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ABSTRACT

In recent years, there has been significant interest in topological insulators (TIs) in
the fields of condensed matter physics and materials science, driven by their predicted
unique physical properties and potential applications in spintronics and quantum
computation. Tls are a class of materials characterized by an insulating bulk bandgap and
conducting topological surface states (TSS) protected by time-reversal symmetry. In this
study, we selected bismuth selenide (Bi.Ses), a three-dimensional topological insulator,
as our target material. We compared Bi,Ses films deposited on sapphire (Al»Os)
substrates using one-step furnace heating and two-step furnace heating methods. Our
experimental results convincingly demonstrate that Bi,Ses; films deposited with the two-
step temperature setting exhibit significantly higher quality.

We conducted a comprehensive analysis of the Bi,Ses films, including scanning
electron microscopy (SEM), X-ray diffraction (XRD), and X-ray photoelectron
spectroscopy (XPS). The two-step temperature deposition process yielded optimized
results in terms of film characteristics. Typically, the thin films had a thickness of
approximately 0.7 micrometers. Material analysis revealed a strong correlation between
the chemical bonding and crystal structure of the Bi.Ses thin films, resembling those of a

single crystal of Bi,Ses.
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Subsequently, we explored the characteristics of topological insulators, such as the
weak antilocalization effect, by conducting magnetotransport experiments on thin films
of the material using the Physical Properties Measurement System (PPMS). By
comparing the magnetotransport behaviors of these films, we gained a deeper
understanding of their response to external magnetic fields and transport properties. We
analyzed both one-step and two-step epitaxially grown films and observed that the two-
step epitaxial growth demonstrated more pronounced characteristics of a topological
insulator, showing a more significant WAL effect, higher MR values, and greater
sensitivity to external magnetic fields. Additionally, we observed different scenarios,
ranging from the ideal case (with dominant surface contributions) to more realistic
situations (where bulk contributions prevail).

By comparing our findings with data reported inthe literature, we were able to reveal
the intrinsic properties of Bi»Ses and further confirm that the two-step epitaxial growth
method results in higher-quality and thin films with better topological characteristics

compared to the one-step process.

Key word: Bi,Ses, one-step, two-step, surface quality analysis, magnetotransport, weak

antilocalization effect.
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Chapter 1. Introduction

1.1 Background and Overview

In condensed matter physics, topological materials have emerged as a fascinating
and swiftly developing field of study. These materials exhibit unique electronic properties
that are fundamentally different from conventional insulators, semiconductors, and
metals. Topological materials are distinguished by the presence of topological invariants,
which protect robust surface or edge states that are highly conductive and immune to
backscattering. One of the most well-known and extensively studied classes of
topological materials is topological insulators (TIs). TIs are materials that possess an
insulating bulk band gap but host conducting surface states. These surface states exhibit
a linear dispersion relationship, similar to relativistic Dirac fermions, and are protected
by time-reversal symmetry. Due to their unique electronic structure, topological insulators
have potential applications in various fields, including spintronics, quantum computing,
and energy conversion.

Bismuth selenide (Bi>Se;) is one of the pioneering and extensively studied
topological insulator materials. At the surface or interface of Bi>Ses, a highly conductive
two-dimensional (2D) electron gas forms due to the presence of topological surface states.

These surface states are protected by time-reversal symmetry and exhibit a linear

1
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dispersionnear the Fermi level. Bi,Ses is a good option for research into and application

of topological phenomena due to its special characteristics, such as the existence of

topological surface states. In order to preserve and fully exploit the surface states,

researchers have investigated different approaches to fabricate topological material thin

films, including methods such as mechanical exfoliation, molecular beam epitaxy (MBE),

metal-organic chemical vapor deposition (MOCVD), physical vapor deposition (PVD),

chemical vapor deposition (CVD), pulsed laser deposition (PLD).

Having achieved high-quality topological thin films, researchers have shifted their

focus to studying the behaviors of these materials. Transport studies of TIs have provided

valuable insights into the unique quantum phenomena exhibited by their topological

surface states. These phenomena have been observed in various TIs, leading to intriguing

experimental results. For instance, Aharonov-Bohm oscillations have been observed in

Bi,Ses; nanoribbons|[1]. Additionally, weak anti-localization (WAL) has been identified in

BisSes and BisTe; thin films, indicating the presence of coherent electron backscattering

due to spin-momentum locking in the surface states[2-4], and 2D Shubnikov-de Haas

(SdH) oscillations have also been recorded|5, 6].

In this thesis, we concentrate on the two-step epitaxial growth method for depositing

Bi,Ses thin films on sapphire (Al2O;3) substrates, aiming to achieve enhanced film quality.

Subsequently, we explore their magnetotransport properties using a Physical Property

2
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Measurement System (PPMS) to investigate the behavior of topological insulators.
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1.2 Motivation and Purpose

A topological insulator material with unique electronic properties makes it desirable
for various technological applications. However, achieving high-quality Bi,Ses films with
controlled thickness and morphology is crucial for realizing their full potential in practical
devices. The use of Al,Os; as a substrate in thin film deposition is motivated by its
excellent thermal and mechanical properties, as well as its widespread availability. Al,O3
offers a stable and robust platform for growing Bi,Se; films, providing an opportunity to
study their growth mechanisms and optimize the deposition process. Among the various
deposition methods, the two-step deposition method is particularly intriguing due to its
potential to improve film quality and control the growth process. Exploring the two-step
method for depositing BixSes on Al,Os holds promise for obtaining high-quality films
with enhanced structural and electronic properties. The purpose of this research is
multifold. Firstly, it aims to investigate the growth process of Bi,Se; thin films on Al,O3
using the two-step method. By systematically varying deposition parameters and
analyzing the resulting film characteristics, the study aims to understand the underlying
mechanisms involved in film nucleation, growth, and structural evolution. Furthermore,
the research seeks to characterize the structural, morphological, and electrical properties

of the deposited BixSes films. By employing techniques such as scanning electron
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microscopy (SEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
and physical property measurement system (PPMS), the study aims to assess the film
quality, crystal structure, surface morphology, conductivity, and topological
characteristics. These characterizations provide valuable insights into the film's
performance and its potential for device applications. Ultimately, the findings of this
research contribute to a broader understanding of the growth and properties of Bi,Ses
films on Al,O;. The optimized deposition conditions obtained from this study can lead to
high-quality thin film materials with excellent topological characteristics, which can be

applied in various future applications.
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1.3 Thesis Outline

This section's primary purpose is to elucidate the thesis's organization.

In Chapter 1, we provide an introduction to the research by giving background
information and an overview of the study. The motivation and purpose behind
investigating topological insulators (TIs) are also explained.

Chapter 2 is dedicated to the theoretical framework and literature review. We delve
into the concept of topological insulators and explore their unique material properties.
The chapter also includes a comprehensive literature review on various deposition
methods used to create thin films of topological materials. Additionally, we review the
existing literature on magnetotransport phenomena observed in topological materials.

