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ABSTRACT

PHONON MEAN FREE PATH - THERMAL
CONDUCTIVITY RELATION OF Al,Ga;_,N, AND B-Ga,0;
SEMICONDUCTORS

Ultrawide-bandgap (UWBG) semiconductors like Al,Ga;_, N and 5-Ga,03 emerge
as a promising option for advancing next-generation high-power electronic devices. Al-
GaN preserves significant attention due to its unique capability of tuning the bandgap
from 3.4 (eV) to 6 eV, enabling a nonlinear increase in the critical breakdown field.
B-Gay,0s, with a wide bandgap of 4.8 eV | surpasses GaN and has cost-effective sub-
strates, making it appealing for high-power electronics. However, field-effect transistors
(FET) and Schottky-barrier diodes based on Al,Ga;_, N and -Ga,03 have shown su-
perior performance to GaN, indicating their potential for overcoming this challenge.
The pressing issue of local heat build-up and narrowing thermal pathways in such
high-performance small scales devices is a significant challenge.To optimize the per-
formance and ensure reliable operation, efficient dissipation of heat generated in the
device is essential. This can be done by understanding the thermal transport of these
systems at a short-length scale, in this case, lattice vibrations (i.e., phonons). One of
the critical properties that characterize this behaviour is the phonon mean free path
(MFP). This research offers a detailed analysis of phonon mean free path accumula-
tion spectra in $-Ga,0s, and Al,Ga,_, N alloys with different Al fractions at different
lattice temperatures by utilizing ab-initio and lattice dynamics calculations based on
density functional theory (DFT) along with the Boltzmann transport equation (BTE).
Our results indicated that the normalized cumulative thermal conductivity of alloys is
notably reduced compared to that observed in pure systems. This effect is particularly

pronounced for larger mean free paths (MFPs).



OZET

Al,Gai_,N VE -Ga,03 YARIILETKENLERININ FONON
ORTALAMA SERBEST YOLU - ISIL ILETKENLIK
ILISKIiSI

Al,Ga;_N ve B-Ga,Os gibi ultra genig bant aralikh (UWBG) yar iletken-
ler, yeni nesil yiiksek giiclii elektronik cihazlarin gelistirilmesi i¢in umut verici bir
segenek olarak ortaya gikmaktadir. AlGaN, bant arahgim 3,4 (eV) ila 6 eV arasinda
ayarlama ve kritik kirilma alaninda dogrusal olmayan bir artig saglama konusundaki
benzersiz kabiliyeti nedeniyle biiyiik ilgi gormektedir.5-Ga,Os, 4,8 eV’lik genig bant
araligiyla GaN’i geride birakir ve uygun maliyetli alt katmanlara sahiptir, bu da onu
yiksek giiclii elektronikler igin cazip hale getirir. Bununla birlikte, Al,Ga;_,N ve
B-Gay,05 bazli alan etkili transistorler (FET) ve Schottky bariyerli diyotlar, GaN’den
daha tistiin performans gostererek bu zorlugun iistesinden gelme potansiyellerini or-
taya koymustur. Bu tiir yiiksek performansh kiigiik 6lcekli cihazlarda yerel 1s1 birikimi
ve termal yollarin daraltilmasi énemli bir sorundur. Performansi optimize etmek ve
glivenilir caligmay1 saglamak icin cihazda iiretilen 1s1nin verimli bir sekilde dagitilmasi
esastir. Bu, sistemlerin kisa uzunluk olgegindeki termal tagimimini, bu durumda kafes
titregimlerini (yani fononlar1) anlayarak yapilabilir. Bu davranigi karakterize eden kri-
tik 6zelliklerden biri de fonon ortalama serbest yoludur (MFP). Bu aragtirma, ab-initio
ve kafes dinamigi hesaplamalarim kullanarak farkli kafes sicakliklarinda farkli Al frak-
siyonlarina sahip -Ga,0O3 ve Al,Ga;_,N alagimlarinda fonon ortalama serbest yol
birikim spektrumlarinin ayrintili bir analizini sunmaktadir. Sonuclarimiz, alagimlarin
normallegtirilmis kiimiilatif termal iletkenliginin saf sistemlerde gozlemlenene kiyasla

onemli olclide azaldigini gostermistir. Bu etki ozellikle daha biiylik ortalama serbest

yollar (MFP’ler) i¢in belirgindir.
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1. INTRODUCTION

1.1. Emerging Materials for FETs

The global pursuit for a reliable energy supply and the need to decrease green-
house gas emissions has increased demand for alternative energy sources and cutting-
edge technologies for efficient energy utilization. Among these technologies, power
electronics stand out as a means of converting and managing electrical power for en-
ergy generation, transmission, and storage.Semiconductor switching devices are integral
components of power electronic systems, playing a fundamental role in controlling the
flow of electrical current. While silicon-based devices have dominated the industry for
several decades, their performance is now constrained by the limits of silicon material
properties. Researchers have begun exploring the potential of wide-bandgap semicon-
ductors, such as SiC and GaN, to overcome these limitations and develop more efficient
power electronic devices. These materials offer significant advantages over traditional
silicon-based devices, including higher voltage capacity, faster switching speeds, and

lower on-state resistance [1].

As the demand for high-performance electronic and optoelectronic devices con-
tinues to surge, developing advanced materials with exceptional properties becomes in-
creasingly crucial. Ultra-wide bandgap (UWBG) semiconductor materials have emerged
as highly promising candidates for various applications due to their unique properties.
With bandgaps electronic higher than 3.4 eV, these materials exhibit exceptional prop-
erties such as high breakdown voltage, high thermal conductivity, and high radiation
hardness. Compared to traditional semiconductors such as Si and GaAs, UWBG ma-
terials offer higher power handling capabilities, faster switching speeds, and improved
efficiency, making them the next generation of materials for advanced electronic and
optoelectronic devices [2]. Figure 1.1 depicts the potential of WBG and UWBG mate-
rials in revolutionizing the field of power electronics and optoelectronics by replacing

traditional silicon-based devices.
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Figure 1.1. Relationship between specific on-resistance and breakdown voltage of

WBG and UWBG materials, indicating their potential for power switches [3].

The exceptional properties of UWBG materials make them highly desirable for
various applications, particularly those that require high power, high frequency, and
high-temperature operation. For example, high electron mobility transistors (HEMTSs)
made from UWBG materials have shown superior performance in wireless communica-
tions and power amplifiers compared to traditional silicon-based devices. UWBG-based
LEDs offer higher brightness, efficiency, and longer lifetimes than conventional LEDs.
Additionally, UWBG lasers possess the potential for high-power and high-speed oper-
ation, making them suitable for optical communication systems, manufacturing, and

medical applications [4,5].

Moreover, these materials are also being explored for their potential in photo-
voltaic cells, sensors, and high-temperature electronics. Finally, the high-temperature
stability and durability of UWBG materials make them ideal for use in extreme en-
vironments such as aerospace and defense applications [6]. Figure 1.2 depicts several
applications, highlighting the versatility and potential impact of UWBG materials in

various industries.
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Figure 1.2. Applications of Ultra-wide bandgap (UWBG) semiconductor materials [6].

Aluminum gallium nitride (Al,Ga;_,N), and S-form gallium oxide (8 — Ga203)
are two examples of UWBG semiconductor materials that have unique properties and
potential for various applications. High Al-including AlGaN and §— GayO3, with their
UWBG characteristics, are expected to create new opportunities in fields such as deep
ultraviolet (DUV) optoelectronics, quantum information, and extreme-environment ap-
plications [3]. Furthermore, replacing conventional power electronics materials such as
silicon with alternative materials like GaN and 8 — GasOs, which offer superior perfor-
mance and environmental benefits such as reducing C'O, emissions and saving energy,
has been attracting attention [7,8]. This section will briefly introduce the distinctive

properties of AlGaN and S-form gallium oxide (5 — Gay0O3).

