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Abstract

Understanding the crystal structure of two-dimensional (2D) materials is crucial for determining their
physical properties and potential applications. This thesis focuses on the structural investigation of
Two dimensional Materials like ZrSe,, TiSe,, and ZrSes, synthesized using the Chemical Vapor
Transport (CVT) method. The study employs X-ray Diffraction (XRD) to determine phase purity,
lattice parameters, and symmetry, providing insights into stacking configurations and possible dis-
tortions. Raman Spectroscopy is used to analyze vibrational modes, which are directly influenced
by structural arrangements and layer interactions. Additionally, Field Emission Scanning Electron
Microscopy (FESEM) and Energy Dispersive X-ray Spectroscopy (EDX) help examine surface mor-
phology and elemental composition, ensuring proper stoichiometry. The results offer a deeper under-
standing of how structural variations affect the stability and properties of these materials, contributing
to the broader exploration of transition metal chalcogenides for optoelectronic and energy-related ap-

plications.
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Chapter 1

Introduction

Two-dimensional (2D) materials have garnered significant attention because of their unique physical
and chemical properties, which often differ drastically from those of their bulk counterparts. These
materials consist of thin atomic layers that are weakly bonded by van der Waals forces, while the
atoms within each layer are strongly connected by interatomic bonds, making it possible to eas-
ily peel them into monolayers. A key group within 2D materials is the transition metal chalco-
genides (TMCs), which encompass both transition metal dichalcogenides (TMDs) and trichalco-
genides. These materials are highly promising for use in various fields such as nanoelectronics,
optoelectronics, and energy storage technologies.

Among TMDs, zirconium diselenide (ZrSes) has attracted growing interest due to its layered
hexagonal crystal structure and semiconducting properties. Like its counterparts MoS, and WS,
ZrSe, exhibits a band gap of approximately 1 eV, making it a potential candidate for next-generation
optoelectronic applications. Additionally, the weak interlayer bonding allows for the mechanical
exfoliation of monolayers, which could be utilized in flexible and low-power electronic devices. De-
spite extensive research on other TMDs, ZrSe, remains relatively unexplored, making it a promising
candidate for further study.

In contrast to ZrSes, zirconium triselenide (ZrSes) belongs to the trichalcogenide family. Un-
like the perfectly layered structure of ZrSe,, ZrSes exhibits a quasi-one-dimensional nature with
chain-like structural motifs. This distinct crystal structure results in anisotropic electronic and opti-
cal properties, which could be advantageous for direction-dependent transport applications and novel
low-dimensional device architectures.

Another closely related material is titanium diselenide (TiSe,), which belongs to the same TMD



family as ZrSe, but exhibits a unique charge density wave (CDW) transition at low temperatures. This
structural transition significantly affects its electronic properties, making TiSe, an exciting material
for condensed matter research. Unlike ZrSe,, TiSey exhibits a semi-metallic behavior and has been
studied extensively for its superconducting and excitonic properties under external perturbations such
as pressure and doping.

This study focuses on the synthesis and characterization of ZrSe,, with additional insights into
related materials such as ZrSes and TiSes, to understand their structural and electronic properties.
Through comprehensive experimental techniques, including X-ray diffraction (XRD) and Raman
spectroscopy, this work aims to expand the knowledge of these materials and their potential applica-

tions in next-generation technologies.investigation.

1.1 What is Crystal Structure?

The crystal structure of a material describes how its atoms, ions, or molecules are arranged in a
regular, repeating pattern within a solid. This systematic organization not only defines the material’s
spatial arrangement but also plays a crucial role in determining various physical properties, including
its electronic behavior, optical features, and mechanical strength.

At the heart of a crystal structure is the unit cell—the smallest repeating unit that captures the

symmetry and arrangement of the entire crystal. Key aspects of a crystal structure include:

* Lattice Parameters: These are the dimensions (edge lengths and angles) of the unit cell, which

dictate how the cell repeats in space.

* Symmetry Elements: These include rotational axes, mirror planes, and inversion centers,

which together define the space group of the crystal.

* Atomic Arrangement: The specific positioning of atoms or ions within the unit cell, which

determines the interactions between them.

Figure 1.1 provides a schematic illustration of a typical crystal lattice. In this figure, you can
observe the periodic arrangement of atoms, the concept of the unit cell, and the symmetry that char-
acterizes the overall structure.

Understanding the crystal structure is fundamental, especially in the context of two-dimensional

(2D) materials. Variations in structural parameters and symmetry can lead to significant changes in
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Lattice points

Unit cell

Figure 1.1: Schematic representation of a crystal lattice. The periodic arrangement of atoms, along
with the defined unit cell, highlights the structural framework that governs the material’s properties.

material behavior, making crystal structural investigation a critical first step in materials research.

1.2 Why is Crystal Structure Crucial in 2D Materials?

Understanding the crystal structure of two-dimensional (2D) materials is fundamental to grasping
their unique properties. The arrangement of atoms within these materials dictates a wide range of
phenomena that are essential for their application in nanoelectronics, optoelectronics, and beyond.

Here, we discuss the key aspects in which crystal structure influences the behavior of 2D materials:

1.2.1 Determinant of Electronic Properties

The electronic band structure is directly influenced by the crystal lattice. For instance, in layered
materials such as ZrSe, and TiSe,, the hexagonal arrangement of atoms and the presence of weak van
der Waals interactions facilitate the formation of band gaps that can vary significantly with thickness.
This sensitivity is crucial for applications in semiconducting devices, where a tunable band gap is

often desired.

1.2.2 Optical and Vibrational Characteristics

The symmetry and periodicity of a crystal lattice define the vibrational (phonon) modes of a material,
which in turn determine its Raman and infrared (IR) spectra. In materials like ZrSe, and TiSes, the
specific arrangement of atoms leads to distinct Raman-active modes that are sensitive to external
influences such as strain or temperature. These modes provide insights into interlayer coupling and

lattice dynamics, which are critical for understanding light-matter interactions in 2D materials.



1.2.3 Transport Phenomena and Phase Transitions

The crystal structure also plays a pivotal role in governing electronic transport properties and phase
transitions. For example, TiSe, undergoes a charge density wave (CDW) transition that is directly
linked to periodic distortions in its lattice. Similarly, the quasi-one-dimensional structure of ZrSes
results in highly anisotropic transport properties, which can be exploited in designing devices with

direction-dependent electrical conductance.

1.2.4 Interlayer Bonding and Structural Stability

In layered 2D materials, the interlayer interactions—typically governed by weak van der Waals
forces—are critical for processes such as mechanical exfoliation and the formation of heterostruc-
tures. The ease with which layers can be separated or reassembled enables the engineering of novel
materials with customized properties. Furthermore, the stability and reactivity of these materials are

intrinsically tied to the strength and nature of these interlayer bonds.

1.2.5 Influence of Defects, Disorder, and Strain

Crystal imperfections such as vacancies, interstitials, and stacking faults can significantly modify the
electronic and optical properties of 2D materials. For instance, defects in ZrSe, may lead to uninten-
tional doping, thereby altering its semiconducting behavior. Additionally, external strain can induce
changes in the lattice parameters, leading to a shift in the band gap and affecting both electronic and
vibrational properties. These effects are key considerations when designing devices based on 2D

materials.

1.3 Symmetry and Space Group: The Foundation of Material
Properties

The symmetry and space group of a crystal provide a fundamental framework for understanding
its physical properties. In 2D materials, these structural descriptors are critical as they dictate not
only the atomic arrangement but also influence the electronic band structure, vibrational modes, and
optical selection rules. This section explores the multifaceted role that symmetry plays in determining

material behavior.



1.3.1 Influence on Electronic Properties

The electronic band structure of a material is inherently linked to its symmetry. High-symmetry
crystal lattices tend to produce well-defined electronic bands, while lower symmetry can lead to band
splitting and anisotropic conduction paths. For example, materials belonging to a centrosymmetric
space group, such as ZrSe, and TiSe,, often exhibit distinct energy dispersion relations that are
sensitive to interlayer interactions. These characteristics not only determine whether the material
behaves as a semiconductor, semi-metal, or metal, but also influence phenomena such as charge

density wave (CDW) transitions in compounds like TiSes.

1.3.2 Optical Selection Rules and Anisotropy

Optical properties, including absorption and photoluminescence, are also directly affected by the
symmetry of the crystal. The optical selection rules, which govern electronic transitions, are de-
rived from the underlying symmetry of the material. In lower-symmetry systems or in materials
with anisotropic crystal structures (e.g., ZrSes with its quasi-one-dimensional characteristics), light
absorption and emission become directionally dependent, opening up opportunities for polarization-

sensitive devices.

1.3.3 Role in Defect Formation and Strain Effects

Symmetry considerations extend to the formation and behavior of defects. In high-symmetry lat-
tices, defects such as vacancies and interstitials can lead to predictable modifications in the electronic
structure, whereas in lower-symmetry materials, defect states may introduce localized electronic lev-
els that significantly alter conduction properties. Additionally, strain engineering, which deliberately
distorts the crystal lattice, can break or modify the inherent symmetry, thereby tuning the band struc-
ture and enhancing certain optical or electronic responses.

In summary, the crystal symmetry and space group serve as the foundational pillars that define a ma-
terial’s intrinsic properties. A comprehensive understanding of these factors is essential for tailoring

2D materials for specific applications in nanoelectronics, optoelectronics, and quantum technologies.



1.3.4 Determination of Vibrational and Optical Modes

The space group of a material dictates the allowed vibrational modes, which are observable in Raman
and infrared (IR) spectroscopy. The symmetry elements present in the crystal structure determine
which phonon modes are Raman-active or IR-active. In 2D materials, changes in symmetry—for in-
stance, when transitioning from bulk to monolayer—can lead to significant shifts in these vibrational
modes. Such shifts provide insights into interlayer coupling and can be used to monitor structural

integrity and external perturbations like strain.

1.4 Vibrational and Optical Modes in 2D Materials

Vibrational and optical modes in 2D materials, especially in transition metal dichalcogenides (TMDs),
are crucial for understanding their electronic, optical, and thermal properties. These materials typi-
cally crystallize in hexagonal structures, leading to specific vibrational modes that can be observed
through techniques like Raman and infrared (IR) spectroscopy.

