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Abstract

Hexagonal boron nitride (h-BN) has emerged as a promising 2D material for various
applications due to its exceptional properties, including high thermal and chemical
stability, wide bandgap, and excellent insulating properties. One potential application of h-
BN is in intercalation processes, where foreign atoms or molecules are inserted between
the h-BN layers to modify their properties. In this study, we present a comprehensive
characterization of h-BN for intercalation purposes using a range of techniques, including
Scanning electron microscopy (SEM), Atomic Force Microscopy (AFM), Raman

spectroscopy, Cathodoluminescence (CL), Photoluminescence (PL).

The Raman spectra of h-BN exhibit the characteristic Ezg phonon mode peak at ~1368.1
cm’!, confirming the presence of h-BN. Furthermore, the cathodoluminescence
spectroscopy analysis showed that h-BN has strong near-band emission around 402 nm,
which indicates higher crystal quality and low defect density. Our findings suggest that h-
BN is a suitable material for intercalation processes, and the characterization techniques
employed in this study provide valuable insights into the properties of h-BN that can be

modified through intercalation. The results indicate that h-BN's properties can be tailored

for various applications, including electronics, optoelectronics, and energy storage. This

i



study serves as a foundation for further research into the intercalation of h-BN and expands

our understanding of the unique properties of this 2D material.
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Chapter 1. Introduction

1.1 Motivation

The field of quantum technologies is rapidly advancing, with the potential to revolutionize
areas such as sensing, information science, and computing. However, to fully realize the
potential of quantum technologies, it is essential to develop materials that can meet the
unique demands of these applications. Two-dimensional (2D) materials, such as graphene,
and hexagonal boron nitride (h-BN), have emerged as promising candidates for quantum
technologies due to their exceptional electronic, mechanical, and optical properties [1-3].
Intercalation is a process of inserting foreign atoms or molecules between the layers of a
2D material to modify its properties. 2D materials have garnered significant attention in
recent years due to their unique properties such as high thermal and chemical stability,
excellent mechanical flexibility, and high surface-to-volume ratio [4-6]. These properties
make them ideal candidates for various applications, including quantum technologies [2].
The field of quantum technology has garnered significant interest in recent years due to its
potential for revolutionizing a wide range of fields such as computing, sensing, and
communication. Quantum technology harnesses the properties of quantum systems, which

exhibit behavior that is fundamentally different from classical systems [7].



Intercalation tailors electronic and magnetic properties of 2D materials for use in quantum
technologies [1-3]. For example, intercalated graphene has potential for magnetic field
sensors and quantum dots [8]. Intercalation of h-BN can enhance single-photon detectors
for quantum communication and is a promising candidate for spin qubits [9, 10]. These
materials have already shown promising results in various quantum applications,

exhibiting tunable properties for high sensitivity and accuracy.

1.2 Thesis Outline

The primary objective of this thesis is to develop and characterize hexagonal boron nitride
(h-BN) as a host two-dimensional host material for intercalation. The thesis provides
comprehensive characterization results of h-BN grown on a sapphire substrate, and

identifies the optimal, less defective material for intercalation.

Chapter 2 offers a comprehensive review of the intercalation process, including the
selection of host materials, growth techniques for host 2D materials, and intercalation

methods for the intercalants in 2D materials.

Chapter 3 is dedicated to the h-BN, with a detailed growth and characterization process
that includes SEM, AFM, Raman, CL, and PL. The data illustrates the less defective nature

of the material used for the study which can be used for the intercalation process.



Lastly, Chapter 4 outlines the future plans for intercalating the less defective h-BN with
Ne rare gas solids for the development of single photon emitters and spin-related devices.
The thesis provides a valuable contribution to the field of intercalation in terms of material

selection and offers potential avenues for future research.