1.1.1. Aluminum Gallium Nitride (AlGaN)

Aluminum Gallium Nitride AlGaN is a semiconductor material with a hexagonal
and cubic crystal structure that belongs to the ultra-wide bandgap (UWBG) materials.
It is commonly represented as Al,Ga;_, N, where z refers to the fraction of aluminum
in the material. The unit cell structure Al,Ga;_,N for (z = 0.25, x = 0.5, x = 0.75)

is depicted in Figure 1.3. AlGaN possesses the remarkable characteristic of having a



broad range of bandgap energies that can be adjusted by varying the aluminum com-
position z in the material, allowing for tunability of the bandgap energy from 3.4 eV
for Gallium Nitride GaN to over 6 eV for Aluminum Nitride AIN. This unique property
makes AlGaN a highly attractive material for a variety of applications, including UV
emitters, solar-blind photodetectors, and electronic devices that require heterostruc-
tures with tailored bandgap energies. AlGaN is classified as a group III-V material,
and it is commonly grown using various techniques such as molecular beam epitaxy
(MBE), metalorganic chemical vapor deposition (MOCVD), and reactive sputtering.
In some cases, AlGaN is also grown using the hydride vapor phase epitaxy (HVPE) and
organometallic vapor phase epitaxy (VPE) techniques [9-11]. These methods allow for
the controlled deposition of AlGaN, which is a crucial factor for producing high-quality

materials used in various electronic and optoelectronic devices.

AR Ga  NT & & U A Ga* | N*

AlGasN, (x = 0.25) AlGaN, (x = 0.5) Al;GaN, (x = 0.75)

Figure 1.3. The unit cell structure of (Al,Ga;_,N) for (x = 0.25, x = 0.5, x = 0.75).

With its unique properties, such as high thermal stability, high breakdown volt-
age, and a direct bandgap, AlGalN is increasingly being used in a wide range of elec-
tronic and optoelectronic applications [4]. For instance, AlGaN-based HEMTs and
MODFETS are used in high-frequency applications such as amplifiers and switches due
to their excellent power-handling capabilities [12,13]. AlGaN also shows great promise
in the development of UV LEDs, offering high efficiency and long lifetimes. Figure 1.4
provides a basic schematic illustration of AlGaN/GaN HEMTs.



One key advantage of AlGaN is its versatile doping, encompassing spontaneous,
piezoelectric polarization, and impurity doping. This enables the creation of 2D elec-
tron gases (2DEGs) and 3D electron slabs [14-16]. Additionally, AlGaN’s direct
bandgap promotes efficient electron transitions without phonon interference, enhanc-
ing external quantum efficiency (EQE) in devices like edge/surface-emitting lasers and
UV/DUV LEDs [17-19] (see Figure 1.4). Ongoing research aims to optimize crystal
structures and material quality, especially in polarization-induced doping and 2DEG
formation, potentially unlocking new applications in power electronics, sensing, and

communication technologies.

Polarization Charge Donor like surface traps
Source (empty)

p-contact

p-AlGaN
EBL

Al Ga, N/Al Ga, N MQW n-contact

AIN nucleation layer

substrate

(a) (b)

Figure 1.4. (a) Schematic of AlGaN/GaN HEMTSs [20]. (b) Schematic of AlGaN
based DUV LED [21].

1.1.2. p-form gallium oxide (S-form Gay0s)

Ga0s3 is classified as a TCO (transparent conductive oxide), and it can take on
multiple polymorphs, including «, 3, v, d, and €. § — GasO3 has been identified as the
Gaz03 polymorph with the most stable crystal structure [22]. Due to its physically
and chemically metastable state, § — GasO3 has a significant advantage in being able
to endure high electric fields when operating at high temperatures [23]. The unit cell
representation of § — GayOj is illustrated in Figure 1.5, providing a visual insight into

its distinctive crystal lattice.



Figure 1.5. Unit cell of g-form Ga,0Os.

Beta gallium oxide (5—Gay03) is a promising semiconductor material with a wide
bandgap of 4.9 eV [24] , high breakdown voltage [25], and high thermal conductivity,
making it suitable for use in high-power [26] and high-frequency [27] electronic devices,
power electronics applications, and as transparent conductive oxide in touchscreens
and flat panel displays. Furthermore, beta gallium oxide has a high sensitivity to UV
radiation, making it an attractive material for UV photodetectors in environmental
monitoring, biochemical sensing, and defense systems [28]. Figure 1.6 displays an
instance of MSM solar-blind UV photodetector [29], and (Gay03)-based DUV LEDs
[23]. The unique combination of properties of beta gallium oxide offers significant

opportunities for various applications in multiple fields.

Ga,0; substrate

Sapphire substrate

Ti/Al metal surface

Figure 1.6. (a) Schematic of (GaxO3) Solar-blind UV Photodetector [29]. (b)
Diagram depicting the structure of a deep ultraviolet LED of (Ga203) [23].



1.2. Thermal Issues and Size Effects

Thermal management stands as an indispensable pillar in the realm of micro and
nanoscale devices, especially those that harness the unique attributes of wide bandgap
(WBG) and ultra-wide bandgap (UWBG) materials to fuel their operations. The
delicate balance between operational efficiency and thermal stability becomes increas-
ingly vital in this context. Figure 1.7 serves as an illustrative example for high elec-
tron mobility transistors (HEMTs), showcasing the intricate interplay between thermal
management and device functionality. The pronounced diminishment in thermal con-
ductivity resulting from confinement within these structures amplifies the challenges
associated with heat management, introducing the potential for adverse consequences,
such as substrate deterioration and operational failures. This underscores the critical

importance of effectively dissipating the heat generated within these devices.
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Figure 1.7. Cross-sectional schematics illustrating the localized heating of the

structure of (a) AlGaN HEMT [30] (b) and 5 — Ga,0O3 MOSFET [31].

The intricacies of heat dissipation intensify as phonons, the carriers of thermal
energy, find themselves constrained within the confines of these diminutive structures.
Their movement becomes restricted, posing formidable hurdles to efficient heat transfer.
Moreover, the concentration of heat in localized hotspots further constrains phonon
mobility, exacerbating the size effects that govern thermal transport in such nanoscale

domains. Consequently, these confined structures, including thin films, nanowires,



and hotspots, deviate significantly in terms of thermal conductivity from their bulk
material counterparts. To facilitate precise modeling of device heating and thermal
behavior, it becomes imperative to conduct meticulous investigations for the accurate
determination of the thermal conductivity of these intricate structures. This entails
a comprehensive exploration into the transport properties of these microscopic energy
carriers, uncovering the nuanced dynamics that underpin the thermal management of

micro and nanoscale devices.
1.2.1. Phonons

In solid materials, heat transfer occurs primarily through the movement of elec-
trons. However, in semiconductors, due to electron mobility constraints, heat conduc-
tion primarily occurs via lattice vibrations, also known as phonons. Lattice thermal
conductivity refers to the transfer of vibrations within the lattice structure as atoms
become excited and pass this energy to neighboring atoms. These excitations are
measured in discrete units called phonons. The thermal properties of semiconductor
materials are significantly influenced by the quantized behavior of phonons, which can
be described by their wavevector and frequency amplitude. The phonon dispersion
relation is the term used to describe this relationship. The energy of the phonons
is quantified in discrete steps as E = hw, where h is the reduced Planck’s constant.
Therefore, in semiconductors, heat transfer is mainly the movement of Phonon particles
that resist the thermal gradient [32,33]. The correlation between phonon wavevector,
k, and phonon frequency w(k) in a chain composed of two atoms is expressed as

w(k) = (C% + 0\/%2,2)2 - M4m sin’ %) , (1.1)

where C' represents the spring constant and w(k) denotes the frequency associated
with wavevector k. M and m indicate the masses of the two atoms in the chain [34].
The eigenvalue problem posed by Equation (1.1) gives rise to the curve depicted in
Figure. 1.8, which exhibits two distinct types of solutions: optical and acoustic. These
solutions correspond to the optical and acoustic phonon modes and arise due to the +

term present in Equation (1.1). In the acoustic mode, neighboring atoms oscillate in



phase and the same direction as the considered atom. At the Gamma point, located
at the center of the Brillouin zone, the frequency of the acoustic mode is zero. On the
other hand, in the optical mode, neighboring atoms move in opposite directions, and

the frequency of this mode has a non-zero value at the Gamma point.
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Figure 1.8. (a) Linear diatomic chain and (b) its corresponding phonon dispersion

relation [34].

The phonon dispersion relations in two-dimensional (2D) and three-dimensional
(3D) materials exhibit a heightened level of complexity compared to their one-dimensional
counterparts. In these multidimensional materials, the dispersion relations comprise
a multitude of optical and acoustic phonon branches, which collectively describe the
intricate behavior of phonons across the crystal lattice. A noteworthy example of
this complexity is illustrated in Figure 1.9, where the phonon dispersion of GaN, as
investigated by Albar et al., is visually represented. To facilitate a comprehensive
understanding of these dispersion relations, specific notations such as A, I', M, and
K are employed, aiding in the interpretation of crystallographic directions and their

corresponding phonon behaviors.