Chapter 3 focuses on the fabrication process and measurement setup. The detailed
procedure for depositing Bi,Se; thin films is outlined. Furthermore, we describe the
preparation process for magnetotransport measurements using the Physical Properties
Measurement System (PPMS). Various instruments and analysis techniques used
throughout the study are also discussed.

Chapter 4 presents the results obtained and initiates in-depth discussions. We analyze
the properties of the topological thin film, including the growth process of Bi»Se; films,

X-ray Photoelectron Spectroscopy (XPS) analysis, and X-ray Diffraction (XRD) analysis.
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Subsequently, we investigate the magnetotransport behavior of topological materials.
Lastly, in Chapter 5, we draw conclusions based on our findings and discuss the
future prospects for this research. The implications of our results are discussed, and

potential directions for further investigations in the field of topological insulators are

outlined.
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Chapter 2. Theory and Literature

Review

2.1 Topological Insulators

Topological insulators (TIs), unlike conventional insulators, have conducting surface
or edge states within the bulk band gap between the valence and conduction bands, as
shown in Figure 2.1. These surface states are protected by time-reversal symmetry and
resistant to disorder, which makes them highly desirable for applications in spintronics,
quantum computation, and energy conversion.

The mathematical concept of topology plays a central role in comprehending and
describing topological insulators. In the context of condensed matter physics, topology
refers to the global properties of the electronic structure of a material that remain
unchanged under continuous deformations. This topological protection guarantees the
stability of the surface or edge states and renders them immune to backscattering, even in
the presence of impurities and imperfections.

Typically, the electronic structure of topological insulators is distinguished by a bulk
band gap and gapless surface or edge states. These surface states possess distinctive

characteristics, such as a linear dispersion relationship and spin-momentum locking, in
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which the electron's spin is bound perpendicular to its momentum. The spin-momentum
locking results from the strong spin-orbit coupling in topological insulators and gives rise

to fascinating phenomena like the quantum spin Hall effect.

(a) Surface / (b) 3DTI
(conducting) I Energy
Bulk
(insulallng) Surface states
‘ ky
/ Surface states
(c) Insulator (d) Metal (e) 2D TI
E E E
C.B.
Spin Surface states

Fig. 2.1 (a) Schematic representation of topological insulator material: bulk is insulating
where surface is conducting or metallic behavior. (b) Energy dispersion of the spin non-
degenerate surface state of a 3D TI forming a 2D Dirac cone. Energy band diagram of:
(c) insulator with large band gap and (d) metallic or conducting with no gap between
conduction band and valance band. (e) Dispersion of a topological insulator, showing

Dirac dispersing surface states lying in the bulk band gap.
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2.2 Material Properties

2.2.1 Physical Properties of Bi>Se;

Bismuth selenide (Bi2Ses), a compound belonging to the family of three-dimensional
TIs, has emerged as one of the most promising materials in this class. Bi»Ses possesses
several appealing characteristics that make it highly suitable for various applications. It
features a rhombohedral crystal structure with the space group D34 (R3m) with five
atoms in one unit cell. The atomic structure of Bi,Ses; consists of weakly covalent
quintuple layers, which consist of five atoms: two equivalent Se atoms (represented by
Sel), two equivalent Bi atoms, and a third Se atom (represented by Se?), as depicted in
Figure 2.2. The coupling between two atomic layers within one quintuple layer is robust,
whereas the coupling between two quintuple layers is significantly weaker and
predominately of the van der Waals type [7]. With a relatively wide bandgap of 0.35 eV,
Bi,Se; enables efficient control of the transport properties through tuning the Fermi level
position within the bandgap.[8, 9] Additionally, Bi»Se; displays distinct Dirac cones in
the TSS, offering a platform for investigating novel quantum phenomena as the quantum
spin Hall effect and topological superconductivity. Another advantage of Bi,Ses is its
remarkable thermoelectric performance at temperatures near room temperature[10, 11],

making it promising for energy conversion and waste heat recovery applications.

10
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Fig. 2.2 (a) Hexagonal crystal structure of Bi,Se; where a quintuple layer with Se!-Bi-
Se2-Bi-Se! sequence is presented by the blue square. (b) Top view along the z-direction.
One quintuple layer's triangle lattice has three distinct positions, denoted A, B, and C. (c)
Side view of the quintuple layer structure. The stacking order of Bi and Se atomic layers

along the z-direction.

11
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2.2.2 Physical Properties of Al,Os

In order to fully unleash the potential of Bi>Ses in practical devices, optimizing the
growth of high-quality films on suitable substrates is crucial. Among the wide range of
substrate options, c-plane sapphire (AlO3) is the most commonly used substrate for
growing Bi,Ses films. Although there is a considerable lattice mismatch (~15%) between
c-plane Al,O; and Bi,Ses, leading to potential structural defects like twin defects,
antiphase domains, or mosaicity-twists[12], it still possesses the same in-plane lattice
structure as BixSes. Despite this mismatch, AlOs offers several advantages that make it
an attractive choice for BiSe; growth. Al,Os is a transparent material with excellent
mechanical toughness, strength, and outstanding thermal and dielectric properties. Its
corrosionresistance and stability even at high temperatures, with a melting point of up to
2030°C, make it highly desirable for various applications. The well-established and cost-
effective growth process of Al,Os crystals along the C-axis results in a smooth and
flawless surface, ensuring a high-quality film-substrate interface during the deposition of
thin films. Additionally, the exceptional insulation properties of AlOs; prevent any
interference from the substrate, enabling reliable electrical transport measurements of
Bi,Ses thin films and making them suitable for room temperature applications[13, 14].
Given these benefits, c-plane Al,O; remains a favorable choice for epitaxial growth of

12
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BisSes films despite the lattice mismatch.

Fig. 2.3 Crystal structure of the single-crystal sapphire.[15]

13
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2.3 Literature Review for Deposition Methods for

Topological Material Thin Films

Incorporating TI thin films into electronic devices necessitates high mobility of non-
trivial surface carriers and a low bulk carrier density. However, defects on the surface can
reduce the mobility of surface states, limiting their contribution to transport. Therefore,
developing high-quality thin films is crucial to fully harness the potential of TIs in
technological applications. Researchers have explored various approaches to fabricate
crystalline thin films, including methods like mechanical exfoliation, molecular beam
epitaxy (MBE), metal-organic chemical vapor deposition (MOCVD), physical vapor
deposition (PVD), chemical vapor deposition (CVD), and pulsed laser deposition (PLD)
[11, 16-20], among others.

Molecular beam epitaxy (MBE) stands out among the deposition techniques as a
popular technique for producing high-quality topological thin films. By layer-by-layer
depositing atoms or molecules, MBE enables fine control over the film's development
while assuring good crystallinity and stoichiometry. In numerous researches, topological
thin films with variable carrier concentrations and thicknesses were successfully grown
using MBE.

Another popular technique is pulsed laser deposition (PLD), which employs a high-
14
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energy laser to ablate a target material and deposit it onto the substrate. The production

of topological thin films with distinct crystal structures and sharp interfaces has been

successfully shown via PLD.

