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Abstract

The field of Transition Metal Dichalcogenides (TMDs) has gathered significant attention due to its
promising applications in electronics, optoelectronics, catalysis, and more. However, the current
challenge lies in achieving scalable growth that meets commercial demands. This bottleneck has
impeded the widespread commercialization of TMD-based products and necessitates a concerted
effort to develop synthesis techniques that are both efficient and reproducible. This work seeks to
address this critical issue by exploring a range of unique synthesis approaches designed to overcome
these limitations.

The primary objective here, is to establish innovative methodologies for synthesizing TMD thin
films on large-area substrates, ensuring consistency in geometry, quality, and reproducibility. Pulsed
Laser Deposition (PLD) is one such method, offering precise control over film thickness and
composition. Its versatility makes it suitable for scalable growth and the creation of heterostructures,
enhancing device performance. Additionally, the combination of magnetron sputtering and chemical
vapor transport (CVT) offers another promising approach. Magnetron sputtering allows precise
deposition of precursor materials, while CVT enables controlled selenization or sulfurization for
high-quality films. Ampoule-assisted conversion adds flexibility by providing a vacuum-sealed
environment, reducing defects and improving crystallinity.

Beyond synthesis, this work delves into the detailed characterization of the synthesized TMD
materials to evaluate their properties. Techniques like X-ray diffraction, Raman spectroscopy, and
electron microscopy are employed to examine the films' chemical and structural properties, while
electrical and optical analyses assess their quality for potential applications. By understanding the
mechanisms of TMD synthesis and leveraging their unique properties, this research aims to facilitate
broader adoption of TMD-based technologies. The findings could lead to breakthroughs in flexible
electronics, high-performance transistors, and advanced photodetectors, ultimately driving
innovation and enabling new commercial applications which have a lasting impact on technology and
society.

Keywords: Transition Metal Dichalcogenides, Thin Films, Pulsed Laser Deposition, Magnetron
Sputtering, Chemical Vapor Transport
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1. Introduction

Transition metal dichalcogenides (TMDs) have emerged as a prominent class of materials within
the field of materials science, captivating researchers due to their unique properties and diverse
potential applications[1-5]. Characterized by a layered structure wherein transition metal atoms are
covalently bonded between chalcogen atom layers arranged in a hexagonal lattice, TMDs exhibit
remarkable tunability[2,6-9]. This tunability stems from the ability to manipulate factors such as
layer thickness, chemical composition, and the application of external stimuli like strain and doping.
By meticulously controlling these parameters, researchers can engineer the electronic, optical,
mechanical, and catalytic properties of TMD materials with high precision [10-14]. This exceptional
degree of control positions TMDs as highly attractive candidates for a wide range of applications
across various scientific disciplines [4,9,14-17].

In the domain of electronics, TMDs have attracted significant attention as promising materials for
next-generation electronic devices. Their inherent advantages include high carrier mobility, excellent
electrostatic control, and compatibility with flexible and transparent substrates - all crucial
characteristics for the development of advanced electronics [18,19]. Field-effect transistors (FETSs)
fabricated using TMDs have demonstrated impressive performance metrics, signifying their potential
utility in logic circuits, memory devices, and beyond [5,18,20-26]. Furthermore, the creation of TMD
heterostructures - achieved by stacking different TMD layers or combining TMDs with
complementary materials like graphene or boron nitride - offers the exciting possibility of realizing
entirely novel electronic functionalities and device architectures [1,2,16].

TMDs also hold immense promise in the realm of optoelectronics due to their intriguing optical
properties. These properties encompass strong light-matter interactions, tuneable bandgaps, and
efficient light emission. By harnessing these attributes, TMDs are being explored for applications in
photodetectors, light-emitting diodes (LEDs), and photovoltaic devices [27-29]. By leveraging the
unique quantum confinement effects and excitonic phenomena observed in TMD monolayers,
researchers are actively developing ultra-compact photonic and optoelectronic devices boasting
unprecedented performance characteristics[30-34]. These advancements pave the way for the
realization of integrated photonic circuits and quantum technologies. The potential of TMDs extends
beyond electronics and optoelectronics. They are also demonstrating exceptional promise as efficient
and Earth-abundant catalysts for various chemical reactions, including hydrogen evolution, oxygen
reduction, and nitrogen fixation[6,24,35]. The high surface areas, abundant active sites, and tuneable
electronic structures exhibited by TMD materials contribute to their remarkable catalytic
activity[14,36,37]. This has opened doors for their utilization in sustainable energy conversion
technologies and environmental remediation efforts.

Furthermore, TMDs are making significant inroads in the field of energy storage and conversion,
with potential applications in lithium-ion batteries, supercapacitors, and electrochemical water
splitting [16,38-40]. Their high surface area, mechanical flexibility, and chemical stability make TMD-
based electrodes and catalysts attractive candidates for enhancing the performance and longevity of
energy storage and conversion devices. Finally, TMDs are proving to be exceptional sensing materials,
exhibiting exceptional sensitivity to external stimuli such as gases, biomolecules, and mechanical
strain[5,19,27,41]. By functionalizing TMD surfaces with specific ligands or exploiting their intrinsic
electronic and optical responses, researchers are developing ultrasensitive and selective sensors
capable of detecting a wide range of analytes. These sensors have the potential to revolutionize
various fields, including environmental monitoring, healthcare diagnostics, and industrial process
control [36,42-44]. The exploration of TMDs is an ongoing endeavour, and as researchers continue
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to unveil their secrets, we can anticipate even more groundbreaking discoveries that will significantly
reshape various technological landscapes. This ongoing pursuit underscores the immense potential
of TMDs and their transformative role in the future of materials science.

1.1 Current state of this field

Material Properties and Applications

Electrically, TMDs can exhibit both n-type and p-type conductivity, depending on their
composition and doping. MoS; and WS are typically n-type semiconductors, which makes them
suitable for applications in field-effect transistors (FETs) and other electronic devices [24,45-47]. On
the other hand, WSe; and ReSe; can exhibit p-type conductivity, which is beneficial for creating p-n
junctions and complementary logic circuits [48-52].

— Field-effect transistors (FETs)

Integrated circuits (ICs)
'mmme  Electronic Properties &g
Logic gates

— Optoelectronic devices
— Photodetectors

. . Light-emitting diodes (LEDs)
Optical Properties

Photovoltaic devices
— Mon-linear optical devices
TMDs
- — Flexible electronics
Properties
d mammm Mechanical Properties (o mes Nanoelectromechanical systems (NEMS)
an
: . — Wearable devices Sensors
Applications
— Catalysis

Chemical and Cataly‘tlc — Hydregen evolution reaction (HER)
Properties — Chemical sensors
— Energy storage devices
— Spintronics
— Magnetic storage devices
a  Magnetic Properties
— Magnetic sensors
— Magnetic resonance imaging (MRI)

Figure 1.1: Illustration of the current main-stream synthesis techniques for transition metal dichalcogenides divided in
two main types.

WSe; offers unique advantages, such as its tuneable bandgap and strong spin-orbit coupling.
These properties make it a promising material for spintronic devices and optoelectronic applications.
Its high carrier mobility and mechanical strength also contribute to its potential for various electronic
devices [53-56]. ReSe; is another intriguing TMD with anisotropic properties, making it a promising
candidate for catalysis and sensing applications. Its layered structure and unique electronic
properties offer opportunities for exploring novel device concepts [57-59]. TiSe; and VSe; are
relatively less explored TMDs, but they have shown promise for various applications. TiSe2, for
instance, exhibits metallic behaviour and has been investigated for its potential in energy storage and
electronic devices. It has also attracted attention due to its charge density wave phase transitions and
potential for superconducting behaviour [60-63].
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The ongoing research and development in the field of TMDs continue to uncover new properties
and applications, solidifying their role as a key material in the advancement of modern technology
and next generation of electronics.

Common Synthesis Methods

The synthesis techniques of 2D TMDs have evolved from mechanical exfoliation to more
sophisticated CVD process, currently encompassing both bottom-up and top-down approaches in
various studies (fig. 1.2). Mechanical exfoliation, a top-down method and the earliest employed for
isolating TMD monolayers, involves manually peeling layers from bulk crystals[64-70]. While
effective for producing small quantities of pristine TMD flakes, this method is labour-intensive and
limited in scalability, hindering its utility for large-scale production. In contrast, bottom-up synthesis
methods such as chemical vapor deposition (CVD), metal-organic chemical vapor deposition
(MOCVD), and molecular beam epitaxy (MBE) have gained prominence for their ability to produce
high-quality TMD monolayers with precise thickness and composition[66,71,72].

Chemical vapor deposition involves the decomposition of precursor gases on a substrate surface
to form TMD monolayers. By carefully controlling the deposition parameters such as temperature,

— Mechanical Exfoliation

—— Liquid Phase Exfoliation

L—  Chemical Exfoliation

— Chemical Vapour Deposition (CVD)

—  Molecular Beam Epitaxy (MBE)

172}
e
!
=
O
S
0
W
0
=
-+
5,
(7]

Metal-Organic Chemical Vapour Deposition
(MocvD)

I— Pulsed Laser Deposition (PLD)

- Atomic Layer Deposition (ALD)

Figure 1.2: Illustration of the current main-stream synthesis techniques for transition metal dichalcogenides divided in
two main types.

pressure, and gas flow rates, researchers can achieve uniform growth of TMD films over large areas.
This scalability makes CVD particularly attractive for industrial-scale production of TMD-based
devices. Metal-organic chemical vapor deposition (MOCVD), another bottom-up technique,
introduces metal-organic precursors along with sulphur or selenium sources into a high-temperature
reactor. This method allows controlled growth of TMD films with excellent uniformity and
reproducibility. MOCVD has demonstrated the capability for wafer-scale growth of TMD monolayers,
showcasing its potential for large-scale applications [73-75].
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In addition to these methods, pulsed laser deposition (PLD) and physical vapor deposition (PVD)
have been explored for the synthesis of TMDs. PLD, a versatile bottom-up technique, uses high-energy
laser pulses to ablate a target material, depositing it onto a substrate [76-78]. This method allows for
precise control over the film's composition and thickness, making it suitable for synthesizing complex
TMD structures. PVD, which encompasses techniques such as sputtering and evaporation, involves
the physical transfer of material from a source to a substrate in a vacuum environment. PVD methods
are advantageous for their simplicity and ability to produce uniform TMD films over large areas
[79,80].

1.2 Motivation of Research

While significant research has been conducted on TMD semiconductors like MoS;, WS;, WSe;,
ReSe,, TaSe;, TiSe; and VSe,, much of the focus has been on laboratory-scale synthesis techniques
such as exfoliation and molecular beam epitaxy (MBE) [20,27,64-72]. These methods, while effective
for producing high-quality materials, often suffer from scalability issues and are not suitable for large-
scale industrial production. As a result, there is a critical need to develop scalable synthesis
techniques for these materials to realize their full potential in a wide range of technological
applications. Exfoliation, a top-down approach, involves mechanically exfoliating bulk crystals into
thin layers. While this method can produce high-quality, single-layer TMDs, it is inherently limited in
terms of scalability and yield [3,81,82]. Molecular beam epitaxy, a bottom-up approach, offers precise
control over the growth of TMD layers, but it is a complex and expensive technique that is not suitable
for large-scale production [27,72,83].

To address these limitations, researchers are exploring alternative synthesis techniques, such as
chemical vapor deposition (CVD) and metal-organic chemical vapor deposition (MOCVD), which offer
greater scalability and control over the growth of TMDs [73,80,84]. However, these techniques still
face challenges in terms of achieving high-quality, uniform, and large-area TMD films. Therefore,
there is a pressing need to develop innovative synthesis techniques that can bridge the gap between
laboratory-scale research and industrial-scale production of TMD materials. By addressing the
scalability and cost challenges associated with current synthesis methods, researchers can pave the
way for the widespread adoption of TMD-based technologies.

1.2.1 Current Challenges

Synthesis: One of the foremost challenges in the field of TMDs is the synthesis of high-quality,
uniform materials. Traditional methods like chemical vapor deposition (CVD), mechanical exfoliation,
and liquid-phase exfoliation have their limitations. For instance, mechanical exfoliation can produce
high-quality monolayers but is not scalable for industrial applications. On the other hand, CVD can
scale up the production but often results in non-uniform films with grain boundaries that impair the
material's properties [81,85]. The control over the phase and composition during synthesis is
another significant challenge. TMDs can exist in different phases (e.g, 1T, 2H), which exhibit
drastically different electronic properties. Achieving a uniform phase is crucial for the consistency of
device performance. Moreover, doping and alloying TMDs to tailor their properties require precise
control over the synthesis process, which is difficult to achieve consistently [85].

Scalability and Cost: Scalability remains a major hurdle in the commercialization of TMDs. While
methods like CVD show promise for large-scale production, the costs associated with these processes
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are still prohibitive. Additionally, the equipment and conditions required for high-quality synthesis
(such as high temperatures and vacuum environments) add to the complexity and cost [81]. Efforts
are being made to develop cost-effective, scalable methods. For example, liquid-phase exfoliation
offers alower-cost alternative but often results in lower-quality materials with defects and impurities
that can impact their performance. The challenge lies in balancing cost, quality, and scalability to
make TMDs viable for industrial applications[81].

Integration with Existing Technologies: Integrating TMDs with existing semiconductor
technologies presents both opportunities and challenges. TMDs offer the potential for novel device
architectures, such as vertical transistors and flexible electronics, but their integration with silicon-
based technologies requires overcoming several technical barriers. Issues such as contact resistance,
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Figure 1.3: Graphical presentation of current few but important challenges in the field of Transition Metal Dichalcogenides
which require attention and focused research

interface quality, and compatibility with current fabrication processes need to be addressed to
achieve seamless integration. Efforts are being made to develop hybrid systems that combine TMDs
with other materials like graphene or traditional semiconductors. These hybrid systems can exploit
the unique properties of each component, but achieving high-quality interfaces and reliable
performance remains challenging. Advanced fabrication techniques and interface engineering are
critical to overcoming these hurdles.