Chapter 2. Literature Review of Intercalation

2.1 Intercalation

Intercalation is a process that involves the insertion of foreign species into a host material,
leading to changes in its structural, optical, thermal, electrical, magnetic, and mechanical
properties. The ability to modify the properties of materials in a controlled manner makes
intercalation a popular process in various fields of research and technology [11, 12]. One
of the primary properties that can be modified through intercalation is the electrical
conductivity of materials. Intercalation can increase the charge carrier density by changing
the density of energy states in the material, thus enhancing the electrical conductivity [13].
This property is crucial in developing materials for electronic applications such as sensors,
batteries, and electrochromic displays [2]. The highest possible doping in host materials
can be achieved through intercalation, which is necessary for achieving high conductivity
in materials [14]. In addition to electrical properties, intercalation can also modify the
magnetic properties of materials. By introducing magnetic species into the host material,
the magnetic properties of the material can be enhanced. This makes intercalation useful

for developing materials for magnetic storage applications. Intercalation can also be used



to tailor the magnetic properties of materials for specific applications such as spintronics

[15-21].

Thermal properties can also be modified through intercalation. By introducing foreign
species into the host material, intercalation can induce structural changes that affect the
thermal conductivity of the material [22]. This property is essential in developing materials
for thermal management applications such as heat sinks. Intercalation can modify the
surface properties of materials, leading to enhanced catalytic activity [23, 24]. By
introducing foreign species into the host material, intercalation can enhance the catalytic
activity of the material. This property is important in developing materials for catalytic

applications such as in fuel cells and catalytic converters.

Intercalation can also modify the electronic structure of materials, leading to changes in
their optical properties [24]. By introducing foreign species into the host material,
intercalation can modify the electronic structure of the material, leading to changes in its
optical absorption and transmission properties. This property is important in developing
materials for optoelectronic applications such as solar cells and light-emitting devices.
Finally, intercalation can modify the mechanical properties of materials. By introducing

foreign species into the host material, intercalation can induce structural changes that affect



the mechanical properties of the material. This property is important in developing

materials for structural applications such as in aerospace and automotive industries.

In general, intercalation is a powerful process that can modify various properties of
materials. Its ability to modify properties in a controlled manner makes it a popular process
in various fields of research and technology. The properties that can be modified through
intercalation include electrical conductivity, magnetic properties, thermal properties,
surface properties, electronic structure, and mechanical properties. Intercalation has the
potential to create new materials with superior properties, leading to advances in various

technological fields.



2.2 2D Host Materials

The use of two-dimensional (2D) materials as host materials for intercalation has gained
significant interest in recent years due to their excellent electronic, optical, mechanical, and
thermal properties [25, 26]. 2D materials, such as h-BN and graphene, are ideal platforms
for intercalation due to their atomically thin and high aspect ratio nature, which provides
large interlayer gaps for the insertion of foreign species without breaking the in-plane
covalent bonds which can be inferred from Figure 2.1. In contrast to 3D materials, which
trigger chemical reactions with foreign species and form covalent bonds that disrupt
structural properties and create defects, 2D materials allow guest species to reside on the
atomic surface and ions to easily migrate to interlayer sites, without disturbing the
structural bonding [27]. 2D materials exhibit a greater surface area-to-volume ratio in
contrast to their three-dimensional (3D) counterparts, making them ideal for intercalation
as a host material. These materials consist of a single layer or a few layers of atoms
arranged in a 2D lattice structure, resulting in a large surface area for intercalation and
facilitating the diffusion of intercalants between the layers, leading to a high degree of
intercalation [1, 28]. On the other hand, intercalation in 3D materials is more challenging
due to their lower surface area-to-volume ratio. The limited surface area available for
intercalation can hinder the penetration of intercalants into the bulk material, resulting in a

lower degree of intercalation and limited control over the properties of the host material.



In addition to their surface area, another advantage of 2D materials as host materials for
intercalation is their flexibility and mechanical properties. Due to their thin and flexible
nature, 2D materials can undergo changes in geometry and deformation upon intercalation,
which can induce structural changes in the host material and lead to changes in its
mechanical properties [29, 30]. This property is essential in developing materials for
applications that require flexibility and mechanical stability. Moreover, 2D materials have
unique electronic and optical properties that can be further enhanced by intercalation.
Graphene, a 2D carbon material, for instance, has high electrical conductivity and optical
transparency [8]. The intercalation of foreign species into the graphene lattice can further
enhance its electronic and optical properties, making it a suitable material for various
applications. Additionally, 2D materials have high thermal conductivity, which can be
further enhanced by intercalation [31]. The intercalation of foreign species can induce
structural changes in the 2D material, leading to an enhancement of its phonon transport
properties [32, 33]. This property is essential in developing materials for thermal

management applications, such as heat sinks.