Topological thin films have also been created using physical vapor deposition (PVD)

techniques such as thermal evaporation and electron beam evaporation. These techniques

offer simplicity and versatility, making them suitable for both laboratory-scale research

and industrial applications.

Another deposition technique that is frequently used in the development of

topological thin films is sputtering. Particularly magnetron sputtering makes it possible

to manage the film thickness and deposit films with remarkable uniformity.

Chemical vapor deposition (CVD) is emerging as a promising technique for large-

scale production of topological thin films due to its scalability and cost-effectiveness.

High-quality films can be deposited via CVD by chemical interactions between precursor

gases and the surface of the substrate[21].

Another two-step growth method[22, 23] is employed to improve the film quality

and control imperfections in topological thin films, aiming to produce high-quality

topological material thin films. The main steps of this method involve a low-temperature

growth followed by a high-temperature growth. Firstly, the low-temperature growth step

aims to form an atomically flat surface on the substrate. This step is typically performed

15
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using MBE technique, where Bi and Te atoms are deposited on the substrate in the form

of'a low-energy beam. The intention of this step is to create a surface with atomic flatness

and reduce the formation of defects. Next, the high-temperature growth step is carried out

to further increase the thickness of the Bi,Tes thin film. In this step, Bi and Te atoms are

deposited with higher energy onto the previously formed atomically smooth surface. This

promotes higher crystalline quality and the formation of larger domain structures in the

thin film. Researchers have observed that BioTes films grown using this method exhibit

large-area micrometer-scale domain structures and wide concentric atomic flat terraces

on the surface. Moreover, this method significantly reduces the three-dimensional

structure density in the thin film, improving the crystalline quality and reducing

dislocations or island merging. The optimal temperature for the low-temperature growth

step is 195°C, while the optimal temperature for the high-temperature growth step is

240°C.

The literature analysis concludes by highlighting the variety of deposition techniques

available for topological material thin films, each with specific benefits and drawbacks.

The development of topological materials research and possible technology applications

has been facilitated by researchers' ongoing efforts to optimize these fabrication processes

for topological thin films with improved electrical and transport properties.

In this study, we employed the advantages of a two-step temperature approach to
16
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deposit Bi>Se; on Al,O; substrates. The deposition was carried out using a conventional

tube-furnace CVD system. Compared to other methods, CVD is a cost-eftective option.

17
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2.4 Literature Review for Magnetotransport of

Topological Material

The study of magnetotransport in topological materials has shed light on
fascinating phenomena associated with their linearly dispersing semi-metallic surface
states. Among these phenomena, the presence of weak anti-localization (WAL) in the
magnetoresistance of three-dimension TIs at low magnetic fields has emerged as a
crucial area of investigation. WAL refers to the quantum interference effect that leads
to a reduction in the scattering of charge carriers in certain materials, resulting in non-
saturating magnetoresistance behavior.

At high magnetic fields, researchers have extensively studied linear
magnetoresistance (LMR) in topological insulators, particularly in materials like
Bi,Tes, BisSes, and other TIs[24-28]. The non-saturating LMR at high magnetic fields
has been a subject of interest due to its potential applications in magnetic field sensors.
Additionally, logarithmic magnetoresistance arising from WAL has been observed at
low magnetic fields and low temperatures in various topological insulators[2, 3, 29-
31]. This logarithmic behavior tends to diminish at higher temperatures, reflecting the
influence of temperature on the transport properties of these materials.

The coexistence of LMR with quantum oscillations in certain topological
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insulators has intrigued researchers, as it deviates from the predictions of the well-

known Abrikosov's theory, which addresses the behavior of superconductors in

magnetic fields. To explain the non-oscillatory LMR behavior observed in physically

inhomogeneous samples, an alternative classical theory proposed by Little and

Parishwood has been employed. This theory has proven to be effective in describing

the transport characteristics of narrow or zero bandgap systems like TIs.

To understand the weak anti-localization phenomenon in the linearly dispersing

surface states of TIs, researchers have utilized the Hikami-Larkin-Nagaoka (HLN)

model[32]. This model accounts for the quantum interference effects that contribute to

the observed WAL behavior and provides important information about the quantum

interference effects and electronic properties of the material. By applying the HLN

model to the magnetotransport data, researchers can extract valuable insights into the

scattering mechanisms and the characteristics of charge carriers in the topological

insulator.

The literature review reveals a wealth of fascinating magnetotransport phenomena

in topological materials. The interplay between LMR, quantum oscillations, and WAL

in topological materials has become an exciting area of research. These findings

provide valuable insights into the unique transport properties of topological insulator

surface states, highlighting their potential for various applications in spintronics and
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quantum computing. Further investigation into these transport phenomena promises to

deepen our understanding of the electronic behavior of topological insulators and may

lead to novel technological advancements.
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Chapter 3. Fabrication and

Measurement

3.1 Bi:Se3; Thin Film Deposition

In a tube furnace setup, Bi,Ses films were deposited on single-crystalline substrates.
As seen in Figure 3.1, a horizontal tube furnace is equipped with a three-zone heater and
an Ar gas mass flow controller. Before being used for the deposition of thin films, Al,O3
substrates were cleaned using a normal technique. This was done so that single crystalline
BisSes thin films could be grown on Al,Os (0001) substrates. The Al,Os substrate was
sequentially immersed in acetone and methanol at 100°C for five minutes each, followed
by rinsing with isopropanol and drying using an N, stream. This was done so that any
possible dirt and grime could be removed from the surface. Weighing and depositing in
the middle of the quartz tube furnace 600 mg of powder that contains 99.999% Bi,Ses.
Both of the sides of the furnace, which is 30 centimeters away from the center, were
stocked with Al,O; substrates. Approximately 5 x 1072 torr was the initial pressure
identified inside the tube. The gas flow controller was opened to allow an Ar gas flow
rate of 150 sccm, causing the tube pressure to increase by 250 torr. Subsequently, the
pump switch was turned on again to begin the pumping process. This procedure
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effectively cleaned the tube. Following the tube cleaning, the pressure inside the tube was

reduced to less than 5x107 torr through further pumping[33].

Quartz tube

r~
Vacuum gauge

Furnace

Sources,

[

Substrates H

Substrates

Temperature Controller

- 1
Gas Flow Control Box

Fig. 3.1 Schematic drawing of a horizontal tube furnace.

Figure 3.2 (a) illustrates the temperature variation diagram of the three regions of

the furnace tube during the one-step growth process. Using 600 mg target. the center of

the furnace was heated to 800 °C and the substrates at both sides has a temperature around

700 °C. The Bi,Se; growth time is around 150 mins. In order to obtain a smooth surface

so that surface defects may be suppressed, a second step was introduced to desorb and

volatilize the surface impurities incurred during the growth. The temperature in the center

of the furnace was decreased to 300 °C, while that at the substrates of both sides is 650

°C, as shown in Figure 3.2 (b).
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Fig. 3.2 Temperature variation diagram of the furnace, (a) one-step growth (b) two-step
growth.

