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Abstract

Bismuth oxyselenide (Bi2O,Se) has garnered significant attention as a promising two-
dimensional material for next-generation electronic and optoelectronic devices due to its
remarkably high mobility, moderate bandgap, exceptional environmental stability, and
possession of a high-dielectric constant native oxide. Bi2O,Se-based field-effect transistors
(FETs) have demonstrated outstanding current on/off ratios exceeding 10° with an almost ideal
subthreshold swing of approximately 65 mV dec!, crucial for low-power logic devices. This
stratified material exhibits a unique defect structure where the donor state is situated above the
conduction band, resulting in exceptional metallicity. In this Thesis, we have investigated the
optoelectronic properties of Bi2O>Se nanosheets. In the thesis firstly, we have optimized the
growth conditions for synthesizing ultrathin nanosheets of Bi2O2Se on Fluorophlogopite mica.
We have developed a non-corrosive dry transfer method to Transfer these nanosheets for
studying their electrical Properties. Our transferred nanosheets display outstanding

optoelectronic properties, which is attributed to our damage-free transfer method.

Then we have investigated the temperature-dependent electronic Transport properties of our
samples. Here, we report the observation of metal insulation transition in a few nanometer-thin
Bi2,0,Se nanosheets by tuning the carrier density via back gate biasing. At high carrier density
c = n*, our devices displayed o ~ 1, which tells about the presence of screened coloumb
impurity scattering. As we decreased the carrier density below a critical density nc, the charge
homogeneity of the system breaks down, resulting in the development of strong
inhomogeneity. This leads to a percolation-driven transition in our system. At low carrier
density n < nc, the system is in an insulating phase where transport is well described by a

thermal activation mechanism where carriers are trapped in localized states, demonstrating the

Xi



role of disorder in our system. Our extracted value of average percolation exponent 6 = 1.28
matches well with the theoretical value of 4/3, confirming percolation-based MIT in BioO>Se

nanosheets.
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Chapter 1

Introduction

Since the discovery of graphene in 2004, the scientific community has been captivated by two-
dimensional (2D) materials. Their unique physical and chemical properties are significantly altered
by the quantum size effect, stemming from their nanoscale thickness'-2. This confinement of charge
carriers, light, and heat within the 2D plane induces notable transformations in electronic and
optical characteristics®>*. The realm of 2D materials is vast, encompassing a diverse array of
elements from the periodic table®. Consequently, this diversity yields a wide spectrum of electronic
behaviors, including metals, semimetals, insulators, and semiconductors with bandgaps across the
ultraviolet to infrared spectrum®®. Furthermore, the 2D structure aligns seamlessly with current
thin film fabrication methods in the semiconductor industry, enabling easy integration with
conventional electronic materials like silicon and application on various substrates. This synergy
positions 2D materials as promising contenders for advancing nanoelectronics, optoelectronics,
and the development of ultra-thin, flexible devices. Notably, the demonstration of 2D atomic
crystal integration circuits, encompassing memory, logic gates, amplifiers, oscillators, mixers,
switches, and modulators, showcases the potential for 2D materials to spearhead a new era of
electronic devices’. Leveraging functional integration circuits crafted from 2D materials holds

promise in addressing both technological and foundational hurdles in the electronics industry.

1.1 Family of 2D materials
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A wide range of 2D materials have been investigated through years of research, showcasing
diverse electronic properties from conductors to insulators. This family of materials includes
graphene, MXenes, 2D transition metal dichalcogenides (TMDs), layered perovskites, black
phosphorus (BP), graphitic carbon nitride (g-C3N4), hexagonal boron nitride (hBN), and metal
phosphorus trichalcogenides. These materials have been researched and analyzed to examine their
material characteristics and possibilities for sensing, optoelectronic, storage, catalysis, memory,
and dielectric applications'®!°, Besides the outstanding features mentioned earlier, research also
indicates the constraints linked to these 2D materials. Graphene's high mobility (>10* cm? V! 1)
is impressive. However, it's limited on/off ratio resulting from the lack of a bandgap hinders its
use in electronic applications!”!8. Conversely, 2D TMDs provide. a bandgap modulated by layers,
but their application is restricted due to the low carrier mobility at room temperature!®2!. Despite
its exceptional mobility and broad bandgap tunability, the practical application of BP as a
semiconductor is impeded by stability and processability limitations®>. Most 2D materials,
including BP, exhibit high air sensitivity, instability, and subpar performance due to their van der
Waals nature and interlayer gap. These setbacks restrict the utilization of 2D materials in device
applications. Hence, there is a pressing need to explore, design, and study novel 2D materials with
adjustable electronic properties, high carrier mobility, processability, and environmental stability

to enable the development of cutting-edge semiconductor devices?’.

Recently, 2D bismuth oxychalcogenides (BOXs) have garnered considerable interest because of
their outstanding physical and chemical characteristics, including high carrier mobility,

environmental stability, and tunable band gap. Theoretical results indicated that among the BOXs,
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Bi20,Se is the easiest to grow due to its relatively wider ranges of stable chemical potential, and

therefore, it has been explored more for fundamental and industrial applications.

1.2 Preparation Methods of Bi,O,Se

Many research endeavors have focused on achieving uniform large-scale growth of 2D Bi,0,Se
through a variety of top-down and bottom-up techniques. These methods include molecular beam
epitaxy (MBE), chemical vapor deposition (CVD), various chemical reaction approaches, salt-
assisted CVD, and mechanical exfoliation. The majority of documented findings have primarily
centered on the CVD growth process due to its ability to produce atomically uniform 2D Bi,O>Se
with favorable nucleation characteristics. While the exfoliation method can yield high-quality van
der Waals (vdW) 2D materials, the high interlayer binding energy in Bi2O2Se hinder achieving
large-scale atomic uniformity, particularly in exfoliating down to monolayer thickness. Leveraging
the formal bonds, the chemical reaction route has also been utilized for scalable production and
fundamental research of Bi»0>Se****. However, chemically integrated Bi>O»Se is prone to forming
bonds with external molecules (like oxygen) during the reaction process. Recently, solution-
assisted and salt-assisted (e.g., sodium chloride; NaCl) CVD methods have been adopted to
produce high-quality Bi>O,Se with controlled growth across wafer scales?s. The methods for
fabricating Bi202Se films are categorized into three main groups: (1) atomic deposition (CVD,

MBE), (2) chemical reaction (solution-assisted), and (3) mechanical exfoliation. This discussion
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delves into a few newly developed synthesis techniques of Bi2O,Se, outlining their advantages and

disadvantages in terms of mechanisms, structure, thickness, domain size, and quality.

1.2.1 Chemical vapor deposition

Chemical vapor deposition (CVD) is a widely used bottom-up technique for producing 2D
materials. It requires optimization of various growth factors, including gas pressure, heating
temperature, gas flow rate, precursor concentration, and more, to achieve the production of ultra-
thin 2D films at the atomic level?*?”?. In this procedure, vaporous compounds are initially
produced and carried by an inert gas to the desired substrate. Bi2O2Se thin films of superior quality,
featuring customizable size, precise thickness control, and exceptional electronic characteristics,
can be produced utilizing the CVD technique. In the initial phases of the research, Wu et al. and
Li et al. successfully created large-area, high-mobility 2D Bi,02Se crystals in thin film form on
mica using Bi»O3 and Bi>Se;s as precursors®®>!. This process is detailed in Fig. 2(b) The control
over nucleation sites, thickness, domain sizes, and crystal phase transition of Bi2O2Se thin films
was achieved by adjusting growth conditions. For instance, temperature control enabled the
synthesis of planar and vertical Bi2O2Se nanosheets. Lower temperatures facilitated a kinetics-

dominated growth, allowing for vertical growth unrestricted by the substrate. Conversely, at higher
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dual heating zone

Ar gas

Se Bi,O Bi,0,Se ,

Figure 1.1. Schematic illustrating the Growth of Bi2O2Se using CVD . This image has been

adapted with permission from Ref.*> Copyright © 2019, American Chemical Society

temperatures, thermodynamics-controlled growth resulted in only laterally arranged Bi2O2Se due

to increased adatom migration rates®!-32,

1.2.2 Pulsed laser deposition

The PLD method is utilized to create a thin film with identical stoichiometry to that of the source

(target). This process involves directing a focused, intense laser beam onto the target to vaporize
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the material within a high vacuum environment inside a chamber. The vaporized material then gets
deposited onto the substrate. PVD is a widely utilized and extensively explored technique for
depositing metal oxides and various other materials. Recent studies have documented the
deposition of Bi2O2Se thin films using the PLD method®***. Song et al. demonstrated the growth
of a single-crystalline Bi»O,Se thin film on a SrTiO; substrate®*. This method allows for the
creation of Bi2O2Se at lower growth temperatures while maintaining precise control over thickness

and stoichiometry.

1.2.3 Molecular beam epitaxy

Molecular beam epitaxy (MBE) presents an alternative method for producing Bi»O>Se through
atomic deposition with precise control over thickness®>’. In Fig 1.5b (left panel), a diagram
illustrates the process of preparing atomically thin Bi2O;Se films using the MBE technique. To
grow Bi202Se films, Bi and Se sources are evaporated using standard effusion cells within a
carefully regulated oxygen atmosphere®. The use of mica, with its insulating properties, and Nb-
doped STO (with approximately 0.5% mismatch), known for its excellent conductivity, are well-
matched substrates for this growth. Essential factors for successful MBE growth include
maintaining control over the Se/Bi flux ratio, oxygen pressure, and growth temperature (Tg). It is
crucial for Tg to be set between the evaporation temperatures of the two sources (e.g., Tgi > T >
Tse) to ensure precise thickness control and prevent unwanted bulk crystal growth resulting from

impurities like Se-rich or Se-poor conditions. By operating within the Se evaporation temperatures
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Figure 1.2 Schematic illustrating the Growth of Bi2O>Se using MBE . This image has been

adapted with permission from Ref.*> Copyright © 2019 Wiley-VCH

of 100 to 350 °C, it becomes feasible to achieve low-temperature growth of Bi2O>Se. A lower flux
ratio (Se/Bi) coupled with higher oxygen pressure aids in the production of a pure BioO>Se phase,
effectively avoiding Bi,Ses impurities. Liang et al. successfully synthesized a pure Bi.O>Se phase
equivalent to one unit cell on STO terraces at Tg =290 °C>. The thickness of Bi2O>Se was tracked
by varying the growth time, witnessing the merger of monolayer islands into uniform large-area
growth. Continual growth over time allows numerous monolayers to merge electrostatically,
facilitating multilayer growth. While this method enables the high-quality growth of 2D Bi12O>Se
at low temperatures, its implementation is constrained by the requirement for sophisticated

instrumentation, limiting its accessibility.
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1.2.4 Solution-assisted method

Recently, Zhang et al. have developed a solution-assisted method for the easy, quick, and
scalable synthesis of Bi»O,Se thin films on flexible muscovite substrates®®. This method involves
utilizing the selenization technique for Bi»0>Se growth. By using Bi(NO2)3/(CH20OH), as the
source for the BiO layer and Se as the source for chalcogenide layers, they were able to grow
layered Bi,O»Se. By adjusting the rotation speeds during spin-coating of a uniform layer of

Bi(NO7)3/(CH20H);, the layer thickness can be controlled.

