensity dependent photoluminescence of GaSe

The decrease in exciton intensity with increasing temperature can be attributed
to thermally stimulated non-radiative recombination, which is induced by an
augmentation in the electron-phonon interaction . Photoluminescence intensity was
observed to increase linearly with the number of layers. There is a clear link between
linear behavior and the volume of the emitting layer. Thinner flakes have more
nonradiative recombination because they have more surface defects caused by strain
than the emitting volume (93). This is shown in Figure 4.5. Figure 4.6 shows the PL
spectra of excitons and how their peak changes with temperature. At low excitation
intensities, the photoluminescence is typically dominated by excitonic recombination,
where an electron recombines with a hole to emit a photon. As the excitation
intensity increases, the PL intensity generally increases as well (94). However, at
higher excitation intensities, the PL intensity may start to saturate or even decrease
due to several factors such as non-radiative recombination, Auger recombination, or

the creation of defects (81) as shown in Figure 4.7
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The behavior of the PL with varying excitation intensity can provide insights into
the material’s quality, defect density, and carrier dynamics. For instance, a rapid
saturation of PL intensity at low excitation levels might indicate high defect density,
leading to increased non-radiative recombination. Conversely, a linear or near-linear
increase over a wide range of excitation intensities suggests high crystalline quality

and low defect density (95).

4.4 Conclusion and Summary

We studied the dynamics of excitons in a partially encapsulated GaSe under a
widely varied temperature of 4 K to 295 K. This temperature-dependent investigation
conducted between 4K and 295 K reveals that the photoluminescence (PL) undergoes
a red-shift as a result of a reduction in the band gap. Simultaneously, the intensity of
the PL drops due to thermally induced nonradiative recombination, due to an increase
in the electronphonon interaction.The latest findings expand our understanding of the
different levels of excitons and deep defects in 2D GaSe. This knowledge is crucial
for the future use of GaSe in nano-optoelectronics, particularly when it comes to

manipulating its optical properties.
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Chapter 5

Understanding the effect of
composition on the structure and

electrical property of PdSes_,Te,

5.1 Introduction

Two-dimensional (2D) transition metal dichalcogenides (TMDs) have garnered
considerable attention because to their diverse phase structures and intriguing
features, making them particularly appealing for use in electrical and optoelectronic
devices. The many polymorphs seen in Transition Metal Dichalcogenides (TMDs)
frequently exhibit significantly distinct physical phenomena.The alloying technique
has emerged as a diverse and stable means of manipulating the electrical structures
of TMDs, which has resulted in a broadening of the potential applications for these
devices. The broad applicability of transistor devices has led to substantial interest
in the polymorphic phase transition in TMDs. Previous studies have successfully
achieved alloying of TMDs with different phase configurations and bandgap values.
Various polymorphic configurations arise from either the trigonal prismatic or

octahedral coordination of the metal atoms. The stacking order of atomic planes and
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potential distortions both influence the resulting configurations. The most commonly
observed arrangements include: 1T (trigonal), 2H (hexagonal), 3R (rhombohedral),
IT (monoclinic phase derived from distorted 1T), and Td (orthorhombic phase
originating from distorted 1T). When it comes to TMDs, the many polymorphs
frequently exhibit a wide range of radically diverse physical phenomena. Amongst
the TMDs, TaSe; has a high degree of polymorphism, surpassing other transition
metal dichalcogenides (TMDs) in terms of its polymorphic nature. For instance,
there are four different Polymorphs (2H, 3R, 1T and 1T*) . In 2H and 3R Polytypes,
Ta can be found in Se-Ta-Se layers stacked along the ¢ axis of the hexagonal (or
rhombohedral) cell in trigonal prismatic coordination with different periodicity in
their stacking order. However, in the 1T (T: trigonal) type, which is one of the other
polymorphs, Ta is found in octahedral coordination in the Se-Ta-Se layers and the
layer stacking along the c-axis of the trigonal cell. Within the TaSe; ,Te, system,
there is coexistence of charge density wave (CDW) and superconductivity at different
ranges of temperatures.