In general, the lattice vibrations in a crystal can be classified into two main types:

* Acoustic Modes: These are low-frequency modes in which atoms move in a coordinated fash-
ion, similar to the propagation of sound waves. In a monolayer 2D material with /N atoms per
unit cell, three acoustic modes are always present: one longitudinal acoustic (LA) mode and

two transverse acoustic (TA) modes.

* Optical Modes: These modes occur when the atoms in the unit cell move out of sync with
each other. They are further categorized into longitudinal optical (LO) and transverse optical

(TO) modes.

(a) Optical mode (b) Acoustic mode (c) optical phonon
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Figure 1.2: Schematic illustration showing: (a) an optical phonon mode, (b) an acoustic phonon
mode, both with their corresponding waveforms in a crystal lattice, and (c) the scattering of phonons
caused by defects within the crystal structure.



The vibrational modes at the center of the Brillouin zone (I' point) can be described using group

theory. In centrosymmetric materials like 1T-ZrSe,, the vibrational modes can be classified as:

Lypip = A1y + Eg + 249, + 2E, (1.1)
where:
* Ay, and E, are Raman active (visible in Raman spectra),
* Ay, and E, are IR active (visible in IR spectra),
» A, is a symmetric out-of-plane vibration,
* F, corresponds to in-plane vibrations.

The energy of these vibrational modes can be approximated using the harmonic oscillator model:

E = hw (n + %) (1.2)

where:

* his the reduced Planck’s constant,

* w is the angular frequency of vibration,
* n is the vibrational quantum number.

These vibrational properties are essential for understanding the optical responses, thermal con-

ductivity, and electron-phonon interactions in 2D TMDs.



Chapter 2

Experimental Methods

2.1 Synthesis Methods

2.1.1 Chemical Vapor Transport (CVT) Method

Chemical Vapor Transport (CVT) is a commonly employed technique for growing high-quality sin-
gle crystals of materials such as transition metal dichalcogenides (TMDs), certain oxides, and inter-
metallic compounds. The method works by transporting a solid in its vapor phase with the help of a
transport agent, all within a controlled temperature gradient. This setup allows for fine control over
how the crystals form and grow, which makes CVT a reliable method for preparing well-structured

single crystals for both experimental studies and technological use.

Principle of CVT

Figure 2.1: Schematic illustration of the Chemical Vapor Transport (CVT) process, showing the
crystallization of solids occurring along a controlled temperature gradient.

In the CVT process, a source material (precursor) is placed in a sealed ampoule along with a

transport agent, such as iodine (Iy), bromine (Brs), or chlorine (Cl,). The ampoule is then evacuated
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and sealed under vacuum to prevent contamination. When subjected to a temperature gradient, the
source material reacts with the transport agent to form volatile species in the hot zone. These gaseous
intermediates migrate to the colder zone, where they decompose, leading to the deposition of single
crystals.

The general transport reaction can be represented as:

MXs(s) + Xa(9) = MX,(9) + Xin(9) (2.1)

MX,(9) + Xm(g9) = MXs(s) + Xa(g) (2.2)

where M X, represents the source material (e.g., ZrSe,), X5 is the transport agent (e.g., I5), and

M X, and X, are the volatile intermediates formed during transport.

The Chemical Vapor Transport (CVT) method is highly significant due to its ability to produce
high-purity crystals, as the transport process helps eliminate impurities, resulting in single crystals
suitable for electronic and optical applications. It also allows precise control over crystal size and
morphology through careful adjustment of the temperature gradient and transport agent concentra-
tion. Moreover, the method is known for its reproducibility, offering a reliable and scalable approach
for growing crystals with consistent properties. Another key advantage is its versatility, as it can
be applied to synthesize a wide range of materials, including semiconductors, superconductors, and

layered compounds.

Precautions in CVT

Despite its advantages, the Chemical Vapor Transport (CVT) method requires careful handling due
to several challenges. Proper sealing of the ampoule is crucial, as it must be evacuated and sealed
correctly to avoid oxidation or unwanted side reactions. The selection of the transport agent also
demands caution; halogens such as iodine (I5) and bromine (Brsy) are highly reactive and must be
handled with care. Temperature control plays a vital role—excessive temperatures can lead to de-
composition, while an improper temperature gradient may hinder crystal growth. Additionally, the
handling of toxic vapors produced during the process necessitates the use of a fume hood to ensure
laboratory safety. There is also a risk of ampoule explosion due to rapid heating or increased internal

pressure, which can be mitigated by gradual heating and careful pressure monitoring. Chemical Vapor
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Transport is an essential technique for synthesizing high-quality crystals with well-controlled struc-
tures. By optimizing reaction conditions and following safety precautions, researchers can achieve
reproducible and scalable growth of materials for advanced applications in condensed matter physics,

optoelectronics, and nanotechnology.

2.1.2 Solid-State Synthesis Method

The solid-state synthesis method, also known as the ceramic method, is one of the most widely used
techniques for synthesizing inorganic compounds, including oxides, sulfides, and intermetallic mate-
rials. This method is based on the diffusion of reactant species in the solid state at high temperatures,
leading to the formation of a stable crystalline phase.

Solid-state synthesis is a widely used technique that involves several fundamental steps. It begins
with the selection of high-purity solid precursors, such as metal oxides, carbonates, or sulfides, cho-
sen based on their reactivity and stoichiometry. These precursors are then accurately weighed and
thoroughly mixed to ensure a homogeneous distribution of components, using tools such as a mortar
and pestle, ball mill, or planetary mill. In some cases, the resulting powder is pelletized to improve
contact between the reactants. The mixed materials are then subjected to calcination and sintering,
processes that involve heating at elevated temperatures to facilitate diffusion and reaction between
the solid particles. After completion of the reaction, the product is slowly cooled to room temper-
ature and ground into a fine powder to achieve uniform phase distribution. Finally, the synthesized
material is characterized using techniques like X-ray diffraction (XRD), Raman spectroscopy, and
electron microscopy to confirm its structural and morphological features.

The underlying reaction mechanism in solid-state synthesis is primarily governed by nucleation
and growth, where small nuclei form and grow into larger crystalline domains. The overall process
is diffusion-controlled, relying on the movement of atoms through the solid matrix—a behavior in-
fluenced by factors such as temperature, particle size, and the mobility of the reactants. Reactions
mainly occur at the interface between contacting solid particles, which facilitates phase transforma-
tion and crystallization.

Solid-state synthesis offers several advantages, including the production of high-purity crystalline
materials, simplicity, cost-effectiveness, and suitability for large-scale fabrication. However, the
method also presents some limitations. It generally requires high temperatures, which leads to in-

creased energy consumption. The reactions proceed slowly due to diffusion constraints, and it is
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often challenging to precisely control the particle size and morphology of the final product.

2.2 Experimantal techniques

2.2.1 Raman Spectroscopy

Raman spectroscopy is a widely used technique for examining the vibrational and low-frequency
excitations in solids and molecules. The method is named after C.V. Raman, who first observed
the phenomenon in 1928. It works by directing monochromatic light—usually from a laser—onto
a sample, where a small portion of the light undergoes inelastic scattering due to interactions with
vibrational modes (phonons) in the material. This scattering causes a shift in the energy of the pho-
tons, producing a spectrum that acts like a unique signature of the material. Through this, Raman

spectroscopy allows for the identification and structural analysis of various compounds. [?].

Fundamental Principles

Nacer Anti-Stokes
Raman Scattering
}\ < }\Iaser

scatter

Stokes Raman

}\scatter > )\Iaser Scattering
Ascatter = A

laser

Figure 2.2: Illustration of the three main scattering processes—Rayleigh, Stokes, and Anti-
Stokes—that occur when light interacts with a molecule [8].

The working principle of Raman spectroscopy is based on how photons interact with molecular
vibrations. When a beam of light strikes a material, the majority of photons are scattered without
any change in energy—a process known as Rayleigh scattering. However, a small portion of the
light experiences a change in energy due to inelastic scattering, known as Raman scattering. In
this case, the energy difference between the incident and scattered photons reflects the vibrational
transitions within the material. These energy shifts offer valuable insights into the vibrational states

and structural properties of molecules [9].
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Classical and Quantum Mechanical Interpretations

From a classical perspective, Raman scattering can be understood through the concept of molecu-
lar polarizability. When an external electric field, such as that from incident light, interacts with a
molecule, it induces a dipole moment proportional to the field strength and the molecule’s polariz-
ability. If the polarizability changes during molecular vibrations, the induced dipole oscillates not
only at the frequency of the incident light but also at frequencies corresponding to the sum and dif-
ference of the incident light and vibrational frequencies. This leads to the appearance of Stokes and

anti-Stokes lines in the Raman spectrum [7].

Classical Interpretation

From a classical perspective, Raman scattering can be understood as the result of the interaction
between the electric field of the incoming light and the dipole moment that is temporarily induced in

the molecule. This induced dipole moment x is expressed as:
p = aEycos(wt) (2.3)

Here, o represents the molecular polarizability, £ is the amplitude of the electric field, and w is the
frequency of the incident light. When the polarizability depends on the vibrational coordinate (), it

becomes a time-dependent quantity, reflecting the vibrational motion of the molecule.

o= o+ (g—g)o Qo cos(wyt) 2.4)

Multiplying these gives terms oscillating at frequencies w, w — w, (Stokes), and w + w, (anti-Stokes),
thus explaining the origin of Raman scattering components.

Quantum Mechanical Interpretation

In quantum mechanics, the Raman process involves a two-photon event. The molecule absorbs a
photon of energy hv;, transitions to a virtual state, and then relaxes by emitting a photon of different

energy hv,. The energy difference corresponds to a vibrational transition:

AFE = hy; — hvs = AE (2.5)

14



If v; > v, Stokes scattering occurs, and if v; < v, anti-Stokes scattering is observed.