Bi(NO»)»(CH:OH)2 Bz0:2Se

1. Annealing in air

\ 2. Selenization
\

Substrate

>

Figure 1.3 Schematic illustrating the Growth of B1,0O>Se using solution-assisted method. This
image has been adapted with permission from Ref.*® Copyright © 2020 American Chemical

Society

In another study, Dang et al. optimized an ion template-assisted method in a KOH medium for

the growth of a uniform few layers of BixO.Se with oxygen deficiencies. This well-known
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hydro/solvothermal method can be tailored to produce Bi»O>Se nanostructures with various

morphologies and defects to influence their electronic properties°.

A simple technique for Bi2O>Se growth involves the self-assembly of BiO and Se layers through
a chemical reaction using Bi(NO3)2-5H>O as the source for the BiO layer and Se(NH>»), for the Se
layer. This method allows for the synthesis of free-standing Bi»O.Se nanosheets at room
temperature under atmospheric conditions?. However, the presence of solvent and byproducts in
this process may lower the quality of the flakes and introduce defects and impurities. Therefore,
meticulous characterization is essential to understand the properties of pure Bi2O2Se produced

through this method.

1.2.5 liquid-phase exfoliation method

Another method for producing 2D Bi,O>Se involves exfoliating the bulk powder, as depicted in
Fig. 1.5d. Bi»O>Se nanosheets are derived from bulk BiO.Se using the liquid exfoliation method*.
Bi202Se quantum dots can be created through conventional bath and probe sonication methods.
Extremely small Bi,0O2Se QDs can be achieved by following three steps: grinding the bulk to create
a fine powder, bath sonication of the fine powder, and then ice bath probe sonication for several
hours. For the preparation of Bi20>Se QDs, the bulk powder is ground into fine powders and

dispersed in N-methyl-2-pyrrolidone (NMP), followed by liquid exfoliation for a few hours
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Figure 1.4 Schematic illustrating the Growth of Bi202Se using liquid-phase exfoliation
method . This image has been adapted with permission from Ref.** Copyright © 2020
Wiley-VCH
involving ice-bath sonication and ultrasound-probe sonication*’. Subsequently, to alter the solvent,
centrifugal separation or solvent removal (using a magnetic stirrer on a hot plate) of the QDs must

be performed and dispersed in the desired solvent.

1.3 Crystal Structure of Bi,O,Se

Bi20,Se represents one of the charge-carrying quasi-2D semiconductors exhibiting inherent n-type
characteristics. It features a layered body-centered tetragonal structure with lattice parameters a =
b =3.887 A and ¢ = 12.164 A, belonging to the I4/mmm space group. Bi»O>Se consists of
alternately charged layers along the ¢ axis; specifically, positive [Bi»02],>"" layers alternating with
negative [Se],>™ layers*!. The separation distance of 3.272 A between Bi and Se is significantly

greater than the combined effective ionic radii (3.01 A) of Bi** (1.03 A) and Se* (1.98 A) as well

10
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[Bi,O,] >

[Bi,O,] >

Figure 1.5. Schematic illustrating the crystal structure of Bi,O,Se. This image has been adapted

with permission from Ref.*° Copyright © 2017 American Chemical Society

as the covalent bond length of Bi»Ses*?. This implies that the bonding interaction between the Bi
and Se layers in Bi2O2Se is predominantly a weak electrostatic interaction. Conversely, the BiO
bond within the Bi>O layer exhibits a significantly shorter bond length of 2.31 A due to a strong
Bi-O interaction, attributed to the higher electronegativity and smaller atomic radius of O* (0.14
nm) in comparison to Se* (0.198 nm). Bi»O>Se features an interlayer binding energy of 76.80
meV/A? * | surpassing that of conventional 2D materials, which makes it challenging to

mechanically exfoliate in contrast to other 2D materials.

11
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1.4 Electronic Band Structure of Bi»O;Se

Bi20:Se can be seen as a variation of the topological insulator Bi-Ses. By replacing some heavy
selenium atoms with lighter oxygen atoms in the chemical structure, Bi2O.Se lacks the zero-
bandgap topological surface states present in Bi-Ses**, resulting in its classification as a typical
semiconductor. Nonetheless, Bi2O2Se exhibits a significant spin-orbit coupling effect, leading to

predicted physical phenomena like Rashba splitting and enhanced magneto transport*>43-4,

Energy (eV)

DOS (a.u)

Figure 1.6. Calculated band structure and density of states (DOS) of Bi2O>Se with a bandgap of

~0.85 eV. This image has been adapted with permission from Ref.** Copyright © 2017, Nature

Publishing Group .

12
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According to DFT calculations*?, Bi2O2Se possesses an indirect bandgap of approximately 0.8 eV,
with the valence band maximum (VBM) located at the X point and the conduction band minimum
(CBM) at the I" point. The conduction band near the Fermi level is predominantly influenced by
Bi p orbitals with a blend of some Se p orbitals. The conduction band minimum (CBM) at the I
point is primarily filled with Bi pz orbitals, while other points with lower symmetry, such as M
and A, exhibit a combination of Bi py and Se pz orbitals*'. The highly pronounced band curvature
and significant band dispersion observed at the CBM imply a low effective mass and high electron
mobility. In contrast, the valence bands are largely shaped by Se and O orbitals, with the Se
component being closer to the Fermi level. The in-plane carrier effective mass at the CBM is
around 0.14 me, which is lower than silicon (0.26 m¢), MoS> (0.4-0.6 m.), and black phosphorus
(0.15 me), suggesting very high electron mobility. Experimental studies by Wu et al. have shown
that the electron mobility of 2D Bi»0:Se crystals exceeds 20,000 cm?*V-!s! at cryogenic

temperatures.

Se vacancies are the predominant point defects in Bi2O2Se and typically function as electron
donors*”#. Decreasing Se vacancies by introducing additional selenium can effectively lower the
carrier concentration. However, the impact of such vacancies on electron mobility is minimal, as
the ionized donor sites are spatially distant from conduction channels, minimizing scattering
effects. Excessive selenium addition may lead to undesirable Se-Bi substitutions that could impede
carrier mobility*’. Tong et al. also observed reduced backward electron scattering in Bi»0>Se, a
phenomenon common in nontrivial Dirac semimetals®®. Due to its inherently high electron

mobility and reduced scattering, It can accommodate very dense current flow®!,

13
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1.5 Thesis Outline

The thesis is structured into the five chapters outlined below.

Chapter 1 provides a concise overview of the 2D materials family. It also touches on the

preparation techniques, crystal structure, and electronic band structure of Bi2OxSe.

Chapter 2 describes the primary synthesis and characterization methods employed in the thesis
for growing and analyzing the synthesized materials. The chapter also delves into the key device
fabrication techniques utilized in creating active devices for the electrical characterization of these

materials.

Chapter 3 discusses the CVD synthesis of Bi202Se nanosheets on F-mica and its characterization

. Then it explores the electrical and optoelectronic properties of these nanosheets.

Chapter 4 explores the Metal insulator Transtion charcterisation and its expalination using

percolation driven pathway .

Chapter 5 wraps up the thesis by detailing the future course of the research conducted in this

thesis.

14
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Chapter 2

Experimental Techniques

In this chapter, we will cover the experimental and characterization techniques used for material
synthesis, device fabrication, and electrical measurements in this thesis. We will start by discussing
the use of APCVD in the synthesis of Bi2O2Se nanosheets. Subsequently, we will delve into
structural characterization techniques such as HRTEM, Raman Spectroscopy, and AFM.

Following that, we will explore photolithography and PVD, which are used in device fabrication.

2.1 Material Synthesis

2.1.1 Chemical Vapor Deposition

Chemical vapor deposition (CVD) is a versatile method extensively used for growing various two-
dimensional (2D) materials and is considered the most promising approach for large-scale
production of monolayers over a large areal. It is a thermodynamic process where one or more
volatile precursors react or decompose on the surface of the substrate to create a thin film. The
process involves several steps, including the mass transport of precursors in the gas phase,
diffusion through the boundary layer, adsorption of precursors on the substrate, surface diffusion
to the growth sites, surface chemical reaction to form a thin film, desorption of byproducts, and

removal of the byproducts from the reaction chamber?. The characteristics of 2D materials heavily
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rely on factors such as their size, morphology, defects phase, and any interfaces, they contain.
These aspects can be managed through strategic design and precise adjustment of the CVD growth
processes. Therefore, comprehending the fundamental mechanisms of CVD growth, including

how variables like precursor material, substrate type, pressure, and temperature impact mass and

Figure 2.1 : Image of our Homebuilt CVD system used for synthesizing Bi,0,Se nanosheets.

heat flow, interface reactions, and consequently the material's growth, is crucial®. The impact of

certain general parameters is outlined here.
Precursor

Solid precursors such Bi,O3 and BixSes are employed in the synthesis of BioO>Se. It is essential to
maintain precise control over temperature when working with solid precursors due to their

sensitivity to temperature variations. On the other hand, gaseous precursors offer superior control

22



Chapter 2. Experimental Techniques.

over the quantity of reactant molecules, with the quality of the precursor playing a critical role in

determining the sample purity.

Temperature

diffusion through desorption and purging
boundary layer of by-products

interface

adsorption island growth film formation

Figure 2.2 : Schematic of a CVD process. The figure has been adapted with permission from

Reference %% .

Temperature plays a crucial role in determining the uniformity and composition of 2D films. Even
a slight variation in temperature can lead to significant changes in the saturation pressure of solid
precursors in their vapor phase, impacting the growth process. Moreover, temperature regulates
the reaction rate by influencing the mass transport of reactant species and reactions occurring at

the substrate surface. As the temperature rises, the proportion of precursors in the gas phase also
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increases. Consequently, growth becomes diffusion-limited at higher temperatures, while mass

transport becomes the limiting factor at lower temperatures®.
Pressure

The gas flow is influenced by the pressure within the reaction chamber. Opting for lower pressure
levels allows for better control of the reaction due to higher reactant species velocity and lower
precursor concentration. Monolayer growth is more favorable under reduced pressure conditions.
Second-layer nucleation primarily takes place at grain boundaries when pressure is low.
Conversely, higher pressures lead to arbitrary nucleation, resulting in a mix of monolayer and

multilayer growth®.

In this thesis, the CVD synthesis was conducted using a homebuilt atmospheric pressure CVD
system. The setup comprises a quartz tube housed within a Nabertherm split zone furnace (Figure
2.1). The tube's inlet is connected to an Alicat mass flow controller (MFC), while the outlet is
linked to a series of bubblers. Argon and Nitrogen served as carrier gases, with their flow rates
regulated by the MFC. Any volatile byproducts were eliminated through the exit of the system.

Precursors and substrates were positioned on a ceramic boat inside the quartz tube.