Another advantage of 2D materials as host materials for intercalation is their tunable
electronic properties [34]. Depending on the nature and arrangement of the constituent
atoms, 2D materials exhibit a range of electronic properties, including semiconducting,
metallic, and insulating behavior. The intercalation of foreign species can alter the
electronic properties of the host material, providing a means to tune its electronic behavior.

This property is useful in developing materials for electronic and optoelectronic



applications, such as transistors, and UV light-emitting diodes [35]. Additionally, 2D
materials have high surface reactivity, making them suitable for chemical functionalization
[36]. The functionalization of 2D materials with various chemical groups can alter their
surface chemistry, leading to changes in their electronic, optical, and mechanical
properties. This property is useful in developing materials for applications such as

catalysis, sensing, and energy storage.

Furthermore, 2D materials are easy to grow using various techniques, such as mechanical
exfoliation, chemical vapor deposition, molecular beam epitaxy, and drop casting. These
techniques enable the production of high-quality 2D materials in large quantities and at
low cost. The scalability and cost-effectiveness of 2D material production make them a
promising candidate for various applications. Finally, 2D materials have exceptional
environmental stability, making them resistant to oxidation and degradation [37]. The
intercalation of foreign species can further enhance their stability, providing a means to
develop materials with superior stability in harsh environments. This property is useful in
developing materials for a wide range of applications that require long-term stability, such

as protective coatings, environmental sensors, and electronic devices.



Q Q Q @ |increased vdW gap

» ) intercalant
: | original vdW gap ® 2D material

@ 3D substrate

Figure 2.1 Atomic geometry of intercalants/multilayer 2D material/3D substrate (left),
and schematic view of a structure with multilayer 2D material/3D substrate where foreign

particles are intercalated (right).

10



2.3 2D material Growth Techniques

Various techniques have been developed for the synthesis or epitaxial growth of 2D
materials, including liquid or mechanical exfoliation under ambient conditions, the low-
vacuum technique CVD or MOCVD, and the high vacuum technique MBE. Figure 2.2
illustrates all the possible technologies used for the growth of 2D materials. This section
will discuss different exfoliation techniques employed for the synthesis of two 2D

materials, followed by the vacuum growth tools utilized for the same purpose.

Mechanical exfoliation: This is one of the earliest and simplest techniques for producing
2D materials. In this technique, a bulk material is cleaved using adhesive tape or a similar
material to produce a thin layer [38]. The resulting layer is then transferred to a substrate
to obtain the desired 2D material. Graphene, the first discovered 2D material, was obtained

using this technique.

Drop casting: This is a simple and low-cost technique for producing 2D materials. In this
technique, a solution containing the desired 2D material is dropped onto a substrate [39].
The solvent evaporates, leaving behind a thin layer of the material on the substrate. Drop
casting can produce large-area, high-quality 2D materials, and it has been used to produce

graphene, black phosphorus, and other 2D materials.

11



Chemical vapor deposition (CVD): CVD is a widely used technique for producing high-
quality 2D materials [40]. In this technique, a precursor gas is introduced into a reaction
chamber containing a substrate. The gas decomposes on the substrate, forming the desired
2D material. The growth parameters such as temperature, pressure, and gas flow rate can
be controlled to obtain high-quality 2D materials. CVD is a scalable technique, and it has

been used to produce graphene, hexagonal boron nitride (h-BN), and other 2D materials.

Metal-organic chemical vapor deposition (MOCVD): MOCVD is a technique similar to
CVD, but it uses metal-organic precursors instead of inorganic precursors. In this
technique, a metal-organic precursor and a carbon source are introduced into a reaction
chamber containing a substrate. The precursor decomposes on the substrate, forming the
desired 2D material. MOCVD has been used to produce high-quality graphene and h-BN

[41-43].

Molecular beam epitaxy (MBE): MBE is a high vacuum technique that involves the
deposition of atoms or molecules on a substrate. In this technique, a solid source of the
material is heated, and the evaporated atoms or molecules are directed onto a substrate.
The deposited material grows layer by layer, resulting in high-quality and uniform films.
MBE is a precise and well-controlled technique, and it has been used to produce high-

quality h-BN [44].