Stokes shift Rayleigh Scattering Anti-Stokes Shift
Virtual State
I S TTRTTTTT Y Y
Photons
—
V2 V2 —_— "2
) 4 v, v, —1 L,
S, Yy - Vo Vo

Vibration energy

level (V) Rayleigh

Stokes

Anti-Stokes

Intensity

Vex— Vyib Vex (excitation) Vext Vyib

Figure 2.3: Quantum mechanical energy level diagram showing virtual transitions in Raman scatter-
ing.

Raman Shift Equation

The Raman shift (A7) is typically expressed in wavenumbers (cm™') and is calculated using the
equation:

1 1
Av=|——— 107 2.6
; (AO Al)x 2.6)

where )\ is the wavelength of the incident light, and \; is the wavelength of the scattered light,
both in nanometers. This equation allows for the determination of the energy difference between the

incident and scattered photons, corresponding to specific molecular vibrations [9].

Raman-Active Modes

Not all vibrational modes are Raman-active. For a vibrational mode to be Raman-active, it must

involve a change in the polarizability of the molecule during the vibration. This criterion is expressed

O«
(%> £0 2.7)
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mathematically as:



where « is the polarizability and () is the normal coordinate of the vibration. This selection
rule implies that only those vibrational modes that cause a change in the polarizability tensor of the

molecule will be observed in the Raman spectrum [8].
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Figure 2.4: Polarizability ellipsoids of CO, for symmetric stretching, bending, and asymmetric
stretching modes.

Figure 2.4 illustrates the polarizability ellipsoids of CO, during different vibrational modes. The
symmetric stretching mode (v;) shows a change in polarizability (g—g # 0) and is Raman-active.
In contrast, the bending mode (v;) and asymmetric stretching mode do not induce a change in po-
larizability (g—g = 0), making them Raman-inactive. Thus, only vibrations that alter the molecular
polarizability are observable in Raman spectra.

This visual representation supports the mutual exclusion principle: in centrosymmetric molecules
like CO,, vibrational modes are either Raman-active or infrared-active, but not both. The symmet-
ric stretch alters the polarizability and appears in Raman spectra, while the asymmetric stretch and

bending modes primarily alter dipole moment and are thus IR-active but Raman-inactive. [10].

Applications and Instrumentation

Raman spectroscopy is particularly advantageous for studying materials in various states—solid, lig-
uid, or gas—without extensive sample preparation. It is especially valuable in characterizing crys-

talline materials, polymers, and biological samples. In solid-state physics, Raman spectroscopy aids

16



in identifying phonon modes, assessing crystal orientation, and detecting phase transitions. The tech-
nique’s sensitivity to molecular vibrations makes it complementary to IR spectroscopy, providing a

more comprehensive understanding of molecular structures [9].
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Figure 2.5: Schematic of a micro-Raman spectrometer where illumination and collection are per-
formed through a microscope objective [8].

Advancements in instrumentation, such as the development of laser sources and sensitive detec-
tors, have significantly enhanced the capabilities of Raman spectroscopy. Modern Raman spectrom-
eters can rapidly acquire high-resolution spectra, facilitating real-time analysis and expanding the

technique’s applications across various scientific disciplines [9].

2.2.2 X-ray Diffraction (XRD)

X-ray diffraction (XRD) stands as a fundamental tool in the study of crystalline materials. Widely
utilized across materials science and crystallography, it facilitates insights into various structural
aspects such as phase identification, lattice constants, crystallite dimensions, and internal strains. This
technique operates on the principle that incident X-rays interact with the periodic atomic layers within

a crystal, producing diffraction patterns that reveal vital information about the material’s internal

arrangement. [17] [5]

Generation of X-rays

X-rays used for diffraction purposes are usually produced within an X-ray tube. In this setup, elec-

trons are emitted from a heated cathode and then accelerated toward a metal target (anode) under
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a high-voltage potential. When these high-energy electrons collide with the target, they decelerate
rapidly and interact with the atoms of the target material. This interaction gives rise to X-rays through

two main processes: bremsstrahlung (braking radiation) and characteristic radiation.
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Figure 2.6: X-ray spectrum produced by a tungsten target in an X-ray tube. The peaks correspond
to characteristic radiation, while the continuous portion of the spectrum represents bremsstrahlung
radiation [17].

Bremsstrahlung Radiation (“Braking Radiation”)

Bremsstrahlung, a term derived from German meaning “braking radiation,” refers to the X-ray emis-
sion that occurs when fast-moving electrons are decelerated or deflected by the electrostatic field of
nuclei in the target material. This process does not involve discrete energy transitions, and hence it
produces a continuous spectrum of X-ray energies. The emitted photons can span a broad energy
range, starting from near zero up to the maximum energy corresponding to the initial kinetic energy

of the incident electrons.
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Characteristic X-ray Emission

In contrast to bremsstrahlung, characteristic radiation arises from specific electronic transitions within
atoms of the anode material. When incoming high-energy electrons have sufficient energy to dislodge
electrons from inner atomic shells (typically the K-shell), the resulting vacancy is filled by an electron
from a higher energy level, such as the L or M shell. This transition releases energy in the form of an
X-ray photon with a well-defined energy unique to the element in question. As an example, copper
(Cu) emits a strong Ko line at a wavelength of 1.5406 A, which is widely employed in standard X-ray
diffraction (XRD) instrumentation due to its favorable properties.

X-rays are ideal for probing atomic-scale structures because their wavelengths (typically 0.5-2 A)
are on the order of interatomic distances in crystals. This allows them to be diffracted by the periodic
lattice planes according to the laws of wave interference, making them effective tools for revealing

atomic arrangements in solids.

Principle of X-ray Diffraction

-

Figure 2.7: Bragg diffraction from parallel atomic planes in a crystal. [19]

When X-rays encounter a crystalline solid, they are scattered by the periodic arrangement of
atoms within the crystal lattice. Under certain geometric conditions, these scattered waves can rein-
force each other through constructive interference, producing distinct diffracted beams. This behavior

is described mathematically by Bragg’s law:

nA = 2dsinf
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Here, n is an integer corresponding to the order of diffraction, A denotes the wavelength of the
incident X-rays, d is the distance between adjacent atomic planes, and 6 represents the angle at
which the incident beam strikes these planes. Bragg’s law provides a foundational link between the
structural arrangement within the crystal and the conditions required for diffraction to occur.

As the sample is rotated across a range of 26 angles, various orientations of the crystallites are
encountered—especially in powdered samples where the orientation is random—ensuring that all
possible diffraction conditions are satisfied. The resulting diffraction pattern, when converted to in-
terplanar spacings (d-values), acts as a fingerprint for identifying crystalline phases. Each material
exhibits a unique set of d-spacings, which can be matched against standard databases for identifica-
tion. [18]

A typical X-ray diffractometer is composed of three essential components: the X-ray source, a

stage to hold the sample, and a detector to capture the diffracted beams .

X-ray Diffraction Geometry (Bragg-Brentano Configuration)
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Figure 2.8: Schematic illustration of the Bragg—Brentano XRD geometry with corresponding motion
configurations.

The Bragg—Brentano geometry is one of the most widely used configurations for X-ray powder
diffraction, known for its symmetric alignment and ease of operation. In this setup, the X-ray tube

emits a beam directed toward the surface of the specimen placed at the center of a goniometric circle.
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The incident beam forms an angle 6 with the sample surface.

The detector, positioned on the same circular path but on the opposite side of the sample, is
arranged to detect the diffracted X-rays at an angle 26 from the incident beam direction. As the
measurement proceeds, the specimen may either remain stationary or rotate depending on the mode
of operation, while the detector moves accordingly to maintain the proper diffraction condition as
dictated by Bragg’s law.

For typical #-26 scans, the sample rotates by an angle ¢ while the detector moves by 26, maintain-
ing the condition for constructive interference from crystal planes. This scanning method ensures that
all orientations of crystallites in a randomly oriented powder can fulfill Bragg’s condition, making it
ideal for phase identification and structural analysis.

The design ensures that the paths of the incident and diffracted beams are symmetric with respect
to the sample surface, and the distances from the sample to the source and to the detector are often
kept equal to preserve this symmetry. The rotation axis of the sample, typically denoted by o, may
also be adjusted to accommodate different types of specimens or to enhance alignment precision.

This geometry provides accurate diffraction angles and is particularly useful for analyzing pow-
dered or polycrystalline materials, where random orientation allows access to multiple lattice planes

during scanning. [18]

Quantitative Structural Analysis via Rietveld Refinement

For a more rigorous interpretation of diffraction data, the Rietveld refinement method is often em-
ployed. Unlike basic peak-based analysis, this approach fits the entire diffraction profile using a
structural model grounded in crystallography. The refinement process iteratively modifies parameters
such as lattice metrics, atomic positions, and site occupancies to achieve the closest match between
simulated and experimental patterns. It also incorporates corrections for instrumental factors includ-
ing background noise, peak asymmetry, and preferred orientation. The fidelity of the refinement is
assessed through statistical measures such as the weighted-profile R-factor (R,,,), which serves as a

quantitative index of model accuracy [18,19].

Applications in 2D Layered Materials

In the case of layered TMDs and similar 2D structures, XRD serves as a diagnostic method to examine

phase integrity and detect alterations brought about during fabrication or post-processing steps. It
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helps confirm crystalline quality and assess texture through peak sharpness and intensity. A prevalent
feature in such materials is the dominance of (001) reflections, indicative of a high degree of planar
alignment due to layer-stacking anisotropy. Additionally, any observed shifts in these reflections can
be correlated with modifications in interplanar distances, often attributed to intercalation, exfoliation,
or elemental substitution. Through such measurements, one can monitor doping effects and lattice

distortions, aiding in the fine-tuning of functional attributes in 2D materials [5, 18].