Figure 3.3 illustrates the temperature color distribution trend inside the furnace and
the path of the target material deposited on the substrate after heating. Then obtain a single
crystal thin film of Bi,Ses measuring between 500 to 700 nm thickness, as observed in
Figure 3.4. Moreover, to prevent the deposition of airborne impurities onto the substrates,
the temperature of the second step was adjusted accordingly. By lowering the temperature

in the central area to 20°C, the likelihood of such a scenario occurring could be largely

mitigated.
Quartz tube [ =
Furnace
1| = Iul
- Substrates Sources Substrates o
L )

Fig. 3.3 Temperature color distribution and path of deposited target material in the furnace.
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Fig. 3.4 SEM of BixSe; epitaxial thin film thickness side-view.
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3.2 Measurement Process Flow

In order to investigate magnetic transport, we have deposited electrodes on the
already epitaxially grown and surface-smoothed thin film samples. This enables
subsequent wire bonding and measurements inthe physical property measurement system
(PPMS) system.  The process flow, as shown in Figure 3.5, begins with the conventional
cleaning of the substrate to remove impurities from the Al,O3 substrate. Following this,
the BisSes thin film is epitaxially grown on the substrate using the process parameters
described in Section 3.1. Once we have obtained the desired thin film, we can proceed
with further fabrication. The prepared Bi,Ses thin film serves as the foundation for
depositing electrodes. A metal stack of Ti/ Au with thicknesses of 10/200 nm, respectively,
is deposited onto the film. After depositing the electrodes on the sample, we perform wire
bonding to attach the sample to the corresponding electrodes on the PCB board. The wire
bonding is done to ensure proper electrical connections. Once the sample is prepared, we

can proceed with the measurements using the PPMS system.
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Fig. 3.5 Process flow for sample preparation for PPMS measurement.
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3.3 Methods of Material Analysis

3.3.1 X-ray Diffraction

X-ray diffraction (XRD) is a widely used technique for the structural
characterization of materials. The composition of an XRD diffractometer is shown in
Figure 3.8, which includes the essential components used in the analysis process. It
provides valuable insights into the arrangement of atoms in a crystal lattice, allowing
researchers to determine the crystal structure, phase composition, and crystalline quality
of'a sample. XRD is based on the principles of Bragg's law and the interference of X-rays

scattered by the crystal lattice.

X-ray detector
source

. . , i

inCiden'f""--.,_ '...‘ ll.......................\:::_'.'
optics - i

recieving
optics

Fig. 3.6 Composition of an XRD Diffractometer.[34]
In our study, we are using Cu Ka radiation with a wavelength of 1.5418 A. According
to Bragg's law (nk = 2d sinB), constructive interference occurs when the path difference
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between X-rays scattered from successive crystal planes is an integer multiple of the

wavelength. This allows us to calculate the interplanar spacing (d) based on the diffraction

angle (0), as shown in Figure 3.7.

2d sinB

Fig. 3.7 Schematic representation of the Bragg equation.[34]

The resulting XRD pattern provides information about the crystal structure,

including the lattice parameters, symmetry, and orientation of the crystal. It also allows

for the identification of different crystal phases present in a sample. Additionally, the

intensity and width of the diffraction peaks provide insights into the crystalline quality,

strain, and defects within the material. XRD is also a non-destructive technique, making

it highly suitable for helping us understand the characteristics and behavior of materials.
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3.3.2 X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS), also known as Electron Spectroscopy for
Chemical Analysis (ESCA), is a powerful surface analysis technique used to investigate
the elemental composition and chemical states of materials. It provides valuable insights
into the surface chemistry, bonding characteristics, and electronic properties of a wide
range of solid materials, including metals, semiconductors, polymers, and organic
compounds.

In our study, we utilize an XPS instrument, as shown in Figure 3.8. The XPS
instrument consists of several essential components, including an X-ray source, a sample
chamber, an energy analyzer, and a detector. The X-ray source, in our case, is an Al Ka
monochromator, which emits a monochromatic X-ray beam. This X-ray beam is directed

onto the sample's surface in the sample chamber.

electron energy
analyser

lens
system

Electron | | XPS
multiplier spectrum

UHV chamber

Fig. 3.8 Schematic of an XPS instrument.[35]
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When the X-rays interact with the sample's surface, they cause the ejection of

photoelectrons from the outermost atomic layers. The emitted photoelectrons are then

accelerated towards the energy analyzer, which measures their kinetic energy, as shown

in Figure 3.9. By analyzing the energy spectrum of the emitted photoelectrons, we can

identify the elements present in the sample and determine their chemical states. XPS

provides valuable information about the elemental composition, chemical environment,

and bonding characteristics of the sample's surface. It can distinguish between different

oxidation states, identify surface contaminants or adsorbates, and detect changes in

chemical states induced by surface treatments or reactions.

@ Photoelectron

Elermi level

3/2

2]') —

172 Binding Energy
2s ’./ .—
1s @, .—

Binding Energy = X-ray Energy — Photoelectron Kinetic Energy

\

Identification of elements

Fig. 3.9 Principle of XPS.
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3.3.3 Scanning Electron Microscope

The scanning electron microscope (SEM) utilizes a high-energy electron beam to
scan the sample, generating images. It consists of three main components: the vacuum
system, electron beam system, and imaging system. When the electrons interact with the
sample, they give rise to secondary electrons, backscattered electrons, and characteristic
X-rays, as shown in Figure 3.10. These signals are collected by one or more detectors to

create images, which are then displayed on a computer screen.

Electron beam from the source
Incoming primary electrons

Auger electrons

Secondary electrons f

!
s Backscattered electrons
’ o
’ 2
’,' Cathodoluminescence

X-rays

Sample

Fig. 3.10 Electron beam-sample interaction and emitted signal.[36]

Upon striking the sample's surface, the electron beam penetrates the material to a depth

of a few microns, depending on the accelerating voltage and sample density. This
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interaction inside the sample leads to the production of various signals, such as secondary

electrons and X-rays. The maximum resolution achievable in an SEM is influenced by

factors such as the electron spot size and the interaction volume of the electron beam with

the sample. While atomic resolution is not possible with SEM, some instruments can

achieve resolution below 1 nm. Generally, modern full-sized SEMs offer resolution in the

range of 1-20 nm.

32

doi:10.6342/NTU202304198



3.3.4 Photolithography

The photolithography process involves transferring designed patterns from a mask
onto the sample. To complete the photolithography process, several steps are required,
including spin-coating photoresist, aligning patterns on the mask with those on the sample,
exposure, and finally developing the photoresist.

During spin-coating, the photoresist is dispensed onto the sample, which is
positioned on the spin-coater. Initially, the rotation rate is low, and then it is increased to
achieve a thin and uniform film. The thickness of the photoresist after spin-coating
depends on factors such as viscosity, surface tension, spinrate, spintime, and acceleration
rate. The square of the thickness of'the photoresist is approximately inversely proportional
to the spin rate.