Electronic and Optoelectronic Properties: While TMDs exhibit promising electronic and
optoelectronic properties, tuning these properties for specific applications is complex. For instance,
controlling the bandgap through layer thickness, strain, or chemical doping requires precise
manipulation at the atomic level. Achieving uniform and predictable changes across large areas is
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particularly challenging. Furthermore, the variability in electronic properties due to defects and
impurities can significantly impact device performance. Identifying and controlling these defects are
essential for the reproducibility and reliability of TMD-based devices. Advanced characterization
techniques and theoretical modelling are vital to understanding and mitigating these issues.

Catalysis and Energy Applications: In catalysis, TMDs have shown potential for applications like
hydrogen evolution reaction (HER), oxygen reduction reaction (ORR), and nitrogen fixation[6,24,67].
However, the activity and stability of TMD catalysts can be affected by their surface structure, defects,
and phase purity. Enhancing the catalytic performance requires a deep understanding of the active
sites and mechanisms at play, which is currently a significant research focus. For energy storage
applications, such as in lithium-ion batteries and supercapacitors, the mechanical stability and
electrical conductivity of TMDs are crucial. Developing TMDs with high specific surface areas, robust
mechanical properties, and excellent conductivity while maintaining low production costs is a
significant challenge. Research is ongoing to optimize these materials for better performance and
durability.

This study is motivated by the need to address some key challenges hindering the practical
application of TMDs in advanced technologies (fig. 1.3). By exploring various existing synthesis
technologies and their unique combinations, the study aims to improve the qualitative synthesis,
scalability, repeatability, and stability of TMD films. Additionally, the study focuses on the integration
of TMDs with existing technologies and the comprehensive understanding of their properties.
Overcoming these challenges is critical for realizing the full potential of TMDs in a wide range of
applications, including electronics, optoelectronics, catalysis, and energy storage. The findings of this
study will contribute to the advancement of TMD research and take us a step further for their
successful implementation in commercial applications.

1.3 Objectives of this work

The primary goal of this work was to synthesize and explore transition metal dichalcogenides
through diverse methodologies and subsequently analyse the resulting materials. By doing so, the
aim was set for assessing both the potential applications of the synthesized materials and the
effectiveness of the methodologies employed for their synthesis (fig. 1.4). Following objectives give
detailed understanding of what was intended to achieve through this study:

1. Develop scalable synthesis methods for fabricating thin films of TMDs on various
substrates, including one-dimensional nanowires and two-dimensional silicon or
sapphire wafers, to enable large-scale applications of these materials.

2. Develop synthesis techniques for TMDs using their respective transition metals as
precursors instead of their oxides, which often have high thermal stability. For
instance, using Ta metal instead of Ta;Os to produce TaSe; can be a more effective
approach due to the challenges associated with the thermal stability of Ta;0s.

3. Synthesize a select few TMDs from their respective metal and metal oxide
precursors under similar conditions to study the electrical properties and
morphological differences, and identify potential applications based on these
findings.

4. Use characterization techniques such as XRD, Raman, XPS to study the chemical and
structural properties of the produced materials in addition to SEM, TEM, AFM for
more deeper understanding, exploring their potential applications in various fields.
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Figure 1.4: Directions of the desired results of this study to be obtained as the outcomes of this work illustration.

5. Showcase the use of standard photolithography and control the geometry of the
produced TMD thin films to demonstrate the possible device fabrication as part of
this methodology and its usability in various applications (e.g. photosensors).

All the research described in this dissertation was carried out in Institute of Solid State Physics of
University of Latvia.

1.4 Scientific novelty

The research results presented in this thesis hold scientific significance and have been published
in various international journals. To point the key novelties of the presented work here, following list

is prepared:
e  Comparison of two synthesis methodologies for growing GaN-MoS: and

GaN-WS; core-shell nanowires:
The study explored two different methods for fabricating GaN-based core-shell

nanowires, showing that by adjusting process parameters, it is possible to achieve
uniform or island-like coatings with potential applications in energy and as
photocatalysts for hydrogen production.
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e Developed a robust method for fabricating core/shell nanowires with 2D
TMD shells:

This study presents a scalable four-step process for fabricating core/shell
nanowires with a well-defined TaSe; shell, using a vacuum-sealed selenium
atmosphere, demonstrating that this technique is versatile and applicable to a wide
range of 2D chalcogenides.

e  First-time synthesis of WSe; films using photolithography from WO0; and
W metal precursors:

This work compared the characteristics of WSe; thin films synthesized from two
distinct precursors, revealing that WOs-based films generally had higher
photocurrent and stability compared to those from W metal, suggesting that W03 is a
more effective precursor for the CVT synthesis of WSe;.

e  First-time comparison of ReSe; films from Re metal and ReOy precursors:

The study introduced a novel method for ReSe; synthesis using atmospheric
pressure CVT, showing significant differences in surface morphology based on
precursor material and demonstrating potential for various applications, including
non-linear optics.

e Developed a unique synthesis method for TiSe; and VSe; thin films with a
2-step process:

This study used a scalable approach for the large-area synthesis of TiSe; and VSe;
thin films, showing that both materials retained their continuity after selenization:
This method provides opportunities to create continuous films on a large scale, with
broader applications and extension to other TMDs.

1.5 Outline of this work

This work delves into the exciting realm of Transition Metal Dichalcogenides (TMDs), a class of
materials with immense potential for next-generation electronics and optoelectronics. We begin by
exploring the current state of the field and the key motivations driving our research (Chapter 1). Here,
we identify existing challenges and highlight the specific TMDs targeted in this study (MoSz, WS,
TaSe;, ReSey, TiSe;, and VSe;). We then clearly outline the objectives of our research, emphasizing the
scientific novelty brought by our approach (Chapter 1.3-1.5).

Chapter 2 lays the groundwork by providing a fundamental understanding of TMDs and delves
into various synthesis techniques employed for their fabrication in this work and to explore what
concepts they were utilized. Chapter 3 focuses on the creation of heterostructures - novel structures
combining different TMDs - with a specific emphasis on MoS,/WS; grown on GaN nanowires and
TaSe, grown on ZnS nanowires with an intermediary layer (Chapter 3.1-3.2). This chapter concludes
by discussing the key results and their potential implications. Chapter 4 explores the growth of
individual TMD thin films, investigating materials such as WSe,, ReSe;, TiSe;, and VSe; (Chapter 4.1-
4.3). Here, we detail the specific synthesis processes employed and present the key findings
associated with each study.

Finally, Chapter 5 serves as a comprehensive summary, revisiting the initial objectives and
evaluating our success in achieving them. Chapter 6 concisely presents the main theses of the work,
providing a clear takeaway for the reader.
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This work offers valuable insights into the synthesis of various TMD materials and
heterostructures, paving the way for further exploration of their potential in advanced technological
applications.
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2. General topics

2.1 Fundamentals of Transition Metal Dichalcogenides

Transition metal dichalcogenides are a class of materials composed of layers of transition metal
atoms sandwiched between layers of chalcogen atoms (sulphur, selenium, or tellurium) [86,87]. This
unique layered structure imparts TMDs with a distinctive set of properties that have garnered
significant attention in recent years [72,88-90]. The fundamental building block of TMDs is a single
layer, often referred to as a monolayer. The weak van der Waals forces between these layers provide
TMDs with their characteristic flexibility and ability to be exfoliated into individual layers. This
layered structure is responsible for many of the remarkable properties exhibited by TMDs, including
their exceptional mechanical flexibility, high surface area, and anisotropic electrical and optical
properties [91-94].

A critical aspect of TMD behaviour is the concept of lattice matching. The lattice structure of a
material refers to the arrangement of its atoms in a repeating pattern. When two materials with
similar lattice parameters are brought into proximity, they can form a commensurate interface, where
the atomic lattices align coherently. This lattice matching is crucial for the formation of high-quality
heterostructures, which are composed of multiple layers of different materials stacked on top of each
other [95,96]. For instance, the lattice mismatch between molybdenum disulfide (MoS;) and
hexagonal boron nitride (h-BN) is relatively small, allowing for the creation of high-quality
heterostructures with minimal interfacial defects [45,97]. This has enabled the study of the electronic
properties of MoS; in isolation, as well as the exploration of new phenomena arising from the
interaction between the two materials. On the other hand, the lattice mismatch between MoS; and
graphene is larger, leading to the formation of Moiré patterns at the interface [98,99]. These Moiré
patterns can significantly modify the electronic properties of the heterostructure, giving rise to new
electronic states and flat bands. Lattice mismatch can also play a role in the formation of defects and
strain at the interface between two materials. While these defects can sometimes be detrimental to
device performance, they can also introduce new and interesting properties. For example, strain-
induced bandgap modulation has been observed in TMD heterostructures, offering opportunities for
tuning the optical and electronic properties of these materials [12,14,100].

Figure 2.1: Graphical crystal structures of (a) hexagonal structure with a space group of P63/mmc (b) triclinic crystal
system with a space group of P-1 and (c) hexagonal crystal structure with a space group of P-3m1 where M represents
atoms of Transition metals and X represents Chalcogen group atoms (S, Se). [106]
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Understanding the interplay between layered structure and lattice matching is essential for the

rational design and fabrication of TMD-based devices. By carefully selecting materials with
compatible lattice parameters and controlling the growth conditions, it is possible to create high-
quality heterostructures with desired properties [48,101-103]. As research in this field continues to
advance, we can expect to see even more exciting developments in the field of TMD-based materials
and devices. Below are some of the fundamental properties of the TMDs part of this work:

MoS; (Molybdenum Disulfide): MoS; has a hexagonal crystal system (fig. 2.1) with a space group
of P63/mmc (194). The lattice parameters are a = 3.161 A and c = 12.295 A. MoS; is stable in its
hexagonal phase and thermodynamically stable. The formation energy is -1.09 eV /atom, and it has
a density of 5.06 g/cm?. MoS; is known for its use in electronic and optoelectronic applications
due to its unique electrical properties [104-106]. For this material, 2H phase is the most stable
one, but there is also a metastable 1T phase [105].

WS; (Tungsten Disulfide): WS, crystallizes in a hexagonal structure with a space group of
P63/mmc (194). The lattice parameters are a = 3.153 A and ¢ = 12.32 A. It is thermodynamically
stable in its hexagonal phase. The formation energy is -1.13 eV/atom, and a density of 7.54 g/cm?3.
WS; is also notable for its potential in electronics and catalysis [106-109]. For WS, 2H phase is the
stable form, while the 1T phase is less common and less stable [107,109].

TaSe; (Tantalum Diselenide): TaSe; has a hexagonal crystal system with a space group of P63/mmc
(194). The lattice parameters are a = 3.434 A and c = 12.706 A. It is stable in its hexagonal phase
and thermodynamically stable. The formation energy is -0.80 eV/atom and a density of 9.16
g/cm?3. TaSe; is known for its superconducting properties and potential applications in electronics
[106,110-112]. Both 2H and 1T phases are known, with the 2H phase being more stable at room
temperature for TaSe; [110,112].

WSe; (Tungsten Diselenide): WSe, forms a hexagonal crystal structure with a space group of
P63/mmc (194). The lattice parameters are a = 3.288 A and c = 12.96 A. It is stable in its hexagonal
phase and thermodynamically stable. The formation energy is -1.03 eV/atom and it has a density
of 9.32 g/cm3. WSe; is used in electronics and optoelectronics due to its favourable electronic
properties [71,106,113,114]. 2H phase is the most stable under normal conditions for WSe;, but
there is also a less common 1T phase [71,114].

ReSe; (Rhenium Diselenide): ReSe; has a triclinic crystal system (fig. 2.1) with a space group of P-
1 (2). The lattice parameters are a = 6.732 A, b = 6.609 4, and ¢ = 6.626 A. It is thermodynamically
stable. The formation energy is -0.91 eV/atom and a density of 7.33 g/cm?>. ReSe; is noted for its
unique anisotropic properties [51,106,115,116]. The triclinic phase is known to be the most stable
under normal conditions [115,116].

TiSe; (Titanium Diselenide): TiSe; has a hexagonal crystal structure with a space group of P-3m1
(164) (fig. 2.1). The lattice parameters are a = 3.538 A and ¢ = 6.008 A. It is thermodynamically
stable in its hexagonal phase. The formation energy is -0.80 eV/atom and a density of 4.95 g/cm?>.
TiSe; is known for its charge density wave properties and potential applications in electronics
[106,117-119]. The 1T phase is the known stable phase under normal conditions [117,119].
VSe; (Vanadium Diselenide): VSe; crystallizes in a hexagonal structure with a space group of P-
3m1 (164). The lattice parameters are a = 3.356 A and c = 6.108 A. It is stable in its hexagonal
phase. The formation energy is -0.67 eV/atom and a density of 5.81 g/cm?3. VSe; is noted for its
potential use in energy storage and electronic applications [106,120-122]. 1T phase is the most
stable one. VSe; can also exhibit charge density wave transitions [121,122].

The electrical properties of TMDs exhibit a remarkable diversity, ranging from metallic to

semiconducting behaviour, and even superconductivity in certain conditions. These properties are
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primarily determined by the number of layers, the specific transition metal and chalcogen elements,
and external factors such as applied strain and electric fields. Bulk TMDs are generally indirect
bandgap semiconductors, meaning that the energy required to excite an electron from the valence
band to the conduction band is minimized when the electron and hole have different
momenta[23,123,124]. This indirect bandgap nature limits their efficiency in optoelectronic
applications. However, a dramatic transformation occurs as the material is thinned down to the
monolayer limit. Most TMD monolayers exhibit a direct bandgap, implying that the energy minimum
in the conduction band and the energy maximum in the valence band occur at the same point in
momentum space. This transition from indirect to direct bandgap significantly enhances the optical
properties of TMD monolayers and has spurred intense research in optoelectronics [125,126].