2.2.3 Surface Imaging and Elemental Profiling Using FE-SEM and EDX

To investigate the fine surface features and microstructure of materials at the nanoscale, a field emis-
sion scanning electron microscope (FE-SEM) was employed. This technique enables high-resolution
visualization of surface morphology and texture. For compositional insights, the system was coupled
with energy-dispersive X-ray spectroscopy (EDX), which facilitates rapid identification of elemental
constituents within the sample. Together, FE-SEM and EDX form a robust analytical combination,
offering both structural and chemical characterization in a single experimental setup. This integrated
approach is particularly valuable for studying low-dimensional materials, such as transition metal
dichalcogenides (TMDs), where both morphology and composition play critical roles in determining

material properties. [20,21]

Principle of FESEM

Primary electron beam

Backscattered electrons

Characteristic X-rays

Cathodoluminescence
Secondary electrons

Auger electrons

Sample

Figure 2.9: Schematic of a FESEM system showing electron beam-sample interaction.
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FESEM is an advanced imaging technique that involves directing a finely focused beam of elec-
trons across the surface of a specimen. The underlying principle centers on capturing the various
signals emitted as the high-energy electron beam interacts with the sample, thereby enabling the con-
struction of detailed, high-resolution images. Unlike traditional scanning electron microscopy, FE-
SEM employs a field emission gun (FEG) as its electron source. This gun utilizes quantum tunneling
to emit electrons under a strong electric field, producing a highly coherent and narrow electron beam.
The resulting improvement in spatial resolution and the minimization of electron-induced damage
make FESEM particularly advantageous for studying nanoscale structures and sensitive materials.

During the interaction between the incident electron beam and the specimen, multiple types of
signals are produced. Among them, secondary electrons primarily contribute to imaging by revealing
fine surface features and topographical details. Backscattered electrons, on the other hand, are sensi-
tive to the atomic number of the material and are useful for compositional contrast. Additionally, the
generation of characteristic X-rays allows for qualitative and quantitative elemental analysis, which

is typically performed using EDX [20,21].

Resolution and Imaging Capabilities

FESEM can achieve resolutions below 1 nm due to its high-brightness electron source. The tech-
nique allows imaging of nanostructures, surface grains, voids, edges, and layered morphology with
excellent clarity. Image contrast depends on factors such as surface geometry, composition, and

crystallinity.

Elemental Analysis via Energy-Dispersive X-ray Spectroscopy (EDX)

Energy-Dispersive X-ray Spectroscopy (EDX) is often integrated with electron microscopy platforms
such as SEM and FE-SEM to assess the elemental composition of materials. The method operates on
the principle that when the incident electron beam interacts with the sample, it can dislodge electrons
from the inner shells of atoms. This triggers a relaxation process in which electrons from higher
energy levels transition downward, releasing X-ray photons with energies that are uniquely charac-
teristic of the elements present.

These emitted X-rays are detected and translated into a spectrum showing intensity versus photon
energy. The resulting peaks in the spectrum are indicative of specific elements, making it possi-

ble to perform both qualitative identification and approximate quantitative analysis of the sample’s
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Figure 2.10: Representative FESEM image of a 2D material surface showing layered morphology.

composition. [20,21]

Applications in TMDs and Nanomaterials

Field Emission Scanning Electron Microscopy (FESEM), when coupled with Energy Dispersive X-
ray Spectroscopy (EDX), serves as a powerful diagnostic approach for examining the microstructural
and elemental characteristics of two-dimensional materials and nanostructured systems. This com-
bination is particularly beneficial for observing the surface topography of thin flakes, as well as
estimating their thickness with high precision. Moreover, it facilitates the identification of structural
imperfections such as folds, ruptures, or uneven edges, which are critical for understanding the phys-
ical integrity of nanoscale materials. In addition to morphological inspection, EDX analysis enables
elemental verification, assisting in the detection of foreign atoms or compositional irregularities that
may result from synthesis processes. These techniques also prove valuable in drawing correlations
between growth conditions and the resulting structural attributes, thus offering insights that can guide

the optimization of material synthesis and processing strategies.

2.2.4 Electrical Resistivity Measurements

Electrical resistivity measurements as a function of temperature are fundamental for probing charge
transport mechanisms in materials. This is particularly important for low-dimensional systems such

as two-dimensional (2D) materials, where quantum confinement and surface effects can significantly
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Figure 2.11: Schematic illustration of EDX operation: Incident electrons eject core-shell electrons,
and the subsequent electronic transition results in the emission of element-specific X-ray photons.
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Figure 2.12: Typical EDX spectrum showing peaks for elemental analysis of a TMD sample.

influence electronic behavior [28].

The four-probe method is commonly employed for these measurements, as it effectively elimi-
nates the influence of contact resistance and lead contributions [29]. In this method, a bar-shaped
sample is mounted on a thermally stable platform using GE varnish or similar adhesive, and silver
paste is used to establish ohmic contacts. These contacts are verified for both mechanical stability
and electrical continuity prior to measurements.

The sample is placed in a cryogenic measurement system connected to a source-measure unit,
nanovoltmeter, and temperature controller. The experiment is managed via a LabView interface,
allowing for precise control of current, temperature sweep rate, and data acquisition. The chamber is

first evacuated to achieve high vacuum, then cooled using a closed-cycle refrigerator.
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A constant current is passed through the outer electrodes, and the voltage is measured across
the inner electrodes while the temperature is varied gradually. At each thermal step, equilibrium is
ensured before recording the voltage to avoid artifacts. The resistivity is calculated using the known
dimensions of the sample and the measured voltage and current values [30].

This temperature-dependent resistivity data helps classify materials as metallic, semiconducting,
or insulating, and can reveal phenomena such as metal-insulator transitions or charge ordering [31].

After completion, the system is carefully brought back to ambient conditions to prevent thermal

shock.

26



Chapter 3

Zl’Sez

3.1 Introduction to ZrSe,

Zirconium diselenide (ZrSe,) is a layered material belonging to the class of transition metal dichalco-
genides (TMDs). It consists of zirconium (Zr) atoms and selenium (Se) atoms in a stoichiometric ratio
of 1:2. ZrSe, is part of the periodic table, where zirconium resides in the d-block of the 4th group,
with an atomic number of 40. Selenium, a non-metal, belongs to the chalcogen group (group 16)
and has an atomic number of 34. This combination of a transition metal and a chalcogen creates
a compound with distinct properties that differ significantly from both the metal and the non-metal

components [22,23].

Figure 3.1: Crystal structure of ZrSe, representing the space group P3m1 (No. 164).

ZrSe, crystallizes in a layered hexagonal structure, with zirconium (Zr) atoms sandwiched be-
tween two layers of selenium (Se) atoms. The layers are held together by weak van der Waals forces,
which facilitate the exfoliation of the material into monolayers or thin films. Within each layer, the
Zr and Se atoms are bound by strong covalent interactions, while the interaction between adjacent

layers is much weaker, allowing for easy separation when mechanical forces are applied. The crystal
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symmetry of ZrSe, is crucial in defining its electronic and optical properties, and these properties
undergo significant changes when the material is reduced to a monolayer [22,24].

The unique electronic, optical, and mechanical characteristics of ZrSe, make it a subject of great
interest in materials science. Its layered structure positions it as a promising candidate for appli-
cations in 2D material-based devices, such as field-effect transistors and photodetectors, where the
material’s behavior is dramatically altered when reduced to a monolayer [23]. Additionally, ZrSe, is
being investigated for its potential use in quantum computing and spintronic devices, as it may ex-
hibit topologically non-trivial phases that could be harnessed in these advanced technologies [25,26].
Another promising area for research is the use of ZrSe, in thermoelectric applications, as its semicon-
ducting properties could be exploited to convert heat into electricity efficiently [27]. Overall, ZrSe,
serves as an important material for advancing current technologies and enabling new innovations in

electronics, energy harvesting, and quantum computing.

3.1.1 Synthesis of ZrSe;

ZrSes 1s successfully synthesized using the CVT method. In the process, the stoichiometric ratios of
Zr and Se are 1:2, and they are sealed in a quartz ampoule with iodine as the transport agent. The
ampoule was placed inside a furnace. with temperatures maintained at 925°C (hot zone) and 810°C
(cold zone) for 5 days with a temperature gradient of 115°C, and the reaction process took over five
days to complete. During this process, ZrSe, crystals were transported and deposited in the colder

end of the furnace.

Figure 3.2: Fig. a) and b) Shows ZrSe2 Crystals Growths inside the ampoule by the CVT process.
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3.1.2 X-ray Diffraction (XRD) analysis of ZrSe-:
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Figure 3.3: XRD pattern of ZrSe,.

The X-ray diffraction (XRD) measurements for ZrSe, were carried out using a PANalytical
Empyrean Alpha 1 diffractometer. This instrument was chosen due to its high sensitivity and ability to
deliver reliable results with minimal sample amounts (0.0413 g in the experiment). The diffractome-
ter uses monochromatic Cu-Ko radiation (wavelength A = 1.5406A ) and operates in a high-resolution
0-0 geometry. The data was collected from a 26 range of 10° to 90°, with a step size of 0.03°. To
minimize noise and improve the quality of the diffraction data, the sample was carefully mounted on

a low-background silicon substrate.

Table 3.1: Structural Parameters of the ZrSe,

Parameter Value
Space Group / Phase P-3ml (Trigonal)
Lattice Parameter a = b 3.76 A
Lattice Parameter ¢ 6.13 A
Wyckoff Position (Zr and Se atoms) | 2d (1/3, 2/3, z) O-25)2
Volume (V) 75.46(0.008) A3
Additional Parameter Chi2 1.87

The Rietvelt refinement is shown in Fig.3.3, demonstrating excellent agreement between the ob-
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served and calculated Model.

The Rietveld refinement of ZrSe, resulted in a Chi? value of approximately 1.88, This indicates a
strong agreement between the observed and calculated diffraction patterns. The refinement confirms
that the sample crystallizes in the trigonal P-3m1 space group, and the unit cell coonstant a = b =
3.7696 A and ¢ = 6.1326 A. The atomic positions of Zr and Se correspond to the Wyckoff position 2d
(1/3,2/3, z), with z ~ 0.25. The unit cell volume was determined to be 75.4680 A”. The diffraction
peaks align well with theoretical positions, confirming the layered structure characteristic of ZrSe,,

and no impurity peaks were detected, indicating high phase purity.