12
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Figure 2.2 Various synthesis or growth techniques of 2D materials.
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2.4 Rare Gas Solids as Intercalant

The rare gas elements, also known as noble or inert gases, including helium (He), neon
(Ne), argon (Ar), krypton (Kr), xenon (Xe), radon (Rn), and the recently discovered
oganesson (Og), possess noteworthy characteristics as intercalants. These elements are
present in trace amounts in the atmosphere and form rare gas solids at very low
temperatures under atmospheric pressure (around 100 K). These solids have the highest
electronic bandgaps of any material, with the bandgap of solid Ne being four times that of
diamond, making them particularly attractive for quantum information science (QIS)
applications. In addition, rare gas solids offer a matrix that is completely devoid of
electronic or nuclear spins, such as solid Ar. These unique properties make them potential
candidates for QIS and other advanced technological applications [10, 45, 46]. To harness
the potential of rare gas solids for QIS applications, it is essential to stabilize them at room
temperature. A possible solution to this challenge is to utilize the van der Waals pressure
by sandwiching the rare gas solids between two-dimensional (2D) materials like graphene
and h-BN. This technique would enable the operation of quantum devices and systems at
room temperature. Although van der Waals forces between 2D materials are weaker than
covalent bonds, they can still generate high pressures, estimated to reach up to 10,000

atmospheres for encapsulated species [47].
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The ability of rare gas solids to intercalate into host lattices depends on their atomic radii
and diffusion rates during the process, which are illustrated in 2D schematics in Figure 2.3.
Helium, for example, has a small atomic radius and high diffusion rate, making it capable
of filling all available sites in the host material. However, its kinetic instability limits its
suitability for intercalation and it cannot be trapped easily in the 2D/substrate interface.
Argon, due to its larger atomic radius, is not an optimal choice for intercalation as it can
cause vacancy defects in the crystal structure. Most 2D materials have smaller atomic sizes
than Ar, but if intercalation occurs, the gas atoms can be trapped in the 2D/substrate
interface. This is because the collision with 2D materials atoms reduces their kinetic
energy, preventing them from reflecting back. Neon, on the other hand, has an intermediate
atomic radius and moderate diffusion rate, taking a few hours to diffuse into the lattice.
The diffusion rate can be increased by higher pressure, but this also leads to a reduction in
the size of interstitials and channels, which has little impact on the diffusion rate. Kr has
shown high intercalation occupancy at high temperatures, but Xe's size makes it unsuitable

for intercalation.

Certain rare gases, such as *He and *°Xe, possess a non-zero nuclear spin that is optically
inaccessible and well-shielded from the external environment, allowing for long coherence
times [15]. Ensembles of these gas spins can maintain coherence for several hundred hours
at room temperature, making them useful for applications in medical imaging [48],
quantum information science, sensing technology, and entanglement generation [10, 45,

46]. However, achieving and sustaining such entanglement requires precise control and

15



isolation, which has been accomplished with trapped atoms and ions [49, 50], alkali-metal
spins [49, 51, 52], high-quality mechanical oscillators, and quantum defects in crystals
[53]. Recent experiments have also demonstrated strong coherent coupling between
optically-accessible spins of rare gas *He by incorporating multiple rare gas solids into 2D

host materials, introducing a range of atomic and molecular spin defects [15].

3D substrate 3D substrate e He*
® Ne*

b @ Ar
® :: ; o b‘ ® O Xe

@ 2D

y
——0——0—9

3D substrate 3D substrate

Figure 2.3 Schematic representation of intercalation of (e) He, (f) Ne, (g) Ar, and (h) Xe

atoms, respectively.
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2.5 Intercalation Process

Intercalation of rare gas solids has been a subject of interest for decades. In this regard,
different techniques including sputtering, ion-beam implantation and, irradiation have been

extensively used. Figure 2.4 depicts these methods.

Sputtering is a physical vapor deposition (PVD) technique commonly used for thin film
deposition in various fields, including materials science and nanotechnology. In rare gas
intercalation, sputtering is used to introduce rare gas atoms into the interstitial sites of a
material's lattice structure. The sputtering process involves bombarding a target material
with high-energy ions, typically argon, in a low-pressure gas environment. This causes the
atoms of the target material to be ejected and deposit on a substrate to form a thin film. In
rare gas intercalation, the ejected target atoms are replaced by rare gas atoms, such as
helium or neon, which are introduced into the interstitial sites of the lattice structure. This
process can modify the physical and electronic properties of the material, leading to

interesting and potentially useful properties.