2.2 Characterization techniques

2.2.1 Raman Spectroscopy
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Raman spectroscopy is a powerful and non-destructive analytical technique used to provide
information about molecular vibrations, crystal structures, and material compositions. This method
employs the concept of Raman scattering, which was identified by Sir C.V. Raman in 1928, and
led to him receiving the Nobel Prize for Physics in 1930%. When light strikes a material, it is either
absorbed, reflected, or scattered’. If the scattered light matches the frequency of the incident light,
there is no energy transfer, resulting in an elastic collision process known as Rayleigh scattering.
Usually, this is quite intense. The light that remains scatters weakly, displaying frequencies distinct
from the incoming light in a phenomenon called Raman scattering. Antistokes scattering occurs
with higher scattered frequencies, while Stokes scattering occurs with lower frequencies. This
process involves energy transfer through inelastic scattering, providing insights into the vibrational
modes of the system. The brightness of the scattered light increases with the quantity of scattering
molecules. At standard room temperature when in thermal balance, the majority of molecules are
in their lowest energy level, also known as the ground state. As a result, Stokes scattering tends to
have a higher intensity compared to Antistokes scattering, resulting in Raman scattered light
primarily being Stokes scattered. Raman spectroscopy is commonly employed in the analysis of
2D materials to glean insights into their vibrational characteristics, layer count, structural
irregularities, doping levels, and strain effects® . In this thesis, we have employed raman
spectroscopy to characterize our as grown samples. Raman spectroscopy was performed using a
laser with a wavelength of 632.8 nm on a Raman Microscope (LabRAM HR) equipped with a 50X

objective lens.
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2.2.2 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a robust scanning probe microscopy method employed to
acquire topographic images of the surfaces of samples. The AFM was invented in 1985 by G.
Binnig and C. F. Quate at IBM through the amalgamation of the fundamentals of the scanning
tunneling microscope and the stylus profilometer®. AFM setup comprises the subsequent elements:
a micro-cantilever equipped with a probe, a micro-cantilever motion sensing unit, a feedback
mechanism for tracking micro-cantilever movements, a piezoelectric ceramic scanning tool for
sample scanning, and a computer-managed system for image acquisition, presentation, and
analysis. It examines the surface structure and properties of the sample through the detection of
extremely subtle interatomic interactions between the sample surface and the probe tip’. Figure
2.2 displays the schematic diagram of AFM working Principles. The AFM measurement entails
scanning the surface with a sharp tip connected to a flexible cantilever. The interaction of atomic
forces between the surface and the tip induces deflection in the tip. This deflection is quantified
by directing a laser beam onto the reflective-coated tip of the flexible cantilever and detecting the
reflected beam with a position-sensitive photodetector. The position-sensitive photodetector
comprises several segments, and the placement of the laser spot on these segments offers insights
into the deflection of the cantilever. By tracking the laser spot's position on the photodetector, it is

possible to ascertain the displacement of the cantilever. It can be utilized in either tapping mode
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Figure 2.3 Schematic diagram of AFM Working Principles. The figure has been adapted

with permission from Reference.’

or contact mode®. AFM provides atomic-level resolution and enables 3D topographic imaging,
offering varying levels of detailed information based on the specific AFM tip utilized. With the
advancement of new sophisticated AFM modes, information on different properties such as
conductivity, surface potential, modulus, adhesion, permittivity, reflection, absorption, etc. can
also be acquired”!’. Keysight 5500 AFM is used in this thesis to perform AFM measurements to

determine the thickness and surface roughness of our samples.
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2.2.3 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is a powerful analytical tool widely used in materials
science for imaging and analyzing the surface morphology and composition of materials at
nanometer to micrometer scales. The SEM utilizes electron beams to capture images of sample

surfaces with nanometer-scale resolution'!

. Electrons generated from an electron gun are
organized into a beam and then directed to a specific spot through the use of electromagnetic fields
and lenses. When an electron beam interacts with a specimen, it can produce different types of
electrons such as backscattered or reflected electrons (BSEs), secondary electrons (SEs), Auger
electrons, X-ray photons, and more'2. Most SEM systems come with secondary electron and
backscattered electron detectors, with the X-ray detector located externally to the microscope. SEs
and BSEs are utilized to image the surface of the sample, while the X-ray signal is employed for
analyzing the chemical composition'*!%. SEs originate from the uppermost few layers of the
sample, with a thickness of approximately 20 nm, and they localize at the point where primary
incident electrons strike, enabling the provision of information on sample morphology. SEs
typically exhibit low energy levels around 50 eV and can generate images with a resolution of 1
nm. In contrast, BSEs resulting from elastic scattering tend to originate from greater depths within
the sample. The intensity of BSEs, which are generated by elastic scattering from atoms, varies
based on the Z value of the elements in the specimen, facilitating the creation of contrast images
for samples with diverse elemental distributions throughout the space. Auger electrons are released

when an incoming electron beam generates electron vacancies in the innermost shells, such as K,

L, M, and so on, which are subsequently filled by electrons from the outermost shell. As this
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transition occurs, the resulting X-ray energy is passed on to another electron, which is then emitted.
This emitted electron is known as the Auger electron. Auger electron microscopy utilizes these
electrons to examine thin films and coatings. The X-ray signal obtained is generated from the depth
of the specimen when the incident electron beam displaces the innermost shell electrons, creating
vacancies that are filled by outer shell electrons, leading to the emission of characteristic X-ray
signals. These distinct X-rays can be analyzed for elemental composition using either Wavelength-
dispersive X-ray spectroscopy (WDS) or Energy-dispersive X-ray spectroscopy (EDS). The Ultra

Ziess Plus microscope, along with the Oxford Inca EDX detector, was utilized in this thesis work.

2.2.4 Transmission Electron Microscopy

In Transmission Electron Microscopy (TEM), passing an electron beam through a thin sample
leads to the formation of the sample's image under observation. Electrons with wavelengths 10°
times shorter than visible light can reveal details as small as 0.05nm. TEM can be utilized in either
image mode or diffraction mode'>. Image mode yields details on the microstructure, while
diffraction mode provides insights into the crystalline structure of the specimen. Electrons passing
through the sample may either pass through without interaction or become diffracted based on the
interaction. Detectors positioned at different angles capture these electrons. The higher the atomic
number, the greater the number of scattered electrons. The Bright-Field (BF) method captures the
fewest scattered electrons, while the High-Angle Annular Dark-Field (HAADF) detector gathers

electrons scattered at wider angles. The HAADF image, also referred to as the Z-contrast image,
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exhibits image contrast directly linked to variations in thickness or mass. Transmission Electron
Microscopy (TEM) operates in two main modes: parallel beam and converging beam mode. In
parallel beam mode, broad and parallel beams illuminating the sample generate high-resolution
TEM (HRTEM) images. In converging mode, small converging beams sweep across the sample,
recording scanning TEM (STEM) images'S. Aberrations such as knock-on damage and image
distortion are drawbacks of TEM. However, the introduction of aberration-corrected TEM,
operating at lower acceleration voltages, has effectively addressed these issues!”. TEM is widely
employed for the analysis of 2D materials, offering the possibility of achieving atomic resolution
imaging and revealing detailed information about the crystalline structure. High-resolution
transmission electron microscope JEOL JEM 2200FS from Japan, which is fitted with a 200 KeV
field emission gun (FEG) and an in-column energy filter (Omega filter), was utilized in this thesis

for structural characterization of Bi»O>Se nanosheets.

2.3 Device Fabrication

2.3.1 Photolithography

Lithography methods are fundamental to semiconductor manufacturing, playing a crucial part in

creating cutting-edge electronic devices. Photolithography is the predominant technique in the
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Figure 2.4 : (a) Illustration of a mask photolithographic process (contact/proximity) and (b) an

optical projection system. The figure has been adapted with permission from Barrio et al %’

semiconductor sector due to its high efficiency. This process utilizes a polymer called photoresist,
a compound that, when exposed to light, undergoes a chemical transformation, determining
whether it can be washed away in a developer solution'®. There are two types of photoresists:

positive and negative. In positive photoresists, the light-exposed regions are soluble and are
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removed after developing. Conversely, in negative photoresists, the process is reversed. The
exposed regions become insoluble, and the remaining portion is removed. When using a positive
photoresist, the pattern on the substrate matches that of the mask. In contrast, when using a
negative photoresist, the pattern formed on the substrate is the reverse of the mask. In optical
lithography, light can be exposed using two methods: shadow printing and projection printing. In
shadow printing, the mask either directly contacts the substrate or is in close proximity. Shadow
printing can achieve a high resolution of approximately 1um, but may face issues caused by dust
particles on the mask or defects on the substrate. All device fabrications conducted in this thesis
are implemented using the projection printing method. In this technique, the pattern from the mask
is projected onto a substrate positioned centimeters away from the mask. The minimum line width
(W) of the resulting pattern on the substrate is determined by W = A/ NA. Where A represents the
light wavelength and NA denotes the numerical aperture which is defined as NA = nsinf. Here, n
refers to the refractive index of the imaging medium (air) and 0 signifies the half angle of the cone
of light that converges to form a point image on the substrate. The depth of focus (DOF), a critical
element in projection printing that measures how far the image plane can be displaced while still
maintaining a sharp feature size, is expressed by DOF = A/ NA?. To achieve higher resolution and

a larger depth of focus, it is important to select an optimal value for NA.

2.3.2 Physical Vapor Deposition
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Deposition methods are key in the fabrication of nanodevices and the deposition of thin films for
various applications. These methods facilitate the precise application of materials onto surfaces,
facilitating the production of thin films with specific properties and structures. When combined
with lithographic methods, one can fabricate functional devices ranging from the nanoscale to the
macro scale. Thermal vapor deposition (TVD) and magnetron sputter deposition stand out as

commonly employed techniques among the various available deposition methods

2.3.2.1 Thermal Evaporation

Thermal evaporation is a technique within the realm of Physical Vapor Deposition (PVD) utilized
to deposit thin layers of various materials onto a surface. In thermal vapor deposition, a solid target
is heated until it melts and evaporates. The evaporation of the target leads to the generation of
vapor pressure. This process occurs within a vacuum chamber since a low vacuum promotes the
vapor's ascent. The evaporated substance transforms into a vapor stream that can flow freely
without interacting or scattering against other atoms due to the vacuum, ultimately adhering to the
substrate's surface. Its significant benefit is its capability to coat various materials like metals,
organic compounds, and inorganic compounds with low vaporization points'®. Many of these
materials do not adhere well to commonly used glass or silicon substrates. An adhesive layer is
typically created using a thin layer of Chromium. By fine-tuning deposition parameters like
temperature, pressure, and deposition rate, precise management of film thickness can be attained.

This flexibility facilitates the deposition of a range of materials, making it possible to create
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functional films for a variety of applications. Gold was utilized as the contact material in this thesis,

accompanied by Chromium serving as the adhesion layer.

Figure 2.5: (a) Photograph of TVD and (b) Sputtering setup we used

2.3.2.2 Sputtering

Magnetron sputtering is a widely used PVD method increasingly used in industrial settings,
especially in semiconductor manufacturing and vacuum deposition. This adaptable and advancing
technology provides various benefits over alternative sputtering methods, such as the capability to
plasma-sputter any material for deposition?’. When bombarded by high-energy gas plasma, a

sputtering target emits high-energy microparticles. The substrates are placed in a vacuum chamber

34



Chapter 2. Experimental Techniques.

containing inert gas. These microparticles, emitted from the target materials, deposit onto the
substrate, creating a thin layer of the material. This technique is utilized for coating both metals
and oxides. In this thesis, Moorfield minilab magnetron sputter coating system in DC Sputtering
mode is used to deposit metals like Palladium, Gold, Titanium, and platinum, and insulators like

Silicon Nitride Si3N4 are deposited using RF sputtering mode.