Photoresist can be categorized into positive and negative tones. In positive-tone
resist, the exposed area to UV light dissolves into the developer, while in negative-tone
resist, the exposed area becomes insoluble. Photoresist usually consists of polymer,
solvent, sensitizer, and additives. The polymer provides adhesion to the sample's surface,
the solvent dissolves the polymer and sensitizer to reduce the resist's thickness, and the
sensitizer regulates the photochemical reaction during UV light exposure.

For positive resist, the sensitizer undergoes dissociation and breaks the cross-links
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after exposure to UV light, transforming it into an aqueous-base-soluble material that can

be developed. In negative resist, the sensitizer contains organic material with an N3 group,

and during exposure, the release of N, gas leads to cross-linking of the bonding,

enhancing chemical resistance.[37]

In this research, the photolithography process uses various types of photoresists,

including novolak-based s1813 (MICROPOSIT), polydimethylglutarimide (PMGI), and

LOR (MicroChem). These photoresists are all positive-tone resists.
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3.3.5 Electron Beam Evaporation

Electron Beam Evaporation is a widely used physical vapor deposition (PVD)
technique for depositing thin films onto substrates. It involves the use of an electron beam
to heat a solid material, causing it to vaporize and form a thin film on the substrate.

In the Electron Beam Evaporation process, a high-energy electron beam is generated
and directed towards a target material, which is typically placed in a vacuum chamber.
The electron beam bombards the target, causing its atoms or molecules to be ejected from
the surface and form a vapor. This vapor then condenses onto the substrate, which is

positioned in close proximity to the target, as shown in Figure 3.11.

[ | Rotation
QCM deposition Wafer

O,\ -

Shutter ——3 Mag“"gf“"d
——
E-beam

Vacuum pump

Filament Accelerator

Fig. 3.11 Schematic of Electron Beam Evaporation System.[38]

High deposition rates, great film homogeneity, and superb composition control are
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all benefits of electron beam evaporation. It is a flexible technology that is frequently

utilized in many different industries, including coatings, optics, electronics, and

semiconductor production. Electron beam evaporation is a crucial procedure in numerous

scientific and industrial applications because it is particularly useful for producing high-

quality films with exact control over thickness and composition.
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3.3.6 Physical Property Measurement System

A flexible and sophisticated experimental platform that is frequently used in
condensed matter physics, materials science, and other scientific fields is the Physical
Property Measurement System (PPMS). The PPMS is a tool that Quantum Design
developed to measure a wide range of physical properties of materials in various
temperature, magnetic field, and pressure environments. Figure 3.12 shows that the
Quantum Design PPMS-16T PPMS model we used has a superconducting magnet that
can make magnetic fields up to 16 Tesla strong. This lets researchers study the magnetic
properties of materials. It also provides accurate temperature control over a large range,
from temperatures close to absolute zero to as high as 400 K, enabling the study of
materials under various temperature regimes.

The PPMS is capable of measuring a wide range of physical characteristics, such as
magnetic susceptibility, thermal conductivity, electrical resistivity, and many more.
Researchers can develop a thorough understanding of the electrical and magnetic
properties of the materials under study by integrating these data with information on
temperature and magnetic field dependence. The system is an effective instrument for
fundamental research and the identification of unique physical processes in a variety of
materials due to its adaptability, high sensitivity, and precision.
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Fig. 3.12 Function of the PPMS - Quantum Design PPMS-16T.[39]
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Chapter 4. Results and Discussion
4.1 Topological Thin Film Analysis

4.1.1 Scanning Electron Microscope Analysis

At the beginning of the epitaxial growth experiment, we set two parameters for
adjustment: the weight of the target material and the epitaxial growth time. Referring to
previous literatures[13, 21, 33, 40] on epitaxial growth and considering the melting point
of BisSes;, we chose 800°C as the center temperature of the furnace tube. Subsequently,
we conducted a comparative analysis to assess the effects of different constant
temperature times (1 hour, 1 hour 30 minutes, 2 hours 30 minutes, and 4 hours) and target
material weights (300 mg and 600 mg) on the deposited films. This analysis is supported
by the SEM images in Figure 4.1 (a)-(h). From Figure 4.1 SEM images, it is evident that
the epitaxial films deposited with 600 mg target material exhibit superior surface quality
compared to those with 300 mg. The 600 mg films already display the desired hexagonal
crystal structure of Bi,Ses. Moreover, within the 600 mg target material parameter, the
length of the epitaxial time also plays a role in film quality. Films deposited for both 1
hour 30 minutes and 2 hours 30 minutes show fewer defects compared to those deposited
for 1 hour and 4 hours. Specifically, when comparing the films deposited for 1 hour 30
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minutes and 2 hours 30 minutes, it is evident that the latter exhibits a lower defect density

than the former. Hence, the ideal configuration comprises a 600 mg target material and

an epitaxial period of 2 hours 30 minutes.

Deposition Time

4h

= 10um

2h30m

1h30m

lh

300 600 Target Weight (mg)

Fig. 4.1 The growth of Bi,Ses on a Al,O;3 substrate under different conditions, with target

weights of 300mg (a)-(d) and 600mg (e)-(h), and deposition times of 1 hour, 1 hour 30

minutes, 2 hours 30 minutes, and 4 hours, respectively.

Although the BisSes thin films grown for 2 hours 30 minutes already exhibited a
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hexagonal crystal structure, we introduced a second-step temperature epitaxial growth
process to further improve their surface defects. The second-step temperature was set
from the left to right zones of the tube furnace as 650°C, 20°C, and 650°C. The
temperature ramp-up time for this step was set at 1 hour 30 minutes, followed by natural
cooling. The purpose of the second-step temperature was to lower the temperature in the
middle region, allowing any remaining impurities and defects to preferentially deposit in
the middle region rather than on the surrounding substrates. This approach aimed to
minimize the impact of defects on the film's surface and enhance its overall quality. By
carefully controlling the temperature gradient, we could encourage the deposition of
impurities and defects away from the substrate edges, leading to improved film properties.

The initial assessment of surface smoothness was done based on visual observation with

@ (b)

Fig. 4.2 Photograph of (a)one-step (b) two-step Bi>Se; thin film surface.

the naked eye, and Figure 4.2 shows an image captured using a mobile phone. Figure

4.2(a) depicts a BioSes film grown using a single-step temperature process, with crystal

growth parameters of 300°C, 800°C, and 300°C maintained for 2 hours and 30 minutes.

As shown in Figure 4.2 (a), preliminary visual inspection reveals a metallic silver

appearance on the surface, but it does not exhibit a smooth texture. Figure 4.2(b)
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illustrates a Bi,Se; film grown using a two-step temperature process, with the temperature

and epitaxial time for both steps being identical to those described inthe previous section.

Preliminary visual inspection reveals a similar metallic silver appearance on the surface

as in Figure 4.2 (a), but with a mirror-like smoothness. Therefore, upon comparing

photographs Figure 4.2 (a) and (b), it is evident that the epitaxial quality in (b) surpasses

that in (a). Additionally, both (a) and (b) demonstrate the complete deposition of Bi,Ses

on the Al,O; substrate. Figure 4.3 depicts the growth morphology change of the Bi,Ses

film on an Al,Os substrate.