Beyond the bandgap nature, the carrier type (electrons or holes) in TMDs can also vary. Some
TMDs, such as MoTe,, exhibit a transition from semiconducting to metallic behaviour as the number
of layers decreases [127,128]. This layer-dependent metal-semiconductor transition is attributed to
changes in the electronic band structure caused by quantum confinement effects. Under specific
conditions, TMDs can also exhibit superconducting properties. For instance, under high pressure,
some TMDs have been found to transition into a superconducting state. The mechanism behind
superconductivity in TMDs is still under investigation, but it is believed to be related to the interplay
between electron-phonon coupling and electron-electron interactions [129,130]. Another intriguing
phenomenon related to the electronic properties of TMDs is the formation of charge density waves
(CDWs). A CDW is a periodic modulation of the electron density within a material. In TMDs, CDWs
can arise due to the interplay between electron-electron interactions and the lattice structure. The
formation of CDWs can lead to a variety of electronic and structural phase transitions, often
accompanied by changes in electrical conductivity and magnetic properties. The coexistence of
superconductivity and CDW order in TMDs is a topic of intense research interest [83,131,132].
Understanding the relationship between these two phenomena is crucial for designing novel
superconducting materials.

The inherent electrical characteristics of transition metal dichalcogenides (TMDs) can be
significantly influenced and tailored through a variety of external factors. This malleability is a
cornerstone of their potential applications in advanced electronic and optoelectronic devices. One
critical method to modify TMD properties is through the application of strain. When a TMD material
is subjected to mechanical stress, its atomic lattice structure is distorted. This distortion directly
impacts the electronic band structure, which is essentially the energy levels available for electrons to
occupy [133-135]. By carefully controlling the type and magnitude of strain, it is possible to induce
substantial changes in the bandgap, transforming a material from a semiconductor to a metal, or vice
versa. This phenomenon, known as strain engineering, offers unprecedented control over the
electrical behaviour of TMDs. In addition to strain, the introduction of defects or impurities into the
TMD lattice can profoundly alter its electrical properties. These imperfections disrupt the regular
arrangement of atoms, creating localized energy states within the bandgap. These states can act as
electron traps or donors, significantly influencing the carrier concentration and mobility [134,135].
For instance, doping TMDs with specific elements can introduce additional charge carriers,
enhancing conductivity [136-138]. Conversely, the creation of defects can act as scattering centres,
reducing carrier mobility and affecting the overall electrical performance. The ability to manipulate
the electrical properties of TMDs through strain engineering and defect engineering provides a
powerful toolkit for materials scientists and device engineers. By carefully controlling these
parameters, it is possible to optimize TMD materials for specific applications, such as high-
performance transistors, light-emitting diodes, and energy storage devices. Moreover, the
combination of these techniques with other methods, such as electric field effects and chemical
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doping, opens up even greater possibilities for tailoring TMD properties to meet the demands of
emerging technologies.

The versatility of TMDs in responding to external stimuli underscores their potential as a platform
for groundbreaking advancements in electronics and optoelectronics. As research in this field
progresses, the development of increasingly sophisticated devices that leverage the unique electrical
properties of these remarkable materials can be expected.

2.2 Common Synthesis Techniques overview

From a variety of synthesis techniques for TMDs, a brief summary of each used technique in this
work is discussed from their fundamental working to their usage (fig. 2.2).

-
Pulsed Laser Deposition (PLD)
[
Using commercially available TMD targets
for the deposition process
\
o D Synthesized TMD material
Magnetron ynthesize: materia
- thin films
Sputtering
Followed by thorough
Transition metal or R }
characterization to confirm
transition metal oxide .
iAo iti the presence of desired
in film deposition :
TMDs material
L /

Figure 2.2: Flow chart of the three different methodologies consisting of at times more than one technique for the synthesis of
TMDs films (left to right) in this work.

Pulsed laser deposition (PLD) is an advanced thin film deposition technique used extensively
for producing high-quality films of various materials, including transition metals and their oxides.
This process utilizes high-power laser pulses to ablate material from a target, which then deposits
onto a substrate to form a thin film. PLD is known for its ability to precisely control film composition
and structure, making it ideal for complex materials and heterostructures (fig. 2.3) [76,77].

The PLD process begins with selecting a target material, typically a high-purity transition metal or
metal oxide. The target is placed in a vacuum chamber, which is then evacuated to achieve a low-
pressure environment, often with a background gas such as oxygen for oxide films. A high-energy
laser, usually an excimer or Nd:YAG laser, is directed through a window into the chamber, where it
focuses onto the target material. The laser pulses ablate the target, creating a plume of ejected
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material that travels towards the substrate. The substrate is positioned opposite the target, and its
temperature can be controlled to influence the film's properties. As the ablated material condenses
on the substrate, it forms a thin film with characteristics that can be precisely tailored by adjusting
the laser parameters, such as energy, frequency, and pulse duration. The distance between the target
and the substrate, as well as the ambient gas pressure, also play crucial roles in determining the film's
morphology and quality. PLD offers several advantages for the deposition of transition metals and
their oxides. One of the key benefits is its ability to maintain the stoichiometry of the target material,
even for complex compositions. This is particularly important for oxides, where maintaining the
correct oxygen content is critical for achieving desired electronic and optical properties. The high
energy of the laser pulses ensures that even refractory materials can be efficiently ablated and
deposited.

Additionally, PLD allows for the growth of
epitaxial films and heterostructures with sharp
interfaces, which are essential for applications in
electronics, optoelectronics, and spintronics. By = pyised laser beamn
using multiple targets and rotating the substrate, Focusing lens
multilayer films with distinct layers of different ~Chamber window

. . . . Vacuum chamber
materials can be deposited in a single process,
enabling the creation of advanced functional
materials and devices. The properties of the
deposited films can be further enhanced through
post-deposition treatments such as annealing,
which can improve crystallinity and reduce
defects. The versatility and precision of PLD make
it a valuable tool for research and development in
materials science and nanotechnology.

Bl Target

Figure 2.3: Simplified graphical illustration of the Pulsed
Laser Deposition technique.

In summary, pulsed laser deposition is a
powerful technique for creating high-quality thin films of transition metals and their oxides. By
utilizing high-power laser pulses to ablate target materials in a controlled environment, PLD enables
precise control over film composition and structure. This method is essential for producing advanced
materials with tailored properties for a wide range of technological applications.

Magnetron sputtering is a versatile technique used for the deposition of thin films, particularly
for transition metals and their oxides. This process involves ejecting material from a target using
energetic ions generated in a plasma, which then deposit onto a substrate to form a thin film.
Magnetron sputtering can be performed in either direct current (DC) or radio frequency (RF) modes,
with DC sputtering being especially suitable for conductive materials like transition metals [139,140].

DC sputtering, in particular, is a widely used method for depositing transition metals and their
oxides due to its efficiency and simplicity. In this process, a DC power supply is used to generate a
plasma in a vacuum chamber, where argon ions are typically employed to bombard a metallic target.
The impact of these ions causes atoms from the target to be ejected and subsequently deposited onto
the substrate, forming a thin film. The deposition rate and film properties can be controlled by
adjusting parameters such as the power applied to the target, the pressure of the argon gas, and the
distance between the target and the substrate. The deposition of transition metals and their oxides
via DC sputtering involves several critical steps. First, the target material, usually a high-purity
transition metal or metal oxide, is selected based on the desired film properties. The target and
substrate are then placed in the vacuum chamber, which is evacuated to create a low-pressure
environment. Argon gas is introduced to maintain a plasma, and a DC voltage is applied to the target,
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creating a glow discharge that ionizes the argon atoms. These ions are accelerated towards the target,
causing sputtering of the target material, which then deposits onto the substrate(fig. 2.4).
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such as annealing, can further enhance the

film properties by improving crystallinity

and reducing defects. Magnetron sputtering, and specifically DC sputtering, is essential for creating

high-quality thin films of transition metals and their oxides. These films have numerous applications,

including in electronics, catalysis, and protective coatings, due to their excellent physical and

chemical properties.

In summary, magnetron sputtering, is a critical technique for depositing transition metals and
their oxides. It involves sputtering material from a target in a controlled vacuum environment,
allowing precise control over film properties. This method is integral to producing thin films for a
wide range of advanced applications.

Chemical vapor deposition (CVD) has emerged as a powerful technique for synthesizing
atomically thin transition metal dichalcogenide (TMD) crystals with precise control over their
thickness, crystallinity, and morphology. In this process, precursor gases containing transition metal
and chalcogen species react on a heated substrate, forming TMD thin films. To enhance the CVD
synthesis of atomically thin TMD crystals, researchers have explored the use of salt as an additive.
Rather than acting as a seed for crystal growth, salt serves to lower the energy required for the
reaction between metal oxides and chalcogen species, thereby improving crystal growth. This
enhancement occurs by increasing the partial pressure of TMD vapor at a given temperature [74,80].

The CVD synthesis process begins with the preparation of precursor gases and cleaning the
substrate, often made of silicon dioxide (SiO2) or sapphire. The substrate is then placed inside a CVD
reactor. Precursor gases, typically delivered in a carrier gas such as hydrogen or argon, are introduced
into the reactor at controlled flow rates. During deposition, the substrate is heated to temperatures
ranging from a few hundred to a few thousand degrees Celsius. This elevated temperature facilitates
the decomposition and reaction of precursor gases, leading to nucleation and growth of TMD crystals
on the substrate surface. The growth mechanism of atomically thin TMD crystals via CVD involves
nucleation, growth, and termination. Initially, nucleation sites form on the substrate surface as
precursor gases adsorb and react to form atomic or molecular species. These nucleation sites then
act as seeds for crystal growth. As the reaction progresses, TMD crystals continue to grow laterally
and vertically on the substrate surface, dependent on precursor species diffusion and surface energy
minimization. Growth rate and morphology can be controlled by adjusting parameters such as
precursor flow rates, substrate temperature, and reactor pressure (fig. 2.5).
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The addition of salt to the precursor mixture lowers the energy barrier for reaction between metal
oxides and chalcogen species. Salt reacts with the oxide creating a more reactive species of metal
oxychlorides/hydro-oxychlorides which then in turn reacts with chalcogens to produce TMDs. This
reduction in energy requirement promotes more efficient crystal growth by increasing the partial
pressure of TMD vapor at a given temperature. Consequently, TMD crystals with improved
crystallinity and uniformity are synthesized. The choice of substrate also influences TMD crystal
growth. Substrates with lattice matching or similar thermal expansion coefficients to TMD crystals
can promote epitaxial growth and enhance crystallinity. Surface properties, such as roughness and
surface energy, can also affect nucleation and growth kinetics, making surface treatments or
functionalization techniques important for optimizing growth conditions.

In conclusion, CVD offers a
versatile and scalable approach for

synthesizing atomically thin TMD
crystals. The addition of salt as an _/
additive in precursor mixtures can
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achieve precise control over TMD Figure 2.5: Schematics of the general working principal of Chemical vapour
crystal growth and tailor their peposition technique.

properties for various applications.

The adhesion of TMD thin films to substrates is crucial for their integration into devices and
applications. Weak interlayer interactions in TMDs, such as van der Waals forces, can lead to poor
adhesion and delamination from substrates. To improve adhesion, various strategies can be
employed, including surface functionalization, interfacial engineering, and the use of adhesion
promoters. Surface functionalization involves modifying the surface chemistry of substrates or TMDs
to enhance adhesion through chemical bonding or interactions. The use of adhesion promoters or
interlayers, such as graphene or hexagonal boron nitride (h-BN), can improve adhesion and
mechanical stability by acting as intermediate layers between TMDs and substrates.
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Quartz ampoule fabrication plays a crucial role in the synthesis of various materials, typically
made of high-purity quartz glass, provide a sealed environment for conducting high-temperature
reactions under controlled conditions [141]. These ampoules are used to house precursor materials
and facilitate their conversion into TMD thin films through processes such as selenization or
sulfurization.

The fabrication of quartz ampoules involves several steps to ensure their integrity and
functionality for high-temperature reactions. First, high-quality quartz glass tubes are selected based
on purity and thermal stability. These tubes are then cut to the desired length and cleaned thoroughly
to remove any contaminants that could affect the reaction process. Next, the ampoules are sealed
using a high-temperature torch or a specialized sealing machine to create a hermetic seal that
prevents leakage of gases and maintains a controlled environment inside the ampoule during the
reaction process (fig. 2.6). In the synthesis of TMD thin films, quartz ampoules serve as reaction
vessels for housing precursor materials and facilitating their conversion into TMDs through
controlled thermal processes. One common approach involves depositing a transition metal
precursor onto a substrate using techniques such as magnetron sputtering, as discussed earlier. The
substrate with the precursor film is then placed inside a quartz ampoule along with a chalcogen
source, such as sulphur (S) or selenium (Se). The sealed quartz ampoule is then placed in a high-
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temperature furnace, where it undergoes heating to initiate the conversion of the precursor film into
TMD thin films through sulfurization or selenization processes. The ampoule heating process creates
a controlled environment with high partial pressures of Se/S vapor inside the ampoule, which is
essential for promoting the reaction between the precursor film and the chalcogen vapor to form
TMDs.

The vacuum conditions created inside the quartz ampoule play a critical role in controlling the
precursor conversion process and determining the properties of the resulting TMD thin films. By
maintaining a high vacuum or
low-pressure  inert  gas

atmosphere  inside  the Chalco(g:’ge';ovvder . of respemc:::;il:::\zition metal
ampoule, researchers can / \
minimize unwanted chemical ~ — s
reactions and ensure the Quartz ampoule <10 torr

purity and stoichiometry of

the TMD thin films. Figure 2.6: Graphical illustration of a quartz ampoule prepared during this study and
Furthermore, the high partial its inside components before the heating process.

pressure of Se/S vapor inside

the quartz ampoule promotes the efficient conversion of the precursor film into TMDs by providing
a sufficient supply of chalcogen species for reaction with the transition metal precursor. This ensures
the formation of high-quality TMD thin films with uniform composition and crystal structure.