PdSe, typically crystallizes in a layered orthorhombic structure, whereas PdTe,
commonly adopts a trigonal structure. The orthorhombic structure of PdSe,
features puckered layers, resulting in strong anisotropy in its physical properties.
This structure leads to unique electronic characteristics, such as high carrier
mobility and anisotropic thermal conductivity, which are beneficial for electronic
and thermoelectric applications (96). PdTey, on the other hand, with its trigonal
structure, exhibits metallic behavior and hosts interesting topological properties. The
difference in chalcogen atoms (Se vs. Te) leads to variations in interlayer interactions
and bond strengths, further influencing their electronic structures. PdTey’s structure
enables the existence of topological surface states (97). Therefore, these distinctive
features in the structure and electronic characteristics of PdSey and PdTe,; motivate
us to investigate the potential structural evolution or transformation, along with

the corresponding alterations in electrical transport behavior within the PdSe,_,Te,
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system.It opens new opportunities for investigating the structural evolution and

changes in electronic property.

5.2 Methods and Approaches

The PdSe,_,Te, crystals were produced by self-flux techniques. The Pd ingots (99.95
percent, Alfa Aesar), Se shots (99.999 percent, Alfa Aesar), and Te pieces (99.999
percent, Alfa Aesar) were mixed using the appropriate stoichiometric doping ratio,
perform the process in an Ar glove box with a total moisture and oxygen content
below 0.1 ppm. The source elements were inserted into a silica tube, which was
subsequently sealed tightly under vacuum conditions and placed within a box furnace
(98) The temperature was gradually raised to 8000C and maintained at that level
for a duration of 3 days, after which the furnace was allowed to fall down to
room temperature. Here we prepared few layer PdSe,_,Te, alloys with different
Te composition concentrations by employing the Au-assisted exfoliation method
due to the strong interlayer interactions of these materials.Figure 5.1 by combining
Raman spectroscopy, atomic resolution z-contrast STEM, and DFT calculation, we
revealed how the structural transition and correlated optical properties changes with
different Te composition in these alloys. The FET devices of different alloys were also
fabricated using e-beam lithography and we observed the semiconductor to metallic

transition with Te doping increasing in these alloys.

5.3 Results and Discussion

5.3.1 Optical characterization of different alloys — Raman

and simulation

We confirmed using Raman spectroscopy measurements the many distinct phases that

are associated with the various polymorphs that exist between PdSe; and PdTe,.

62



PdSe, which is a puckered pentagonal structure with an orthorhombic lattice as
reported by oyedele (96) and PdTes has recently gained significant interest due to
its experimental confirmation as a type-II Dirac semimetal with space group P3m1.
The Raman measurement data presented in Figure 5.2 demonstrates that the PdSe,
orthorhombic structure is retained for values of x ranging from 0 to 0.3 in the Se rich
region, However we observed a phase transition from orthorhombic to monoclinic
between x = 0.5 and 0.8. There are three distinct peaks in the bulk phase of
PdSe; 5 Teg g, which describes a monoclinic phase. Another phase transition from
monoclinic to 1 T phase was observed between the values of x = 0.8 and 0.9 showing
a reduction the peak points from three to two. Finally 1 T phase from x = 0.9 was
observed down to PdTe; only with these two peaks red-shifting in that direction. We
also compared the few layer PdSe,_, Te, system only for values of x = 0.2, 0.5, 0.9 and
1.0 and observed similarity in the Raman peaks between the PdSes and PdSe; 5Tey 5),

however Te x = 0.9 and 1 shows only two peaks as shown in Figure 5.3.

5.3.2 Structural transition in alloys by STEM

Few layers of some specific alloys of PdSe;_,Te, e.g. z = 0.2, 0.5, 1, 2 flakes were
first prepared by mechanical exfoliation using the gold assisted method onto a SiO,
substrate and then transferred with PPC to Quantifoil gold TEM grids using a 0.25 M
KOH solution to dissolve the SiO5 as shown Figure 2.5. The Optical Image Figure 5.4
reveals the the different spots with thick and thin flakes. Prior to STEM observation,
the samples underwent baking at a temperature of 100 °C under vacuum conditions.
The Nion Ultra STEM100 microscope operating at 60 kV was used to acquire the
medium angle annular dark-field images (MAADF). We confirmed through STEM
that PdSe; gTeq o maintains the orthorhombic structure of PdSe,; but the Te atoms

are randomly distributed, filling vacancies created by Se atoms.
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Figure 5.1: Flakes of PdSes-PdTe,
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Figure 5.4: Optical images of PdSe; 5Tey 5 flakes transferred on TEM grid
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Atomic resolution structure of few-layer PdSe; gTey o
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Figure 5.8, Figure 5.9, Figure 5.10 compares the experimental results and the

simulated Raman spectra for PdSe,, PdSeTe and PdTes.