In the context of phonon dispersion analysis, the irreducible Brillouin zone as-
sumes a pivotal role. This zone, representing the primitive cell of the real space lattice
(i.e., the arrangement of atoms in the crystal), serves as a fundamental reference for

displaying lattice directions in the phonon dispersion diagram. The Brillouin zone
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encapsulates the essential symmetries and reciprocal space features that underpin the
vibrational properties of the material, allowing researchers to gain valuable insights
into how phonons propagate and interact within the crystal lattice. Consequently,
the phonon dispersion relations in 2D and 3D materials, as elucidated through figures
like Figure 1.9 and with reference to the irreducible Brillouin zone, contribute signifi-

cantly to our comprehension of the dynamic behavior of lattice vibrations in complex

materials.
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Figure 1.9. Phonon dispersion of wurtzite GaN [35].

1.2.2. Phonon Scattering

Phonon scattering, encompassing interactions such as phonon-phonon, phonon-
boundary, and phonon-defect (like impurities, dislocations, or vacancies) scattering,
plays a paramount role in governing the energy transport characteristics of insulators
and semiconductors. Phonon-phonon interactions arise due to the anharmonic terms
present in the expansion of crystal potential energy. This anharmonicity, in turn, occurs
because atoms deviate significantly from their equilibrium positions. The principle of

energy conservation necessitates the involvement of a minimum of three phonons in the
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scattering process. While there are phonon-phonon interactions involving more than
three phonons, the probability of three-phonon interactions is considerably higher,

especially at room temperature [34, 36].

There are two types of phonon-phonon scattering mechanisms: normal- and Umk-
lapp scattering. In normal scattering, two phonons collide and combine into a single
phonon that conserves the crystal momentum and does not affect the lattice ther-
mal conductivity. This type of scattering occurs only at low temperatures when the
phonons are sparsely distributed in the lattice. On the other hand, Umklapp scatter-
ing happens when two colliding phonons merge into a phonon with a wave vector that
extends beyond the first Brillouin zone into the second zone, and the resulting vector
can be described as a vector in the opposite direction within the first Brillouin zone.
The crystal momentum is not preserved in this case due to the translation between

Brillouin zones, and this affects the lattice thermal conductivity.

Umklapp scattering intensifies with rising temperature and plays a substantial
role in degrading lattice thermal conductivity at high temperatures [34,36]. This is

tied to the conservation of energy in three-phonon scattering, which is expressed as
Wqs + Wq's = Wq''s) (12)
where the symbol wqs represents the frequency of the phonon associated with the

wavevector q and mode s. The fundamental principle governing the preservation of

momentum within the context of three-phonon interactions can be articulated as
a+d =q"+G, (1.3)

in normal processes, where G represents the reciprocal lattice vector, its value is zero.

However, in umklapp processes, G takes a non-zero value.

In three-phonon interactions, there are two potential processes: fission, where one
phonon transforms into two new phonons (indicated by a minus sign in equations (1.2)
and (1.3)), and fusion, where two phonons merge to form a new phonon (indicated by

a plus sign in equations (1.2) and (1.3)), visually represented in Figure 1.10.
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Figure 1.10. Three phonon interactions.

1.2.3. Mean Free Path

The Phonon Mean Free Path (MFP) is a crucial metric in studying thermal trans-
port and phonon behavior within materials. It quantifies the average distance a phonon
can move through a material before interacting with another phonon or energy carrier,
providing essential insights into heat conduction and thermal properties [37]. In the
realm of small-dimensional structures, such as thin films or devices subject to localized
heating, the trajectory of phonons along their MFP is frequently interrupted due to
a fascinating phenomenon referred to as the size effect. This phenomenon is a testa-
ment to the intricate interplay between phonon behavior and the spatial constraints
imposed by the nanoscale dimensions of these structures, leading to distinctive thermal

transport characteristics that diverge from bulk materials.

The Knudsen number (Kn), is defined as the ratio of phonon MFP (A) to the

characteristic device length (L), and can be written as

Kn=— 14
n L? ( )

it is used to determine whether size effects exist. When (Kn) > 1, the characteristic
length is smaller than the MFP of phonons, and size effects are expected to dominate.
Figure 1.11 shows that when thin film lengths restrict phonon pathways, conductivity
can be reduced due to trapped phonons. Phonons with longer MFPs may also be

restricted in small/thin structures, potentially leading to heating and degradation [38].
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Figure 1.11. Phonon boundary scattering.

Localized heating can also impede phonon travel. Thus, entrapment of phonons
should also be considered in devices subjected to localized heating and small heating
spots. To accurately model thermal transport, it is necessary to consider phonon mean

free path MFP and relaxation time.
1.3. Characterization of Thermal Size Effects

When it comes to designing and implementing devices at the nano and micro scale,
understanding thermal transport is crucial. Thermal transport in materials at the nano
and micro scale exhibits distinct behavior compared to bulk materials, owing to ther-
mal size effects. As a result, a robust body of research has emerged, encompassing both
experimental and theoretical approaches. These efforts are aimed at unraveling the in-
tricate thermal dynamics of thin materials and micro-scale devices when subjected to
localized heating. In essence, this section serves as a comprehensive summary of these
endeavors, focusing on augmenting our comprehension of thermal transport at small
scales, which, in turn, serves to streamline the development of more efficient micro
and nano-scale devices. What’s even more intriguing is that the knowledge gleaned
from this research holds the promise of ushering in a new era of cutting-edge technolo-
gies characterized by superior heat management and enhanced energy efficiency. This
potential has far-reaching implications across many industries, prominently including

electronics, aerospace, and renewable energy.
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1.4. Phonon Mean Free Path and Accumulation Spectra

Accumulation spectra is a well-established technique for investigating the thermal
transport properties of materials. Often referred to as the thermal conductivity accu-
mulation function or the mean free path accumulation, this approach provides insight
into the relationship between the accumulated thermal conductivity and the mean free
path of phonons, which are the primary carriers of heat in most materials. Under-
standing phonon behavior is critical for predicting thermal conductivity, making the
thermal accumulation spectrum a valuable tool for researchers and engineers seeking
to optimize the thermal performance of micro and nano-scale devices. In the presence
of size effects, the thermal conductivity can differ significantly from the bulk thermal
conductivity. This is because phonons can be scattered by various defects, interfaces,
or boundaries. The thermal accumulation spectrum helps to determine how much of
the bulk conductivity is covered by the sample and provides insights into the thermal
transport mechanisms of the material. In addition, the accumulation spectrum is uti-
lized when the presence of size effects is unknown. If the MFP range provided in the
spectrum is exceeded, a loss of bulk thermal conductivity can be expected. Materials’
thermal conductivity generally increases along the covered length until the entire spec-
trum is reached. This demonstrates the significance of the accumulation spectrum in
analyzing the thermal behavior of micro and nano-scale samples. This section discusses

a few experimental and theoretical attempts to construct accumulation spectra.

In literature, several experimental accumulation spectra have been obtained for
different materials using the transient thermoreflectance (TTR) method. Tran Dat et
al. [39] extended this experimental approach to investigate the phonon MFP and ther-
mal conductivity of AlGaN thin films with varying Al composition. As seen in Figure
1.12, they obtained thermal conductivity accumulation data for the thin films as a func-
tion of device layer thickness and analyzed the phonon MFP and thermal conductivity
relation using a modified Callaway model [39]. The accumulation spectra provide valu-
able insight into the phonon scattering mechanisms and thermal transport properties

of various materials, This aids micro and nano device design and optimization.
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Figure 1.12. (a) Thickness depends on the thermal conductivity of GaN and
Al,Ga;_, N, (b) Experimentally obtained accumulation spectra [39].

Accumulation functions of the S-form GayOs, are built via TDTR in literature
as a function of device layer thickness, as seen in Figure 2.1. In addition to AlGaN,
Szwejkowski et al. [38] investigated the thermal conductivity of 5 — GayO3 films grown
via open-atmosphere annealing of GalN. Their TDTR measurements showed that the
thermal conductivity of the films decreased with decreasing film thickness, indicat-
ing a significant size effect. The phonon MFP in the films was estimated using the

accumulation function approach.