In summary, quartz ampoule fabrication plays a crucial role in the synthesis of TMD thin films
through processes such as selenization or sulfurization. By combining techniques such as magnetron
sputtering for precursor deposition with ampoule heating in a high-temperature furnace, researchers
can control the conversion of precursor materials into TMDs under vacuum conditions with high
partial pressures of Se/S vapor. This approach enables the production of high-quality TMD thin films
with tailored properties for a wide range of applications in electronics, optoelectronics, catalysis, and
beyond.

2.3 Material synthesis and investigation details

GaN nanowires and MoS;/WS; shell synthesis: GaN NWs were synthesized via atmospheric
pressure chemical vapour transport method in a horizontal quartz tube reactor. 2 g metallic Ga
(99.999%, Alfa Aeasar) was loaded in a ceramic boat and placed in the centre of the quartz tube,
oxidized silicon wafers SiO2/Si (100) (Semiconductor Wafer, Inc.) coated with spherical Au
nanoparticles (NPs, Alfa Aesar, water suspension, 100nm diameter) were placed downstream in a
lower temperature region. Au NPs were used as a catalyst for the vapour-liquid-solid
(VLS)mechanism. The reactor was heated to 940°C under a flow of carrier gas mixture Ar/H2-35%,
then gaseous NH3 flow in 1:1 ratio to the carrier gas was introduced and maintained for 30 min for
the gas-phase reaction and NW growth, followed by natural cooling to the room temperature under
Ar/H; flow. As a result, 5-20 pm long GaN NWs were produced on the SiO2/Si substrate. Few-layers
of MoS; and WS; on GaN NWs were obtained with two different routes. The first route consists of two
steps - deposition of amorphous MoO3z and WO3 coating on GaN NWs via reactive DC magnetron
sputtering of a metallic target in a mixed Ar/0O; atmosphere, followed by subsequent sulfurization of
the samples in a quartz tube reactor at high temperatures. The optimal sacrificial precursor film
thickness (on a flat substrate) was found to be 30 nm and 40 nm for MoO3 and WO3, respectively.
Optimal sulfurization temperature was 750°C for MoS; and 800°C for WS, coatings. The second route
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was pulsed laser deposition (PLD) from stoichiometric MoS; and WS, targets. 500 m] 248 nm KrF
laser beam was used for target ablation at 10Hz repetition frequency and 10-> Torr background
pressure. A few-layer MoS; coating was obtained with 1500 pulses at 600°C substrate temperature,
and WS, coating with 3000 pulses at 650°C substrate temperature.

ZnS nanowires and Al;0s-TaSe; shell synthesis: Zinc sulphide (ZnS) nanowires (NWs) were
synthesized on oxidized silicon (Si/SiO;) substrates (Semiconductor Wafer, Inc., Hsinchu, Taiwan)
using a vapor-liquid-solid (VLS) growth mechanism. Gold nanoparticles (50 nm in diameter) (BBI
International, Grand Forks, ND, USA) served as catalysts for the growth process. ZnS powder (0.4 g,
>97%, Sigma Aldrich, St. Louis, MO, USA) was thermally sublimated at 950°C in a quartz tube reactor,
and the resulting vapor was carried by an Ar/H»-5% gas mixture to the substrate. Subsequently, an
aluminium oxide (Al,O3) layer, approximately 6 nm thick, was deposited on the ZnS NWs using atomic
layer deposition (ALD) at 150°C in a Savannah S100 reactor. Trimethylaluminum (TMA) and H;0
were used as precursors, with N, serving as the carrier gas. A thin layer of tantalum (Ta),
approximately 15 nm thick, was deposited onto the ZnS/Al,03 NWs using direct current (DC)
magnetron sputtering from a Ta target (GoodFellow, Huntingdon, UK) in an argon atmosphere.
Finally, the coated NWs were annealed in a selenium environment at 650 °C to transform the Ta layer
into tantalum diselenide (TaSe;). The annealing process was conducted in a vacuum-sealed quartz
ampoule containing selenium pellets (50 mg, Sigma Aldrich) and Ta foil (100 mg, GoodFellow,
Huntingdon, UK) to maintain a stable vapor pressure of TaSe; and minimize the vapor's transport to
cooler areas of the ampoule.

Tungsten diselenide film synthesis: Sacrificial precursor films with varying thicknesses, from 3
nm to 50nm, were deposited on oxidized silicon wafers Si02/Si (100) (Semiconductor Wafer, Inc.) by
reactive DC magnetron sputtering of a metallic tungsten target in a mixed Ar/0O, atmosphere (5-10-3
torr, 30 sccm Ar, and 20 sccm O3 gas flow at 300 W DC power). After the precursor material deposition,
synthesis of WSe; was performed from W metal film and WO3; film using CVT. The CVT setup consists
of a horizontal open-end quartz tube reactor. For the procedure, selenium powder was loaded in a
ceramic boat at one end of the quartz tube. The vapour of selenium was transported downstream to
the W/WOj3; precursor material on a silicon substrate using the carrier gas mixture: Ar/H,-5% in the
case of WOz and 35% Ar/H; in the case of W. The temperatures (ranging from 600 to 850°C) were
held constant for 20 min, followed by uninterrupted cooling to the room temperature.

Rhenium diselenide film synthesis: A two-step approach was employed, starting with the
deposition of thin rhenium (Re) and rhenium oxide (ReOy) films with thicknesses ranging between
~10and 70 nm on substrates of a ~1 cm? square (cut by a diamond scriber) size at room temperature
by reactive DC magnetron sputtering of a metallic rhenium target (99.9%) in an Ar or mixed Ar/0;
(20 sccm: 10 sccm) atmosphere (5-10-3 torr, 100 W DC power). Prior to the magnetron deposition of
the precursor thin films, the substrates underwent a cleaning process. This involved immersing them
in an ultrasonic bath with acetone for 3 min, followed by a subsequent 3 min ultrasonic bath in
deionized water (DIW). After the ultrasonic cleaning, the substrates were blow-dried using nitrogen
(N2) gas to ensure the removal of any residual contaminants. These deposited precursor films served
as the foundation for the subsequent conversion to ReSe; via CVT. The CVT setup was operated at
atmospheric pressure using a 5% H/Ar gas mixture. The temperature range tested was from 550°C
to 1000°C, with a process duration of 15 min (with a pre-heated furnace), and selenium powder
(99.99%, Sigma Aldrich, St. Louis, MO, USA) placed at the intake end of the carrier gas. The furnace
used here exhibited a temperature gradient, maintaining the target temperature primarily within the
central 5 cm region, beyond which, the temperature decreased. Depending on the selected process
temperature, the selenium powder was positioned in a zone where the temperature reached 350-
400°C to facilitate its evaporation, to be carried by the flow of the carrier gas to placed samples.
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Titanium and Vanadium diselenide film synthesis: Cleaned 10 mm?2 sapphire substrates (r-
plane, Biotain Crystal Co.) were prepared using standard ultrasonic cleaning techniques with acetone
and DI water. Thin films of Ti or V metal, approximately 15 nm thick, were deposited onto the cleaned
substrates using DC magnetron sputtering in an argon atmosphere (3-10-3 torr, 30 sccm Ar, at 100 W
DC power). The ampules were made from quartz tubes of 13 mm OD with 1 mm wall thickness and
length of 120 + 10 mm, were loaded with the metal-coated sapphire substrate, 50 mg of selenium
powder, and 100 mg of grinded metal chips to absorb excess selenium. After lowering the pressure
inside to <10-3 torr, they were sealed and heated in a horizontal furnace at 650°C, 700°C, or 750°C for
an hour, followed by rapid cooling to room temperature by exposing these ampoules to atmosphere.

Details of the investigative tools used:

- X-ray Diffraction (XRD): Rigaku MiniFlex 600 X-ray powder diffractometer with Cu Ka
radiation (A = 1.5406 A). Rietveld analysis was performed using the BGMN program.

- X-ray Photoelectron Spectroscopy (XPS): ESCALAB Xi spectrometer from ThermoFisher
with an Al Ka X-ray tube.

- Transmission Electron Microscopy (TEM): Tecnai GF20, FEI, operating at 200 kV.

- Scanning Electron Microscopy (SEM): Lyra, Tescan, and Helios 5 UX, Thermo Fisher
Instruments.

- Energy Dispersive X-ray Spectroscopy (EDX): X-Max detector, SATW window.

- Optical Microscopy: Standard optical microscope.

- Atomic Force Microscopy (AFM): PARK NX10, Suwon, Korea.

- Hall Effect Measurement: HMS5000, Ecopia Hall Effect Measurement Systems.

- Spectrophotometry: Cary 7000 spectrophotometer, Agilent.

- Z-scan Measurement: ORPHEUS-HP + PHAROS PH2 femtosecond laser.

- Micro-Raman Spectroscopy: TriVista 777 confocal Raman system, Princeton Instruments.

- Photoresponse and I-V Measurements: Two-contact microprobe station, low-noise current
preamplifier (SR570, Stanford Research Systems), oscilloscope (TDS2004B, Tektronix),
and 405 nm semiconductor diode laser.

2.4 Unique Concepts explored in this work

Nanowires as substrate: The integration of TMDs with nanowires presents exciting
opportunities, but it also introduces unique challenges. One of the critical factors to consider is the
lattice mismatch between the TMD and the nanowire substrate [47,142,143]. A significant lattice
mismatch can lead to strain, defects, and ultimately, a degradation in the electronic properties of the
TMD layer. Careful selection of nanowire materials with lattice parameters closely matching those of
the desired TMD is crucial to achieve high-quality heterostructures. Additionally, the chemical
reactivity between the TMD and the nanowire substrate must be considered. Incompatibility can lead
to interfacial reactions, forming undesired compounds and degrading the overall device performance.
Therefore, choosing a substrate material that is inert or exhibits controlled reactivity with the TMD
is essential [142].

Despite these challenges, the benefits of using nanowires as substrates for TMD growth are
substantial. One of the primary benefits of using nanowires as substrates is the increased surface area
available for TMD growth [47,144,145]. This can lead to enhanced material utilization and improved
device performance. Additionally, the high aspect ratio of nanowires can facilitate efficient charge
carrier transport along the wire axis, which is crucial for many electronic applications [146]. This is
particularly beneficial for devices such as field-effect transistors (FETs) where high carrier mobility
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is essential. Moreover, the curvature of the nanowire surface can induce strain in the grown TMD
layer. This strain can modify the electronic band structure of the TMD, leading to tuneable properties.
For instance, it can induce a bandgap shift or modify carrier mobility. This ability to control material
properties through strain engineering opens up new possibilities for designing tailored devices
[146,147]. The integration of TMDs with nanowires can also create unique device architectures. For
example, core-shell nanostructures, where a TMD layer encapsulates a nanowire core, can exhibit
enhanced properties due to synergistic effects between the two materials. Such structures have
potential applications in energy storage, catalysis, and sensing [148].

To summarize, employing nanowires as substrates for TMD growth offers a versatile platform for
exploring new device concepts and functionalities. The combination of the high aspect ratio,
increased surface area, and potential for strain engineering makes this approach highly promising for
future technological advancements.

TMDs thin film growth in large area: The realization of the full potential of transition metal
dichalcogenides necessitates the development of efficient methods for producing large-area, high-
quality thin films. Several techniques have emerged as promising candidates for this purpose.
Physical vapor deposition (PVD) methods, including PLD and magnetron sputtering, offer routes to
deposit directly TMDs or their precursors onto large substrates. PLD, in particular, can achieve high
deposition rates and excellent film quality, but it can be challenging to maintain uniformity over large
areas [79]. Magnetron sputtering provides a more scalable approach, but often results in lower film
quality compared to PLD. To convert these deposited precursors to TMDs, subsequent thermal
processing is typically required. A common method involves annealing the films in a sulphur or
selenium atmosphere within a vacuumed sealed quartz ampoule[149,150]. This approach allows for
the pristine quality growth of TMD materials. However, achieving uniform and large-area TMD films
through this method can be challenging due to temperature gradients and uncontrolled flow
dynamics in the system[151].

While significant progress has been made in large-area TMD growth, challenges such as
uniformity, defect density, and control over layer number persist. Addressing these issues is crucial
for the successful commercialization of TMD-based devices. Moreover, the development of novel
growth techniques that combine the advantages of different methods, such as hybrid approaches
combining PVD and CVD, holds promise for overcoming these limitations [152-154]. The potential
applications of large-area TMD thin films are vast. They encompass electronics, optoelectronics,
energy storage, and catalysis. For instance, flexible electronics, transparent conductive films, and
large-area photodetectors are among the potential applications that can benefit from the
development of high-quality, large-area TMD films [153].

Choice of precursors: The selection of appropriate precursors is a critical factor influencing the
quality and properties of grown TMD thin films. Traditionally, transition metal oxides have been
employed as precursors due to their relative stability and availability. However, the conversion of
these oxides to TMDs often requires high temperatures, which can introduce impurities and defects
into the final product. In contrast, metallic precursors can offer advantages in certain cases [155,156].
Certain transition metals exhibit lower conversion temperatures compared to their oxide
counterparts, reducing the risk of thermal decomposition and impurity incorporation. However,
metal precursors may be more reactive and susceptible to humidity and oxidation, requiring careful
handling and processing conditions [155].

The optimal precursor choice depends on various factors, including the desired TMD composition,
target film thickness, and growth technique. For some TMDs, both metal and oxide precursors may
be viable options, and a comparative study can help determine the most suitable approach [157-
159]. To achieve ultrathin TMD crystals, which often demand precise control over thickness and
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uniformity, salt-assisted chemical vapor deposition (CVD) has emerged as a promising technique
[160-162]. By incorporating salts into the growth environment, the activation energy for TMD
formation can be reduced, allowing the synthesis of high-quality TMDs under lower temperature
conditions. This approach enables the synthesis of high-quality, large-area TMD films with atomically
thin thicknesses.