5.3.3 Composition-dependent electrical properties of the

alloys

Tellurium acts as an n-type dopant in many semiconductor materials.  The
Increase in concentration of Te in the PdSey, Te, system introduces extra electrons
into the conduction band. As a result, there is an increase in the carrier
concentration that influences the position of the Fermi level, which directly impacts
the electrical properties of the alloy. we examine the transport characteristics of
2D PdSe; gTep o and PdSe; 5Teq 5, we fabricated field effect transistor (FET) devices
employing a four terminal, back-gate arrangement as shown in Figure 5.11.Figure 5.12
displays the graph of the drain current (I;s) in relation to the back gate voltage
(Vg) for a standard 10nm PdSe; gTey o device with a drain bias of 1.0 V. The
device demonstrates N-type transport properties.Same procedure was developed for
PdSe; 5Teg 5, Figure 5.13 reveals a P-type transport properties. Therefore, the
electrical transport characteristics of the PdSe,_,Te, system is altered as a result
of Te doping.

PdSe, has been reported to be ambipolar as reported (96), however we observe
a change from ambipolar to n-type for PdSe; gTey o as shown in Figure 5.12 then to

p-type for PdSe; 5Teq 5 as shown in Figure 5.13.
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Figure 5.11: Device design for PdSe; . Te, flakes
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5.4 Conclusion and summary

In conclusion, we confirmed using Raman spectroscopy measurements the many
distinct phases that are associated with the various polymorphs that exist between
PdSe, and PdTe,. Three distinct phase change were observed, the orthorhombic,
monoclinic and 1 T phase. After the exfoliation and wet transfer on TEM grids,
we reveal through STEM, the structural evolution within the PdSe,_,Te, system.
we also observed a transition from ambipolar to n-type conductivity in PdSe; gTey o,
and subsequently to p-type conductivity in PdSe; 5Teq 5, as the level of Te doping
increases. This increase in doping leads to a higher carrier concentration, which in
turn affects the position of the Fermi level. Consequently, the electrical properties of

the alloy are directly influenced.

78



Chapter 6

Conclusion

6.1

Contributions of thesis

The major contributions of this thesis are as follows;

1.

Developed a novel approach of polymer-free transfer of high quality graphene on
TEM grid thereby avoiding contamination produced from the use of polymers

as confirmed using the SEM and Raman Spectroscopy.

. Fabrication of Van der Waals Heterostructure of Graphene-PdSey-Graphene

using a hybrid of Wet and Dry transfer to ensure clean interface of the top
graphene-PdSe; and the bottom graphene-PdSe,. This helps to investigate

phase transformation of PdSe,; using laser irradiation.

Isolation of PdSe; nanosheets and fabrication of Van der Waals Heterostructure
of PdSe; nanosheets using a dry transfer to ensure clean interface between
stacked PdSey.PdSe; nanosheets (NSs) and nanostacks (NS) NSs exhibited
memcapacitive behavior and resistive switching in a vertical configuration,
which is especially prominent at the interface of the stacked PdSes; nanosheets.
This further reveals the role of clean interface in the functionality of 2D

materials.
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4. Demonstrate the partial encapsulation of GaSe with hBN to study the the effect
of hBN encapsulation on excitons under a varied temperature from 4K to 295k.
We showed that the behavior of excitons in Few-layer GaSe is significantly
impacted by the interaction between hBN and GaSe layers in hBN/GaSe. This
was determined through detailed photoluminescence (PL) studies, including an

examination of the temperature dependence of PL intensity.

5. Demonstrate the isolation of various alloys between the PdSe, and PdTe,
revealing how the structural transition and correlated optical properties changes
with different Te doping concentration in these alloys. we also observed
the semiconductor to metallic transition with Te doping increasing in these
alloys.PdSe; devices has been shown to exhibit ambipolar behavior. we have
observed a transition from ambipolar to n-type device in PdSe; gTeg o, and
subsequently to p-type device in PdSe; 5Teq 5, as the level of Te doping increases.
This increase in doping leads to a higher carrier concentration, which in turn
affects the position of the Fermi level. Consequently, the electrical properties

of the alloy are directly influenced.
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