The rare gas intercalation process can also be performed using ion implantation and ion
irradiation, where the rare gas ions are directly implanted into the material's lattice
structure.[54] In both techniques, ions are accelerated to high energies and directed towards
the 2D material, causing damage and creating vacancies in the lattice. The rare gas atoms

can then intercalate into these vacancies and form a solid within the 2D material.
17



Ion implantation involves the use of a focused ion beam to implant rare gas ions into the
2D material. Ion irradiation, on the other hand, involves bombarding the 2D material with
a broad beam of ions. The ions penetrate the surface and create a cascade of collisions that
causes lattice damage and creates vacancies. The rare gas atoms can then diffuse into these
vacancies and intercalate into the lattice. However, sputtering has an advantage in the sense
that it can deposit thin films over a larger area with less damage, making it more appropriate

for intercalation applications.

Sputtering

lon irradiation/implantation

vvvvvvvvvvvvvv

| ]
%/ XfeR/

#—Cafﬁode

@ 2D @ intercalant

Figure 2.4 Various intercalation techniques of rare gas solids: (a) sputtering and (b) ion

irradiation/implantation.
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Chapter 3. h-BN — Host material

3.1 Why h-BN?

Hexagonal Boron Nitride (h-BN) is a unique two-dimensional (2D) material that has
gained significant attention in the scientific community in recent years due to its
exceptional properties and potential applications in various fields. One of the most notable
features of h-BN is its hexagonal lattice structure, which is similar to that of graphene. This
hexagonal lattice structure results in a highly ordered crystal structure, making it an
excellent material for use in high-precision applications. However, unlike graphene, h-BN
is an insulator due to the presence of a wide bandgap approximately 6 eV [55]. Due to its
insulating properties, h-BN does not conduct electricity, which makes it a desirable
material for use in electronic and optoelectronic devices that require high insulation. In
addition to its insulating properties, h-BN also has high mechanical strength, making it
resistant to mechanical stress and deformation. This property makes it an excellent material

for use in applications where mechanical stability is crucial, such as intercalation [56, 57].

19



The another most notable properties of h-BN is that it does not have any dangling bonds,
making it an ideal material for various applications such as electronic devices,
optoelectronics, and catalysis [58]. The absence of dangling bonds in h-BN is due to the
strong covalent bonds between the boron and nitrogen atoms. This results in a highly stable
and robust material that can withstand high temperatures and harsh chemical environments.
The lack of dangling bonds also makes h-BN an excellent insulator, with a high dielectric

constant and low loss tangent, which is important for its use in electronic devices [58].

h-BN has excellent thermal stability and can withstand high temperatures without
undergoing any significant structural changes. It can resist temperatures of up to 900°C,
making it an ideal material for high-temperature applications [57]. Another unique property
of h-BN is its optical properties, such as a high transmittance in the visible and ultraviolet
regions of the electromagnetic spectrum. This property makes h-BN an ideal material for
optical applications, such as UV LEDs [59]. The h-BN is highly chemically inert, which
means it does not react with other chemicals or substances easily and this property makes

h-BN a desirable material for use in harsh chemical environments [60].

20



3.2 Substrate Selection and Growth of h-BN

The substrate for h-BN growth was selected based on several properties related to the
substrate material and their impact on h-BN. Four different popular substrate materials
were selected, including Highly Oriented Pyrolytic Graphite (HOPG), Silicon carbide
(SiC), Nickel (Ni), and Sapphire (Al203). The first and foremost criterion for the substrate
selection was the lattice matching between h-BN and the substrate materials. SiC and
Sapphire showed a high degree of matching with h-BN. The second criterion was thermal
stability, which plays a major role during the growth process of h-BN. Since the 2D
material is grown at a high temperature, it is necessary for the substrate material to be
thermally stable. Most of our selected materials excelled in this property except for Nickel.
As CVD was selected as the growth technique, the third criterion was compatibility with

CVD, and all of the materials selected were compatible with CVD growth.