2.3.3 Reactive Ion Etching

Reactive lon Etching (RIE) represents a sophisticated plasma-based etching technique that finds
widespread applications in the microfabrication of electronic devices. This method facilitates
accurate material patterning at the nanometer scale?!. It involves the use of chemically reactive
plasma to etch materials. In contrast to wet etching techniques, RIE can generate anisotropic etch
profiles and maintain satisfactory selectivity across a range of conditions including electrode
geometry, radio frequency (RF) power, pressure, gas flow rate, and composition. RIE varies from
sputter etching due to its incorporation of a chemical reaction that enhances selectivity and boosts
the etching rates?. During a standard RIE procedure, gases are injected into the reaction chamber.
RF energy is used to ionize the gas, leading to the acceleration of ionized molecules toward the
surface of the substrate. Subsequently, a combination of mechanical and chemical interactions
facilitates the removal of the topmost layer of material. In addition to ion bombardment, a radical

substrate reaction occurs simultaneously. A volatile product is also generated by the bonding of
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the radical with the substrate, and subsequently extracted by the vacuum pump?*. This process is

performed under low pressure.

Different designs can be formed by carefully shielding the intended regions with an etch mask

Figure 2.6 : Image of our Homebuilt RIE system used for etching.

during the etching process. Generally, the photoresist is used as an etch mask. Silicon nitride
(Si3Ny), Silicon dioxide (SiO2), as well as metals like chromium (Cr) or aluminum (Al) are
alternative materials utilized as etch masks?*. RIE typically exhibits elevated selectivity. Optimal
etching necessitates a significant quantity of low-energy ions and reduced pressure. However, this
leads to a diminished etching speed as part of the balancing act for favorable selectivity,
consistency, and etch profile?. In this thesis, RIE is used to etch h-BN for making edge contacts

and also to etch platinum.
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2.3.4 Wire Bonding

Wire bonding serves as a commonly utilized and dependable packaging technology within the
semiconductor and microelectronics sectors. It holds a significant function in linking integrated
circuit (IC) chips to power sources and enabling signal distribution among IC chips and
microelectronic devices?>?’. Wire bonding serves as a critical methodology in this thesis for
creating electrical links between our microdevices and PCB. The PCB aids in placing the samples
on holders for conducting low temperature measurements. In our wire bonding procedures, we
employ wedge bonding, a technique that utilizes ultrasonic energy to facilitate the cold welding of

metals. We have used Hybond model 626 wire bonder for Wire bonding.

Figure 2.7: Photograph of our Hybond model 626 wire bonder.
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2.4 Interfacing of Instruments

We have interfaced our Polytronic electromagnet which can generate Magnetic built upto (-1.5T
to 1.5 T). For this we have connected magnet power supply to NI PCI 6221 breakout box. Which
is connected to NI PCI 6221 DAQ card that is installed in computer. Then we make a LabVIEW
Program to control the magnet . For doing Low temperature Magnetotransport measurement we
have interface a Lakeshore Cernox censor of our CCR and made some LabVIEW program to

interface an electromagnet and a closed cycle refrigerator.

Figure 2.8: Photograph of our Magneto transport Set up .
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For performing electrical measurements under Vacuum conditions, we have made one Insert. We
paste our sample on PCB using silver paste and do wire bonding to connect our device with gold
Pads of PCB. we mount the PCB on Female pin header. It has an Oxygen Free Copper Sample
holder. which is connected to Stainless Steel Rod. It has Outer Vacuum Jacket Made of
Nonmagnetic Stainless Steel. Coax Wire are used. It has 8 electrical connection. To Connect our
SMU with our Insert I have made a break out Box. It can connect to the Insert with 19 pin female
connectors. We can connect to our instrument with BNC cable. It has 8 female BNC Connector
and a 19-pin female connector. We have also written some LabVIEW program to interface
Lakeshore 335 and Keithley 2614B and other SMU to perform all our Transport measurement at

different temperature with just one click of mouse.

a b

Non Magnetic S.S.

§ Vacuum Outer Jacket O.F.C. Sample Holder Perf Board
19 Pin Connector t 3 +

= iy 4 B

[
i
\

J

S.SRod Co;x Wire Female Pin Header

Figure 2.9: (a) Schematic of our Insert (b) Image of Insert (c) Image of Outer

Vacuum Jacket of Insert (d) Image of Breakout Box.
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Chapter 3

Ultrahigh responsivity of non-van der Waals
Bi2O:Se photodetector

This chapter is an adaption of the research article published in "Nanotechnology 35 075707".
This chapter discusses the synthesis characterization transfer and optoelectronic properties of

Bi20,Se Nanosheets

3.1 Introduction

Recently, Bi2O2Se has emerged as a rising star in 2D materials due to its extremely high carrier
mobility, excellent environmental stability, thickness-tunable indirect bandgap, and intrinsic
ultrafast (1ps) photoresponse. This unique property has made 2D Bi2O:Se a promising
semiconductor for various electronic and optoelectronics applications '°. Bi»O>Se-based field-
effect transistors (FETs) have shown excellent current on/off ratios of >10° with an almost ideal
subthreshold swing (%65 mV dec™!), which is essential for low-power logic devices !. Bi20,Se also
offers a high dielectric constant native oxide with an atomic thickness and dangling bond-free
surface, positioning it as a promising candidate for application within the semiconductor industry.
78 Furthermore, Peng et al. have demonstrated wafer-scale 2D Bi>O,Se fin arrays integrated with
epitaxial single-crystalline high-kx Bi>SeOs dielectric, satisfying the most stringent requirements
for future advanced transistors °. Tong et al. demonstrated a Bi2O>Se-based photodetector, which
showed a broadband photoresponse of 360-1800 nm '°. Zhang et al. introduced Bi>O»Se in a three-

terminal memristor, simultaneously displaying long-term and short-term plasticity''. Bi>O,Se also
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possesses a unique defect structure in which the donor state lies above the conduction band leading
to unusual metallicity. Furthermore, there is a spatial separation of electrons from donor sites,
suppressing the scattering caused by the donor sites resulting in high mobility 2. So far, 2D
Bi20,Se has been synthesised in several ways, viz. Chemical Vapor Deposition (CVD) 1513718,

I and

molecular beam epitaxy ', pulsed laser deposition (PLD) 2°, mechanical exfoliation 2
solution or wet chemical method synthesis >%°. Among these methods, CVD-grown samples on
Fluorophlogopite mica (f-mica) provide large single-domain sizes with excellent chemical and
structural uniformity. However, transferring Bi2O2Se from mica to the target substrate, such as
silicon dioxide-coated silicon (Si02/S1), is challenging due to the strong electrostatic force between
f-mica and Bi,O2Se. The conventional wet transfer method uses HF acid, which is extremely
dangerous to handle and degrades the Bi,O>Se nanosheets 2. Therefore, it is desirable to safely
transfer these crystals from f-mica to a target substrate without the use of any corrosive substance
to preserve the material properties of BioO>Se.

In this work, we synthesized nanosheets of single crystalline Bi20O2Se using Atmospheric
Pressure chemical vapor deposition (APCVD). We employed a non-corrosive nail polish-assisted
dry transfer method to transfer the nanosheets of Bi2O2Se to Si02/Si substrate without causing any
damage to the crystal. The high quality of the Bi2O>Se nanosheets is substantiated by fabricating
photodetectors out of the as transferred crystals. Under the illumination of 660 nm light, our

photodetector shows ultrahigh responsivity of 1.16x10° A/W, specific detectivity of 2.55x10"

Jones, and gate tunable photoresponse time.
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3.2 Experimental Details

3.2.1 Growth and Characterization

Bi202Se nanosheets were grown by homebuilt APCVD. 88 mg of Bi»O3; (99.999% Sigma
Aldrich) and 45 mg of BixSes (99.995% Sigma Aldrich) were used as a precursor in an alumina
crucible at a distance of 5 cm. Freshly cleaved Fluorphlogopite Mica (Continental Trade) was used
as a substrate. The substrates were kept downstream at a distance of 7 cm. Argon was used as a
carrier gas. The flow was set to 100 sccm with the help of Alicat mass flow controller. The
temperature of the furnace (Nabertherm, Germany) was set to 700°C. The morphology of the as-
grown sample was examined by an optical microscope (NIKON Eclipse LV150N). Raman
spectroscopy was done with a laser of wavelength 632.8nm using a Raman Microscope (LabRAM
HR) having a 50X objective lens. The thickness of the nanosheets was determined by Keysight
5500 AFM. HRTEM characterization was done using a JEOL JEM-2200FS Transmission electron

microscope.

3.2.2 Transfer and device fabrication

A homebuilt transfer stage was used to transfer as grown Bi,0,Se. PDMS stamp was made by
mixing PDMS liquid and the hardener in a 10:1 ratio and was subsequently cured at 90 °C for 30
min. This PDMS stamp was then attached to a clean glass slide. A drop of nail polish is placed on

the surface of the PDMS. The glass slide is then baked on the hot plate at 90°C to harden and cure
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Nail polish, creating a solid, sticky surface for flake pickup. In our transfer stage, the flake of
interest is aligned with the pickup slide and brought in contact at 55°C. Once the flake is
completely laminated with nail polish, the temperature is lowered to 30°C. The slide is then raised,
picking up the Mica and Bi2O>Se. The Mica layer also comes along with Bi2O>Se due to the high
adhesivity of Nail polish, and then this slide is brought in contact with SiO> (300nm)/Si substrate
and heated at 110°C to melt the nail polish. At 110°C, the slide can be retraced, and the nail polish
will melt to the surface, leaving the stack on the substrate. The substrate with the transferred stack
is then put in an acetone bath for 10 min to clean the nail polish away and then rinsed in an
isopropyl alcohol bath and dried with nitrogen gas.

For device fabrication, source and drain contacts are patterned by Standard photolithography.

(5/65) nm of Pd/Au was deposited by sputtering.