In conclusion, the careful selection of precursors is essential for the successful growth of TMD thin
films. By carefully considering the specific requirements of the target application and the limitations
of different precursor types, researchers can optimize the growth process and produce high-quality
TMD materials.
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3. Producing Heterostructures with TMDs

3.1 MoS:2 and WS2 grown on GaN nanowires

This study focused on the synthesis of GaN-MoS; and GaN-WS; core-shell nanowires using two
distinct methods. The first approach involved a two-step process of sputter-deposition of a sacrificial
transition metal oxide coating on GaN NWs followed by sulfurization. The second method utilized
pulsed laser deposition of a few layers of TMDs on GaN NWs derived from MoS,;/WS, targets.
Characterization results from both synthesis routes demonstrated that high-quality crystalline core-
shell NW heterostructures could be achieved. The theoretical analysis supported the experimental
findings by investigating the electronic structure of a model designed to replicate the structural
properties of core-shell NWs, reinforcing the consistency and effectiveness of the proposed synthesis
methods (fig. 3.1).

Sputter-deposition
of oxide film Sulfurization

GaN NWs

Pulsed laser
deposition

GaN-MeX; NWs

Figure 3.1: A schematic of both demonstrated GaN-MeXz core-shell NW preparation methods on Si/SiO; substrates:
(1) two-step method, which includes sulfurization of pre-deposited metal oxide coating; and (2) direct deposition of
MoS:2 or WSz with pulsed laser deposition

The morphology and internal structure of the as-grown core-shell nanowires (NWs) were
analysed using TEM, while SEM confirmed that the NWs maintained their length after the shell
deposition procedures. Lower magnification TEM images displayed the typical coating morphologies
resulting from different MoS; and WS, synthesis methods. PLD and pre-deposited WO3 sulfurization
yielded a smooth and uniform shell around NWs, whereas MoOs3 sulfurization at optimal conversion
temperatures led to a non-uniform island-like coating. Although a uniform shell is often crucial for
good electrical properties, a higher surface roughness can be advantageous for energy applications
due to increased active edge sites on the TMD shell, with the NW core maintaining its highly
crystalline structure.
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Higher-resolution TEM images (fig. 3.2) revealed the inner crystalline structure of the synthesized
nanostructures, showing the parallel black and white lines that represent the atomic planes of the

Figure 3.2: Transmission electron microscope images at different magnifications of individual (a-b) GaN-MoSz NW
prepared via MoOs coating sulfurization, (c-d) GaN-MoSz NW prepared via pulsed laser deposition, (e-f) GaN-WS:
NW prepared via W03 coating sulfurization, (g-h) GaN-WSz NW prepared via pulsed laser deposition; the insets show

the measured d-spacings.

MeX; shells. The typical thickness of uniform coatings varied from 4 to 10 monolayers, but with
careful control, single-monolayer deposition was also achievable. The measured interplanar distance
values for MoS; ranged from 6.4 to 6.6 A, and for WS, from 6.2 to 6.5 A, consistent with the known
lattice parameters for bulk MoS; and WS;[46,163]. The single-crystalline nature of the GaN NW core
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Figure 3.3: (a) X-ray diffraction and (b) micro-Raman spectrum of GaN-MoS2 NW arrays on a Si/SiO: substrate; (c)
X-ray diffraction and (d) micro-Raman spectrum of GaN-WS2 NW arrays on a Si/SiOz substrate.

was also evident, with an interplanar distance closely matching the known values for hexagonal GaN.
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The TEM measurements (fig. 3.2) highlighted the high crystalline quality of the prepared core-shell
NWs, indicating their potential for further application in both electronic and energy-related fields.

To verify the phases present in the as-grown core-shell nanowire samples, X-ray diffraction
measurements (fig. 3.3) were conducted on the NW arrays positioned on Si(100)/SiO substrates. The
results, focusing on nanostructures created using the two-step sacrificial coating method, revealed
consistent Bragg peaks corresponding to the expected crystalline phases: hexagonal GaN NWs, MoS;
shells, and WS; shells [164,165]. This confirmation aligned with the data obtained from TEM.
Additionally, the XRD patterns contained peaks related to the silicon substrate and gold nanoparticles
used for vapor-liquid-solid growth. These findings corroborate the TEM observations and
demonstrate that the desired phases were achieved in the core-shell NWs.
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Figure 3.4: High-resolution XPS core-level spectra and peak fits of GaN-MoSz core-shell NWs for (a) Mo 3d, (b) S 2p, (c) Ga 3d
and (d) N 1 s. High-resolution XPS core-level spectra and peak fits of GaN-WS: core-shell NWs for (e) W 4f, (f) S 2p, (g) Ga 3d
and (h) N 1s

Room-temperature micro-Raman spectroscopy (fig. 3.3) was employed to further confirm the
presence of WS; and MoS; in the core-shell nanostructures. The Raman spectrum of GaN-MoS; NWs
exhibited characteristic peaks for the in-plane E!;; mode at 383cm-! and the out-of-plane A1z mode at
408 cm™!, indicating the successful formation of MoS; shells on GaN NWs. Similarly, the Raman
spectrum for GaN-WS; NWs showed two distinct bands at 352cm-! and 420cm-!, corresponding to
the El;; and Aig modes, respectively [164,165]. These spectroscopic results confirmed the presence
of the expected TMD layers in the nanostructures, further validating the effectiveness of the synthesis
process used in this study.

An X-ray Photoelectron Spectroscopy (XPS) analysis (fig. 3.4) was conducted to confirm the
chemical composition of core-shell nanowire (NW) arrays on Si(100)/SiO; substrates. High-
resolution spectra were obtained for Mo 3d, W 4f, S 2p, Ga 3d, and N 1s peaks, with all data calibrated
relative to the adventitious C 1s peak at 285 eV binding energy. For both the GaN-MoS; and GaN-WS;
samples, the S 2p peaks consisted of spin-orbit doublets (Az/2.12 = 1.2 eV), with the 2ps3/» peak
measured at 161.8 eV, aligning with MoS; and WS; compounds. In the GaN-MoS; nanowires, the Mo
3d peak displayed a spin-orbit splitting (As/2-3/2 = 3.2 eV), with the Mo 3ds;, component at 229.0 eV,
consistent with the MoS; chemical state. Additionally, the S 2s peak at 226.2 eV was observed in the
scan. In the GaN-WS; nanowires, the W 4f;,; peak for the WS; chemical state was measured at 32.0
eV, with a spin-orbit splitting (A7/2.5/2 = 2.2 eV) [166,167].
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layers grows. The band edge diagram (fig. 3.5) for WS;-on-GaN and MoS;-on-GaN nano
heterostructures shows that the free-standing monolayers have their valence band (VB) tops below
the oxygen redox potential and conduction band (CB) bottoms above the standard hydrogen
electrode (SHE). When these monolayers contact the GaN NW, the CB bottom is about 0.5 eV above
SHE, indicating efficient hydrogen evolution during water splitting. The VB top of WS;-on-GaN and
MoS;-on-GaN is around 1 eV above the oxygen redox level, suggesting potential water splitting with
red and near-infrared irradiation [168,169]. These results point to WS;-on-GaN and MoS;-on-GaN
core-shell NWs as promising candidates for photocatalysts in hydrogen production.

3.2 Growth of TaSez on ZnS nanowire with Al203 as intermediary layer

This study presents a novel approach for fabricating ZnS/Al,03;/TaSe; core-shell nanowires (NWs).
Utilizing pre-synthesized ZnS/Al,03 NWs as a template, a thin tantalum (Ta) metal film is deposited
via magnetron sputtering. Subsequent selenization at temperatures ranging from 650 to 750 °C
within a vacuum-sealed quartz ampoule, employing a selenium precursor, results in the formation of
the TaSe; shell. The proposed magnetron sputtering method offers a scalable and environmentally
friendly alternative to traditional Ta-based TMD precursors by significantly reducing Ta consumption.
The synthetic strategy outlined herein can be extended to the production of other core-shell NWs
incorporating various layered 2D chalcogenide shells (e.g., selenides, sulphides) by substituting the
Ta precursor with appropriate metal precursors. The ZnS/Al,03/TaSe; core/shell nanowires (NWs)
were fabricated using a four-step process (fig. 3.6):

1. Growth of ZnS NWs: ZnS nanowires were grown on oxidized silicon wafers with a 50 nm
thermal oxide layer, using gold nanoparticles (50 nm in diameter) as catalysts for the vapor-
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liquid-solid mechanism. The ZnS powder was sublimated at 950°C in a quartz tube reactor
for 30 minutes, and the ZnS vapor was carried to the substrates by an argon/hydrogen gas
mixture, where the nanowires formed.

2. Deposition of Al;0; Layer: Aluminium oxide (Al;03) layers were deposited on the ZnS NWs
using the atomic layer deposition (ALD) technique at 150°C, completing 66 cycles to achieve
a thickness of about 6 nm. Trimethylaluminum (TMA) and water were used as precursors,
with nitrogen serving as the inert carrier gas.

3. Magnetron Sputtering
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selenization process

through annealing in a selenium-rich environment. This was achieved by sealing the NWs
within a vacuum-sealed quartz ampoule with selenium pellets and additional Ta foil to
maintain a stable vapor pressure. The ampoule was placed in an oven and annealed at 650°C
for 50 minutes, ensuring the transformation of the Ta layer into TaSe,. The setup of the
ampoule ensured cooler ends, allowing any unreacted selenium to condense.

These steps collectively facilitated the conversion of a Ta layer into a TaSe; shell, resulting in
core/shell ZnS/Al;03/TaSe; NWs. The phase composition of selenized ZnS/Al;03/Ta nanowires
(NWs) on oxidized Si/SiO; substrates was analysed using X-ray diffraction (XRD) and the Rietveld
refinement method (fig. 3.7). The results confirmed the successful selenization of the Ta coating,
indicated by the characteristic 4Hb-TaSe; peak (004). Similarly, Ta layer was deposited on a flat
substrate (silicon) which also showed successful selenization of the deposited Ta thin film to TaSe;.
Additionally, the presence of the wurtzite ZnS phase for the NWs’ core was identified, indicating that
the selenization process did not affect the ZnS core. No peaks corresponding to ZnSe were detected,
suggesting that the ZnS NW core did not undergo selenization. However, a 3-Ta;0s peak was observed,
potentially due to oxidation of the Ta coating when exposed to air, followed by crystallization during
high-temperature processing in the ampoule [170-172]. Despite this, no peaks for Al,03 were
detected, likely because the ALD coating was amorphous and had a high crystallization temperature.
Additional Bragg peaks found in the XRD patterns were attributed to the Si(100) substrate and the
gold nanoparticles used in the vapor-liquid-solid growth process. The Rietveld analysis employed
crystallographic data for 4Hb-TaSe;, Zn, Ta;0s, and Au, confirming the phase composition and
structural integrity of the fabricated ZnS/Al,03/TaSe; NWs.
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Figure 3.7: Rietveld refinement (solid line) of the X-ray diffraction
pattern (open circles) for selenized ZnS/Al203/Ta NWs on an oxidized
Si/Si0:z substrate. The corresponding Bragg indexes for each crystalline
phase have been identified and marked, as well as XRD patterns for 4Hb-
TaSez, wurtzite ZnS phase, -Ta205 and Au.

X-ray Photoelectron Spectroscopy
analysis was used to further validate
the chemical states within the shell of
the hetero-structured nanowires (fig.
3.8). The high-resolution spectra for Ta
4f and Se 3d peaks were acquired,
calibrated relative to the adventitious C
1s peak at 284.8 eV. The XPS analysis
did not detect any additional elements,
confirming the presence of tantalum
selenide in the shell and carbon from
the substrate's surface. The Ta 4f scan
displayed two doublets, with a spin-
orbit splitting of 1.91 eV between the Ta
4f;, and 4fs;, components in each
doublet, and an area ratio held at 4:3.
The first doublet, with a Ta 4f;,; peak at
25.2 eV indicated a valence state of 4+
in the TaSe; compound [171]. The
second doublet, with a Ta 4f;, peak
shifted to 27.0 eV, was associated with
the Tay0s compound, reflecting a
valence state of 5+. The detection of this
[3-Taz0s5 phase aligned with earlier XRD
measurements. Due to the
susceptibility of TaSe, to oxidation,
particularly in its nanostructured form,
care must be taken to handle and store

the material in oxygen-free environments to prevent degradation. The Se 3ds,, peak, located at 55.6
eV with a spin-orbit splitting of 0.86 eV, confirmed the presence of tantalum selenide in the core-shell
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Figure 3.8: High-resolution XPS spectra of the selenized ZnS/Al:03/Ta NWs elements for (a) Ta and (b) Se.
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4f peak scan fitting revealed two chemical states (Ta 4+ and 5+) present in the sample.
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a NWs. This comprehensive
/v' analysis validates the
Au NP chemical composition of the

fabricated heterostructures
and underscores the need for
controlled storage to maintain
stability.