It was found that phonon scattering at the surface and grain boundaries con-
tributed significantly to the size effect in thermal conductivity. The results of their
study highlight the importance of considering size effects when designing micro- and
nanoscale devices based on S-form Ga,Os3 films. Other studies, such as those by Freed-
man et al. and Beechem et al., also used TDTR to construct accumulation functions for
various materials, including AIN, f —GayO3 and GaN layers, providing further insights

into thermal conductivity accumulation and phonon transport properties [38,40-42].

One way to theoretically build thermal accumulation spectra is through the use

of first-principles calculations, which can be incorporated into phonon scattering rates
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using a phonon Boltzmann Transport Equation (BTE) solver such as ShengBTE or an
in-house code. As a result, calculating the phonon distribution to thermal conductivity

enables the determination of accumulated conductivity assigned to each MFP value

[43,44].
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Figure 1.13. Thermal conductivity comparison of  — GasOj3 films to other thin film

dielectrics as a function of film thickness [38].

First-principles calculations are an essential tool in determining phonon frequency
data, which is critical to understanding the behavior of crystalline materials. Phonon
dispersion relations are derived from these calculations, which provide information
about the way in which phonons propagate through a crystal lattice. In order to fully
define the crystal energy, it is necessary also to determine the harmonic and anhar-
monic force constants [45]. These constants are crucial in providing a comprehensive
understanding of phonon interactions by shedding light on both the mean free path
that a phonon can travel and its relaxation time [46]. In some works, iteration-related
methods such as Monte-Carlo simulations have been employed, while harmonic ap-
proximation is used in others [47]. The harmonic approximation is an extension of the
spring analogy, where each bond between atoms is treated as a spring, and the atomic

vibrations are modeled as the oscillation of these springs. This approximation is valid
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when the atomic vibrations are small compared to the bond length, and it allows for
the calculation of phonon modes and their lifetimes. These lifetimes can then be used
to calculate the phonon scattering rates and the resulting thermal conductivity. Imag-
inary springs, also known as virtual springs, are a useful theoretical construct used in
materials science and solid-state physics to model the forces between atoms in a crystal
lattice when it is perturbed, such as when atoms are displaced from their equilibrium
positions. These springs are used to represent the effective force constants or stiffness
of the lattice, which describe how the atoms interact with each other in response to the
perturbation. Imaginary springs are typically used in computational methods, such
as molecular dynamics or lattice dynamics simulations, to calculate the vibrational

properties of materials, including phonon frequencies and dispersion relations.

Subsequently, the lattice’s crystal ground energy (®) is estimated using

=D+ > > D (Ik) ug (1K)

+ % DD Bap (1, 1K) ua (k) ug (I'K) (1.5)

Wkk' of

1
T3 DD Bapy (U UK K ug (1) ug (UK) uy (")
W kk'k By
in accordance with the spring analogy, the terms denoted as ®,4 corresponds to second-

order force constants (FC2s), while the terms ®,4, represents third-order force con-
stants (FC3s). Here, «, 3, and 7 denote Cartesian coordinates, and u(lk) represents

the displacement of atom number £ in unit cell number L

The harmonic approximation, which only considers second-order force constants
(FC2) obtained via phonon dispersion relations, has limitations in accurately model-
ing phonon interactions in crystalline materials. Researchers have employed various
methods to overcome this limitation, such as the Gruneisen parameter or fitting bulk
conductivity to previously tabulated conductivity values. However, these approaches
heavily rely on approximations and fitting parameters, which may not accurately rep-
resent the phonon interactions in all materials. Therefore, it is crucial to consider

higher-order force constants and develop more accurate models to better understand
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phonon interactions in crystalline materials. For instance, ab initio calculations can
provide an accurate estimate of these force constants and provide a more comprehen-
sive understanding of the vibrational properties of materials. This approach can be
especially useful in predicting the thermal properties of materials that are difficult
to measure experimentally. By developing more accurate models, researchers can im-
prove our understanding of phonon interactions in crystalline materials and facilitate

the design of materials with tailored thermal properties.

Expanding on the limitations of the harmonic approximation, this study aims to
incorporate third-order force constants (FC3) into the thermal conductivity calcula-
tions of AlGaN alloys and the g-form Gas0s. FC3s are the coefficients that appear in
the further expansion of the crystal ground energy approximation, as seen in Equation
1.3 [35]. By including FC3s, the hope is to achieve more accurate results for thermal
conductivity without having to rely on potentially problematic approximations or fit-
ting parameters, as has been done in previous studies. This approach has the potential
to provide a more comprehensive understanding of phonon interactions in crystalline

materials and enable more accurate predictions of thermal transport properties.

1.4.1. Experimental Studies

Experimental studies on the thermal properties of wide and ultra-wide bandgap
materials, such as AlGaN alloys and S-form GayOs3, can be classified into two groups
based on the methods used to measure thermal size effects. The first group measures
the thermal conductivities of thin films, while the second group directly measures
the temperature of devices with localized heating. Experimental methods used for
the first group include time-domain thermoreflectance (TDTR) [48], frequency-domain
thermoreflectance (FDTR) [49], broad-band frequency-domain thermoreflectance (BB-
FDTR) [40], Raman spectroscopy, and laser-based thermal conductivity measurements.
TDTR is a powerful technique for measuring the thermal conductivity of thin films,
while Raman spectroscopy can be used to determine the phonon dispersion relations

and the lifetime of phonons. Laser-based thermal conductivity measurements can be
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used to measure the thermal conductivity of bulk samples. The second group of meth-
ods includes techniques such as optical spectroscopy, thermoreflectance imaging (TTT),
and micro-Raman spectroscopy [50,51]. These techniques directly measure the sample
temperature and are useful for studying localized heating and temperature gradients
in devices. By utilizing a combination of experimental techniques from both groups,
researchers can gain a comprehensive understanding of the phonon mean free path and

thermal conductivity of these materials.

TDTR and Raman spectroscopy are one of the experimental methods used to
study phonon mean free path and thermal conductivity in AlGaN alloys and S-form
gallium oxide. TDTR is a non-destructive, contactless technique that can measure
the thermal conductivity of thin films with high spatial resolution. However, it is
limited by the thickness of the film and its thermal boundary resistance, which can lead
to an underestimation of the thermal conductivity [48]. On the other hand, Raman
spectroscopy provides information on the phonon dispersion relation. It can be used to
determine the phonon lifetime, a critical parameter in determining thermal conductivity
[52]. However, Raman spectroscopy is less sensitive than TDTR, and applying it to
thin films with thicknesses below a few hundred nanometers is difficult. Laser-based
thermal conductivity measurements are useful for measuring the thermal conductivity
of bulk samples . Optical spectroscopy and micro-Raman spectroscopy are useful for
directly measuring sample temperature and studying localized heating, but their spatial

resolution is typically lower than TDTR.

Recent studies explored AlGaN alloy thermal properties with diverse techniques.
M. Kuball used Raman spectroscopy to study the thermal conductivity of AlGaN thin
films with different Al compositions [53], while N. Killat et al., used the same technique
to investigate the effect of dislocations on thermal transport in AlGaN epilayers [54].
The 3w method was used by Liu et al., to explore the thermal conductivity of AIN
films [55]. L. Mitterhuber et al. used a combination of time-domain thermoreflectance
(TDRT) and Raman spectroscopy to study the thermal transport in AlGaN/GaN het-

erostructures [42].
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One important property that determines the performance of 5 — GayO3-based
devices is its thermal conductivity. To design and optimize such devices, the thermal
conductivity of f—GayO3 must be accurately measured. In recent years, various exper-
imental techniques have been used to measure the thermal conductivity of 5 — Gas0Os,
including time-domain thermoreflectance (TDTR), laser flash analysis (LFA), and Ra-
man spectroscopy. Reported values for the thermal conductivity of § — GasO3 using
these methods range from approximately 10 Wm 'K ~! to 29 Wm 'K ~! at room tem-
perature, depending on the measurement technique and sample preparation methods.
Z. Guo et al., based on the TDTR method, measured the thermal conductivity of
thin film 8 — GayO3 samples and reported a value of approximately 27 Wm 1K~}
at room temperature [56], while 13 Wm 'K ! reported based on Laser-flash meth-
ods [57]. 3w method was used by M. Handwerg to measure the thermal conductivity
of single-crystal f — Gay,O5 samples and reported values ranging from 10 Wm 1K1
to 27 Wm 'K~ at room temperature [58]. Z. Galazka et al. determined the ther-
mal conductivity of 8 — GayO5 thin films and reported a value of 21 Wm 1K1 at
room temperature [59]. These experimental studies provide important information for

developing and optimizing electronic and optoelectronic devices based on 8 — GasOs.