To ensure optimal performance of h-BN, the substrate material's bandgap and absorption
coefficient are two critical criteria that must be considered. This is particularly important
when creating single photon emitters by identifying color centers in h-BN, which are
produced by point defects. During spectroscopy measurements, the emitted light from color
centers should not be absorbed by the substrate, requiring a substrate with high electronic

bandgap and low absorption coefficient. Based on these properties, sapphire was identified

21



as an excellent substrate material for growing h-BN. The properties of substrate materials

can be inferred from Table 3.2.

Criteria HOPG SiC Ni Sapphire
1.8% 11.7% 0.8% 9.38%
High High Intermediate High
- 23-33 = 10
2.0 x 105 Moderate High NA
v v v v

Table 3.2 Substrate selection for h-BN
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As discussed in Chapter 2.3, there are various methods available for growing 2D materials,
including CVD, MOCVD, and MBE. Although there are other methods available for
growing 2D materials, CVD was chosen as it is a well-established and versatile technique
for synthesizing high-quality h-BN films with large areas. The growth of h-BN on a
sapphire substrate using the CVD process was conducted by Michael Snure from Air Force
Research Lab (AFRL) in Dayton, as part of our project collaboration. Borazine was utilized
as our precursor and grew h-BN on a sapphire substrate at a temperature of 1500 °C for 3
hours. Our growth resulted in six monolayers of h-BN, each with a thickness of 0.33 nm.
Six monolayers were selected as a starting point to study the properties of h-BN on
sapphire, considering that anything exceeding 10 monolayers is considered to be bulk in
the field of 2D materials. Our plan for the next growth process is to grow monolayer h-BN

on a sapphire substrate for intercalation purposes.
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3.3 Morphological Characterization

3.3.1 Optical Microscopy

The CVD grown h-BN sample underwent a comprehensive optical microscopy analysis
using the HRM-300 Series microscope, and no major deformities or debris were detected.
Additionally, the h-BN film appeared to be uniform throughout the sample, as shown in

Figure 3.1.

Figure 3.1 Optical microscopy image of the h-BN film
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3.3.2 Scanning Electron Microscopy (SEM)

To examine the morphology and topology of the h-BN sample, SEM was conducted using
the Zeiss Ultra 55 Plus FE-SEM tool. The SEM image in Figure 3.2 depicted that the h-
BN film exhibited a smooth surface without any visible hillocks or wrinkles. This indicates
that the film had a homogeneous texture and was devoid of any irregularities or deformities.
The lack of significant roughness suggests that there is minimal or no thermal stress
between the h-BN film and the underlying substrate. This finding is of great significance
as it indicates that the h-BN film was grown under optimal conditions, resulting in a high-

quality and uniform film.

5 kV h-BN 10 pm —

Figure 3.2 SEM image of the h-BN film
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3.3.3 Atomic Force Microscopy (AFM)

The AFM analysis was carefully performed using the highly precise Bruker Icon 3 AFM
tool to confirm the SEM results. The results of the analysis were truly remarkable as they
revealed that the h-BN film was incredibly smooth, exhibiting an RMS surface roughness
of merely 1.72 A. This exceptional level of smoothness is highly desirable for various
optical characterizations such as cathodoluminescence and photoluminescence, as it
significantly reduces light scattering on the h-BN film. Moreover, a smoother surface will
substantially enhance the mechanical strength and durability of the material. The mapped

AFM data can be inferred from Figure 3.3.

0.9 nm
0.1 nm

Figure 3.3 AFM image of the h-BN film
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3.4 Spectroscopic Characterization

3.4.1 Raman Spectroscopy

Raman spectroscopy is a powerful tool to study the vibrational properties of a material so
it was utilized to verify the presence of the h-BN film by evaluating h-BN’s vibrational
properties. The Renishaw Raman and FTIR microprobe tool was used to conduct the
Raman measurements at room temperature using a laser with an excitation wavelength of
458 nm and an optical power of 2 mW. The collected data was plotted as a graph in Figure
3.4. Five Stokes shifted peaks of the sapphire substrate were identified in the spectral range
of 400 cm™ to 800 cm™, indicating the existence of defects in the sapphire substrate. The

peak at 750.3 cm™! had a high intensity, whereas the peak at 431 cm™! was low in intensity.