3.2.3 Electrical Measurement

Electrical measurements were done using Keithley 2450 and 2614B source-measure units.
Time-resolved photoresponse was measured by turning on and off a 660 nm LED of intensity 666
uW/cm?. All these measurements were done in vacuum (10°® mbar). The spectral photoresponse
of our devices were measured in the wavelength range from 400 nm to 1100 nm using a Xenon
lamp as the light source and Horiba iHR 320 spectrometer with 600 groves/mm grating. The
resulting photocurrent was measured in the ambient environment using a Keithley 2450 source-

measure unit.
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3.3 Results and Discussion

3.3.1 CVD Growth of Bi,O;,Se

As a typical bismuth-based oxychalcogenide material, Bi»O>Se has a body-centered tetragonal
lattice structure with an I4/mmm space group, where a negatively charged [Se]* layer sandwiches
a covalently bonded [Bi»O,]*" layer with a weak electrostatic force instead of the van der wall
interaction as observed in typical 2D materials such as Graphene, MoS,, etc. 2. The top view of the
crystal structure of Bi202Se is shown in Figure 3.1a. The blue, green, and red balls are Bi, Se, and
O atoms, respectively. Two-dimensional Bi,O>Se nanosheets were synthesized using a home-built
atmospheric pressure chemical vapor deposition (APCVD) system equipped with a horizontal tube
furnace and 25 mm inner diameter quartz tube. Figure 3.1b shows the schematic of our APCVD
setup, in which the precursors, Bi2O3 powder and Bi2Ses; powder, were placed in two alumina boats
with a separation of 7 cm between them. Atomically flat f-mica, with its intrinsically layered
structure, and high thermal stability, is used as a substrate for growth. Furthermore, the
electrostatic interaction of the K* layer of f-mica with the Se* layer in Bi»O>Se results in the planar
growth of Bi>O,Se nanosheets 2’ Freshly cleaved f-mica substrates were kept at a distance of 7 cm

downstream from the Bi,0O3 precursor. The growth temperature used in our study ranges from
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660°C to 700°C. Argon is used as a carrier gas, and the flow was set to 100 cm with the help of
the Alicat mass flow controller. The typical growth time used in this study is around 60 minutes.
Figure 3.1c shows the optical microscope (OM) image of as-synthesized 2D Bi»O,Se showing
rectangular flakes of sizes up to a few tens of micrometers. Depending upon the growth conditions

like flow rate and temperature, as-grown samples can have different morphologies 25°.

3.3.2 Characterisation of as-grown Bi,0,Se

Thickness of the samples were determined using Atomic Force Microscope (AFM). Figure 3.2
shows the AFM image of the Bi»O>Se sheet having a thickness of 6 nm. In Raman spectroscopy,
done with an excitation wavelength (Aex) of 632.8 nm, we observed the characteristic Aig peak at
160.2 cm™ (Figure 3.1d), which corresponds to out-of-plane vibration of Bi atoms, consistent with

prior reports 252330, Energy Dispersive Spectroscopy (EDS) shows the elemental distribution of
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Figure 3.1 : (a) Schematic of layered Bi»O»Se crystal structure with tetragonal [Bi2O2], layers
and[ Sel]. layers alternately stacked along the c axis. For clarity, the weak electrostatic
interactions between [Se] and the [Bi20:] layer in Bi,02Se are not shown. (b) Schematic
illustration of our APCVD setup to grow Bi2O2Se on Mica with BixSes and Bi203 as co-
evaporation sources. (¢) Representative optical microscope image of as-synthesised Bi202Se
nanosheet on Mica is shown. (d) Raman spectrum of as-grown Bi;0.Se shows the
characteristic peak at 160.2cm™. (e) SAED pattern indexed using the Bi»O>Se crystal structure
of I4/mmm space group. HRTEM lattice image showing lattice parameter = 0.28nm

corresponding to (110) plane.

Bi20,Se with 1:1.94 chemical stoichiometry between Se and Bi atoms (Figure 3.3), while the O

content is inaccurate under the EDS measurement. We have done High-resolution transmission
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Figure 3.2 : Atomic Force Microscopy Image of as grown Bi2O2Se of three different flakes.

electron microscopy (HRTEM) to further analyze the crystal structure and lattice parameter. The
as-grown Bi202Se nanosheets were transferred from the f-mica substrate onto a carbon-supported
Cu grid by the polystyrene-assisted transfer method 6. The selected area electron diffraction

(SAED) pattern shows the single crystalline nature of Bi2O>Se flakes. The square arrangement of
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diffraction spots at (200), (110), and (110) in the SAED pattern corresponds to the tetragonal
structure of BiO»Se. In Figure 3.1e, the HRTEM lattice image shows the interatomic distance of

0.28 nm, corresponding to the (110) plane, which is close to the theoretical value of 0.27nm 3!
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Figure 3.3 : (a) EDX spectrum of as grown Bi»O.Se b) Its Corresponding Elemental

Composition.
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3.3.3 Nail Polish Assisted Transfer and Electrical
Characterisation

To study the electrical properties of as-grown Bi>O»Se nanosheets, we have transferred them
onto a 300 nm SiOz-coated Si substrate. Because of the strong electrostatic interaction between f-
mica and Bi2OzSe, it is challenging to transfer thin sheets of BioO2Se. We used the non-corrosive
nail polish-assisted dry transfer method *? to transfer our nanosheets. The schematic of our transfer
process is illustrated in (Figure 3.4a), and the details have been discussed in the experimental
section. Figure 3.4b shows the OM image of transferred Bi2O2Se on the SiO2/Si substrate. During
the transfer process, sometimes few layers of mica also came underneath of very thin Bi2O2Se due
to the highly adhesive nature of the nail polish. Slightly thicker samples get easily transferred
without peeling off the mica sheet. Using this method, we transferred the as-grown crystals without
any associated contamination or crystal damage caused by chemical etching, thereby ensuring the
quality of the transferred crystal. We also performed AFM (Figure 3.5) on the transferred crystals

and did not observe any noticeable damage to them after the transfer

52



Chapter 3. Ultrahigh responsivity of non-van der Waals Bi2O,Se photodetector.

We fabricated back-gated field effect transistor (FET) of Bi2O2Se using photolithography and

metal deposition (Pd/Au -5/65nm) to study their electrical transport properties. A Schematic of the

° y__u
‘ -
Align . Bring in

Stamp Contact

e B ~ W

Lift the Bring in
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b

Figure 3.4 : (a) Schematic showing the subsequent steps of the transfer process involved in our
homebuilt transfer stage. (b) OM image of the as-transferred Bi2O2Se on SiO»/Si substrate.

Schematic of the FET geometry is shown in (c¢) and an OM image of our FET device is shown in

(d).

FET device is shown in Figure 3.4c, and an optical microscope image of a representative device
is shown in Figure 2d. The current-voltage (/-V) characteristics were measured in vacuum

condition (see experimental section for details). Figure 3.6a shows the source-drain current (/) as
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a function of source-drain voltage (V) for different back-gate bias (V) (output characteristics) of
the device measured at room temperature. The source-drain characteristics were measured across

a range of back gate voltages spanning from 0 to 100 V, incrementally increasing in steps of 10 V.
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Figure 3.5 AFM topography image of nail polish assisted transferred BioO>Se nanosheet of
thickness 7 nm showing RMS roughness 3.3 A . b) AFM topography of a pristine Bi2O2Se on

f-mica of thickness 18nm showing RMS roughness of 2 A.
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The I-V characteristics show linear behaviour at low drain-source bias confirming the formation
of Ohmic contact between the Bi20,Se and metal electrodes. It can be seen from Figure 3.6a that
drain current is strongly dependent on V,, which indicates the efficient gate controllability of our

devices. Transfer characteristics (L vs. Vg) of Bi2O2Se at different Vs, show typical n-type

-40  -20 0 20 40 20 0 20 40 60 80 100

Vsd (mV) Vg (V)
Figure 3.6 : Electrical characterization of as transferred Bi,O>Se: (a) Output characteristics curve
(Lsa-Vsa) of the device at different back gate voltage (V;) is shown. The linear nature indicates

Ohmic contact. (b)Transfer Characteristics curve (Izs -V5) is shown as a function of various Vg,

for different V.

behaviour in which /i increases with increasing V,. (Figure 3.6b). We extracted the field effect
mobility («) by linear fitting of the transfer curve and using the equation of u =
(L/W)(1/Cg)(1/Vas)dlas/dVg) where L is the channel length, ¥ is the channel width. Cy is the gate
capacitance per unit area. In case if a thin layer of mica is present under the device then Cy = (Chica

X Csi0,)/(Cmica +Csio,), where Csio, and Cpicq are the capacitance per unit area of the SiO> and mica
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layer. In this study, the thickness of SiO; and f-mica were 300 nm (confirmed using thin film
reflectometric technique) and 136 nm (measured using AFM) respectively. For all the calculations,
the static dielectric constant (€) of SiO2 and f-mica were taken as 3.9 and 5.6, respectively. Using
these values, we found that for a typical 10 nm thick Bi,O,Se, the value of u of as transferred
device is 102 cm? V! s! with an on/off ratio of 10*. We also tried to study the electrical properties
of thicker (thickness more than 100 nm) samples, but they did not show any field effect

characteristics or detectable photoresponse.

3.3.4 Optoelectronic properties

Figure 3.7a displays the responsivity versus wavelength scan of the device within the spectral
range of 400 nm to 1100 nm. Our investigation reveals that the device demonstrates a remarkably
high responsivity throughout the scan range, reaching a maximum value of more than 12,000 A/W
at 460 nm. Notably, even at wavelengths above 850 nm, the device's responsivity is still
considerably high. To cross-verify the photoresponse in NIR region, we studied the time-resolved
photoresponse of our device at the NIR region using an LED having a wavelength of 940 nm and
an intensity of 1.8 mW/cm? (Figure 3.7b). The device showed a decent photocurrent on-off ratio

of 2.
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Figure 3.7 : (a) Responsivity versus wavelength scan of the device within the spectral range
of 400 nm to 1100 nm is shown. (b) I-t response of our device under the illumination of
940nm LED with intensity 1.8mW/cm?. (c) I-V characteristics of the FET device in the

absence and presence of light (660 nm LED of intensity 666uW/cm?).

For further studies of the optoelectronic properties, the devices were illuminated using a 660 nm
LED. The selection of the 660 nm wavelength was made due to its position within a responsivity
region that exhibited comparability across a wide spectrum of wavelengths, encompassing 570 nm

- 800 nm. The source intensity values corresponding to specific wavelengths, as well as the

corresponding device photocurrent data, are given in the (Figure 3.8).
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Figure 3.8 : (a) Intensity Vs Wavelength plot of the light source(Xeneon Lamp) used for

spectral responsivity study b) Corresponding Photocurrent Ipn Vs wavelength of the

device.
Figure 3.7c shows the I-V characteristics of light in the absence and presence of light (660 nm

LED of intensity 666 pW/cm?), which shows current increases in the presence of light due to the
photoconductive effect. The time-resolved photoresponse of the device is shown in Figure 3.9a,
which shows that the device has a stable switching behaviour after several cycles. It shows a rise
time of ~100 ms and a decay time of ~105 ms. Here the rise time is the time for the photocurrent
(Ipn) to increase from 10% I,, (max) to 90% I, (max), and the decay time is the time taken to reach
from 90% I,» (max) to 10% I,» (max). By changing the gate voltage, we can tune the response time
of our device, as shown in Figure 3.9b. The decay time of our back-gated device increases from

85 ms to 4.98 sec when V, changed from -80V to 30V (Figure 3.10). In order to understand this
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Figure 3.9 (a) Time-resolved photoresponse of the device at Vy=-60V, V4 =1V is presented.

Temporal Photoresponse of our device at different gate voltage is shown in (b)

phenomenon, it is important to distinguish between recombination centres and trap states '3,
Recombination centres are located at the midgap and promote the recombination of electron-hole
pairs, while trap states only trap one type of photocarrier, allowing the other to circulate for a
longer period of time. When V> V75, (threshold voltage), the Fermi level is close to the conduction
band, causing most electron trap states to be filled and leaving only a few recombination centres.