In conclusion, various experimental methods are available for studying phonon
mean free path and thermal conductivity relation in wide and ultra-wide bandgap ma-
terials such as AlGaN alloys and § — GayO3. TDTR and Raman spectroscopy are the
most commonly used techniques, but other methods such as 3w, FDTR, BB-FDTR,
and TTI have also been utilized [56-60]. These experimental methods have provided
valuable insights into the phonon transport behavior of these materials, which can in-
form the development of more efficient thermal management strategies for electronic
devices. However, there are still some limitations and challenges associated with ex-
perimental studies, such as the difficulty of measuring the thermal conductivity of
thin films with high accuracy and the lack of sensitivity in some techniques for small
changes in thermal conductivity. These limitations can lead to discrepancies between
experimental results and theoretical predictions, making it challenging to design and

optimize thermal management strategies for electronic devices.
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Therefore, theoretical studies are often used in conjunction with experimental
studies to provide a more complete understanding of phonon transport in these mate-
rials. Theoretical models can help to explain experimental observations and provide
insights into the underlying physics of phonon transport. Additionally, theoretical pre-
dictions can guide experimental design and interpretation and provide predictions for

materials properties that are difficult or impossible to measure experimentally.

1.4.2. Theoretical Studies

Theoretical studies have played a crucial role in understanding phonon transport
and thermal conductivity in wide and ultra-wide bandgap materials. These studies can
be classified into two main groups. The first group directly measures the temperature
of devices where localized heating is present, using finite element and/or finite volume
analysis to predict the temperature profile of samples and devices. This approach fre-
quently employs the solution of Fourier’s Equation [61]. However, when size effects,
such as those observed in these materials, are present, the material’s thermal conduc-
tivity is compromised, and traditional approaches may not be applicable. Therefore,
the second group of theoretical studies focuses on measuring the thermal conductivities
of thin films, employing the phonon Boltzmann Transport Equation (BTE) to model
phonons and their contribution to bulk thermal conductivity [62,63].

The thermal conductivity of GaN films has been explored in previous theoretical
studies, particularly by Zou et al., based on the Callaway-Klemens approach [64,65].
These studies have revealed that impurities and dislocations have a notable impact,
leading to a significant reduction in the thermal conductivity of GaN films. The ther-
mal conductivity of Al,Ga;_,N is not extensively studied, and only limited studies
are available for Al molar fractions below 0.44 [66,67]. Furthermore, there is a lack of
studies examining the influence of layer thickness and phonon mean free path-thermal
conductivity relations for Al,Ga;_, N with various Al concentrations. A study by Jin-
long et al. utilized the first-principles calculations within the virtual crystal approxi-

mation to investigate the phonon transport in AlGaN alloys. They found that alloying
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AIN with GaN can enhance the anharmonicity of the lattice, which decreases thermal
conductivity. Another study by Liu et al. used the molecular dynamics simulation
method to explore the phonon transport properties of AlGaN/GaN heterostructures.
They found that the thermal conductivity of the AlGaN layer was significantly lower
than that of the GaN layer, which was attributed to the phonon scattering at the
AlGaN/GaN interface. Furthermore, a study by Li et al. employed a combination of
density functional theory and Monte Carlo simulations to investigate the phonon trans-
port in AlGaN/GaN superlattices. They found that the superlattice structure can ef-
fectively scatter phonons and reduce the material’s thermal conductivity [39,55,68,69].
These theoretical studies provide insights into the underlying mechanisms of phonon
transport in AlGaN alloys and may guide the development of new thermal management

strategies for the electronic devices.

There have been theoretical studies on the thermal transport properties of beta
gallium oxide 8 — Gay03 as well. Katre et al. used a combination of first-principles
calculations and Boltzmann transport equation (BTE) to calculate the thermal con-
ductivity of 5 — GasOs. They also identified the contribution of phonon-phonon scat-
tering and anharmonicity to the thermal conductivity, indicating that the dominant
mechanism of phonon-phonon scattering in 8 — GasO3 was the three-phonon Umklapp

process [70].

In a study by Zhang et al. the authors investigated the phonon thermal conduc-
tivity of 5 — GaoO3 using first-principles calculations and an iterative solution of the
phonon Boltzmann transport equation. They found that the phonon thermal conduc-
tivity of 8 — GasOs is anisotropic and is influenced by both the phonon mean free path
and the phonon group velocity [71]. Munshi et al. also used first-principles calculations
to study the impact of defects on thermal conductivity in § — GasO3z. They employed
density functional theory (DFT) and BTE calculations to evaluate the thermal conduc-
tivity tensor and found that the presence of defects They also found that the thermal
conductivity anisotropy was sensitive to the material’s nature and concentration of

defects [72].
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Overall, these studies have provided valuable insights into the thermal conduc-
tivity of 8 — GasO3 and have implications for developing high-performance thermal
management materials. To overcome these challenges, future research could focus on
refining the accuracy and efficiency of first-principles calculations, exploring the role
of various factors such as alloying, defects, and interfaces on phonon transport, and
developing new experimental techniques to validate and refine theoretical predictions.
Developing new materials with optimized thermal transport properties could also be
explored through computational modeling and experimental synthesis. By address-
ing these challenges, a more comprehensive and accurate understanding of phonon
transport in wide and ultra-wide bandgap materials can be achieved, with important
implications for designing and optimizing materials for various applications, including

thermal management in electronic devices.

1.5. Motivation and Problem Definition

As explored in previous sections, UWBG materials such as AlGaN and [ —Gas03
are commonly used in high-power electronic devices. However, they face challenges
with localized heating in thin films or small-scale forms, causing non-continuum ther-
mal transport. This can lead to unexpected heating, performance degradation, reduced
device lifetimes, and economic and environmental disadvantages. To enhance perfor-
mance in electronic devices, a thorough understanding and optimization of the thermal
properties of UWBG materials are crucial. This includes focusing on the phonon mean
free path (MFP), which plays a significant role in thermal conductivity by determining
the distance phonons can travel before encountering collisions. In non-continuum ther-

mal transport, interrupted phonon MFPs hinder efficient thermal energy conduction.

The accumulation spectra is a vital parameter for predicting thermal conductiv-
ity in confined structures. It provides valuable insight into the relationship between
phonon mean free path (MFP) and thermal conductivity, optimizing the thermal man-
agement of UWBG materials in high-power electronic devices. Obtaining accumula-

tion spectra for UWBG materials through experiments can be resource-intensive and
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time-consuming. Therefore, a reliable theoretical approach is necessary to complement
these efforts. However, most theoretical methods rely on approximations and fitting
parameters, which may limit their accuracy and reliability in predicting accumulation
spectra. Molecular dynamics simulations and other theoretical approaches can be time-
consuming and lack a continuous accumulation spectrum due to repeated calculations
at different length scales. These challenges in experimental and theoretical studies
highlight the need for further research to develop robust and efficient methods for
obtaining accurate and reliable accumulation spectra of phonon MFP in UWBG mate-
rials. Bridging this gap will enhance our understanding of thermal transport behavior
in UWBG materials and optimize their thermal management in high-power electronic
devices. The main motivation of this thesis is to calculate the phonon accumulation
spectra for ultra-wide bandgap materials, particularly AlGaN alloys with varying Al
composition and f—Gas0s3, using ab-initio calculations and third-order force constants.
The obtained data on phonon MFP - thermal conductivity relations for AlGaN alloys
can be used to better understand the boundaries of thermal size effects and run more
accurate thermal transport models for devices that exhibit size effects. Ultimately, the
findings of this work may improve estimates of the thermal performance of UWBG
AlGaN alloys used in new-generation devices, which can enhance their lifetime and

predict thermal responses at small scales.