3.1.3 Raman Spectroscopy:ZrSe;

To confirm its crystal structure and the synthesis process, Raman spectroscopy was used to charac-
terize the synthesized ZrSe, sample. The crystal form of ZrSe, showed relevant Raman peaks, The

observed patterns align with the vibrational modes of the material, as anticipated in the literature.
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Figure 3.4: a) Raman spectrum of ZrSe; (A = 633 nm). b) Shows the reference pattern of ZrSe, [12]

The Raman spectrum of ZrSe; shown in Fig. 6 a) shows a sharp, strongnear 195 cm~!, which
are the characteristic of the vibrational modes of ZrSe,. This primary peak is due to the out of plane
vibrational modes (A;,) of the material. The well-defined nature of the peak suggest that the sample

has good crystallinity. Additionally, smaller peaks observed in the lower wavenumber region (around
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147 cm™') may correspond to in plane vibrations (E,) or secondary phonon modes. The presence of

main peaks in the spectrum indicates that the CVT grown ZrSe, Crystals have good structural quality.

Temperature-Dependent Raman Spectroscopy of ZrSe; Single Crystal
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Figure 3.5: Temperature-dependent Raman spectra of ZrSe, single crystal measured from 93 K to
443 K. Only the A;, mode near 195 cm™ is visible throughout the range, while the expected E,
mode around 147 cm™! is absent. With increasing temperature, a noticeable decrease in the intensity
of the A, peak is observed, although its position remains unchanged. This suggests strong thermal
stability of the vibrational mode without any structural phase transitions.

The Raman spectroscopic study of single crystalline ZrSe, was conducted over a wide temper-
ature range, beginning at 93 K and gradually increasing up to 483 K. The primary objective of this

investigation was to observe the behavior of the characteristic vibrational modes as a function of
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temperature. In the Raman spectrum of ZrSe,, the most prominent feature is the A;, mode, which
appears consistently near 195 cm~! and corresponds to the out-of-plane vibrations of the selenium
atoms. Notably, the in-plane £, mode, which is generally expected around 147 cm™! in such layered
dichalcogenides, was not observed in the spectra at any temperature.

Throughout the entire temperature range, the position of the A;, peak remained remarkably sta-
ble, exhibiting no significant shift with increasing temperature. This invariance in phonon frequency
suggests that the vibrational dynamics of the crystal lattice are minimally affected by thermal ex-
pansion or anharmonic interactions within the probed range. Such behavior reflects the structural
robustness of the ZrSe, lattice and the absence of any temperature-induced phase transitions during
measurement [32].

Although the peak position remained unchanged, the intensity of the A;, mode exhibited a gradual
decline as the temperature increased. This reduction in Raman signal intensity at elevated tempera-
tures is commonly attributed to enhanced phonon—phonon scattering and the increasing influence of
thermal vibrations, which can reduce the efficiency of Raman scattering processes. These thermal
effects result in damping of the vibrational modes, thereby lowering the intensity without necessarily
affecting their energy.

The absence of the £/, mode across all temperatures may be due to orientation-dependent Raman
selection rules, as well as the polarization configuration used during the measurement. In high-
quality single crystals, certain vibrational modes may be suppressed or weakly visible depending on
the crystallographic alignment with the excitation laser. Additionally, the mode may be inherently
weaker or masked by background noise in the system.

In summary, temperature-dependent Raman analysis confirms the exceptional thermal stability of
the A;, mode in ZrSe, single crystals and suggests that the structural integrity of the material is pre-
served even at elevated temperatures. The monotonic decrease in peak intensity is a typical thermal

effect and further supports the absence of structural transformation in this temperature regime.

3.1.4 SEM/ EDx Studies

To investigate the morphology and elemental composition of the synthesized ZrSe, crystals, scanning
electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDAX) were carried out. The
SEM micrograph shown in Fig. 3.6B reveals a well-ordered layered surface, with long, parallel flakes

characteristic of layered van der Waals materials. The morphology suggests successful crystal growth
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Figure 3.6: (A) EDX mapping spectrum of ZrSe, crystal, showing elemental composition with Se
(65.6%), Zr (33.5%), and trace iodine (0.9%) along with an inset SEM image of the crystal sur-
face. (B) SEM surface morphology of the synthesized ZrSe, crystal showing layered structure. (C)
Elemental mapping of zirconium (Zr). (D) Elemental mapping of selenium (Se). (E) Combined ele-
mental mapping showing the spatial distribution of Zr, Se, and trace iodine (I) across the sample.

Experimental Ideal Atomic Atomic
Atomic % % Ratio
Zr 33.81% 33.33% 1.00
Se 66.19% 66.67% 1.96

Atomic % and Zr:Se ratio (~1:1.96) compared with the ideal stoichiometrs
(1:2) of ZrSe,.
via the chemical vapor transport (CVT) technique.

Elemental analysis was performed using EDAX, as illustrated in Fig. 3.6A. The corresponding
spectrum confirms the dominant presence of zirconium and selenium, with atomic percentages of
approximately 33.8% and 66.19%, respectively. The inset SEM image in Fig. 3.6A corresponds to
the area scanned for compositional analysis.

Figures 3.6C and 3.6D present elemental mapping for zirconium and selenium, respectively. The
uniform intensity across the scanned region indicates a homogeneous distribution of both elements
throughout the crystal. Additionally, the composite mapping shown in Fig. 3.6E displays the spatial
presence of Zr, Se, and iodine together, confirming the minimal and localized presence of iodine.

The slight selenium deficiency observed in the composition may lead to subtle shifts in electronic

properties, such as the introduction of hole vacancies or increased carrier concentration due to zir-
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conium excess. Such variations can influence the electronic structure of ZrSe,, potentially driving it
towards metallic or semimetallic behavior.

In summary, the SEM and EDAX analyses confirm that the synthesized ZrSe, crystal possesses a
clean layered structure with near-stoichiometric composition and high elemental uniformity, validat-

ing the effectiveness of the CVT method used.

3.1.5 Resistivity measurment for ZrSe,
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Figure 3.7: Temperature dependence of electrical resistivity (p) for ZrSe,. The data show metallic
behavior with resistivity gradually increasing from low to high temperatures.

The electrical resistivity (p) of the ZrSe, sample was examined over a temperature range spanning
from 10 K to 300 K, as depicted in Figure 3.7. The measurements were performed using a standard
four-probe configuration to eliminate contact resistance contributions. Throughout the measured
range, the resistivity increases steadily with temperature, displaying a metallic trend.

At low temperatures near 10 K, the resistivity is found to be approximately 0.055 m{2-mm. As
the temperature rises, p gradually increases, reaching about 0.101 m{2-mm at 300 K. Although an
increase in resistivity with temperature is typically associated with semiconductors, the relatively
low magnitude of resistivity values combined with the absence of activated behavior suggests metallic
conduction.

The metallic character observed in ZrSe, can be linked to a slight zirconium enrichment detected
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through Energy Dispersive X-ray Analysis (EDAX). A small excess of Zr atoms introduces addi-
tional charge carriers, effectively modifying the electronic structure and promoting metallic transport
characteristics. Such sensitivity to stoichiometry is common among transition metal dichalcogenides,
where deviations from the ideal composition can significantly alter their electronic properties.
Moreover, the smooth variation of p with temperature implies that the sample maintains good

crystallinity and minimal defect scattering throughout the measurement range.
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Chapter 4

TiSe2

4.1 Introduction to TiSe,

Titanium diselenide (TiSe,) is a layered transition metal dichalcogenide (TMD) that has garnered
significant interest due to its complex interaction between structural and electronic phenomena. Ti-
tanium, located in group 4 of the periodic table, combines with selenium from group 16 to form the
stoichiometric compound TiSe,. Structurally, TiSe; crystallizes in a 1 T-type structure with the space
group P3m1, where each titanium atom is octahedrally coordinated by six selenium atoms. These
layers are stacked along the c-axis and are bound by weak van der Waals forces, which contribute to
TiSe,’s characteristic quasi-two-dimensional nature.

At room temperature, TiSe, maintains an undistorted structure with Se—Ti—Se atomic layers ar-
ranged in a perfect sequence. In this phase, titanium atoms occupy the centers of octahedral prisms
formed by the selenium atoms. The material behaves as a semimetal, with a small overlap between
the valence band at the I" point and the conduction band at the L point in the Brillouin zone.

When cooled below approximately 200 K, TiSe, undergoes a phase transition into a charge den-
sity wave (CDW) state, accompanied by a periodic lattice distortion (PLD). In this phase, the atoms
experience slight displacements from their original positions, mainly within the basal plane, forming
a 2a x 2b x 2c superlattice. The real-space unit cell expands along the a and b directions, a distinc-
tive feature that can be observed by comparing the unit cells of the normal and CDW phases. This
distortion is often represented as in-plane displacements of Ti and Se atoms, and the resulting CDW
superstructure is characterized by a modulation of both the electronic charge density and atomic

positions.
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Figure 4.1: (a) Quasi-two-dimensional undistorted crystal structure of 1T-TiSe,, showing the octa-
hedral coordination of titanium and selenium atoms. (b) Top view illustrating the periodic lattice
distortion (PLD) accompanying the charge density wave (CDW) transition, where arrows indicate
the in-plane displacements of Ti and Se atoms. The dotted (black) lines represent the original unit
cell in the normal phase, while the solid (pink) lines denote the enlarged unit cell in the CDW phase.
(c) Schematic band structure near the Fermi level (Fr) in the normal phase, exhibiting an indirect
band overlap. (d) Band structure in the CDW phase, showing back-folded bands and the opening of
a bandgap due to the 2a x 2b x 2¢ PLD, making the [ and M points equivalent. [34]

The PLD not only alters the real-space lattice but also significantly impacts the electronic band
structure. In the CDW phase, the original bands fold back into the new, smaller Brillouin zone. This
folding leads to the appearance of back-folded bands and the opening of a small energy gap near the
Fermi level (Er), transforming TiSe; from a semimetal into a material with semiconducting charac-
teristics. Points that were distinct in the normal phase, such as the I' and M points, become equiva-
lent due to the new periodicity. The coupling between the electronic and lattice degrees of freedom
in TiSe, makes it an ideal platform for studying fundamental condensed matter phenomena such as
excitonic insulator behavior, CDW formation mechanisms, and the emergence of superconductivity

under doping or pressure [34].
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4.2 XRD Study of TiSe;

To investigate the structural properties of the synthesized TiSe, material, powder X-ray diffraction
(XRD) analysis was performed. Measurements were carried out using a Bruker D2 Phaser diffrac-
tometer equipped with a Cu Ko radiation source (A = 1.5406 A). The sample was mounted on a
zero-background silicon holder to minimize background noise, and diffraction data were collected in

a §-26 configuration over a 26 range from 10° to 80°, using a step size of 0.02°.
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Figure 4.2: Powder XRD pattern of TiSe, synthesized in the laboratory.