Consequently, there are fewer recombination centres in this scenario, and the detrapping process
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Figure 3.10 I-t response of our device at Vsq =1V and at different back gate Voltage a) V; =-80V b)

Ve =-60V ¢) Vg =-40V d) Vg =20V €) Vg = 0V f) V, =20V g) V¢ = 30V under the illumination of

660nm LED with intensity 666uW/cm?.

takes a long time, resulting in a long decay time. However, when V, < Vr, the Fermi level moves
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away from the conduction band, causing only a few trap states to be occupied **. In addition, there
are unoccupied states above the Fermi level that can serve as recombination centers, promoting

electron-hole pair recombination. As a result, the decay time decreases in this case '

Q
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Figure 3.11 (a) Photocurrent vs. power of incident light is shown in log-log scale. (b) Shows

the plot of Responsivity and Detectivity vs. Power of incident light.

To analyze the dependence of photoresponse on the power of incident illumination intensity, the
photocurrent Ipn = liight -luark Was measured at Vgs= 1V as a function of LED power density. We
observe that photocurrent increases sublinearly with an increase in light intensity, as shown in
Figure 4e. Fitting the data using a power law, I,» = P%, we found the value of a to be 0.40 (Figure
3.11a). The nonunity exponent is attributed to the complex processes, which relate to the trap states

caused by the defect or impurities in Bi»O2Se or Bi»O2Se-substrate interface 2°. These traps might
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account for the sublinear power dependence where more traps could be filled by photoinduced

charge carriers as the light intensity increases, leading to the saturation of photocurrent. This

phenomenon was also observed in other 2D materials 2>,

To evaluate the performance of a Photodetector, Responsivity,
R = o
PxA

and Specific detectivity,

A2 x R

D=
(2% qx1p)"2

are the two important figures of merit. Where 7, is the photocurrent, 4 is the effective area, P is
the incident power, and ¢ is the charge. In the expression of specific detectivity, we have assumed
that Dark current is the major contributor to the shot noise. We calculated both responsivity and
specific detectivity as a function of incident power by using the above expression. We found that
both responsivity and specific detectivity decrease with increasing power density (Figure 3.11b).
This is because of the presence of trap states in the Bi2O2Se or the Bi2O2Se-substrate interface. At
lower power density of incident light, electrons and holes are trapped by the trap states, resulting
in reduced recombination and an increase in lifetime, leading to higher R and D. As the power

density increases, the number of available trap states decreases, resulting in the saturation of
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38 We got an ultrahigh responsivity of 1.16x10° A/W, specific detectivity

photoresponse
2.55x10"3 Jones, at an incident power of 9nW, which is one of the highest among the 2D materials

(Table 3.1).

Table 3.1:Performance comparison of Bi2O>Se Optoelectronic devices

Material Synthesis Mobility Wavelength Responsivity  Specific Rise Decay
Detectivity
method (cm?Vvist)  (nm) (AW Time Time
(Jones)
(ms) (ms)
Bi.0,Se™ CVD - 808 6.5 8.3x10'"! 3.2 4.6
Bi»0,Se’ CVD - 1200 65 3x10° - -
Bi»0,Se% CVD 1260 3.5
Bi.02Se? CVD 107 532 3.5x10% 9x10"3 0.308 0.448
Bi:0;Se®  CVD 500 1.2 7x10!
Bi,0,Se™ CVD 243 532 2000 -
Bi202Se* CVD 900 101 1.9x10'° 30 60
Bi.0,Se’® VS 150 660 2.2x10* 3.4x101 6 20
Bi20.S¢®  MOCVD 127 405 45134 3.3x10"% 4.6 53
Bi.0,Se* CVD - 640 6 1.3x10% 0.036 0.016
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Bi,0,Se13 CVD 1400
Bi.02Se* Solution
Method

Bi,0,Se% Solution 334.7
Method

Bi,0,Se This Work 100

450

520

532

660

60

6.1

842.91

1.16x10°

2.4x101°

8.18x10'?

2.55x10"3

0.368

100.8

0.592

105.2

3.4. Summary

We have successfully synthesized high-quality Bi»O2Se nanosheets using APCVD. As-grown

thin sheets of Bi2O2>Se on f-mica were transferred to SiO»/Si substrate using a nail polish-assisted

dry transfer method without any chemical etching or damage. The back-gated Bi,O,Se FET

showed decent mobility of 100 cm?*V-!s

-1

and a good current on/off ratio of 10%. Our devices

showed high responsivity of 1.16x10% A/W and a specific detectivity of 2.55x10'® Jones, which

makes it a very good photodetector. Moreover, our devices exhibited a broadband spectral

photoresponse and gate-tunable response time. Our study suggests the potential use of Bi2O>Se in

future electronics and optoelectronics applications.
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Chapter 4

Carrier Density Induced Metal-Insulator
Transition in Bi;O;Se Nanosheets

4.1 Introduction.

Metal-insulator transition in two-dimensional systems is an intriguing phenomenon that has raised

significant challenges to longstanding theories while also prompting several questions aimed at
comprehensively grasping its fundamental origins!. Numerous experimental and theoretical

investigations have revealed the emergence of two primary theories regarding the microscopic

1

genesis of the 2D MIT: disorder-driven classical percolation-based transition®'°, wherein disorder

acts to dampen interactions and the interaction-based quantum phase transition (QPT)!%11-18,
Typically, due to strong carrier-carrier interactions, the QPT happens at 0K between the metallic
state (having non-zero conductivity) and the insulating state (zero conductivity). This transition is
governed by various external factors like carrier density, magnetic field, and pressure®!'°. However,
it has been recently demonstrated by various research groups that QPT can occur even at elevated
temperatures'>~!>!%2%_ On the other hand, in case of percolation driven MIT in 2D systems, disorder
and screening play a crucial role. Disorder generally originates within these 2D system from
defects and charged impurities, which are present within the bulk semiconductors and traps, which

are located at the interface between the substrate and semiconductor®>%!°, In 2D systems, with

decreasing carrier density, the screening effect gradually reduces and becomes highly nonlinear.
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Even a slight reduction in carrier density significantly decreases screening, resulting in a highly
inhomogeneous 2D system where the electron gas can no longer effectively screen the disorder
potential. As opposed to the high carrier density homogeneous scenario, this leads to the creation of a
disorder potential landscape with varying strength, causing carriers to be pushed away from high
potential points and gather at low potential areas. When the size and number of the disordered regions
with depleted carrier density become such that the formation of conducting paths crossing the 2D
system is not possible, metal-insulator transition takes place. Depending on the threshold percolation

density (n), the system can behave as an effective metal (n > n) or insulator (n<nt)’.

Recently discovered 2D layered materials are now being more widely acknowledged as strong
contenders for studying interactions between carriers and disorder-induced 2D Metal-Insulator
Transition (MIT). Research has indicated that modifying the film thickness, using surface
passivation, and designing the substrate can allow for the adjustment of carrier-carrier interaction
strength and disorder®”-131621:22 " For example, interactions between carriers that lead to two-
dimensional metal-insulator transitions (2D MITs) have been identified in multilayer WSe,',
MoS,!31622 and ReS>'3. while a percolation-based 2D MIT has been discovered in monolayer
MoS:®. Intriguingly, a percolation-based 2D MIT was similarly observed in multilayer MoS:’.
These conflicting observations regarding 2D MITs in transition metal dichalcogenides (TMDs)
prompt questions about their underlying origins, compelling us to delve deeper into the
microscopic mechanisms driving these transitions. Thus far, research into 2D MIT in TMDs has
been constrained, particularly at low temperatures, due to challenges posed by non-Ohmic contacts

and high contact resistance (Rc)*. Notably, at lower temperatures, the hindrance of thermal
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emission current and thermally assisted tunneling across the Schottky barrier results in elevated
Rc and non-Ohmic contact behavior, thereby constraining the exploration of 2D MIT in TMDs!®,
Recently synthesized Bismuth oxyselenide (Bi202Se) has emerged as a fascinating 2D material
due to its exceptionally high mobility, strong environmental stability, moderate bandgap, and high
dielectric constant of its native oxide?*2°, It also features a distinct defect structure where the donor
state is positioned above the conduction band, resulting in unique metallicity?’. Additionally, there
is a spatial segregation of electrons from donor sites, mitigating scattering caused by these sites
and thereby enhancing mobility?’. Bi»O>Se also has low contact resistance and exhibits ohmic
behavior with many contact materials®®, which makes it promising for the exploration of the 2D

MIT phenomenon.

In this work, we have studied the electronic transport properties of a few nanometer-thin BioO>Se
nanosheets placed on Si0,/Si substrates and observed the phenomenon of MIT placed on Si0»/Si
substrates by changing carrier density via back-gate bias. At high carrier density, ¢ shows
nop® , type dependence with o~ 1, indicating the existence of screened Coulomb impurity
scattering. As we decrease the electron density, nop <nwm, the system's homogeneity breaks down,
resulting in the development of significant charge inhomogeneity and triggering a percolation-
based MIT in our system. In the insulating phase, the transport is well described by the thermal
activation mechanism. As we increase the carrier density, the Fermi level transitions through the
localized trap states below the conduction band to eventually reach the conduction band, resulting

in metallic behavior
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4.2 Experimental Details

Ultrathin nanosheets of BiO,Se were grown on f-mica substrate using home-built APCVD. 88
mg of BixO3 and 44 mg of Bi»Se; mg were used as precursors, which are kept at a separation of 5
cm, and placed in an alumina crucible. The temperature of the CVD furnace was maintained at
700°C during growth for 30 minutes. As grown, Bi2O2Se nanosheets were transferred to Si02/Si
substrate for electrical studies using a nail polish-assisted transfer method, as mentioned in our
previous work. For device fabrication, contacts were patterned using standard photolithography
using S1813 photoresist and developed by MF319 developer. A (5/60) nm layer of Pd/Au was
deposited using sputtering followed by lift-off in acetone. Temperature-dependent electronic
transport measurements were performed in a cryo-free closed-cycle cryostat (Janis Research)
system from 300 K (room temperature) down to 12 K. Temperature was controlled with the help
of Lakeshore 335 temperature controller. Keithley 2614B source meter was used to do the

electrical measurements.

4.3 Results and Discussion

4.3.1 Electrical Characterisation at Room Temperature
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We have grown Bi;O;Se ultrathin nanosheets on f-mica substrates using our homebuilt
Atmospheric pressure chemical vapor deposition (APCVD) system, as mentioned in Chapter 3.
For studying electrical transport properties, we have transferred as-grown Bi2O>Se nanosheets on
f-mica to SiO/Si substrates using a nail polish-assisted transfer technique and fabricated back-
gated devices using photolithography followed by metal deposition (Pd/Au) using sputtering.
Figure 4.1a shows the optical microscope (OM) image of our representative back-gated device.
All the devices were vacuum annealed at 200°C for 2 hours, as it improved the electrical properties

significantly. In Figure 4.1b, Linear I-V demonstrates ohmic contacts between Pd and Bi>O:Se.

c 250 Vi q =20 mV
E 100
200 —_
—_ <
<, z
£ 150 o
= _'D
~ 1001 10
ol 50 V,, =-15.2V
0.00 005 010 0.5 020 o 20 0 0 10 20
Vea (V) Vig (V)

Figure 4.1: (a) OM image of our representative device in which Pd/Au are used as contacts. (b)
Source drain current (Isd) as a function of source-drain voltage (Vq) at different back gate voltage
(-20V<Vg>20V) (c) L4 as a function of Vg at constant Viq of 20mV. The Y-axis (Black)

corresponds to the linear scale, whereas the Y-axis red corresponds to the log scale.