1.6. Outline of the Thesis

The following chapters of this thesis aim to construct accumulation spectra of
AlGaN alloys and 8 — Gas0Os. This objective is pursued through ab-initio calculations
and thermal calculations via VASP and Phono3py software, respectively. The second
chapter, following the introduction, provides a detailed explanation of the methodology
adopted in this study. The introduction defines some fundamental terms associated
with this research, including phonon, MFP, and relaxation time. Chapter 2 provides
the relevant equations, outlines the software’s logical evolution, and introduces essential
concepts such as force constants and phonon group velocity to establish a comprehen-

sive foundation for the subsequent discussions.
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Chapter 3 will outline the key findings of this study, including the accumulation
spectra of thermal conductivity and bulk thermal conductivity outcomes for these
materials at different temperatures. It will also feature a thorough comparison of the
study’s results with those obtained from previous experimental and theoretical studies
in the literature. Moreover, the accumulation results will also be compared with each
other to examine the variation in the materials’ accumulation spectrum. The chapter
will conclude with a discussion of any discrepancies in the literature and among the

materials.

Chapter 4 will focus on the implications of this study’s outcomes in the field of
materials science and engineering, specifically on the design and development of devices
that incorporate AlGaN alloys and 5 — GasO3. Deductions derived from Chapters 3,
including the effect of using third-order force constants on the thermal accumulation-
MFP spectrum and considerations of anharmonicity in materials, will be thoroughly
examined. Additionally, the chapter will explore future work possibilities, such as
investigating the effect of impurities and defects on the thermal properties of these

materials and provide recommendations for improving the methodology in future
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2. METHOD

The primary objective of this study is to investigate the thermal properties of
AlGaN alloys and 8 — GaOs, including their thermal conductivities and accumulation
spectra by utilizing a combination of ab-initio calculations and thermal calculations

using Phono3py.

The computational workflow of this study, as depicted in Figure 2.1, consists of
two main steps. In the first step, the unit cells of the materials are processed using
VASP, which includes geometric relaxation to establish the proper initial conditions.
The relaxed unit cell is then fed into Phono3dpy, where it is multiplied to create a
supercell, ensuring proper replication of the unit cell. Next, small displacements are
introduced to the supercell structure, and SCF calculations are performed on each
displacement. Then phono3py scans all folders, evaluating the forces exerted on the
structure by considering the displacement values. This procedure enables the determi-

nation of second and third-order force constants.

In the second step, the force constants are incorporated into the dynamical matrix
in Phono3py and used to calculate the phonon dispersion and inverse relaxation times.
These properties can then be used to derive the thermal properties of the materials,

including the group velocity, mean free path, and accumulated thermal conductivity.

The obtained results will be analyzed to better understand the thermal properties
of AlGaN alloys and § — Gas03. Specifically, we aim to identify the mechanisms that
govern thermal transport in these materials and the factors that affect their thermal
conductivity. Additionally, the insights gained from this study may have practical
applications in developing new materials for various technological applications, such as
electronics, and energy conversion. These applications could potentially lead to more
energy-efficient electronic devices, improved thermoelectric materials for waste heat

recovery, and enhanced materials for renewable energy technologies.
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Figure 2.1. The overall workflow of calculations.
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2.1. Ab-initio Calculations

Vienna Ab-Initio Simulation Package (VASP) is a software tool designed for sim-
ulating materials using first-principle techniques, which was developed by Georg Kresse
and his team [73,74]. The software is based on the Density Functional Theory (DFT)
method, used to compute approximate solutions to the many-body Schrodinger equa-

tion. The Schrodinger Equation, given by:
h? Oy
—— Vi + Uty = ih——. 2.1
2m Yot U =1 ot (2.1)
As illustrated by Equation (2.1), the Schrédinger Equation relates the wave function
1y, which describes the position of a particle such as an electron or photon, with its
energy U. Although initially limited to DFT, VASP has now been augmented with

more advanced methods for achieving higher accuracy in material simulations.

This equation becomes increasingly complex when multiple particles are involved.
To tackle this issue, Hohenberg and Kohn proposed two fundamental assumptions:
firstly, that energy can be expressed as a function of energy density, and secondly,
that the ground state energy can be determined. These assumptions form the basis of
the Density Functional Theory (DFT) method.Moreover, Kohn-Sham equations were

introduced as follows:

SV ) Vi () Vi ()| () = 0 (1) 2.2)

where, V(r) represents the defined portion of the energy functional, which governs
the electron-nucleus interaction. Vg (r) is the Hartree potential, which describes the
Coulombic repulsion between electrons, while V.. (r) is the functional derivative of the
exchange-correlation energy, accounting for the effects of electron-electron correlations.
Equations (2.2), describe the single-electron wavefunctions, which are expressed solely

as a function of the spatial variable r.

VASP employs a self-consistency scheme to solve the Kohn-Sham equations,
where density functions are iteratively solved to ensure the convergence of the wave-

functions. This iterative process is depicted in Figure 2.2. The ultimate goal of VASP
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is to define the electronic ground state by minimizing the system’s free energy. This
ground-state solution process plays a pivotal role in establishing the force constants
used in the current study, as depicted in Figure 2.2, which visually represents this

crucial aspect of the research.

To conduct calculations with VASP, four input files are necessary. First input file
is called POTCAR, which contains the pseudopotential for a specific element, which
approximates the effect of the ion cores on the valence electrons. The second file is
called POSCAR, which sets up the basic orientations of the lattice, including the num-
ber of atoms, their positions, and the lattice spacing. This serves as the foundation for
the model, and the boundary conditions are determined based on these parameters.
The third file is called KPOINTS, which describes the resolution of the Brillouin zone
and how the program will render it. The Brillouin zone is the region in reciprocal
space containing all possible wave vectors that can represent the periodicity of a crys-
tal lattice, and its resolution affects the accuracy of the results. Finally, the fourth file
is called INCAR, which summarizes all the specifications for the model and instructs
VASP on how to perform the simulation. This includes information on the type of cal-
culation to be performed (e.g., relaxation or electronic structure), convergence criteria,
and output options. Proper specification of all four input files is crucial for obtaining

accurate and reliable results from VASP calculations.

In this study, VASP serves as an indispensable tool for the geometric relaxation
of unit cells in both AlGaN and  — Gas03 semiconductors. This initial step is pivotal
as it lays the foundation for all subsequent computational analyses. VASP employs
the projector-augmented wave potential (PAW) [75], a sophisticated computational
approach renowned for its accuracy in capturing the intricate electronic structure of
materials. With a plane-wave basis set, VASP efficiently represents the electronic
wavefunctions within the system, facilitating accurate calculations. Additionally, the
integration of pseudopotentials allows VASP to optimize computational resources by
focusing on the chemically active valence electrons, ensuring both efficiency and accu-

racy in describing atomic interactions.
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Working with VASP offers the advantage of employing reciprocal space over real
space, a strategic choice that can significantly enhance our understanding of materials.
Through the concept of k-points, VASP enables us to finely tune the resolution of
the first Brillouin zone, with N? k-points representing a division of this zone into
anNzNxN grid, where k is quantified in units of inverse length, providing researchers

with a versatile tool to tailor simulations according to their precision requirements.
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Figure 2.2. Self-consistent Field (SCF) Scheme of VASP.
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2.2. Phono3py

Phono3py is a powerful computational tool developed by Atsushi Togo [46], used
for studying the thermal and mechanical properties of crystals. This software uses a su-
percell approach to analyze phonon-phonon interactions in the crystal lattice, allowing
for calculations of lattice thermal conductivity and phonon lifetime. The calculations
are performed using the RTA method or a direct solution to solve the LBTE. To gen-
erate a set of displacements, Phono3py uses another independent computing program
that performs DFT calculations to calculate the forces. These displacements cause
anharmonicity in the lattice, which is essential for phonons and other thermodynamic
phenomena to be present. Phono3py then accumulates the force calculations on the

displaced supercells to determine the desired properties.

2.2.1. Phono3py Parameters

Phono3py relies on DFT calculations of the third-order force constants (FC3s)
to describe phonon interactions in the system. However, these calculations are often
sensitive to any perturbations in the force calculations, leading to inaccurate results.

One solution is to use a larger supercell.