Table 4.1: Structural parameters of TiSe, obtained from Rietveld refinement.

Parameter Value
Space Group / Phase P3m1 (Trigonal)
Lattice Parameter a = b 3.50A
Lattice Parameter ¢ 6.01 A
Wyckoff Positions (atoms) | 2d (1/3, 2/3, 0.23)
Unit Cell Volume (V) 65.23 A3
Chi? (Goodness of Fit) 5.06

The Rietveld refinement of the powder diffraction data confirms that the synthesized TiSe; crys-
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tallizes in a trigonal phase with the P3m1 space group, characteristic of the 1T polymorph. The
extracted lattice constants were determined to be @ = 3.50A and ¢ = 6.01 A, closely matching
the reported literature values. A goodness-of-fit value (Chi?) of approximately 5.06 was achieved,
indicating a reliable agreement between the experimental and calculated patterns. The sharp, well-
defined diffraction peaks are indicative of high crystallinity, and the absence of secondary phase peaks

confirms the high purity of the synthesized material.
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Figure 4.3: XRD pattern of single Crystal TiSe,, displaying dominant
(001) reflections.

In addition to powder diffraction, XRD measurements were also conducted on a single crystal
specimen of TiSe,. The diffraction pattern, as shown in Figure 4.3, exhibits only a few sharp peaks
corresponding to the (001) reflections, such as (001), (002), and higher-order planes. The appearance
of these specific reflections suggests that the crystal is highly oriented along the c-axis, consistent with
the anisotropic, layered nature of TiSe,. The sharpness and intensity of the peaks further emphasize
the excellent crystallinity and preferred orientation of the single crystal.

The strong (001) reflections are typical for van der Waals layered materials, where the crystallo-
graphic planes perpendicular to the c-axis dominate the diffraction profile. No extraneous reflections
were observed, which supports the conclusion that the single crystal possesses high structural in-
tegrity and minimal mosaic spread. These observations collectively confirm the successful growth

of high-quality TiSe, single crystals suitable for further physical property measurements, such as
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Raman spectroscopy and transport studies.

4.3 Raman Study of TiSe,

Raman spectroscopy is a powerful technique for probing the vibrational modes of materials, and in
the case of TiSe,, it offers valuable insights into its phonon modes and the temperature-dependent
evolution of the charge density wave (CDW) phase. Bulk TiSe, exhibits two prominent Raman peaks
that are crucial for understanding its structural and electronic properties: the in-plane E; mode and

the out-of-plane A;g mode.

4.3.1 Raman Modes in TiSe,

At room temperature, TiSe, exhibits two primary Raman active modes:

~
il

Figure 4.4: Showing the vibrational modes of Ti and Se atoms. [6]

Raman modes

b

(b) (c)

* E, at approximately 137 cm™': This is the in-plane doubly-degenerate mode, originating from

the vibrations of Se atoms within the plane of the crystal.

¢ A,g at approximately 195 cm™: This is the out-of-plane mode, corresponding to the vibrations

of Ti atoms along the c-axis, perpendicular to the plane.

Both of these modes are characteristic of the undistorted crystal structure of TiSe,, and their in-
tensities and positions provide essential information about the material’s symmetry and vibrational

characteristics at various temperatures.
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Figure 4.5: a) Raman spectrum of TiSe, at room temperature showing the prominent in-plane E, and
out-of-plane A;g phonon modes.(A = 633 nm). b) Shows the reference pattern of TiSe; [11]

4.3.2 Temperature-Dependent Raman Spectroscopy

Temperature-dependent Raman spectroscopy was performed on TiSe, over a wide range of tempera-
tures, from 93 K to 443 K, to study the evolution of these phonon modes and the temperature-induced
phase transition.

At temperatures below approximately 200 K, TiSes undergoes a second-order phase transition
into a commensurate charge density wave (CDW) state. This transition results in a distortion of the
crystal lattice, which doubles the unit cell, forming a 2a X 2a X 2¢ superlattice. This distortion causes
the Brillouin zone to fold and activates new Raman modes that are forbidden in the high-temperature
phase.

In the CDW phase, additional Raman modes, known as CDW amplitude modes, emerge. These
modes are associated with the transverse acoustic phonons at the zone boundary points (L and M).
They are observed at lower wavenumbers ( 69 cm™! for E,“®™ and 110 cm™! for A;¢“"V) and
correspond to the in-phase and out-of-phase fluctuations of the CDW amplitude, respectively. The
appearance of these modes indicates the formation and fluctuation of the CDW state.

As the temperature rises from 93 K to 443 K, significant changes are observed in the Raman
spectra. The E,“PY and A;¢“®V modes experience a redshift and broadening of their peaks, with
a corresponding decrease in their intensity. These spectral shifts reflect the weakening of the long-
range order in the CDW phase due to thermal fluctuations. At temperatures above 200 K, these CDW
modes gradually disappear, signaling the melting of the CDW state and the transition to a normal

metallic phase.
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Above the CDW transition temperature (Tcpw 205 K), only the original E;, and A;g optical
phonon modes remain. However, these modes also show slight redshifting and broadening as the
temperature increases. This behavior is likely due to enhanced phonon-phonon interactions and pos-

sible electron-phonon coupling effects.
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Figure 4.6: Temperature-dependent Raman spectrum of TiSe, showing the evolution of the E, and
A1g modes, along with the emergence of CDW-related peaks below 200 K.

The temperature-dependent Raman behavior of TiSe, has been well-documented in the literature.
According to Cu et al. [35], the CDW transition in bulk TiSe, occurs near 205 K. Below this temper-
ature, additional Raman modes associated with the CDW phase emerge due to zone folding. These
modes, E,“°V at 69 cm™! and A;¢“PV at 110 cm™?, become gradually softer (redshift) and broader
with increasing temperature, corresponding to the weakening of the CDW order due to thermal fluc-
tuations. These modes completely disappear above Tcpw.

Further, Snow et al. [36] describe the quantum melting of the CDW state in TiSe,, emphasizing

the softening and disappearance of the CDW modes as the temperature increases. They delineate
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three distinct regimes of CDW behavior:
* Crystalline CDW phase: Sharp Raman peaks at low temperatures.
* Fluctuating CDW phase: Broadening and redshift of peaks at intermediate temperatures.

* Melted CDW phase: Disappearance of CDW modes at high temperatures, signifying the phase

transition to a metallic, disordered state.

These phases are reflected in the evolution of the Raman spectrum of TiSe,, which shows sharp peaks
at low temperatures, gradual broadening and shifts at intermediate temperatures, and the eventual
vanishing of the CDW peaks at higher temperatures.

The Raman study of TiSes confirms the existence of a well-defined CDW phase below 205 K,
with the corresponding activation of CDW-related Raman modes. As the temperature increases, these
modes soften and vanish, indicating the melting of the CDW phase and the restoration of the normal
metallic phase. The temperature-dependent evolution of the E;, and A;g phonon modes provides
critical insights into the phase transitions and the underlying electronic structure of TiSe;. These
findings align with previous studies and demonstrate the usefulness of Raman spectroscopy in probing

the dynamics of the CDW phase in low-dimensional materials.

4.4 SEM and EDS Analysis

The morphology and elemental composition of the synthesized TiSe, sample were investigated using
Scanning Electron Microscopy (SEM) coupled with Energy Dispersive X-ray Spectroscopy (EDS),
as presented in Figure 4.7.

Figure 4.7a shows the EDS spectrum acquired from the sample surface. The prominent peaks
corresponding to titanium (Ti) and selenium (Se) confirm the presence of the expected elements.
Quantitative analysis reveals an atomic ratio of approximately 33.9% Ti and 66.1% Se, which is
close to the ideal stoichiometry for TiSe;. Minor peaks attributed to gold (Au) originate from the
sputter-coating process used to improve surface conductivity during SEM imaging. The inset of
Figure 4.7a displays a high-magnification SEM image highlighting the layered morphology typical
of transition metal dichalcogenides.

Elemental mapping results are shown in Figure 4.7b, where Ti and Se distributions are pre-

sented separately along with an overlay image. Both elements appear uniformly distributed across
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Figure 4.7: (a) EDS spectrum and corresponding SEM image of TiSe, sample, showing character-
istic peaks of Ti and Se along with Au from coating. (b) Elemental mapping images displaying Ti
(red), Se (green), and an overlay, indicating uniform distribution. (c) SEM micrographs at different
magnifications revealing layered morphology and elongated structures.

the scanned region, suggesting good chemical homogeneity without significant phase segregation.
Additionally, low and high magnification SEM images (Figure 4.7¢) reveal the formation of elon-

gated structures alongside well-defined flakes. At higher magnifications, the layered growth nature

and surface texture of the material are more evident. These observations align well with the expected

growth habits of TiSeq, confirming successful synthesis with high structural integrity.
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Chapter 5

ZrSe3

5.1 Introduction

Zirconium triselenide (ZrSes) is a member of the transition metal trichalcogenides (TMTCs) family,
notable for its distinctive quasi-one-dimensional (quasi-1D) crystal structure and intriguing anisotropic
properties [39]. Structurally, ZrSes crystallizes in a monoclinic P2,/m space group, where zirconium
atoms are coordinated by six selenium atoms to form distorted trigonal prisms. These prisms link
together along the b-axis to produce chains, and adjacent chains are connected via weaker covalent

bonds, forming layered structures stacked through van der Waals forces [37].