Figure 4.1c displays the gate scan of our device at 300 K. Our back gated device shows n-type
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behavior, an on /off ratio of 107, and a threshold voltage of -15.2V. The threshold voltage (Vth)

has been extracted from the linear portion of the transfer curve as shown in figure 4.1c.

Subthreshold swing (SS) was determined from the subthreshold region ( Vg < Vth ) of transfer

characteristics using the following equation, and it was found to be 6.2V /decade.

r

SS should ideally be 60 meV at room temperature®, with any departure from this value ascribed

dlogly

SS=[ v

to defects or impurities in the channel-substrate interface or in the channel itself. This deviation
leads to the creation of a midgap state that functions as a localized state for trapping charge carriers
63031 T ocalized trap states are essential for the operation of various electronic and optoelectronic
devices as they have the ability to capture and confine charge carriers, which can be subsequently
released through the application of additional energy (such as light or thermal energy) or through
processes like and thermally activated hopping and tunneling between localized states®. The
density of the localized state can be determined from SS, and for our system, it was found to be
7.2 x 10" cm™ ev’!. Field effect mobility (1) is extracted from the linear portion of the transfer
characteristics in the super threshold region (Vg >Vth) with the expression p = (L/W) (1/Cy)
(1/Vas) (dlas/dVg) where W is the channel width, L is the channel length and C, is the gate

capacitance per unit area. We estimated p ~ 86.5 cm?V-'s™!,

All the devices were vacuum annealed at 200°C for 2 hours, which significantly improved their

electrical properties. Figures 4.2a and 4.2b display the IV characteristics of our device before and
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Figure 4.2 (a) IV characteristic before and after Vacuum Annealing at 200°C for 2 hours of our 10nm
thick Bi2O>Se device. The inset shows the IV without back gate bias before Vacuum annealing. Before
vacuum annealing, IV characteristics showed Schottky behaviour, which became linear after vacuum
annealing. (b) IV characteristics before and after vacuum annealing were measured on a semi-log scale.
(¢) Transfer characteristics before and after the Vacuum Annealing of our device. (d) Transfer

characteristics before and after the Vacuum Annealing in semi-log scale.

after vacuum annealing in linear and semi-log scales, respectively. Prior to vacuum annealing, the
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IV characteristics exhibited Schottky behavior, which transitioned to linear behavior after the
annealing process (Figure 4.2a). Additionally, Source- Drain current Isq, increased by 2 orders of
magnitude after vacuum annealing (Figure 4.2b). The field effect mobility also increased from 100
to 260 cm?*V!s! (Figure 4.2c). Furthermore, the on-off ratio in the transfer characteristics

increased from 10* to 10° before and after vacuum annealing (Figure 4.2d).

4.3.2 Temperature Dependent Electronic Transport
Properties

Figure 4.3 presents the temperature dependence of transport characteristics of our devices of
thickness 3 nm and 10 nm S1 and S2, respectively, measured across a broad temperature range
(12K-300K). Transfer characteristics of devices S1 and S2 at various temperatures are illustrated
in Figure 4.3a and Figure 4.3b, respectively. A more negative threshold voltage is observed for
device 1 compared to device 2, indicating that it is more n-doped than device 1. Notably, the
transfer characteristics exhibit n-type behavior throughout the entire temperature range, attributed
to the presence of selenium vacancies. Our devices do not exhibit any gate hysteresis in transfer
characteristics. An observed crossover in transfer characteristics across a range of temperatures is
linked to the transition between insulating and metallic behavior induced by carrier density!>-2.
Figure 4.4 displays the output characteristics of our devices at different Temperatures. We have

done four probe IV measurements at 25 K and 298 K and compared them with two probe

Measurements on the same device (Figure A2). Both show linear behavior with the same
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Figure 4.3: (a) Transfer characteristics (Isa Vs Vig) under constant Vsd =10mV of device D1 for
temperatures ranging from 12K to 300K. (b) Transfer characteristics (Isqa Vs Vig) under constant
Vsa =20mV of device D2 for temperatures ranging from 12K to 300K (c) and (d) Plot of Field

effect mobility as a function of temperature in log-log scale of Device D1 and D2 respectively.

conductance value. Our devices show linear IV even at low temperatures, implying ohmic contact
in contrast to Schottky behavior generally observed in TMDs. Figure 4.3c displays the two probe

Field effect mobility (i) as a function of temperature in a log-log scale. Our devices display strong
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Figure 4.4: Output characteristic of our device at (a) 11K, (b) 50K, (c) 100K, (d) 150K, (e) 200K,
and (f) 250K. IV characteristics is linear at all temperature even at 11 K rules out the effect of
contact resistance on the transport properties of our devices.

temperature dependence on mobility. For temperatures exceeding 100 K, field-effect mobility
increases as temperature decreases. We have fitted the mobility Vs temperature plot to a power
law p o TV where the value of exponent y denotes the strength of the phonon scattering
mechanism!'®. From this fitting, we extracted y = 1.21, which corresponds to electron-phonon
scattering. Electron mobility of a 2D channel FET typically depends upon multiple scattering
mechanisms. The maximum electron mobility is theoretically limited by intrinsic electron-phonon

scattering, known as phonon-limited mobility. However, in advanced devices, observed mobility
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values are predominantly restricted by external influences such as charge traps, coulomb
impurities, defects, and surface optical phonons, which lead to values significantly below the
theoretically predicted phonon-limited values. Over time, various methods have been used to

lessen the impact of electron scattering caused by these external factors®.

4.3.3 Metal-Insulator Transition

Figure 4.5a displays the behavior of the two probe conductivity of our device as a function of
temperature at different back gate voltages. We have observed metal-insulator transition in our
devices by tuning carrier density using back gate voltage. At low back gate bias or lower carrier
density, two probe conductivity increases with temperature (12K<T<110K), showing insulating
behavior. After 110K, it decreases with increasing temperature (110K<T<210K), showing metallic
behavior again at higher temperatures (210K<T<300K), conductivity increases with increasing
temperature, displaying insulating behavior. At higher gate voltage, conductivity decreases with

increasing temperature over the entire temperature range, displaying metal like behavior.

The MIT behavior in our system was analyzed through the lens of the thermal activation behavior
and temperature scaling percolation theory. In the low-temperature regime (12K<T<110K),
conductivity in the insulating regime can be well modeled by thermally activated behavior.

Activation energies have been determined by fitting sheet conductivity (G) with the expression

—E . . o .
G = Gy exp (k—;), where Go is a constant, Ea is the activation energy, and kg is the Boltzmann
B
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Figure 4.5: (a) Two probe conductivity o = (Isa/Vsa)(L/W) in units of e*h as a function of
temperature (b) Plot of In G vs 1/T for the device at the different back gate voltage in the low-
temperature regime (12K<T<110K) (c¢) In the high-temperature regime (210K<T <300K) linear
fitting of the plot tells the transport is well described by thermal Activation mechanism (d)

Activation energy extracted from the figure 4c as a function of back gate voltage.

constant *>. This Activation energy corresponds to the thermal activation of electrons into the

conduction band edge (Ec) from the Fermi level (Er). Figure 4.5b shows the plot of In G vs 1/T at
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different back gate voltages. The linear fitting confirms thermal activation behavior. Activation
energy decreases as the gate voltage increases, and the Fermi level moves slowly through the
localized trap state’*. After increasing the gate voltage further, the Fermi level goes to the
conduction band, and carriers show metal-like behavior. Above 110K, phonon scattering increases
with an increase in temperature. As a result, conductivity decreases with an increase in

temperature, which results in metal like behavior.

In the Temperature range (210K<T<300K), thermally activated transport can also explain
conductivity in the insulating regime. Figure 4.5¢ shows the plot of In G vs. T. The linear fitting
confirms activated behavior. Figure 4.5d shows the plot of In G vs. T. As discussed earlier, with
increasing gate voltage, activation energy decreases, and further increment of the gate voltage
results in moving the Fermi level into the conduction band through the localized trap states,
resulting in metallic behavior. Activation energy is significantly higher than the low temperature
for this temperature range. The density of these trap states (Nr) is determined by analyzing the gate
voltage dependency of the thermal activation energy (Figure 4.3d) and taking into account the

33,35,36

quantum capacitance Cq using the following relation.

dy, ~ C,+Cq

Where Cyq= e’NF, In our case Np =4.7 x 10%eV-'ecm™.
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4.3.4 Percolation Driven Transition

Various 2D materials have shown MIT due to electrostatic doping!*!32%3%37 In the presence of
localized states, the strength of Coulomb interaction is characterized by Weigner-Seitz radius (1s),
which is defined as the ratio of potential (Coulomb, Ec ) and kinetic (Fermi, Er ) energy by

following relation.

E. n, n,m*e?
r,=—=

- Er  ajvngp - 4mehi/mn,p

Where ny is the number of valleys, e is the electronic charge, m* is the effective mass of the
electron, and ¢ is the static dielectric constant. Previously, both experimental and theoretical
studies have demonstrated that, in the presence of weak disorder and strong interaction where rs >
1, a 2D system can transition from an insulating to a metallic regime as the charge carrier density

>3 monolayer MoS, have an effective mass of

(n2p) is raised above a threshold density (nm
electron m* = 0.45m. and static dielectric constant of € =7.3&o, using these rs ~4.2 satisfies for
high threshold density of ni ~ 10'* cm™, which requires the use of high-«k dielectric (HfO>) for
the observation of MIT?. Bi,O,Se has a low effective mass m* = 0.14m. >* and high static
dielectric constant (¢ = 195g0)*°, and the condition rs >1 can be fulfilled at a relatively lower

threshold carrier density of nm ~ 10'° cm™, which suggests the potential for an MIT in Bi»O>Se

using a conventional SiO; dielectric back gate.
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We have examined the behavior of MIT in Bi20O»Se through the lens of percolation-driven MIT.

In our system, at higher carrier densities, the conductivity follows the following relationship ¢ =

nop® . Our device exhibits an a value close to 1 (see Figure 4.6f) across all temperatures, indicating
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Figure 4.6: Plot for 2 probe conductivity of our device as a function of carrier density at (a) 10K,

(b)110K, and (c) 210K red line indicates the 2D percolation fitting to ¢ = A (n2p -nw)° and violet

line indicates the Boltzmann theory fit to ¢ =n2p* . (d) percolation exponent 0, (€) percolation

threshold density ns and (f) conductivity exponent o as a function of temperature.

high conductivity behavior consistent with classical Boltzmann theory. This suggests that linearly

screened Coulomb impurity scattering is the primary limiter of conductivity. the exponent a is
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significantly influenced by nop at lower carrier densities. This discrepancy suggests that the
screening in a homogeneous electron gas does not fully account for the conductivity behavior at
lower carrier densities, although at higher carrier densities it provides qualitatively accurate

predictions.