2.3. Phonopy

In this research, Phonopy, a software developed by Atsushi Togo [46], plays a piv-
otal role alongside phono3py in conducting comprehensive phonon calculations. Specif-
ically, Phonopy is employed to discern essential phonon properties, such as the phonon
band structure and density of states (DOS). The workflow for utilizing Phonopy closely
resembles that of phono3py, necessitating a distinct force calculator to provide the req-
uisite input data for accurate phonon calculations. By integrating Phonopy into the
computational framework, researchers can gain deeper insights into the vibrational
properties of materials, ultimately contributing to a more comprehensive understand-

ing of their thermal and mechanical behavior.
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2.4. Thermal Calculations

Thermal conductivity is calculated from phonon dispersion data and second /third-

order force constants using Phono3dpy. It can be expressed as

1
k= Z Kqs = N_Vo Z CqsVqs @ UqsTass (2.3)

where, k refers to the bulk thermal conductivity, N represents the number of unit cells
in the sample, V4 denotes the volume of a single unit cell, cqys refers to the specific heat,
vgs Tepresents the group velocity, and 74, corresponds to the relaxation time. Specific
heat is a function of phonon frequency wqs and temperature 7, and is calculated as
2
hwqs hwqs
b () e (%)
Cqs = S (2.4)
(&) -1)
ko T

where k;, represents the Boltzmann constant, and the group velocity is expressed as

Owqs
e = g

it is determined by the derivative of the dispersion relation with respect to the wavevec-

(2.5)

tor q, while relaxation time approximations involve the incorporation of third-order
force constants FC3 into the calculations, and the phonon line widths can be demon-

strated as

187 2
Fqs = ? Z |(p_qsq/51q//5//|

q's'q’s"”
2.6
X {(nqlsl —|— nq//s// + 1) 5 ((JJ —_ wasl —_ qusu) ( )

—I— (nq’S’ — ’I’Lq//S//) [(S ((,u + wasl — u}q//S//) — 5 (w — wq/S/ — (,(}q//s//)]} .

As seen in Equation (2.6), interaction term @_qsqs7qrsv is employed in the inverse

relaxation time [y for phonon mode gs, q's'q”s”calculations. This term is directly

related to third-order interactions, and nqs is determined as follows

1
Ngsy = —F—, (2.7)
T exp(f) -1
which represents the phonon equilibrium occupation number, the phonon lifetime 74,

can be obtained by converting the inverse phonon line widths Iy as
1

Tqs — )
4 QFqS(WqS)

(2.8)
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and the phonon mean free path Ags is expressed as
ACIS = VqsTqss (2.9)

it is dependent on both the phonon lifetime and group velocity. The obtained results
can be incorporated into the thermal conductivity calculation, described by Equation
(2.3). By defining each phonon mode gs, we can calculate thermal conductivity in

terms of the phonon mean free path (A) as follows
Aqs=A
Face (A) = Y ks (2.10)
Aqs:O

Ultimately, the thermal conductivity can be expressed as an accumulation function.
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3. Results and Discussion

3.1. AlGaN Alloys

3.1.1. A10,25Ga0.75N

As stated in the introduction chapter Al,Ga;_,N is an alloy of AIN and GaN,
with Al impurities introduced to the GaN lattice. The proportions of Al and Ga
atoms in AlGaN can be experimentally controlled, allowing for tailoring of material
properties. However, calculating phonon properties for structures with large unit cells
can be challenging. In the public material database, there are seven types of AlGaN
structures, including those with space groups P3ml1, P-43m, P-4m2, and others with
low symmetry. Among this Alyo5Gag75/N possesses a cubic crystal structure with the
P-43m space group, similar to Alg75Gagos/N. The unit cell of AlGazNy contains four
atoms, consisting of a combination of aluminum (Al) and gallium (Ga) atoms, along
with nitrogen (N) atoms. The composition of AlGagN, in the unit cell is 0.25 Al
atoms, 0.75 Ga atoms, and four N atoms. The atoms within the crystal structure
exhibit tetrahedral coordination, where each Al or Ga atom is bonded to four nearest-
neighbor N atoms. This unique combination of the P-43m space group and tetrahedral
coordination contributes to the distinctive structural properties of Algo5Gag 75 N. No-
tably, Alg25Gag 75N shares similarities with the zincblende structure, as it involves the
substitution of Al atoms for a fraction of Ga atoms in the conventional unit cell of
GaN. These structural characteristics influence the physical and electronic properties

of AlGasNy, making it a promising material for various technological applications.

The interatomic force constants (IFCs) were computed using density functional
theory (DFT) with the generalized gradient approximation (GGA) and the projector
augmented wave (PAW) [75] method implemented in VASP. Firstly, the lattice struc-
ture was optimized for the unit cell using a Gamma-centered k-mesh grid with a size of

12x12x12 and a plane wave basis with a kinetic energy cutoff of 520 eV. The harmonic
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[FCs were obtained by performing self-consistent calculations through phonopy for 4
different displacements using a 3x3x3 supercell. optimized structure for Aly5Gag 75N,

indicating agreement and consistency with literature in Figure 3.1 [76].

Figure 3.1. The optimized structure of Aly95Gag 75N alloy [76].

According to the method by Wahyu and Stefano et al. [77] for the cubic structure
AlGaN, the corresponding Cubic (CUB, ¢P)-type Brillouin zone and high symmetry k-
point paths are selected. As illustrated in Figure 3.2 for the P-43m symmetry structure,

the coordinates of the high symmetry paths in the first Brillouin zone are I'-X-M-I"-R-
X|M-R.

Figure 3.2. Brillouin zone of CUB lattice [77].

Figure 3.3 displays the phonon dispersion plot for Alys5Gag 75N, showcasing the
band gaps and patterns in agreement with previous literature. The plot features 24
branches, corresponding to the 8 atoms per unit cell in Aly25Gag 75V, as indicated by

the relation w(q) = 3N.
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Thermal calculations were conducted for Alyo5Gag 75N following the determina-
tion of its dispersion curve. The third-order force constants (FC3s) calculations were
carried out using a 2x2x2 supercell, while a 3x3x3 supercell was utilized for second-
order (FC2s) calculations. To account for the intricate structure of AlGaN alloys, a
cut-off distance of 3.2 A was implemented, resulting in a larger number of interactions.
The VASP software package was employed to calculate the second and third-order
(FC2s), which were subsequently imported into Phono3py for thermal calculations.
The relaxation time approximation was utilized, and the calculations were performed
using a 13x13x9 mesh. The obtained results for the phonon thermal calculations for

Alg25Gag 75N will be discussed in the following section.
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Figure 3.3. Phonon dispersion curve of Alyo5Gag 75N

The determined bulk conductivity values for Algo5Gag 75N are as follows: 88.46
W/m.K, 47.61 W/m.K, 39.7 W/m.K, and 29.8 W/m.K at temperatures of 300 K, 500
K, 600 K, and 800 K, respectively. Notably, A. Jain et al. reported a bulk conductivity
of 66.6 W/m.K at 300 K for cubic Alg 95Gag 75N, while Liu & Balandin observed a value
of 60 W/m.K at 300 K for Aly23Gag 77N in the cross-sectional direction. Hence, the
measured bulk conductivity of 88.46 W/m.K at 300 K aligns well with the values

reported in the existing literature.
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The accumulation spectra of Algo5Gag7sN at 300 K, 500 K,600 k, and 800 K
are presented in Figure 3.4. At 300 K, phonons with mean free paths (MFPs) smaller
than 138.4 nm contribute to approximately half of the conductivity, while the MFP of
thermally conductive phonons extends up to 442.2 nm. Table 3.1 provides crucial MFP
values and their corresponding contributions. These observations confirm the validity of
the relation between temperature and phonon spectrum; As the temperature increases,
the spectrum becomes shorter, indicating that the size effects are expected to become

evident at smaller scales, resulting in additional phonon entrapment.
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Figure 3.4. Accumulation spectra of Alyo5Gag7s N at T = 300 K, 500 K, 600 K, and
800 K

To comprehensively understand the effect of aluminum fraction on the relation-
ship between phonon mean free path and thermal conductivity in Al,Ga;_,N alloys,
we conducted a comparative analysis, as depicted in Figure 3.5. Notably, there is a
lack of prior research on this specific Al composition. To address this gap, we ex-
amined existing literature results pertaining to various aluminum fractions (x) within

the Al,Gay_,N alloy system. This literature review provided essential insights and
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reference points for our study, enabling us to explore the impact of aluminum fraction

on phonon mean free path and thermal conductivity in this unique alloy context.

In examining the intricate relationship between crystal complexity and the phonon
mean free path (MFP) spectrum, it is imperative to consider the valuable insights pro-
vided by Mitterhuber et al.’s TDTR (Time-Domain Thermoreflectance) research on
Al 32Gages N [42]. However, a significant challenge arises due to the divergence in
the Al to Ga ratio between their study and the one under discussion, which hinders a
straightforward comparison. Notably, the findings of this study present a contrasting
trend with shorter MFP values when juxtaposed with Mitterhuber et al.’s work. This
divergence can be attributed to the heightened intricacy of the crystal structure within

our study, ultimately leading to a condensed MFP spectrum.
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Figure 3.5. Comparison of accumulation spectra of Algo5Gag7sN at T = 300 K with

literature.