Moreover, a prominent Eog phonon peak was observed at 1368.1 cm™!, which corresponds
to the h-BN film and confirms the existence of h-BN polymorphism. The E2z phonon peak
is attributed to the in-plane vibrations of boron and nitrogen atoms in the hexagonal lattice
structure of the h-BN and they are considered as a characteristic peak of h-BN. The Exg
phonon peak's full-width at half-maximum (FWHM) was measured to be 42.87 cm™!, which
is comparable to the bulk h-BN's FWHM value. The presence of the h-BN peak at 1368.1

cm’! confirms the successful growth of the h-BN film and its high crystalline quality.
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Figure 3.4 Room temperature Raman measurement of h-BN
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Temperature-dependent Raman measurements were performed to observe the changes in
the h-BN film's vibration properties at low and high temperatures. The measurements were
performed from -180 °C to 370 °C, and the E2¢ phonon peak of the h-BN film was recorded
and plotted in Figure 3.5. At -180 °C, the Exg peak center of h-BN was found to be at 1374
cm’!, and it underwent a small red shift with an increase in temperature. However, after 90
°C, there was a moderate red shift can be observed, and finally, at 370 °C, the peak was
found to be shifted to 1355 cm™'. During the temperature measurements from -180 °C to

370 °C, a 19 cm™ red shift was observed.

The observance of this red shift in h-BN with temperature indicates that as the temperature
increases, the h-BN lattice is subjected to thermal expansion. The lattice expansion leads
to an increase in the bond stiffness of the material and reduces the vibrational frequency of
the material. This makes sense since at high temperatures, the kinetic energy of phonons
within the lattice will increase, resulting in collisions between multiple phonons and a
decrease in energy and frequency. This increase in lattice vibrations can have significant
effects on the physical and electronic properties of the material, such as changes in thermal

conductivity, electrical conductivity, and mechanical strength.
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3.4.2 Cathodoluminescence (CL)

CL is a powerful characterization technique used to study the luminescence properties of
materials. It involves exciting a material with a focused beam of electrons, typically in a
SEM, and collecting the resulting emitted photons. The energy and wavelength of the
emitted photons can provide information about the electronic and optical properties of the
material being studied. In the case of h-BN, luminescence measurement is crucial as it
helps to identify color centers which are of interest, without the need for additional

analysis. So, CL was performed using Thermo Scientific Quattro ESEM tool.

During the initial measurements, a CL excitation voltage of 5 kV and a current of 0.11 nA
were used. Although 5 kV is a commonly used low excitation voltage in CL studies, the
results were unexpected since no h-BN peaks were observed as shown in Figure 3.6 A.
Instead, peaks were identified in the sapphire substrate at 333 nm and 658 nm. Further
investigation revealed that the choice of CL excitation voltage could have been the cause
of the discrepancy. The 5 kV voltage appeared to penetrate the substrate and collect data
from it instead of the h-BN thin film. To address this issue, a lower CL voltage of 500 V
was selected for the measurements. This voltage was chosen based on a simulation check

with Casino software, which indicated that the penetration depth of electrons at 500 V was
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around 4 nm. This voltage was deemed suitable for the h-BN thin film since it could prevent

interference from the substrate and enable accurate measurement of the h-BN’s properties.

After adjusting the CL excitation voltage to 500 V, two peaks were observed in the h-BN
thin film at 327 nm and 402 nm shown in Figure 3.6 B. Interestingly, the peak at 402 nm
was not observed in previous measurements and could indicate a point defect in the h-BN
film that may have created a color center. However, the origin of the 327 nm peak remains
unclear as a shift of 6 nm was observed from the 333 nm peak at high CL voltage. This
shift suggests that the 327 nm peak could potentially be attributed to the substrate, although
further investigation is required to confirm this hypothesis. Overall, the results indicate that
adjusting the CL excitation voltage to 500 V was an effective strategy for improving the

accuracy and reliability of the measurements on the h-BN thin film.
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3.4.2 Photoluminescence

To further confirm our previous statement regarding the point defect in the h-BN thin film,
photoluminescence (PL) measurements were conducted on the h-BN sample by our
collaborators at National Taiwan Normal University (NTNU). PL is a non-destructive
optical spectroscopy technique that allows us to measure the emission of photons from
excited states in the material. The PL measurements were performed using a 480 nm laser
excitation with a power of 0.169 mW. The results showed that there was a peak at 420 nm
in the PL spectrum which may be the closest to the peak at 402 nm in the CL spectrum.
Although the exact match between the two peaks could not be established, this finding still
suggests that the peak at 402 nm observed in the CL measurement could indeed be

attributed to a point defect in the h-BN thin film that created a color center.