Prior theoretical investigations have revealed that the homogeneous screening of charge
impurities in 2D systems deteriorates rapidly at low carrier density, resulting in pronounced charge
inhomogeneity. This phenomenon leads to a transition when nzp = ny, driven by percolation. During
such transition, the carrier density (n2p) dependence of conductivity for 2D systems can be
expressed as o(n2p) = 4(n2p — nm)°, where § is a percolation exponent having value 1.33 for the 2D
system®>. At nop < np, the continuity of the conducting pathways is disrupted by charge
inhomogeneities due to the formation of charge puddles in the potential valleys. This process is

responsible for the emergence of the insulating states.

The measured two-probe conductivity as a function of nop for different temperatures is depicted in
Figure 4. The value of nop was calculated with the help of a parallel plate capacitor model using
the expression naop = CoxAVg/e with Cox representing the oxide capacitance and AVg denoting, AVg
= Vg — Vth*2. Both Boltzmann fit and percolation critical behavior analyses were conducted for
all measured conductivities across the temperature range under investigation. Some of these curves
are shown in Figures 4.6a, 4.6b, and 4.6c. while Figures 4.6d, 4.6e, and 4.6f display the extracted

values of 0 , ni and o, respectively. The extracted average value of percolation exponent 6 = 1.28
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in our devices matches well with the theoretical value of 1.33, confirming percolation-based MIT

in B1,0,Se nanosheets.

4.4 Summary

By tuning the carrier density, we observed the novel phenomena of MIT in our multilayer Bi2O2Se
back-gated FETs. At high carrier density, we performed Boltzmann fitting ¢ = np®, our system
displayed a ~ 1, over the entire studied temperature range, indicating the existence of linearly
screened charged impurity scattering. At low density (n2p < ng), this homogeneous screening of
electron gas breaks down, resulting in the development of strong charge inhomogeneity, which
leads to a percolation-based MIT transition in our system. At low density, we performed
percolation fitting and extracted value of average percolation exponent 6 = 1.28 are in excellent
agreement with the theoretical value of 1.33 for 2D electron system. In the insulating phase, the
transport behavior is explained by using thermal activation mechanism. Increasing the carrier
density causes the Fermi level to transition from localized trap states located below the conduction

band to the conduction band itself, resulting in metallic behavior.
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Chapter 5

Conclusion and Future Directions

5.1 Conclusion

In conclusion, this thesis focuses on synthesizing and studying the electrical transport properties
of multilayer Bi,02Se nanosheets for future electronics and optoelectronic applications. We have
successfully optimized the growth conditions for synthesizing high-quality Bi2O2Se nanosheets
using APCVD, and the quality of these samples was characterized using Raman spectroscopy,
AFM, OM, and HRTEM. As-grown samples were transferred to SiO2/Si substrate with the
assistance of nail polish without any chemical etching or damage. This way, the devices fabricated
with a back-gated structure demonstrated good opto-electrical performance. Moreover, our devices
exhibited a broadband spectral photoresponse and gate-tunable response time. Our study suggests
the potential use of Bi2O2Se in future electronics and optoelectronics applications. In chapter 4 of
the thesis, we studied the temperature-dependent electronic transport of as-grown multilayer
Bi,02Se nanosheets, in which we discovered and characterized the metal-insulator transition. We
found out that in high carrier, the conductivity dependence on carrier density follows classical
Boltzmann theory, indicating the existence of linearly screened charged impurity scattering. At
low density, this homogeneous screening of electron gas breaks down, resulting in the
development of strong charge inhomogeneity, which leads to a percolation-based MIT transition

in our system. Charge transport in this insulating regime can be described by the thermal activation
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of trapped carriers in the localized states, highlighting the significant role of disorder in this

material.

5.2 Future Directions

5.2.1 Encapsulated Bi,O,Se

To screen out the role of charged impurities, we have encapsulated Bi»O»Se using an HBN
dielectric. In Figure 5.1a, the schematic of our device geometry is portrayed. We transferred
Bi20:Se to the Si02/Si substrate and exfoliated h-BN and graphene on SiO»/Si. Initially, we picked
up h-BN using our Nail Polish assisted transfer method and then placed graphene from this h-BN
onto Bi2O>Se. Subsequently, we used photolithography, RI, and metal deposition to make edge
contacts with the graphene. Figure 5.1c illustrates the schematics of our fabrication process, while
Figure 5.1b displays the OM image of this device. Up to this point, we have studied its IV
characteristics under an ambient environment. In Figure 5.1d, the linear IV indicates ohmic
contacts with graphene. In our Future directions, we plan to investigate its optoelectronic and

temperature-dependent electronic transport properties.
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Figure 5.1 (a) Schematic of the Encapsulated Device. (b) OM image of the encapsulated device
(c) Schematic depicting the subsequent steps of the fabrication process (d) IV characteristic of

the encapsulated device under ambient conditions.

5.2.2 Dual-Gated Bi;O;Se

We have fabricated the Dual gate Bi2O2Se using h-BN and Si3N4 as a top dielectric. Figure 5.2a
shows the schematic of our dual gate device where we have used h-BN as a dielectric and graphene
is used as a contact. Using our Nail polish assisted dry transfer technique, we transferred as grown
BixO2Se to Si0O/Si substrate. Then, we picked up exfoliated h-BN from nail polish and exfoliated

graphene from h-BN and transferred the h-BN graphene assembly to Bi>O»Se. Then,
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photolithography and metal deposition are used to make Pt contacts with graphene and a pre-
patterned gate contact. Then, we transfer exfoliated graphene over HBN and gate electrode to give

a gate connection. As graphene is transparent, using graphene as a gate, contact allows us to do

a Pt Contact b

Graphene
Bi,0,Se

c - e ¢

Dry Dry
Transfer Transfer

P o - — Graphene

< !
oy Bi,0,Se <0 ~

position
l/'/.

- - s, -
Dry Metal -
Transfer Deposition _
-10 -5 10

0 5
Vgq (MV)

Figure 5.2 (a) Schematic of the dual Gated device in which h-BN is used as a dielectric for top
gate and graphene is used as a contact. (b) OM image of the dual gated device. (c) Schematic
depicting the subsequent steps of the fabrication process (d) IV characteristic of this device

under ambient conditions.

optoelectronic measurements in contrast to opaque metals. Figure 5.2c shows the schematic of the
subsequent steps of our transfer process. Figure 5.2b is the OM image of the h-BN topgated

Device. We have studied its electrical properties in the ambient environment. Figure 5.2d shows
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the IV characteristics of our device under ambient conditions. We plan to study its optoelectronic

and temperature-dependent electronic properties in future work.

a b  siN,
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Figure 5.3 (a) Schematic of the Dual Gated device in which Si3Ny is used as a top gate. (b)
OM image of the dual gated device . (c¢) Transfer charateristics of the device using top gate

and (d) back gate respectively.

Figure 5.3a shows the schematic of our device in which Si3Nj is used as a dielectric for the top
gate. We transferred as grown Bi2O2Se on SiO2, made two probe devices, and gave gate contact
using photolithography. Then, we have used photolithography and sputtering to deposit SizN4 over

BixOsSe. Figure 5.3b shows the Om image of our device. We have studied its electrical properties
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under ambient conditions. Figure 5.3c displays the gate scan of our device using the top gate, and
Figure 5.3d shows the gate scan using the back gate. In both cases, we observed good gate
hysteresis in our system, possibly due to the interfacial trap state between Bi20,Se and SizNa.
These preliminary results suggest the potential of these devices for memory and neuromorphic

applications, which will be studied in future works.

5.2.3 F-Mica as a Back Gate

Figure 5.4a shows the schematic of our device geometry. Figure 5.4c shows the OM image of
our device. To fabricate our device, we have exfoliated graphene and transferred it to a SiO2/Si
substrate. Then, we transferred Bi>O>Se f-mica onto this graphene. Photolithography, followed by
metal deposition, is used to make two probe contacts on Bi2O>Se and a gate contact to graphene.
We have done preliminary electrical characterization of our device under ambient conditions.
Figure 5.4d shows the IV characteristics of our device, and 5.4e shows the plot of Isd vs. Vbg. In
the future, we will investigate the optoelectronic properties of this system and compare it

performance with the traditional SiO2/ Si back gate.
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Figure 5.4 (a) Schematic of the device where F-Mica is used as a back gate. (b) OM
image after transferring Bi»O,Se/f-mica on graphene. (¢) OM image of our device. (d) IV

characteristics of the device and (e) Isd Vs Vg plot of the device measured under Ambient

conditions.
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5.2.4 CsPbBr;/Bi2O2Se Heterostructure

Figure 5.5 (a) OM image of Bi1,0,Se/CsPbBr3/Graphene Hetrostructure device. (b) Image

after transferring CsPbBr3 on Bi2O2Se on PL Microscope.

Figure 5.5a shows the OM image of our CsPbBr3/Bi20O2Se heterostructure. First, we fabricated
two probe Bi»0:Se devices and gave them a pre-patterned metal pad. Then, we transferred the
CsPbBr3; crystal over Bi2O2Se without touching the metal pad. Figure 5.5b displays the image in
the PL microscope, which shows the transferred flake's excellent quality. Then, we transferred
graphene onto CsPbBr3; and a metal pad. In the future, we can study its optoelectronic properties.

This hybrid device is a good potential candidate of broadband photodetector and photodiode.
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Appendix A
Supporting material for Chapter 3

Growth Optimisation

We have optimized the growth conditions of BiO»Se nanosheets in our CVD set by tuning the growth conditions such
Effect of Distance between Precursors

as the distance between precursor position, growth time, Temperature of furnace and flow rate.
a b

Distance between Presursor =7 cm Distance between Presursor = 11 cm

Figure A1.1: Effect of Distance between precursors: a) Left panel displaying OM images of Bi202Se on F-Mica
when distance between precursors is 7cm and b) 11 cm (Right panel) when distance between precursors is reduced
size of sample increases. Temperature of the furnance is set at 640°C .
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Effect of Temperature

Growth time

=10 min,

Temperature

700 °C
Growth time
=15 min,
Temperature
660 °C

Figure A1.2: Effect of Temperature : a) upper panel shows OM images of Bi2O2Se on F-Mica when growth
time is 10 minutes and temperature is 700°C and b) when growth time is 15 minutes and temperature is 660
°C (Lower panel) . As temperature increases we got flakes of bigger size and higher density of flakes.

Effect of Flow rate
d
Flow =100
sccm, Growth
time =30 min,
Temperature
700 °C

Flow =200
sccm, Growth
time =10 min,
Temperature
700 °C

Figure A1.3: Effect of flow rate : a) upper panel shows OM images of Bi2O2Se on F-Mica when flow
rate is 100 sccm and growth time is 30 minutes and b) when flow rate is 200 sccm growth time is 10
minutes (Lower panel). As flow rate decreases we got thinner and larger flakes
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Appendix B
Supporting material for Chapter 4

Supporting figures
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Figures A2: IV characteristics of our device using two probes and four-probe measurements at a)
T=25 K and b) T=298 K. Inset of a) is the O.M. image of our device.
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