Fig. 4.3 SEM of (a)one-step (b) two-step Bi2Se3 thin film surface.

Figure 4.3(a) shows a generally smooth surface structure with some symmetrical

triangular and hexagonal morphologies exhibiting smooth multilayer structures arranged

in the same direction. On the other hand, Figure 4.3(b) shows the surface after undergoing

the second-step epitaxy, gradually forming a highly smooth planar layer. On the surface,

some dendritic characteristics are visible, which may be related to internal stress [18].
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The cross-section scanning electron microscope (SEM) image of films is shown in Figure

3.4, which clearly depict a relatively smooth layer. The thickness of the film was

estimated to be around 700 nm for deposition on Al,Os substrates.
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4.1.2 X-ray Photoelectron Spectroscopy Analysis

In order to determine the chemical stoichiometry of our thin films, we employed X-
ray photoelectron spectroscopy (XPS) with an Al Ka monochromator X-ray source. We
utilized this technique to investigate the influence of the environment on Bi,Ses thin films,
and recorded XPS spectra for samples prepared through both one-step and two-step
temperature processes. Figure 4.4 shows the full-range scan, revealing the presence of
peaks corresponding to Bi, Se, O, and C. In this figure, there is not a significant difference
between the samples prepared using the one-step and two-step temperature processes, so
closer inspection of the Se 3d and Bi 4f spectra is necessary. Additionally, it is worth
noting that the presence of trace amounts of carbon (C) and oxygen (O) during the
synthesis is not uncommon [41]. This could be attributed to the adsorption of CO», O, or
H>O on the surface of the sample. This finding further supports the formation of a high-

purity product in our study.
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Fig. 4.4 XPS patterns of Bi>Ses thin films deposited on Al,O3 substrates.

Figure 4.5 shows the spectrum of the sample prepared using the one-step
temperature process. In Figure 4.5(a), the selenium spectrum appears as a broad peak,
which can be deconvoluted into two peaks at 50.95 eV and 51.775 eV, corresponding to
Se 3ds» and Se 3ds,, respectively. Figure 4.5(b) displays the XPS spectrum of the Bi 4f
core level, clearly showing two sets of spin-orbit doublet components with peak positions
at approximately 156.3 eV and 161.525 eV, corresponding to Bi 4f7, and Bi 4fs,
respectively. Although this data indicates successful fabrication of Bi>Se; films, a slight

deviation in binding energy is observed compared to previous research[41-43].
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Fig. 4.5 XPS spectra of one-step BixSes thin film: (a) Se 3d peaks; (b) Bi 4f peaks.
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Fig. 4.6 XPS spectra of two-step Bi,Ses thin film: (a) Se 3d peaks; (b) Bi 4f peaks.

Therefore, we further conducted measurements using the same approach on the

samples prepared via the two-step temperature process. The Se 3d spectrum displayed in

Figure 4.6(a) exhibits an excellent fit using two peaks corresponding to Se 3ds» and 3ds,

with binding energies of 53.3 and 54.1 eV, respectively. This observation suggests the

presence of Se in the films as a compound of Bi,Ses. In Figure 4.6(b), the Bi 4f spectrum

is fitted well by the Bi 4f7,, and 4f5/, peaks located at 157.8 and 163.2 eV, respectively.

The observed energy splitting of 5.4 eV aligns with previous reports[43]. Notably, the Se

3ds;, peak exhibits a red shift of approximately 2.2 eV compared to pure bulk Se, while
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the Bi 4f peaks demonstrate a blue shift of approximately 1.1 eV[42, 44]. These opposing
shifts in binding energy are attributed to the Se-Bi bonding, which involves charge
transfer from Bi to Se. Thus, these findings confirm the formation of high-purity Bi,Ses;
films in this study.

According to the XPS data, the atomic percentage can be estimated using the ratio of
relative sensitivity factors (RSF) and peak area, as well as a simple algorithm suggested
by previous literature[45-47]. Therefore, we derived the following formula to estimate

the atomic percentage.

Bipeak area

Bi RSFg;

— 0y = "Bl 0

Se”’” Se peak area x 100%
RSFs,

Since the areas of C and O are negligible, they can be disregarded. The atomic

percentages of 44.43% for Bi and 55.57% for Se can be obtained in the one-step growth

of the Bi,Se; thin film. The slight deviation from the theoretical ratio of Bi,Se; suggests

the possible presence of Se vacancies or defects. The atomic percentages of 40.86% for

Bi and 59.14% for Se can be obtained in the two-step growth. The atomic ratio of Bi and

Se is close to the theoretical ratio of Bi,Ses, indicating the phase purity and high

crystalline quality of the two-step grown sample.
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4.1.3 X-ray Diffraction Analysis

To gain a deeper understanding of the crystal structure of materials, we employ X-
ray diffraction (XRD) measurements with Cu-Ko radiation source. Therefore, by
analyzing XRD patterns, we can determine the crystalline nature and phase purity of the
BisSe;s thin films prepared using a tube furnace. In Figure 4.7, we present high-resolution
XRD 26-omega scans of the Bi»Se; thin film deposited through a one-step temperature
process on an Al,Oj3 substrate (Figure 4.7(a)) and a two-step temperature process (Figure
4.7(b)). These scans were conducted in the angular range of 20, = 5° to 20,4 =
90°. As shown in Figure 4.7, several diffraction peaks appear at approximately 9.3°, 18.6°,
28.1°,37.8°,47.7°,58.1°, and 68.9°, corresponding to the (0003), (0006), (0009), (0012),
(0015), (0018), and (0021) planes of hexagonal Bi,Ses, respectively. These diffraction
peaks indicate that the material possesses the same rhombohedral layered crystal structure
as pure Bi»Se; and belongs to the R3m space group[48]. In the case of the film deposited
on the A[,O3; (0001) substrate, only the 0003n family related to hexagonal Bi,Se; and the
Al,Os substrate peaks were observed. This observation confirms the presence of highly
c-axis-oriented Bi,Ses thin films on the Al,Os substrate. Furthermore, Figure 4.7 reveals
that the lattice spectrum of the Bi>Se; thin film deposited using the two-step method is
significantly superior to that of the film deposited using the one-step method. Specifically,
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for the BixSes (0006) plane, a higher intensity and sharper peak were observed in Figure
4.8(b) compared to Figure 4.8(a) at the same intensity scale. From the XRD data, the
(0006) plane peaks were analyzed by fitting them with Gaussian functions. The obtained
full width at half maximum (FWHM) values for the (0006) peak were found to decrease
from 0.22 to 0.09 for the one-step and two-step processes, respectively. These findings
indicate that the crystallinity of the Bi>Se; thin film improves with the inclusion of the
second temperature step, as evidenced by the increased intensity and decreased FWHM

of the diffraction peaks.
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Fig. 4.7 XRD patterns of Bi»Se; films deposited on Al,Os substrates, (a) one-step growth,

(b) two-step temperature growth.
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4.2 Magnetotransport of Topological Material

In this chapter, we employed a two-step epitaxial growth technique to fabricate
Bi,Se; thin films on Al,O; substrates. On the films, electrodes were then fabricated. In
the study of transport properties in Bi,Ses topological insulator films, it is crucial to
differentiate between surface-state and bulk-state transport. A commonly used method to
determine whether the transport is dominated by surface states or bulk states is through
applied magnetic field measurements. Therefore, in this experiment, we conducted
magnetotransport measurements using the Quantum Design Physical Property
Measurement System-16T system.