Transmission Electron
Microscopy (TEM) was used
to examine the morphology
and internal structure of

) , ; : e ; core/shell nanowires (NWs).
Figure 3.9: TEM images of ZnS/Al203/TaSe2 NWs at different magnifications. A single Tvpical i led that
ZnS/Al203/TaSez NW with a Au NP at the end on a Lacey carbon-coated TEM grid ypica ln'lages reveale . a
(a). ZnS/Al:05/TaSez NW at high magnification; the individual layers of the €ach NW's ends contained
heterostructure are identified, and amorphous carbon (a-C) is also present on top of gold nanoparticles, a hallmark

the TaSez shell (b). of the vapor-liquid-solid
(VLS) growth mechanism. In

the TEM images, these Au nanoparticles appeared as black dots, indicating the use of Au NPs in the
synthesis process (fig. 3.9). Following the selenlzatlon of the tantalum shell, a layer of TaSe; was
observed surrounding the NWs, visible as T AN My ‘
parallel black lines. The shell thickness ranged [4 | '
from about 10 to 20 layers, with an interlayer
distance of approximately 0.627 nm, closely
matching the interlayer distances found in
various TaSe; phases, including 1T, 2H, and 4Hb
structures [173]. A non-crystalline carbon
layer was also discovered on top of the TaSe;
surface, likely due to carbon in the ambient
atmosphere catalysed during the selenization
process. Although atomic resolution of the
Al;03 interlayer, which separates the ZnS NWs
from the TaSe; shell, could not be achieved, the
observed amorphous spacing thickness
aligned with the expected Al,O3 thickness. In an
additional experiment with Zn0/Al;03/Ta
NWs, the ZnO NWs core completely sublimated
during the selenization process, but the Al,03
shell remained intact, and the TaSe, layer
formed successfully, suggesting potential for Figure 3.10: SEM images of selenized ZnS/ Al203/Ta NWs grown

creating hollow-core tube-like Al,03/TaSe; on Si/SiOz substrate at dlﬂ‘efent magnifications taken at 12 keV
(a,b) and 5 keV (c,d), respectively.
heterostructures.

Using this technique, the metallic Ta layer was completely transformed into a well-defined TaSe;
shell surrounding the ZnS/Al,0; nanowires. Characterization of the synthesized core/shell
ZnS/Al,03/TaSe; NWs with X-ray diffraction, X-ray photoelectron spectroscopy, transmission electron
microscopy, and scanning electron microscopy (fig. 3.10) confirmed that the core/shell structure
formed as intended, while the integrity of the NWs was maintained throughout the selenization
process.
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3.3 Key results and Implications

3.3.1 GaN-MoS:2 and GaN-WS: Core-Shell NWs

e Methodology:
Two methods demonstrated for growing GaN-MoS; and GaN-WS; core-shell NWs:

1. Two-step process of sputter-deposition of a sacrificial transition metal oxide
coating on GaN NWs followed by sulfurization with chemical vapor transport

2. Pulsed laser deposition of few-layer MoS; or WS; on GaN NWs from the
respective material targets

. Material Characterization:

Characterization techniques used include scanning electron microscopy,
transmission electron microscopy, X-ray diffraction, micro-Raman spectroscopy,
and X-ray photoelectron spectroscopy.

e Surface Morphology:

Process parameters could be adjusted to achieve either smooth and uniform shell
around NWs or non-uniform, island-like coating with increased surface roughness.

e  Material Composition:

GaN NWs were identified as an ideal substrate for MoS; and WS, growth due to
matching crystal lattice and high chemical stability in sulphur atmosphere

e Potential Applications:

Density Functional Theory (DFT) calculations suggested potential use of GaN-
MoS; and GaN-WS; core-shell NWs as photocatalysts for efficient hydrogen
production from water.

3.3.2 Core/Shell NWs with TaSe: Shell by Selenizing Ta Film

e Methodology:

Four-step synthesis routine for fabricating core/shell NWs with a 2D transition
metal dichalcogenide (TMD) shell by selenizing a thin film of tantalum:

L. synthesis of ZnS NWs,
II.  deposition of an Al,03 layer by atomic layer deposition (ALD),
[II.  magnetron sputtering of a Ta layer, and
IV.  annealing in selenium atmosphere.

. Material Characterization:

Characterization techniques used include scanning electron microscopy,
transmission electron microscopy, X-ray diffraction, and X-ray photoelectron
spectroscopy.

e  Material Composition:
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Achieved complete transformation of metallic Ta layer into well-defined TaSe;
shell around ZnS/Al,03 NWs.

e Potential Applications:

Unique properties of 2D materials and the presented method open avenues for
future research and development in nanostructures, with potential breakthroughs
in energy harvesting, sensing, and nanodevice fabrication.

3.3.3 Unique and novel aspects

e GaN-MoS; and GaN-WS; heterostructures: In other research work, these concepts
were explored but in a planer form of these materials [165,167,168]. Here we offer an
alternative form of these heterostructures in a form of core-shell nanowires. As these
materials have shown potential for HER applications, increased surface area formed
by our proposed methodology could improve its reactivity. In addition to that, we
show comparison of two approaches (one is direct deposition of the TMD materials
with PLD and other is by combining magnetron sputtering and CVT) and their pros
and cons.

e  ZnS-Al;03-TaSe; heterostructures: Material of TaSe; has been shown to have
potential as catalyst for HER application but using exfoliated crystals [174]. With our
approach we have synthesized TaSe; material as a shell on a nanowire from Ta metal
deposited via magnetron sputtering, which increases the surface area of this catalyst
material as well as makes it possible for a scalable production of such materials. One
thing to note here is also we avoided the use of Ta;Os as precursor as it has high
thermal stability which proves challenges when trying to convert it into its
chalcogenide form. Another unique aspect of this study is the use of ZnS as the core of
nanowire, where we have sulphur as the chalcogen atom and in shell material we have
selenium as chalcogen atom. These two materials were protected or separated from
each other using Al,O3 deposited by ALD. This also highlights the various use cases for
how different TMDs heterostructures can be created without harming the structural
integrity of each and harness the full potential of that heterostructure.
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4. Growth of TMDs thin films

4.1 WSe: thin films and crystals

WSe; Thin Films: This work investigated the synthesis of tungsten diselenide (WSe;) thin films
via chemical vapor transport (CVT) employing two distinct sacrificial precursor films: tungsten
trioxide (WO3) and metallic tungsten (W). The primary objective was to comparatively analyse the
resulting WSe, films and correlate their properties to the precursor material. Given the scalability
and efficiency of the CVT method, it was selected for this study to facilitate potential future upscaling.

(b) (c)

1]

Figure 4.1: Schematic of the process of on-chip device fabrication. First the SiOz/Si substrate is cleaned using acetone and
isopropanol (a), then the first mask is made using the standard photolithography process (b) on which precursor material
is deposited (c). After first mask lift-off, the precursor material film is in the desired pattern (d) which is subsequently
selenized (e). Afterwards, the second photoresist mask is deposited (f) for the deposition of contact material (Cr ~ 5 nm,
Ag ~ 95nm, Al ~ 50 nm) using the thermal evaporation method (g) followed by lift-off to obtain the photoconductor device
array on a chip (h).

Figure 4.2: Optical images of the synthesized patterned WSe:z films made by photolithography (a,b), and devices
with various gap widths between the two electrodes were fabricated (c-e) using WSe: films.
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To demonstrate the photoelectric properties of the synthesized WSe; films, on-chip device fabrication
and characterization were performed (fig. 4.1). The synthesis of WSe; thin films was conducted using
the chemical vapor transport method, employing two different sources of magnetron sputtered
sacrificial precursor films: WOz and W metal.

TR TR [ ST E

After experimenting with
various thicknesses of the
deposited precursor
materials, WOs; and W,
ranging from 3 nm to 40 nm,
thicknesses of near 30 nm
were chosen for Dboth
precursors for this study.
WSe; films using chemical
vapor transport. Here are
some optical images of the
synthesized films  with
patterns  created using

Figure 4.3: Scanning electron microscope images at different magnifications of WSez standard photolithography
films made from a W03 precursor at 700°C (a,b) and 800°C (c,d) and from a W metal (fig. 4.2). SEM analysis (fig.

precursor at 700°C (e,f) and 800°C (g,h) 4.3) revealed that films from

WO3 typically had larger
crystals, reaching up to 1 pm at higher temperatures (800 °C). Below 700 °C, WSe; crystals did not
form, while above 800 °C, films began to sublimate. Films from the W metal precursor had smaller,
more consistent crystals with clear boundaries, with diameters of 0.5 um regardless of temperature.
The smaller crystal size from W metal contrasted with WOsz-based films, which had greater variability
in crystal size, from 0.2 to 1.5 pm. The larger out-of-plane crystal growth in WO3-based films is likely
due to higher volatility and diffusivity during selenization.

AFM Z-drive images (fig. 4.4) further
supported these observations, with films from
WO3 showing more random crystal growth,
while those from W metal had flatter surfaces
with more uniform crystal distribution. The
out-of-plane crystal growth in WOs3-based
films could be due to vapor-phase
selenization and re-deposition of WSex.

The crystalline phase composition of WSe,
films grown on Si(100)/SiO, substrates was
investigated through X-ray diffraction
analysis. XRD patterns obtained from films
synthesized from WO3; and W metal
precursors at 700 °C and 800 °C are presented
in (fig. 4.5). All diffraction patterns exhibit
characteristic peaks corresponding to
crystalline WSe, (ICDD-PDF #38-1388),
indicating the successful formation of the

— Onmm

Figure 4.4: Atomic force microscope (AFM) Z-drive images of WSe:
. films made from a WOs precursor (a) and from a W metal
desired phase. No extraneous peaks precursor (c) showing the difference between film surfaces and
attributable to secondary phases or further complimented by SEM images of the same samples in the
impurities were detected. The prominent respectiveorderof(b)and (d)
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Figure 4.5: X-ray diffraction patterns of WSe: films from both
precursors (W03 and W) at different temperatures, 700°C
and 800°C, show peaks confirming the phase of the
synthesized WSe: film
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peak observed at approximately 33° is ascribed to
the Si(100) substrate. To further corroborate the
XRD findings, micro-Raman spectroscopy was
performed on the synthesized films at ambient
temperature (fig. 4.6). The presence of distinct
Raman peaks cantered around 250.2 cm™ and
259 cm™! unequivocally confirms the formation
of WSe,, corresponding to the in-plane (Elzs) and
out-of-plane (Alg) vibrational modes, respectively
[175,176]. The combined XRD and Raman
analyses conclusively demonstrate the effective
conversion of both WO3; and W precursors into
crystalline WSe, thin films via the chemical vapor
transport (CVT) process. These results establish
the reliability and efficacy of the CVT method for
producing high-quality WSe; films.

Figure 4.7(a-c) illustrate the photoelectric
characteristics of WSe; films synthesized from
WO0s3;, while figure 4.7(d-f) show those
synthesized from the W metal precursor. Both
sets of films exhibit linear current-voltage (I-V)
behaviour in the dark, suggesting the formation
of Ohmic contacts. The devices were tested under
a 405 nm wavelength light source to study their
photo-response. The on-off measurements
revealed a rapid and repeatable change in current
(rise and fall times below 20 ms), indicating good
device reversibility when the light source is

switched on and off. However, WSe; films synthesized from the W metal precursor displayed unstable

photocurrent, with transient spikes upon

light exposure that quickly returned to
dark current levels. This behaviour is
attributed to charge trapping/de-
trapping at the semiconductor/electrode
interfaces and space-charge effects.
Additionally, WSe;'s susceptibility to
defects, like selenium vacancies, can
degrade photoelectric properties. Films
made from the WOz precursor
demonstrated  better  photoelectric
performance compared to those from W
metal. The improved performance could
be due to oxygen impurities introduced

Intensity (a.u.)

E! Wse, fromW
precursor

WSe, from
WO, precursor

during the formation of WSe; from WOs3, 200

'
220 240 300

Raman shift (cm?)

Figure 4.6: Raman spectra of WSe: thin films synthesized from both
precursors (W03 and W) using CVT method showing the peaks
respective to E1zq and A1y vibrational modes
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Figure 4.7: WSez two-terminal photoconductor devices prepared from W03 and W metal as the precursor materials,
respectively, showing dark state I-V characteristics (a,d), on-off response (be), and response time (cf)
measurements at 2 V bias voltage and 1 W/cm? light intensity with a 405 nm wavelength light source.
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Figure 4.8: WSe:z two-terminal photoconductor devices, prepared from W(a,b) and WO3(c,d) metal

as the precursor (Ips-drain source current, Vps-drain source bias voltage, Vis- gate source bias
voltage).

which might help passivate selenium vacancies. Oxygen passivation of these defects has been shown
to enhance photodetector performance. In contrast, W metal-based films lack oxygen atoms for such
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Figure 4.9: WSez crystal synthesis setup (c) used for the synthesis of crystals. Image a,b are crucial parameters shown
by Zhou et al. which this setup was configured for [186].

passivation, resulting in degraded photoelectric properties. Field effect transistors (FETs) were
fabricated to conduct electrical characterization of the WSe; films (fig. 4.8). The output and transfer
curves were measured to assess the electrical properties. The output curve for WSe; films
synthesized from W metal precursors showed minimal response to gate bias potential, indicating
incomplete conversion from W metal to WSe,. This suggests that the residual metal phase could be
acting as a shunt resistance, affecting the semiconducting layers. In contrast, FETs made from WSe;
films derived from the WO3 precursor exhibited a stronger field-effect and clear p-type conductivity.
The output curves displayed nonlinear behaviour at high gate voltages, potentially due to a small
Schottky barrier at the metal/semiconductor junction, which could be caused by differences in work
function between chromium and WSe;. The transfer curves revealed that reducing the gate-source
voltage from +30 V to -30 V resulted in a 95.9% increase in source-drain current at 5 V source-drain
voltage, compared to only a 31.6% increase for films made from W metal precursors. These findings
suggest that WSe; synthesized from WO3; precursors has superior electrical properties compared to
those made from W metal, highlighting the effectiveness of the chemical vapor transport (CVT)
method with WOj3 in producing higher-quality WSe; films.

WSe; crystals: In addition to the thin film synthesis, using salt assisted CVT process WSe; crystals
were also synthesized from NaCl and WO3; mixture with weight ratio of 5:1. The setup used for that is
shown here in (fig. 4.9). The furnace used in this setup was movable and only after it reaching its
targated temperature of 800C it was moved onto the area of horizontal quartz tube where selenium
powder, samples and carmaic boat containing the NaCl-WO3 mixture were placed beforehand with
gas flow of 5% H/Ar. The heated furnace was moved in the position where centre part of it would be
over the samples and it was kept threr only for a short period of time (150-180 seconds) and after
that the furnace was switched off and moved away from the selenium powder source to begin colling
down of the system. If the furnace was moved too quickly, droplets of selenium were noticed on the
samples, and to avoid that, usually after beginning of the cooling down period, furnace kept at its
newly move position for next 5 minutes. After which it was moved again completely away from the
samples and waited for the samples to cool down completely to room temperature, and later taken
out for analysis.