ZrXs (X=S, Se, Te)

740,8 mw LR
\"'lﬁi"'@h\"
w , \mww
\vmmmm

b

Figure 5.1: Crystal structure of ZrSes. Zirconium atoms (blue) form chains along the b-axis by
connecting to selenium atoms (orange) in distorted trigonal prismatic coordination. Weak van der
Waals forces hold the layers together along the c-axis.
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This anisotropic architecture significantly influences the material’s physical properties. Electrical
and optical characterizations reveal that ZrSe; is a semiconductor, exhibiting an indirect band gap
of approximately 1.1 eV and a direct gap around 1.47 eV [40]. Charge carrier transport is notably
directional, with higher conductivity observed along the chain axis compared to the perpendicular
directions. Furthermore, Raman spectroscopy studies have identified layer-dependent phonon modes,
highlighting the quasi-1D nature of vibrational dynamics in ZrSes [39].

From a thermal standpoint, ZrSes displays moderate lattice thermal conductivity, peaking near
10.4 Wm~'K~! at low temperatures, and decreasing with rising temperature [39]. The extracted
Debye temperature of around 110 K reflects the relatively soft lattice dynamics, consistent with its
low-dimensional structure. The calculated exfoliation energy for single-layer ZrSe; is approximately
0.37 Jm~2, suggesting that mechanical exfoliation into few-layer nanosheets is feasible, similar to
graphene [37].

Taken together, the unique chain-like bonding, directional anisotropy, and tunable semiconduct-
ing behavior make ZrSes an appealing platform for future nanoelectronic, optoelectronic, and ther-

moelectric applications.

5.2 X-ray Diffraction Analysis

The crystal structure and phase purity of ZrSe3; were analyzed using powder X-ray diffraction (XRD).
High-quality single crystals were gently ground into fine powder to eliminate any preferential orien-
tation effects. XRD measurements were performed using a PANalytical Empyrean Alpha-1 diffrac-
tometer equipped with a Cu Ko radiation source (A = 1.54 A).

Table 5.1: Refined structural parameters of ZrSes from Rietveld analysis.

Parameter Value

Space Group/Phase P2,/m, No. 11 / monoclinic

Lattice Parameter a 544 A

Lattice Parameter b 3.77 A

Lattice Parameter ¢ 949 A

Lattice Angles a = 90.00°, 8 = 98.02°, v = 90.00°
Wyckoff Position (Zr and Se atoms) | 2e sites with y = 0.25 and variable x and z
Direct Cell Volume (V) 193.04 A’

Goodness of Fit (y?) 6.78

The measured diffraction pattern and the results of Rietveld refinement are shown in Figure 5.2.

Sharp, intense peaks were observed, indicative of the high crystallinity of the sample. The structural
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Figure 5.2: Rietveld refined X-ray diffraction pattern of ZrSes. Black circles represent observed data,
the red curve is the calculated fit, and green ticks indicate Bragg reflection positions.

refinement was carried out using the crystallographic model reported by Furuseth er al. [38] for
ZrSes3, which adopts a monoclinic structure with the P2,/m space group. The refinement achieved
a goodness-of-fit value of x? = 6.78, suggesting excellent agreement between the observed and
calculated patterns.

The refined lattice parameters were found to be approximately a = 5.41 A, b = 3.75 A, ¢ =
9.47 A, and B = 97.72°, consistent with literature values [39,40]. No secondary phases were detected,
confirming the high purity of the synthesized material.

Grinding the crystals into powder effectively randomized the crystallite orientations, minimizing
the influence of texture. As a result, the intensities of the (001) reflections typically strong in single
crystals were suppressed, allowing an accurate structural determination.

In summary, the XRD results validate the successful synthesis of phase-pure, monoclinic ZrSes

with excellent crystallinity, making the sample suitable for further optical, electrical, and thermal

property investigations.
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5.3 Raman Spectroscopic Investigation of ZrSe;

Raman spectroscopy was employed to study the vibrational properties of ZrSe; over a wide tempera-
ture range, from 93 K to 473 K. ZrSe; crystallizes in a monoclinic structure (space group P2;/m), and
group theoretical analysis predicts six Raman-active modes arising from Ag and Bg symmetries. The
recorded Raman spectra at room temperature revealed five prominent peaks located approximately at

75 cm™, 110 cm™, 180 cm!, 240 cm™, and 310 cm™, as shown in Figure 5.3.
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Figure 5.3: Room temperature Raman spectrum of ZrSe;, with major vibrational modes marked.

These peaks correspond to different vibrational motions of Zr and Se atoms within the lattice,
consistent with prior theoretical predictions [37] and experimental reports [40]. The modes observed
around 75 cm™ and 110 cm™ can be attributed to low-frequency Bg-like and Ag-like vibrations, re-
spectively, while the peaks near 180 cm™! and 240 cm™! arise from internal vibrations involving Zr-Se
bond stretching and Se-Se dimers. The highest-frequency peak near 310 cm™! is likely associated
with higher-order lattice vibrations.

Upon lowering the temperature, an interesting behavior was observed: the peak located near
240 cm™' at room temperature gradually split into two distinct components below approximately

200 K, as illustrated in Figure 5.4. This splitting is indicative of a subtle change in the vibrational
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dynamics, possibly due to reduced thermal disorder and a lifting of phonon degeneracy at low tem-

peratures.
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Figure 5.4: Low-temperature Raman spectra of ZrSe; showing the splitting of the ~240 cm™ mode.

Such phonon mode splitting has been reported in other layered materials and is typically attributed
to weak interchain interactions and increased phonon lifetimes as temperature decreases. The overall
sharpness and distinctness of the Raman peaks at lower temperatures also indicate a high degree of
crystallinity and well-preserved structural order in the sample.

Comparison with previous theoretical and experimental studies confirms the validity of our obser-
vations. Mortazavi et al. [37] predicted strong Raman-active modes for ZrSe; at frequencies close to
220 cm, 171 em™!, and 292 cm!, which are in good agreement with the peaks observed experimen-
tally, considering slight shifts due to differences between monolayer and bulk forms. Additionally,

the work by Patel ef al. [40] discussed the semiconducting nature and optical properties of ZrSes,
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supporting the stable lattice behavior inferred from Raman measurements.

In conclusion, the Raman spectroscopic investigation of ZrSe; reveals multiple vibrational modes
corresponding to the monoclinic structure, and the low-temperature splitting of the 240 cm™ peak
provides evidence of subtle changes in the lattice dynamics. These results enhance the understanding
of the vibrational behavior of ZrSe; and underline its potential for temperature-sensitive applications

in electronic and optoelectronic devices.

5.4 SEM and EDS Analysis of ZrSe;

The surface morphology and elemental composition of the synthesized ZrSe; crystals were examined
using Scanning Electron Microscopy (SEM) coupled with Energy Dispersive X-ray Spectroscopy
(EDS). The SEM images revealed that the ZrSe; crystals possess a layered and plate-like morphology,
consistent with the expected lamellar structure of transition metal trichalcogenides. The layered
arrangement, with relatively smooth and well-defined edges, reflects the good crystallinity and growth

quality of the sample.
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Figure 5.5: EDS spectrum of ZrSes confirming the presence of zirconium and selenium in near-
stoichiometric ratio.No impurity elements are detected, supporting phase purity and successful syn-
thesis.

To verify the elemental stoichiometry, EDS measurements were performed on several regions of

the crystal surface. The corresponding EDS spectrum confirmed the presence of only zirconium (Zr)
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and selenium (Se) elements, with no detectable impurities within the instrument’s resolution limits.
Quantitative analysis yielded a composition of approximately 27.9 wt% zirconium and 72.1 wt%
selenium. In terms of atomic percentages, the Zr and Se contents were found to be 25.1% and 74.9%,
respectively.

The atomic ratio obtained from EDS closely matches the ideal stoichiometric ratio expected for
ZrSe;, which theoretically consists of one zirconium atom to three selenium atoms. Minor deviations
from exact values can be attributed to instrumental errors or slight surface non-uniformities during the
measurement. Overall, the EDS analysis confirms the successful synthesis of stoichiometric ZrSes,

supporting the results obtained from structural and vibrational studies.
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Chapter 6

Isovalent Substitution in ZrSe, and TiSe5:
Synthesis and Study of Zr( ¢5Tig.955¢, and

Tig,05Zr(.955€;

6.1 Introduction

After establishing the fundamental structural and electronic properties of pure ZrSe, and TiSe,, the
next step involves investigating the effects of isovalent substitution in these systems. Transition
metal dichalcogenides (TMDCs) are highly sensitive to subtle changes in composition, which can
significantly influence their physical properties. In this context, we have synthesized and studied two
lightly substituted compounds: Zr o5 Tig95Se, and Tig 5Zr.955€5.

Although Ti** and Zr** ions are isovalent, their differences in atomic size and electronic structure
can introduce notable modifications to the host lattice and band structure. Such substitutions can
lead to phenomena like pseudodoping, where the material exhibits doping-like electronic behavior
without actual carrier injection, as recently reported by Merentsov et al. [41].

The synthesis strategies were tailored to the characteristics of each system. For Ti-doped ZrSe,
(Tig.0sZrp955€,), the compound was directly synthesized using the chemical vapor transport (CVT)
method, with iodine as the transport agent. The starting powders were sealed in an evacuated quartz
ampoule and subjected to a temperature gradient of 925°C at the hot end and 810°C at the cold end
for a duration of five days.

In contrast, for Zr-doped TiSe, (Zrg5Tig955€>), the synthesis involved a two-step process. Ini-
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tially, a solid-state reaction was carried out, where Ti, Zr, and Se powders were thoroughly ground,
pelletized, and heat-treated to obtain the polycrystalline phase. These pellets were then used as pre-
cursors for a second CVT growth step under similar thermal conditions to promote the formation of
high-quality crystals.

The motivation behind exploring these materials lies in the opportunity to finely tune the elec-
tronic phases of TiSe, and ZrSe, through minimal isovalent substitution. TiSe, is known for its
commensurate charge density wave (CDW) transition near 200 K, which is sensitive to external per-
turbations such as doping or pressure. ZrSe,, on the other hand, is a semiconducting TMDC with an
indirect bandgap. Introducing Zr into TiSe, offers a route to modify or suppress the CDW order via
lattice distortions and electronic structure changes, while Ti substitution in ZrSe, may induce met-
allization or alter its semiconducting behavior. Understanding these effects is crucial for advancing
our knowledge of pseudodoping phenomena and for developing strategies to engineer new electronic

states in layered materials.