As shown in Figures 4.9, the resistance of the Bi,Se; thin film decreases with
decreasing temperature, and gradually saturates at the temperature around 30K. In
topological insulator thin films, lattice defects serve as carriers introduced by doping.
Therefore, from Figures 4.9, we can observe that the resistance of the two-step
temperature-grown film is higher than that of the one-step film. In the case of the one-
step thin film, impurities replace certain atoms, introducing additional free carriers or
defect states[49, 50]. These free carriers or defect states facilitate the movement of
electrons within the material, consequently enhancing its conductivity. In the case of
BisSes, naturally formed selenium vacancies fill the conduction band, resulting in a
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metallic behavior of the film. Furthermore, the presence of these naturally occurring
defects shifts the Fermi level towards the bulk conduction band, leading to an n-type
behavior of the system[51], consistent with the bulk carrier concentration results obtained
from Hall measurements for both one-step (—1.8 x 1019) and two-step (—4.36 x 1018)
growth thin films. Additionally, the unique band structure of Bi,Ses thin films includes
not only a bulk conduction band but also surface states. These surface states intersect with
the Fermi level. This particular band structure is a unique feature of topological materials

[3, 52], as shown in the inset of Figures 4.9 (a).
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Fig. 4.9 Resistance vs temperature curves taken from 5 to 300 K: (a) one-step growth, (b)
two-step growth.

It's important to note that the resistance-temperature curve (R(T)) of the two-step
growth film exhibits a higher slope compared to that of the one-step growth film.
However, in the case of Bi;Ses films, when both bulk and surface states coexist, the
dominant influence of the bulk states might completely mask the contribution of the
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surface states to the R(T). In other words, when both bulk and surface states are present

within the film, accurately distinguishing the effects of surface states from R(T) might be

challenging due to the potentially stronger impact of the bulk states, effectively

overshadowing the contribution of surface states.

This implies that the difference in R(T) slopes primarily arises from the

variations in bulk carrier mobility and concentration with temperature. These changes are

influenced by the intrinsic quality of the film's internal structure. In other words, the

presence of impurities within the film could directly alter the bulk carrier mobility and

concentration, consequently leading to a reduced slope in the R(T) curve. This reduction

reflects a decreased sensitivity of the film's resistance to temperature variations.
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Fig. 4.10 Perpendicular MR for the film at 5 K: (a) one-step growth, (b) two-step growth.

Parallel MR for the film at 5 K: (c) one-step growth, (d) two-step growth.
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Subsequently, we employ two distinct magnetic-field orientations: B ., which refers
to a magnetic field perpendicular to the film surface, and B, which represents a magnetic

field parallel to the sample surface. The magnetoresistance (MR) is defined as:

_R(B) —R(0)

= 0
MR R(0) X 100%

where R(B) denotes the resistance under a magnetic field and R(0) represents the
resistance at zero magnetic field.

Figure 4.10 illustrates the anisotropic MR behavior[52-55]. The perpendicular MR
is greater than the parallel MR at 5K, indicating that the transport of topological insulators
is sensitive to B.. A sharp cusp is clearly observed at T=5K, indicating the presence of a
weak antilocalization (WAL) effect. It can be observed that the WAL effect is more
pronounced in the two-step grown thin films compared to the one-step grown thin films.
This is because the WAL effect arises from coherent scattering due to the electron's
motion in the material, influenced by spin-orbit coupling and electron-electron
interactions. When the defect density is lower, scattering events are reduced, thereby
enhancing the manifestation of the WAL effect.

Additionally, the perpendicular MR induced by high magnetic fields shows a linear
and non-saturating behavior, suggesting the our topological insulator film exhibits two-
dimensional characteristics[52, 56]. The two-dimensional characteristics in topological

insulators stem from special surface states that confine electrons to predominantly move
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within the material's surface, resulting in magnetoresistance responses. If the WAL is
primarily caused by spin-orbit coupling in a 3D bulk channel, then the magneto-
conductivity should be independent of the magnetic field tilt angles[57]. The parallel MR
of the film, as shown in Figure 4.10 (c) and (d), follows an approximately parabolic B-
field dependence over the entire range of magnetic fields. This semiclassical B?

dependence results from the Lorentz deflection of carriers. According to Kohler's rule:

R(B)

R(0) ~1 + (uB)?

where 1 represents the thin film mobility. The mobility (p) is greater in the direction of
the magnetic field perpendicular to the film compared to the direction of the magnetic
field parallel to the film. As a result, the influence of the Lorentz force is more pronounced
in the case of a perpendicular magnetic field, leading to significant deflection in the
trajectories of charge carriers. On the other hand, in the case of a magnetic field parallel
to the film, the impact of the Lorentz force is relatively smaller, resulting in less
significant deflection of charge carrier trajectories. Due to the stronger influence of the
Lorentz force on charge carriers in the perpendicular magnetic field, the changes in thin
film resistivity in this direction are more apparent. Conversely, in the direction of the
parallel magnetic field, the MR effect is less pronounced. In other words, topological
materials possess surface states with strong spin-orbit coupling, making them highly

sensitive to external magnetic fields. The surface states of the material are directly
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influenced by the magnetic field lines in a perpendicular magnetic field, which causes a

more noticeable fluctuation in resistivity when a perpendicular magnetic field is applied.

(b)

0 8 -6 4 2 0 2 4 6 8 10
B(Tesla)

Fig. 4.11 MR of thin film at different temperatures: (a) one-step growth, (b) two-step

growth.

Further MR measurements were performed under a perpendicular magnetic field in

the temperature range of 5 to 300 K and magnetic field strength from -9t0 9 T. The MR

increases with the magnetic field, which agree with the typical observation of topological

insulators in the presence of an external magnetic field [58].

For both one-step and two-step grown Bi,Ses films, we have observed a temperature -

dependent linear MR (LMR) effect, as illustrated in Figure 4.11. This LMR effect is

characterized by a linear change in the sample's resistance with increasing magnetic field.

Such behavior can be attributed to either quantum[59] or classical[60] mechanisms,

which are known to cause LMR in various materials.