Optical microscopy is used to capture images (fig. 4.10) of the synthesized WSe, crystals on the
Si/Si0, substrate. Here it is important to note that, taking SEM images was avoided due to its potential
harmful effects on the crystals. These optical images reveal the morphology and distribution of the
WSe, crystals. The crystals appear as well-defined, layered structures with varying shapes and sizes,
indicating successful deposition on the substrate. Characterization techniques such as X-ray
diffraction (XRD) and Raman spectroscopy are employed to analyze the structural and compositional
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Figure 4.10: Optical images of the synthesized WSe; crystals on different samples.

rya
T T T 7/ T T T T T T

i i ] < b
micro-Raman a - |8 XRD -
signal from single thin crystal = signal from large area of many crystals

Intensity (arb. unit)
Intensity (arb. unit)

(008)

S (006)

y

1 1 Loaffal 1 L 1 L I
7/

240 250 260 270 300 310 320 10 20 30 a0 50
Raman shift (cm™?) 20 (degree)

Figure 4.11: (left)Raman and (right) XRD of the synthesized WSe: crystals of different samples. For Raman, the signal was
obtained by focusing laser on an atomically thin crystal whereas XRD data was obtained through large area scan over the
whole substrate.

properties of the WSe, crystals. The XRD pattern (fig. 4.11) confirms the crystalline nature of the
WSe,, showing distinct peaks corresponding to the hexagonal lattice structure. Raman spectroscopy
provides further confirmation of the material, with characteristic peaks indicative of WSe; [176,177].
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Figure 4.12: (a-c) Optical images of the devices made and (d-f) photo measurements. 1V bias
applied for all measurements
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For device fabrication, a metal contact 2.0 —
scheme comprising layers of chromium (3 nm),
silver (97 nm), and aluminum (30 nm) was
employed. Optical images of the devices
showed the layout and contact points (fig.
4.12). The photoresponse of these devices was
measured under different illumination
conditions, demonstrating sensitivity to light.
Photocurrent response graphs under 405 nm,
532 nm, and 635 nm light intensities were i
provided, highlighting the potential of these 05 }
devices in optoelectronic applications. L L L L

1v blas[ds]

2V bias[ )

3V bias( )
4\ bias

(ds)

5V blas[ds]

Current, (nA)

Field-effect measurements on WSe:-based Gate Voltage (mV)
transistors evaluated their performance, with
transfer characteristics plotted (fig. 4.13) to
show the relationship between drain current
(Ia) and gate voltage (V) for different drain-source voltages (Vis). These measurements offered
insights into the electronic properties of WSe; crystals, emphasizing their suitability for field-effect
transistors (FETs). The analysis of the synthesis process, structural characterization, and device
performance illustrates the significant potential of WSe; crystals in advancing optoelectronic and
electronic applications..

Figure 4.13: FET measurements performed on 2D crystals to
show its p-type of conductivity of these crystals.

4.2 ReSe: thin films

To find the optimal conditions for producing high-quality ReSe; thin films in the framework of this
study, investigation of different precursors (metallic rhenium Re and rhenium oxide ReOy) as well as
two substrates: SiO,/Si (100) from Semi-conductor Wafer, Inc. and sapphire (c-plane) from Biotain
Crystal Co. was carried out. A two-step approach was employed, starting with the deposition of thin
rhenium (Re) and rhenium oxide (ReOy) films with thicknesses ranging between ~10-70 nm on both
substrates of ~100 mm? square size using magnetron sputtering (fig. 4.14). These precursor films
served as the foundation for the subsequent conversion to ReSe; via chemical vapor transport (CVT).

b c Bample d

Analysis of

Substrate Magnetron
o oy s 0O N @.
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ultrasound in Bas flow
acetone and DC sputtering T 5% H JAr

with Re source
defonized water using Ar Ar+0, u Se powder ko

Figure 4.14: Graphical illustration of the methodology followed in this work starting with (a) substrate preparation by
cutting them in ~100 mm? square size and cleaning them in ultrasound, (b) magnetron sputtering of Re and ReOx
precursor films, (c) selenization process at elevated temperatures in horizontal quartz tube CVT setup for 15 minutes
followed by (d) analysis of the synthesized material via various techniques.
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To determine the optimal synthesis temperature for producing ReSe; thin films using an
atmospheric pressure CVT setup, temperatures ranging from 550°C to 1000°C were investigated for
both Re metal and ReOx precursors. Initial XRD patterns (fig. 4.15) showed that at lower temperatures
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Figure 4.15: X-ray diffraction patterns for the synthesized ReSe: films from (a) Re metal
precursor films and (b) ReOx precursor films at 650°C, 750°C, 850°C and 1000°C on Si02/Si
substrate for 15 minutes.

(550°C), the precursors did not fully react with selenium, while at higher temperatures (1000°C),
reduction of ReSe; films was observed, likely due to the use of a 5% H:/Ar carrier gas mixture.
Notably, in this CVT process, the presence of H, in the carrier gas accelerates the reaction and
selenization rate by producing highly reactive H,Se gas. Additionally, H> helps limit the formation of
undesired oxides during cooling.

from Re

from Re

1000°C

from Re

from ReD_

from ReQ,

from ReQ, from ReO,

Figure 4.16: SEM images of the synthesized ReSe: films from (a-d) Re metal precursor films and (e-h) ReOx
precursor films using 650°C to 1000°C temperatures on silicon as substrate.

The obtained XRD patterns matched well with ICDD card no. 04-007-1113 and previous studies
on this material, indicating the presence of highly crystalline films of ReSe; in a distorted 1T structure
with triclinic symmetry (PT) in the temperature range of 650°C to 850°C [51]. To further investigate
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the selenization temperatures and their effects on the surface morphology of the ReSe; films, SEM
images were taken (fig. 4.16). Samples synthesized at lower temperatures were discarded as they
showed partially converted precursor materials from the XRD analysis. SEM images revealed that
with increasing temperature, surface roughness became more noticeable for both precursors.
Specifically, films synthesized from Re metal precursors displayed an increase in out-of-plane
filamentary structures as the temperature increased, and at the highest synthesis temperature tested
(1000°C), both precursor materials exhibited surface crystal formation.

We hypothesize that the formation of out-of-plane filamentary structures in Re precursor-based
films could be due to the high density of Re metal, which expands when selenized, adding two Se

from ReO,

Figure 4.17: AFM images of the synthesized ReSe: films on sapphire substrate from (a-d) Re metal precursor and (e-h)
ReOx precursor at 650°C and 750°C temperatures are shown here. Fig. a, ¢, e, g are topographical images and fig. b, d, f,
h are of conductive AFM measurements with platinum tip and 0.02V bias. All images were taken in 255 um? area.

atoms per Re atom. If expansion is restricted due to interlayer forces, these out-of-plane features
develop to relieve the stress. This behaviour becomes more pronounced with increasing selenization
temperature, resulting in higher density and elevations of these features compared to lower
temperature conversions. Based on these initial findings, synthesis temperatures were narrowed
down to two optimal points: 650°C and 750°C, to further study the effects of temperature variation
on the properties of the synthesized films. For AFM and optical measurements, sapphire substrates
were used to synthesize the ReSe; films, with no impact on the growth process observed as XRD and
SEM analyses showed identical results on both substrates under the same synthesis parameters.

AFM results revealed a highly conductive, fine-grained surface with crystallite sizes ranging from
50 to 100 nm, varying with the sample (fig. 4.17). AFM topography results for ReSe; films synthesized
at 650°C and 750°C from Re and ReOx precursors showed notable differences. At 650°C, Re-derived
films exhibited significant roughness, whereas ReOx-derived films had a more uniform and smoother
texture. At 750°C, Re-derived films displayed pronounced out-of-plane filamentary structures,
indicating substantial changes in surface morphology, while ReOy-derived films remained relatively
smooth with slightly increased roughness compared to lower temperatures. Conductivity mapping
further highlighted the differences in the films' electronic properties. At 650°C, c-AFM mapping for
Re-derived films showed varied conductivity distribution, corresponding to the rough surface
morphology. In contrast, ReOx-derived films had a more homogeneous conductivity map, reflecting
their smoother surface. At 750°C, Re-derived films continued to show significant conductivity
variations due to complex surface features, while ReOx-derived films maintained a more uniform
conductivity distribution, consistent with their relatively smoother surface.
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XPS analysis was employed to determine the chemical states of elements in ReSe; films
synthesized from both metal and oxide precursors at 650°C. The XPS spectra (fig. 4.18, a-d) revealed
the presence of only Re and Se elements, along with organic surface contaminants like carbon and
oxygen. High-resolution spectra of Re 4f and Se 3d peaks were calibrated against the adventitious C
1s peak at 284.8 eV. Both precursor types yielded identical XPS spectra. The Re 4f scan showed a peak
with a single doublet, with a spin-orbit splitting A7/2-5/2 of 2.43 eV fixed between the Re 4f7/, and 4fs,,
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Figure 4.18: XPS spectra of ReSez films synthesized at 650°C from (a,b) Re precursor films and (c,d) ReOx

precursor films. (e) Raman spectra of the ReSe: films synthesized at 650°C measured with 532 nm wavelength
laser.

components, and an area ratio of 4:3. The Re 4f;,; peak was located at approximately 41.8 eV,
indicating a valence state of 4+ in the ReSe; compound [50,178]. The Se 3d peak displayed two
doublets (spin-orbit splitting As;2-3/2 = 0.86 eV, area ratio 0.735), with the first doublet at 54.7 eV
corresponding to the 2- chemical state in ReSe;, and the second doublet at 55.2 eV suggesting the
presence of elemental Se on the selenide surface.

Raman spectroscopy further verified the composition and structure of ReSe; films synthesized at
650°C. The Raman spectra(fig. 4.18, e) revealed distinct vibrational modes corresponding to the Eg
and Ag modes of ReSe, aligning well with previous studies. These Eg and Ag modes are characteristic
of the in-plane and out-of-plane vibrations of Re and Se atoms in the ReSe; crystal lattice. The
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Figure 4.19: (a) Transmittance, (b) absorption and (c) reflectance of the produced ReSe films on sapphire substrate
from both precursor materials in the range of 500-2500 nm wavelength.
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consistency of these Raman peaks with literature values confirms the successful formation of ReSe;
with the expected crystalline structure and chemical composition [50,178].

Figure 4.19 shows the transmittance, absorbance, and specular reflectance of ReSe; films
synthesized on c-plane sapphire, measured across the spectrum from 500 to 2500 nm. ReSe; films
synthesized from ReOy exhibit higher transparency in the infrared region, specifically within the
range of approximately 1100 to 2500 nm (fig. 4.19, a). This higher transmittance is attributed to
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Figure 4.20: Tauc plot to deduce the direct optical bandgap of the ReSe: films synthesized from (a) ReOx and (b) Re metal. (c)
Change in Resistivity with temperature was measured using Van der Pauw configuration with a Hall effect system. Used
samples for these measurements were covered with ReSe: films in 100 mm? square area.

significantly lower absorbance within this spectrum (fig. 4.19, b). The optical properties correlate
with temperature-dependent electrical resistivity measurements (fig. 4.20, c), indicating that films
produced from ReOy are semiconductors, while those from Re exhibit higher conductivity and
metallic behaviour. The pronounced absorbance is attributed to the higher concentration of charge
carriers. Additionally, the selenization temperature influences the optical properties for both ReOy
and Re precursors, with a more pronounced effect in the case of ReOy.

Figure 4.19(c) presents the corresponding specular reflectance of the films. Reflectance is
influenced by factors like charge carrier concentration and surface roughness, making
comprehensive interpretation challenging. However, more intense reflection observed at
wavelengths >1200 nm in ReSe; films synthesized from ReOy at 650°C compared to 750°C is related
to smaller roughness, as confirmed by SEM and AFM analysis, which increases specular reflectance.
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Figure 4.21: Open aperture Z-scan curves of the ReSez thin films (a) synthesized from Re at 650°C and 750°C measured
with the power of 16.4 W and 20.1 W respectively, (b) from ReOx at 650°C and 750°C with the power of 21.2 W and 24.2
W with 900nm wavelength laser source.
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All synthesized films exhibit a dark grey colour and high absorption (70-80%) in the visible light
range (fig. 4.19, b), due to the small direct optical band gap of approximately 1.2 eV determined from
the Tauc plots (fig. 4.20, a-b). These values are consistent with literature reports [179,180].

The Z-scan method was used to assess nonlinear optical properties (fig. 4.21). The closed-aperture
measurements were fitted using the standard Z-scan equation:
400 =
TOA =1 + 2 R

() () :

Where A®=n,-k-I-Lef is induced phase change, n; is Kerr coefficient, k is wave number, I is optical
intensity, Lesr=(1-exp(ao-L)) /a0 is effective length, oo is optical absorption, L is thickness, z is sample
position and zg is Rayleigh length. To calculate nonlinear absorption coefficient from Open-aperture
data the fallowing expression was used:
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Where (3 is nonlinear absorption. In case of absorption saturation, this equation can only be used
for low laser intensities (I<Is) in which case B=-ao/Is, where Is is saturation intensity. A sample of
Saphire substrate was used as reference measurement. The measured value was n;=(2.16+0.42)-10-
16 cm?/W that corresponds to values demonstrated in literature. No nonlinear absorption effect was
observed.

A Kerr signal was consistently observed for all samples of value n;=(-1.23+0.65)-10-2 cm2/W,
exhibiting minimal variation depending on preparation procedure. Previous studies of ReSe,/PVA
thin films has presented Kerr values at 1560 nm (n2=-2.81:-10-2 cm2/W) and 1900 nm (n;=-6.3-10-2
cm?/W). The current findings align with these previous studies and indicates that Kerr value decrease
with wavelength in infra-red region [52,181].