6.2 SEM and EDAX Analysis

To evaluate the morphology and elemental composition of the synthesized Zr( s Tip.95Se, and Tig o521 955€
samples, Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Analysis (EDAX) were
performed.

SEM imaging revealed clear differences in microstructure between the single crystalline and poly-
crystalline samples. The single crystals obtained through the chemical vapor transport (CVT) method
displayed well-developed layered morphology with smooth surfaces and visible cleavage planes,
characteristic of high-quality van der Waals crystals. In contrast, the polycrystalline samples ex-
hibited a relatively rougher and more granular surface, indicating the typical grain growth associated
with solid-state reaction methods.

Elemental analysis through EDAX further confirmed the successful incorporation of dopants into

the host lattices. For the single crystal sample of Ti-doped ZrSe,, the EDAX results showed:

Element | Weight % | Atomic %
Ti (K) 1.1 1.9
Se (L) 61.3 64.1
Zr (L) 37.6 34.0
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Figure 6.1: EDS spectrum confirming Zr, Se, and trace Ti presence in the expected ratio, supporting
successful substitution.

The measured atomic percentages indicate a small amount of Ti substitution, close to the tar-
geted 5% doping level. Slight deviations from the nominal composition are typical in EDAX mea-
surements, especially at low doping concentrations, and can be attributed to factors such as sample
surface roughness and instrumental sensitivity.

For the polycrystalline sample of Zr-doped TiSe,, the EDAX data are summarized as follows:

Element | Weight % | Atomic %
Ti (K) 25.1 35.8
Se (L) 69.8 60.4
Zr (L) 5.1 3.8

In this case, the observed Zr content aligns well with the intended nominal composition of
Zro0s5TigosSe,. The Se content remains relatively stable, suggesting minimal selenium loss during

the synthesis and transport process.
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Figure 6.2: EDAX elemental mapping of Ti, Zr, and Se for single crystal Ti-doped ZrSe,.

6.3 X-ray Diffraction Analysis

X-ray diffraction (XRD) studies were carried out to investigate the structural characteristics of Zry o5 Tig.95S€,
and Tig5Zry95Se, samples.

For Ti-doped ZrSe,, due to the limited quantity of synthesized single crystals, it was not possi-
ble to perform powder X-ray diffraction (PXRD) by grinding the crystals. However, single crystal
XRD measurements were conducted. The diffraction pattern revealed only four prominent peaks
corresponding to the (001) planes, characteristic of a layered structure with strong preferred orienta-
tion along the c-axis. This result is consistent with the expected structure of layered transition metal
dichalcogenides and confirms the successful growth of single crystals, as shown in Figure 6.3.

In the case of Zr-doped TiSe,, a sufficient amount of polycrystalline material was available, allow-
ing PXRD measurements to be performed. The powder XRD pattern, shown in Figure 6.5, matched
very well with the standard pattern of pristine TiSe,, previously measured under identical conditions.
This indicates that the substitution of a small amount of Zr into the TiSe, lattice does not signifi-

cantly alter the overall crystal structure. Additionally, single crystal XRD was also performed on the
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Figure 6.3: XRD pattern of Single crystal for Ti-doped ZrSe, showing sharp reflections.

Zr-doped TiSe; crystals (Figure 6.4), where, similar to pure TiSe,, only four major peaks correspond-

ing to the (00I) planes were observed, confirming the layered nature of the material.
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Figure 6.4: XRD pattern of Single crystal for Zr-doped TiSe, showing (001) reflections.

Furthermore, Rietveld refinement was carried out on the PXRD data of the Zr-doped TiSe, poly-

crystalline sample. The refinement results Figure 6.5 showed excellent agreement with the exper-

imental data, indicating a good fit and reaffirming the high phase purity and structural integrity of

the synthesized material. The lattice parameters obtained from Rietveld refinement were found to be

very close to those of undoped TiSe,, suggesting that the incorporation of Zr at low concentration

does not cause any significant distortion in the lattice.
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Figure 6.5: Rietveld refinement of PXRD pattern for Zr-doped TiSe,.

Overall, XRD analysis confirms the successful doping and retention of the layered 1T structure
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Space Group/Phase P-3m1/Trigonal

Lattice Parameters a=b=3.55A, c=6.00A
Wyckoff Positions (Ti&Se 1a(0,0,0) & 2d(1/3, 2/3, z):{z ~
atoms) 0.23}2

Volume (V) 65.65 A3

12 2.81

in both Ti-doped ZrSe, and Zr-doped TiSe, systems.

6.4 Raman Spectroscopy

Raman spectroscopy was employed to investigate the vibrational properties and any subtle structural
distortions arising from substitutional doping in Zr(5Tip9sSe, and TigosZrp9s55€,. These measure-

ments help to assess how the local environment and lattice dynamics respond to small compositional

changes.
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Figure 6.6: Raman spectra of ZrsTiy¢s5e, and pristine TiSe,. Both spectra show characteristic
E, and A,, vibrational modes of ZrSe,, with no observable shift or broadening in the doped sample.
This suggests that minor Ti substitution does not significantly alter the vibrational symmetry or struc-
tural integrity of the host lattice.

For Zr-doped TiSe,, the Raman spectrum displays two dominant peaks at positions correspond-
ing to the well-known E, and A, modes of pristine TiSe,. Importantly, the peak positions remain
nearly unchanged even with the incorporation of approximately 0.4% Zr, as indicated by EDS anal-
ysis. This suggests that the symmetry and long-range vibrational behavior of the TiSe, lattice are

largely preserved. The absence of any noticeable peak shift or splitting indicates that the low-level Zr
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substitution does not introduce sufficient perturbation to distort the crystal field or break the degener-
acy of vibrational modes. Thus, the Raman response confirms the structural stability and robustness

of the host lattice against minor isovalent substitution.
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Figure 6.7: Raman spectra of Tiy¢sZr9sSe; and pristine ZrSe,. The characteristic E, and A,
modes are observed in both spectra. While peak positions remain largely unchanged, the Ti-doped
sample exhibits a slight broadening of the E, mode, attributed to local structural distortion from Ti
substitution.

In contrast, the Raman spectrum of Ti-doped ZrSe, (Tiy.sZrg.95S€,) exhibits the characteristic £y,
and A, modes of ZrSe,, located at frequencies similar to those in the undoped compound. However,
a slight broadening of the E,, peak is observed. This broadening is typically associated with local
structural distortion or slight disorder in the lattice due to the presence of dopant atoms. Since Ti has
a slightly smaller ionic radius than Zr and a marginally different bonding behavior, its presence at Zr
sites may locally alter the vibrational coherence, leading to reduced phonon lifetime and hence peak
broadening. Despite this, the retention of the main vibrational features and their positions suggests
that the global symmetry of the crystal remains unaffected.

These observations reinforce the understanding that small isovalent substitution in layered tran-
sition metal dichalcogenides can introduce local modifications without substantially affecting the

global lattice symmetry or phonon dynamics, especially when the substitution levels are minimal.
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Chapter 7

Conclusion

This thesis presented a comprehensive structural and spectroscopic investigation of selected two-
dimensional (2D) transition metal dichalcogenides (TMDs)—specifically ZrSe,, TiSes, and ZrSe;—alongside
isovalently substituted derivatives such as Zrg o5Tig.955e2 and Tig g5Zr 955€2. These materials were
synthesized using the Chemical Vapor Transport (CVT) method, which yielded high-quality crystals
with well-defined structural features.

X-ray diffraction (XRD) confirmed the phase purity and structural integrity of all samples. ZrSe,
and TiSe; crystallized in the trigonal space group P3m1, with sharp and intense (001) reflections indi-
cating excellent crystallinity and preferred orientation along the c-axis. In contrast, ZrSez, a member
of the trichalcogenide family, exhibited a monoclinic structure with chain-like motifs, resulting in a
more complex diffraction pattern due to its quasi-one-dimensional geometry and reduced symmetry.

Raman spectroscopy was used to probe vibrational characteristics and confirm crystal structures.

I which remained stable across a broad tem-

ZrSe, displayed a dominant A;, mode near 195 cm™
perature range (93 K to 483 K), showing only a gradual decrease in intensity—indicative of thermal
stability and the absence of any structural phase transitions. TiSe; exhibited a temperature-dependent
Raman response consistent with a charge density wave (CDW) transition below approximately 200 K.
New low-frequency modes appeared in this regime, attributed to CDW amplitude fluctuations, and
vanished at higher temperatures, confirming the reversibility of the phase transition.

A notable result emerged from the temperature-dependent Raman study of ZrSes. Due to its lower
monoclinic symmetry, ZrSez displayed more complex phonon behavior compared to the higher-

symmetry compounds. As temperature decreased, one prominent Raman mode exhibited a clear

splitting into two components. This splitting is attributed to the lifting of degeneracy and enhanced
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phonon anisotropy resulting from symmetry-lowering and directional bonding, further emphasizing
the quasi-one-dimensional character of ZrSes.

Field Emission Scanning Electron Microscopy (FESEM) and Energy Dispersive X-ray Spec-
troscopy (EDX) confirmed clean, layered morphologies and near-stoichiometric compositions for all
samples. Minor deviations, such as Zr enrichment in ZrSe,, were found to influence electrical resis-
tivity, possibly via unintentional doping. Trace iodine from the CVT process was detected but did not
significantly affect the structural or vibrational properties.

Electrical resistivity measurements supported these observations. ZrSes displayed metallic-like
behavior with increasing resistivity as temperature rose, likely linked to off-stoichiometry. TiSes
demonstrated semimetallic characteristics with features associated with the CDW transition.

In conclusion, the interplay of crystal structure, symmetry, and stoichiometry has been shown to
critically influence the vibrational and electronic behavior of 2D TMDs. Observations such as phonon
mode splitting in ZrSe3 and temperature-dependent CDW signatures in TiSe, highlight the sensitivity
of these materials to structural changes, paving the way for their use in tunable optoelectronic and

low-dimensional quantum devices.
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