Despite the differences in MR values, the temperature and magnetic field
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dependence of the LMR effect are remarkably similar between the one-step and two-step

produced BisxSes thin films. Both show a V-shaped cusp at low temperatures and low

magnetic fields, a phenomenon often associated with the WAL effect observed in various

topological materials. As the temperature increases, the MR decreases and exhibits a trend

consistent with classical quadratic field dependence at higher temperatures. Additionally,

the LMR effect becomes less temperature-dependent below 50 K, and the high-field MR

deviates from the quadratic curve, indicating a tendency towards linear behavior.

Furthermore, a notable finding was that the MR values obtained from the one-step

growth of the Bi,Ses thin film were consistently smaller compared to the MR values from

the two-step growth. This difference suggests that the one- step growth sample may

possess a more distinct conductive channel due to the presence of impurity doping, which

helps form and enhance the conductive channels for electron transport, thereby leading to

the observation of a smaller MR. On the other hand, the relatively larger MR in the two-

step growth sample could be attributed to the improved crystalline quality and reduced

defects resulting from the second-step growth process, leading to the observation of a

larger MR.

57

doi:10.6342/NTU202304198



0.000 0.0000
(a) -0.002 (b) gil
-0.004 g
-0.006 -0.0005 2" "
L] L]
~~ ggi’i [ " "
= L]
m . m -0.0010 .. .l.:-
~ Vo ~
oo4| 7 wm 300K U . um 300K
g 0016 an 200K < -0.0015 .l .l. 200K
am u
-0018 "
-0.020 o= 100K -0.0020 ." 100K
-0.022 _" 50K . 50K
= »
-0.024
00| © oK ) -0.0025 .. 5K
-0.028 == HLN fitting == HLN fitting
B e I R I I e

Fig. 4.12 Magnetoconductance analysis of Bi>Ses single crystal measured at different
temperatures: (a) one-step growth, (b) two-step growth. The black solid line represents
the HLN fitting,

In addition, the magnetoconductance of the crystal is analyzed in order to investigate
the role of surface and bulk carriers at various temperatures and magnetic fields, as shown
in Fig. 9. The magnetoconductance exhibits a sharp cusp at low magnetic fields and
temperatures, which broadened with increasing temperature. The contribution of WAL in
magnetoconductance, AG = G(B) — G(B = 0), arising from the Dirac-like surface states
in 3D topological insulators, can be analyzed using the following Hikami-Larkin-

Nagaoka (HLN equation) [30, 32, 61, 62]:

AG(B) = G(B) — G(0) = —fr—e;[ln (%"’) — 3 (% +%¢)]

where, e is the electronic charge, h is the Plank’s constant, B is the applied magnetic field,

Y is the digamma function, B, = sonL 2 18 the characteristic magnetic field, and L,
0]

and a are the two fitting parameters signifying phase coherence length and prefactor
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respectively. In a topological insulator, oo =—1/2 represents a single conducting channel,
whereas o = —1 denotes two separate conducting channels, each of which contributes o =
—1/2 [12]. The HLN model was originally introduced to describe the magnetoconductivity
o in ideal two-dimensional spin-orbit coupled systems, considering only the contribution
of surface states in 3D topological insulators. It can also be applied to thin films to
simplify the analysis and circumvent the complexity of considering bulk states.
Importantly, the HLN model continues to be utilized for analyzing the
magnetoconductance of thick films of 3D topological insulators, even as the sample
thickness increases [29, 57, 62, 63].

Through HLN fitting analysis of our magnetoconductance data, as shown in Fig. 9,
we observed that as the temperature increases from 5 K to 300 K, the L, of the one-step
growth film decreases from 6.228 nm to 4.128 nm, while the L, of the two-step growth
film decreases from 9.242 nm to 6.246 nm. This temperature dependence could be
attributed to inelastic electron-phonon or electron-electron scattering [64]. From the data
fitting, we found that the o values for the one-step growth film (a ~ —1.5 X 10%) and the
two-step growth film (a ~ —6.6 X 10?) are significantly higher than the typical range,
consistent with results reported for other 3D topological insulator samples with similar
sample thicknesses [29, 57, 62]. The pronounced increase in o values may primarily be

influenced by the presence of the 3D bulk channel. Through analysis of the fitting
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parameters, we observed a correlation between the increase in o values and the
corresponding decrease in L, values. This suggests that during the one-step growth
process, impurity defects may form additional conduction channels leading to the increase
in a values, stated differently, a smaller a value indicates a more prominent contribution
from the surface conduction channel. However, these additional conduction channels
exhibit relatively weaker phase coherence compared to the stability of surface states.
Therefore, our fitting results indicate that in the case of two-step growth, the L, value
remains larger than in the one-step growth scenario, implying a relatively diminished
influence of impurity scattering,

Through temperature-dependent measurements, it is evident that with increasing
temperature, the contribution from bulk states dominates the overall electrical
conductivity, further confirming the significance of 3D bulk channels in the thick film

samples of 3D topological insulators.
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Chapter 5. Conclusion

In this study, we successfully compared the deposition of Bi,Ses thin films on Al,O3
substrates using one-step and two-step epitaxial growth techniques. Through
comprehensive analysis using various characterization techniques, it was observed that
the two-step temperature deposition method significantly improved the quality of Bi,Ses
films. This improvement was confirmed through initial visual inspection, SEM images,
and XRD patterns, which revealed that films deposited using the two-step temperature
approach exhibited better crystallinity and surface smoothness. The enhanced quality can
be attributed to the temperature setting in the second step, which effectively reduced
surface defects and improved the film's crystalline quality.

Furthermore, XPS analysis indicated that the two-step temperature deposition
method effectively controlled the chemical composition of the BiSes film. This result
suggested that the temperature setting in the second step contributed to adjusting the
distribution and chemical bonding of elements in the film, further enhancing its
performance and stability. Therefore, by further optimizing deposition conditions and
adjusting parameters such as the temperature and deposition rate in the second step, the
crystallinity and interface properties of the film can be further improved. These insights
provide valuable guidance for the future design and manufacturing of high-performance
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BizS€3 thin films.

Additionally, we utilized the PPMS to investigate the magnetotransport of films

fabricated using both one-step and two-step epitaxial growth methods. By comparing the

magnetotransport behaviors of these films, we gained a deeper understanding of their

response to external magnetic fields and transport properties. The one-step epitaxial

growth exhibited clear indications of impurities in both the resistance-temperature

relationship and the MR performance. In contrast, the two-step epitaxial growth

demonstrated more pronounced characteristics of a topological insulator, showing a more

significant WAL effect, higher MR values, and greater sensitivity to external magnetic

fields. Furthermore, the fitting using the HLN equation revealed that our epitaxial thin

films, due to their relatively larger thickness, exhibited a significant contribution from

bulk-state transport. Moreover, the observed smaller value of a in the two-step growth

compared to the one-step growth suggests a more prominent two-dimensional

characteristic, indicating a better topological material.

In conclusion, our research findings confirm that adopting the two-step temperature

deposition method significantly improves the quality and enhances the topological

characteristics of Bi,Ses thin films on Al,O3; substrates. This has important implications

for the development and application of thermoelectric materials and magnetic sensors,

while also providing valuable references and insights for related research fields.
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