Regarding saturation absorption the values for samples produced from Re was 3=(-950+290)
c¢cm/GW and for sample produced from ReOx was f=(-730+330) cm/GW. The SA coefficient has been
demonstrated to exhibit a dependency on the layer number for ReSe;, ranging from -4156 cm/GW for
a single layer (0.71 nm) to -878 cm/GW for 42 layers (bulk sample; 29.81 nm) at 800 nm. Acquired
values in this work align well with literature findings for bulk samples. For longer wavelengths, the
SA value has been measured for ReSe;/PVA thin films and increased to -5670 cm/GW at 1560 nm and
-13800 cm/GW at 1900 nm, indicating an increase for SA values for longer wavelengths. The
saturation absorption values of these samples indicate that they could be applicable for Q-switching
or mode-locking in laser systems as 2D materials has been shown to play a key role for ultrafast laser
systems. To implement these samples in practice either samples closer to few layers (thickness <7
nm as fewer layers lead to higher nonlinearities) or fabricating them in the form of ReSe;/PVA
structure should be considered.

4.3 TiSez and VSez thin films

The synthesis of TiSe; and VSe; involves a two-step process. Initially, metal precursor films are
deposited using magnetron sputtering, followed by annealing in a Se vapor atmosphere within a
sealed quartz ampoule. Utilizing magnetron sputtering for precursor film deposition enables
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covering large surface areas, including the centimetre-scale substrates utilized in this study. This
method could also be extended to non-flat surfaces, such as nanostructures, to augment their surface
area and improve their properties for potential applications in catalysis, sensors, etc.

From our experiments, a 15 nm thickness of the metal precursor resulted in continuous diselenide
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Figure 4.22: Graphical illustration of the methodology used here to synthesize TiSez and VSez thin films starting from (a)
substrate cleaning in acetone and DIW using ultrasound for 5 mins each, followed by (b) deposition of Ti / V metal film using
magnetron sputtering (c) sample placed in a quartz ampoule with Se powder and respective metal chips in shown
configuration (d) ampoules heated up using a horizontal furnace (e) after heating the ampoule, no excess selenium vapour
were found near edges of any ampoules. (f) heating cycle of an ampoule, shown with ramp rate of heating and cooling.

films after the selenization process, so this thickness was kept constant for all samples for this study.
Initially, when ampoules were made without their respective metal chips (Ti/V), excess selenium
vapor condensed near the edges of the samples or formed droplets on top of the synthesized material
(fig. 4.22). To resolve this, extra metal chips were introduced after several trials, which eliminated the
excess Se issues and yielded the best results.
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Figure 4.23: Optical images of TiSez (a,b) and VSe: (c,d) thin films converted at 700°C with different magnifications,
used to confirm the presence of surface crystals indicating a successful conversion of metal precursor films to their
respective diselenide material.
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Figure 4.24: SEM images of TiSe: thin films (a,d) converted at 650°C, (b,e) at 700°C and (c,f) at 750°C. (g) XRD spectra of
TiSez thin films synthesized using different temperatures.

It's noteworthy that attempts to selenize Ti/V films using elemental Se in a quartz tube at
atmospheric pressure did not trigger the desired chemical reaction. Post-selenization in ampoules,
optical images (fig. 4.23) were taken to observe the general surface area of the films, supplemented
by SEM images for closer inspection. SEM and XRD data from TiSe; films showed (fig. 4.24) a visible
difference in surface morphology at various temperatures. At 650°C, the surface appeared coarse
with large crystals, but at 700°C and 750°C, the films became smoother. The crystal size decreased
from over 2um at 650°C to less than 1um at 750°C. The film at 650°C had uneven thickness and large
crystals, while higher temperatures resulted in better thickness consistency.
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Figure 4.25: SEM images of VSe: thin films (a,d) converted at 650°C, (b,e) at 700°C and (c,f) at 750°C. (g) XRD spectra of
synthesized VSe: thin films using different temperatures.
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XRD patterns compared with ICDD #01-083-0980 confirmed the material composition. No drastic
variations in peak positions or widths were found, though minor changes in peak intensity suggested
sublimation at higher temperatures, producing thinner films. Similarly, SEM and XRD data for VSe;
films showed (fig. 4.25) that, on a larger scale, the films were similar across temperatures. However,
at a smaller scale, the 650°C film had out-of-plane nanocrystals, making it rougher. At 700°C and
750°C, the film lacked these nanocrystals, resulting in a smoother profile. XRD data, compared with
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ICDD #04-007-5442, confirmed successful VSe; synthesis, with significant differences in peak
intensity between 650°C and 700°C, indicating smaller crystallite size at 650°C [119-121,182].

Figure 4.26: EDX elemental mapping of (a-c) TiSez and (d-f) VSe: films synthesized at 650°C, shows presence
and distribution of their respective elements across the film.

EDX measurements (fig. 4.26) for films synthesized at 650°C showed higher intensity for Ti and Se
in surface crystal areas, indicating concentrated material, a trend also seen in VSe; films. The atomic
ratio of Ti/V and Se was roughly 1:2, indicating proper stoichiometry.

4.4 Key results of the studies

4.4.1 WSe2 Thin Films from W03 and W Metal Precursors

e Methodology:
- Two precursor materials used: W03 and W metal.

- Precursor materials deposited by DC magnetron sputtering followed by
selenization using CVT at atmospheric pressure in 700°C - 800°C temperature
range.

e Characterization Findings:

-SEM and AFM images showed lower surface roughness in films grown from W
metal precursor.

- Films from W precursor had smaller crystal sizes (~0.4 pm) compared to W03
(~0.8 um) with random orientation.

e Photoelectric Measurements:

- WOs films exhibited higher and stable photocurrent despite out-of-plane crystal
growth.

- Both films displayed p-type conductivity.

- WOs3 precursor films performed better electrically than W metal precursor films.

53



4.4.2 ReSez Thin Films from Re Metal and ReOx Precursors

Methodology:

-Precursor materials: Re metal and ReOy, deposited by DC magnetron sputtering
followed by selenization using CVT at atmospheric pressure.

—-Optimal synthesis temperatures: 650°C to 750°C.

Characterization Findings:

- XRD, Raman spectroscopy, and XPS confirmed polycrystalline ReSe; regardless of
precursor.

-SEM and AFM revealed surface morphology variations with temperature for Re
metal-derived films.

- ReOy-derived films showed less temperature-dependent morphology changes.

Optical Properties:
- Minimal impact of synthesis temperature on optical properties.

- Slight variations in absorption, with Re metal films being less sensitive to
temperature changes.

- ReSe; films found to be suitable for non-linear optics applications (Q-switching,
mode-locking in laser systems).

Electronic Properties:

- Semiconductor behaviour observed only in films synthesized from ReOy
precursors.

- Highlighted influence of precursor material on electronic properties.

4.4.3 Synthesis of TiSez and VSe: thin films

e Methodology:

- Two-step process: first, deposit Ti/V metal film using magnetron sputtering on
substrates followed by placing the sample in a quartz ampoule with Se powder
and respective metal chips, heat the ampoules in a horizontal furnace.

e  Surface Morphology:

- SEM revealed hexagonal crystals on the surface of both materials, varying in size
and number with synthesis temperature.

- Films remained continuous after selenization regardless of temperature.
e  Material Composition:
- XRD patterns confirmed TiSe; and VSe; composition.
- Crystalline TiSe; synthesized successfully at 650-750°C, and VSe; at 700-750°C.
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- EDX showed higher material concentration in surface crystal spots, with identical
intensity levels in the rest of the film, confirming film continuity.

e Potential Applications:
-Approach opens possibilities for coating various substrates on a large scale.

-Can be extended to synthesize other TMDs.

4.4.4 Unique and novel aspects

e WSe; thin films: In other studies, it is common to use the WSe, obtained by
exfoliation, dispersed crystals synthesized by CVD and so on [113,183-185] to show
the potential applications of WSe,. In our work, instead of trying to improve some
reported quality of this material, we aim to show how combining a few main-stream
techniques, we can create a novel methodology where we can readily synthesize
usable quality of WSe; material for electronic applications on a large scale with
reliability and that too involving standard photolithography for the geometry control
over the material area. The quality of the material synthesized was also tested on
various metrics, such as chemical state, surface morphology, electrical properties etc.
where it may have not shown pristine results which one may find in exfoliated / MBE
grown material, but the material shows usability and promises for the proposed
method with some fine tuning. It is important to note that the synthesized material
did show p-type conductivity as it is expected from this material further proving its
usability for a p-n junction fabrication.

e ReSe; thin films: Similar to WSe;, this material is also just exfoliated or grown using
MBE or CVD for the dispersed crystals usually for the lab experiments
[50,52,179,180]. To test the robustness of our methodology for a large-scale synthesis
of TMD materials, ReSe; films were also synthesized in a similar way as WSe; thin
films. The subsequent characterization of the material revealed a good quality of films
which also maintained to have non-linear optical properties which is expected of this
material [52,181]. In addition to that, another unique part of this study was the use of
two precursors to test the effects of it on the synthesized material, where it was
revealed that Re metal based ReSe; material may have in-general a unique surface
texture which could be useful for surface sensitive applications such as photocatalyst
[50,178].

e TiSe; and VSe; thin films: For these two materials, the methodology proposed for
the synthesis of WSe; and ReSe; could not work, as the magnetron sputtered
precursor could not be converted to their chalcogen form using ambient pressure CVT
setup, due to the either precursor’s high thermal stability or instability. So, for that
reason, second step of our methodology was slightly tweaked for this material
synthesis, where we used quartz ampoule to achieve the full conversion of these
magnetron sputtered metal (Ti, V) precursors to their diselenide form. Here the main
mechanism which assists in the conversion of these precursors is local low pressure,
and within it high partial pressure of selenium vapour. Theoretically, these conditions
can be created in a vacuum chamber if large scale production of these materials is
desired. Conventionally, large scale production 1is not thought about
[60,117,119,131,182].
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5. Summary: Objectives in retrospect

The study developed innovative synthesis techniques tailored for producing thin films of
transition metal dichalcogenides on diverse surface morphologies, spanning from one-
dimensional nanowires to two-dimensional silicon and sapphire wafers. It explored a wide
array of TMD materials, achieving successful growth of GaN/MoS; and GaN/WS; core-shell
nanowires, ZnS/Al,03/TaSe, nanowires, and WSe; on silicon, as well as ReSe;, TiSe,, and
VSe; on sapphire substrates.

The study introduced novel synthesis techniques for transition metal dichalcogenides
utilizing the respective transition metal as a precursor, bypassing the use of their thermally
stable oxides. Specifically, TaSe; and TiSe, were synthesized from Ta and Ti metal,
respectively, employing a two-step process. Initially, metal deposition was accomplished
using DC magnetron sputtering, followed by the selenization of the precursor film within
a vacuum-sealed quartz ampoule.

In this study, WSe, and ReSe, were successfully synthesized from their respective metal
and oxide precursors using a two-step synthesis approach. Magnetron sputtering was
employed to deposit the precursors onto the substrate, followed by selenization under
atmospheric pressure using chemical vapor transport. This methodology, involving two
types of precursors to achieve the same TMD material, facilitated a comparative analysis
of the electrical properties and morphological differences between the synthesized TMDs.
This comparison highlighted potential advantages of using specific precursors for
particular applications.

The chemical and structural properties of the produced materials, MoS;, WS, WSe;, ReSe,,
TaSe;, TiSe;, and VSe; were comprehensively investigated using a range of
characterization techniques. X-ray diffraction, Raman spectroscopy, and X-ray
photoelectron spectroscopy were employed to analyse the crystalline structure and
chemical composition of the synthesized materials. Additionally, scanning electron
microscopy, transmission electron microscopy, and atomic force microscopy were utilized
for detailed imaging and morphological analysis. These characterization methods
provided a deeper understanding of the properties of each material, allowing for
exploration of their potential applications in various fields. The obtained data will serve as
a valuable resource for future investigations in this field, facilitating further research and
development in the study of transition metal dichalcogenides.

In this study, standard photolithography techniques were employed to precisely control
the geometry of the produced WSe; thin films, enabling the fabrication of tailored devices
to meet specific application requirements. By integrating photolithography into the
synthesis process, we successfully demonstrated the fabrication of two-contact field-effect
transistors (FETs) using the synthesized WSe; material. Through systematic
measurements and analysis conducted on the FETs, we gained insights into the electrical
behaviour and performance of the synthesized material, paving the way for potential
applications in electronic and optoelectronic field.
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6. Main theses

Using Pulsed Laser Deposition, well-layered MoS, and WS, shells can be
produced around GaN nanowires at temperatures near 650°C and a process
pressure of ~107> torr. Known for their potential in hydrogen evolution
applications, GaN/MoS, and GaN/WS, in this core-shell nanowire form exhibit
significantly increased reactive surface area, thereby enhancing their
applicability in hydrogen evolution reactions. [A1]

Layered TaSe; is possible to produce on a variety of morphological substrates (1D
nanowires, 2D flat wafers) by selenizing magnetron sputtered Ta metal film
around 650°C in a vacuum-sealed quartz ampoule (~10-3 torr base pressure).
[A2]

Patterned p-type WSe; thin films can be produced by integrating standard
photolithography with the process of selenizing magnetron-sputtered W03 in a
chemical vapor transport system at temperatures around 750°C and ambient
pressure. [A3]

ReSe, film formation, achieved by selenization of magnetron-sputtered Re and
ReOy films in 750°C-850°C range using an ambient pressure chemical vapor
transport system, results in films of distinct surface morphology depending on
the precursor used. ReSe, films derived from Re metal exhibit a more textured
surface, whereas those derived from ReOy produce a smoother surface. [A4]

Production of TiSe; and VSe; thin films is achievable from their respective
magnetron-sputtered metal films via selenization at 700°C in a selenium-rich
low-pressure environment (~10-3 torr base pressure) in contrast to atmospheric
pressure selenization process. [A5]
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