Moreover, the PL measurements also revealed additional peaks in the spectrum.
Specifically, a broad peak and few shoulder peaks from 420-512 nm were observed. The
shoulder peaks from 420-512 nm shown in Figure 3.7 B could be due to the recombination
of excitons with defects in the material. The presence of these peaks in the PL spectrum
further supports the hypothesis that the h-BN thin film contains point defects that contribute

to its optical properties.
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Chapter 4. Future Works

The characterization of the h-BN thin film has shown promising results in terms of its
optical properties and point defects. Through the use of cathodoluminescence and
photoluminescence measurements, it was possible to identify the presence of point defects
in the h-BN thin film which contribute to its optical properties. Specifically, a peak at 402
nm in the CL spectrum was observed which may be attributed to a point defect that creates
a color center. Additionally, the PL. measurements showed a peak at 420 nm which supports

this hypothesis.

In the pursuit of further understanding the unique properties of h-BN, future work will
focus on the intercalation of Ne rare gas into the material. The intercalation process has
been demonstrated to introduce new physical properties, such as magnetism and
photoluminescence, which are highly desirable for a range of applications, including
spintronics and quantum information processing. The introduction of Ne rare gas into the
h-BN thin film is expected to enhance its optical and magnetic properties, and enable the

creation of new spin-based devices.
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The process of intercalation involves the insertion of Ne atoms into the interlayer spaces
between h-BN layers by either sputtering or ion irradiation process. Once the intercalation
process is complete, a series of measurements will be performed to characterize the optical
and magnetic properties of the intercalated h-BN thin film. Cathodoluminescence and
photoluminescence measurements will be used to evaluate the optical properties of the
material. The use of luminescence measurements is a powerful technique for characterizing
the luminescence properties of materials, and it is particularly useful for investigating the
electronic structure of semiconductors. The resulting luminescence spectrum can provide

valuable information on the energy band structure and optical properties of the material.

In addition to the luminescence measurements, several other techniques will be employed
to study the material's properties in more detail. Transmission electron microscopy (TEM)
will be used to investigate the microstructure and crystallography of the intercalated h-BN
thin film. This will enable the visualization of the intercalated Ne atoms and their
distribution within the h-BN lattice, providing important information about the structural
changes induced by intercalation. Scanning tunneling microscopy (STM) will also be used
to study the electronic and surface properties of the intercalated h-BN thin film. STM is a
powerful technique that can provide atomic-resolution images of the surface and reveal
information about the trapping of Ne atoms in the h-BN/substrate interface including the

vacancies created during the intercalation process.
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X-ray photoelectron spectroscopy (XPS) will be used to investigate the chemical
composition of the intercalated h-BN thin film. This technique can provide information
about the chemical bonding states of the elements present in the material, and can be used
to investigate the presence of impurities or defects that may affect the material's properties.
X-ray diffraction (XRD) will be employed to investigate the crystal structure of the
intercalated h-BN thin film. XRD can provide detailed information about the
crystallographic orientation of the material and the lattice parameters, which can be used

to investigate the structural changes induced by intercalation.

Collectively, these techniques will provide a comprehensive characterization of the
intercalated h-BN thin film, allowing for a detailed understanding of its electronic, optical,
magnetic, and structural properties. By combining these results with the luminescence
measurements, it will be possible to gain insights into the potential for using intercalated
h-BN in spin-based devices for quantum information processing. Spin-based devices have
the potential to revolutionize the field of quantum information processing, enabling faster

and more efficient data processing compared to classical computers.

Overall, the intercalation of Ne rare gas on h-BN represents an exciting avenue of research
that has the potential to unlock new physical properties of the material. The insights gained
from this research may ultimately lead to the development of new spin-based devices for
quantum information processing, and could have important implications for a range of

other applications, including magnetism and photovoltaics. With careful experimental
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design and measurement techniques, it is hoped that this research will contribute

significantly to our understanding of h-BN and its potential for use in future technologies.
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