While Mitterhuber et al.’s theoretical framework assumes that phonons continue

to contribute to thermal conductivity beyond the 0.074 m threshold, it is intriguing
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that our research reports a considerably shorter total MFP spectrum of only 442.2
nm at 300 K, as outlined in Table 3.1. This stark difference prompts us to critically
examine the possibility of oversimplification within their theoretical approach, poten-
tially neglecting intricate phonon interactions that our study might have captured.
In essence, this discrepancy highlights the multifaceted nature of crystal complexity’s

influence on phonon behavior and its implications for thermal transport in materials.

Table 3.1. Mean free path of phonons contributing to 30%, 50%, and 90% of
Alg25Gag 75 N thermal conductivity (k) at T = 300 K, 500 K, 600 K, and 800 K.

Temperature | 30% of k 50% of k 90% of k Total (100%)
(Kelvin) of k

300 >62.5 nm >138.4 nm >321.6 nm <442.2 nm
500 >31.7 nm >68.3 nm >175.6 nm <239 nm

600 >25.9 nm >56 nm >143.7 nm <187.6 nm
800 >19.1 nm >40 nm >105.8 nm <140.9 nm

3.1.2. A10,5Ga0,5N

The crystal structure of AlGaNy with space group P3m1 is characterized by a
hexagonal unit cell. The unit cell contains 4 atoms comprising two Al atoms and two
nitrogen N atoms. The coordination of atoms in AlGaN, plays a crucial role in its
physical and chemical properties, with the Al atoms exhibiting tetrahedral coordination
and the N atoms displaying trigonal prismatic coordination. The unique arrangement
of atoms gives rise to its exceptional electrical and optical properties, making it an

attractive material for various technological applications.

To determine the interatomic force constants (IFCs), the computations were con-
ducted using VASP with the local density approximation (LDA) [78] and projector
augmented wave (PAW) [75] pseudopotentials. The harmonic IFCs were then ex-

tracted using the Phonopy package. A plane wave basis with a kinetic energy cutoff of
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520 eV is used, and a converged 12x12x9 Gamma-centered k-mesh grid is employed
to sample the Brillouin zone. The conventional unit cells are subjected to relaxation
until the system reaches its minimum energy state. Obtained optimized structure for
Alp5Gags N, illustrated in Figure 3.6 [76]. The lattice dimensions of the optimized
structures were found to be a = b = 3.18 A and ¢ = 5.181 A. The calculated results
of the lattice parameters align with the findings of previous theoretical research [76].
The harmonic interatomic force constants (IFCs) were obtained by performing self-

consistent calculations for eight different displacements using a 3x3x3 supercell.

Figure 3.6. The optimized structure of Aly;GagsN alloy [76].

This study employed the method introduced by Wahyu and Stefano et al. [77] to
define the Brillouin zone (BZ) and the corresponding high symmetry directions. For
the wurtzite structure AlGaN, the corresponding Hexagonal (HEX, hP)-type Brillouin
zone, and high symmetry k-point paths are selected. For the P3m1 symmetry structure,
the coordinates of the high symmetry paths in the first Brillouin zone are I'-Y-F-L-
I\[,-Z-F1|Y-X;|X-I'-N|M-I" as illustrated in Figure 3.7.

Figure 3.7. Brillouin zone of HEX lattice [77].
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Figure 3.8 displays the phonon dispersion plot obtained for wurtzite AlysGagsN
along high symmetry paths. The results are consistent with previous literature in
terms of both band gaps and patterns [79]. In 3D-crystalline structures, the phonon
dispersion results can be confirmed using the phonon dispersion relation equation,
w(q) = 3N (where N represents the number of atoms in the unit cell). As there are 4

atoms per unit cell in wurtzite Aly;Gag sV, Figure 3.8 displays 12 branches.
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Figure 3.8. Phonon dispersion curve of Alg5Gags/N.

Thermal calculations were conducted once the dispersion curve was obtained.
Third-order force constants (FC3s) calculations were carried out using a 2x2x2 super-
cell, while a 3x3x3 supercell was used for second-order (FC2s) calculations. Due to
the complex structure of AlGaN alloys compared to other materials, a cut-off distance
of 3.2 A was set, resulting in a larger number of interactions. The cut-off distance
is a parameter that determines the range beyond which phonon interactions are ne-
glected. By reducing the cut-off distance, the number of displacements considered in
the calculations is significantly reduced. The second-and third-order FCs were obtained
using VASP and imported into Phono3py for conducting thermal calculations via the

relaxation time approximation over a 54 x54x54 mesh.
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Bulk conductivity results of AlgsGagsN are found as follows: 81.09 W/m.K,
4721 W/m.K, 39.23 W/m.K, 29.40 W/m.K, at 300 K, 500 K, 600 K, and 800 K,
respectively. Bulk conductivity at 300 K for wurtzite Aly5GagsN is reported as 91.0
W/m.K by A. Jain et al. [80], 151.08 W/m-K by Hiumin Wang et al., [81] and Liu &
Balandin report 60 W/m.K at 300 K for Aly23Gag 77N in cross-sectional direction [68].
Thus, 81.09 W/m.K at 300 K is in good agreement with the literature.

Figure 3.9 illustrates the accumulation spectra for Aly5Gags/N at temperatures
of 300 K, 500 K, 600 K, and 800 K. Notably, at 300 K, phonons with mean free paths
(MFPs) less than 208 nm contribute significantly, comprising half of the conductiv-
ity. At this temperature, thermally conductive phonons have impressively long MFPs,
extending up to 2038 nm. Table 3.2 provides critical MFP values and their correspond-
ing contributions. As the temperature increases, the MFP spectrum shortens due to
greater phonon scattering, revealing the temperature’s influence on phonon transport

properties in Aly5GagsN.
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Figure 3.9. Accumulation spectra of Aly5GagsN at T = 300 K, 500 K, 600 K, and
800 K.
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Table 3.2. Mean free path of phonons contributing to 30%, 50%, and 90% of
Aly5Gag s N thermal conductivity (k) at T = 300 K, 500 K, 600 K, and 800 K.

Temperature | 30% of k 50% of k 90% of k Total (100%)
(Kelvin) of k

300 >70 nm >208 nm >763.4 nm <2038 nm
500 >40 nm >80.5 nm >430 nm <1742.5 nm
600 >32.3 nm >64.5 nm >354.8 nm <1419.85 nm
800 >23.8 nm >47.nm >238.9 nm <1027.56 nm

In this study, we examine the cumulative thermal conductivity of Aly5Gags/N at
T=300 K, comparing it with data from the literature in Figure 3.10, where we rely
on Tran Dat et al.’s experimental research using the TTR method [39]. To facilitate
comparison, a 50% reference line highlights the MFP values of phonons contributing to
half of the bulk thermal conductivity. Notably, our accumulation spectra cover a nar-
rower range of phonon MFPs compared to the literature. These differences stem from
various factors influencing the MFP spectrum, including crystal complexity, defects,

impurities, and alloy composition.
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Figure 3.10. Comparison of accumulation spectra of Aly5Gags/N at T = 300 K with

literature.
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3.1.3. A10,75Ga0,25N

Al3;Gay N has a cubic structure with space group P-43m and lattice parameters a
= 4.40 A and ¢ = 4.40 A. One primitive unit cell contains eight atoms, which consist
of 3 Al, 1 Ga, and 4 N. This structure is similar to the zincblende structure, where 3
Al atoms replace 3 Ga atoms in the conventional unit cell of GaN. The coordination
of atoms in Al3GayN is tetrahedral, with each atom bonded to 4 nearest neighbors.
The Brillouin zone of Al3Gay/N is also cubic, reflecting its underlying crystal symme-
try. These structural features of Al3Gay/N have important implications for its thermal

properties, including the phonon mean free path spectrum and thermal conductivity.

The calculation process for Al 75Gag 5N showcases certain similarities to AlGasz N,
Alloy, as both structures comprise unit cells with four atoms. Initially, the lattice struc-
ture of the Alg75Gagos/N unit cell was optimized using a Gamma-centered k-mesh grid
of size 12x12x12, along with a plane wave basis set and a kinetic energy cutoff of 520
eV. Determining the harmonic interatomic force constants (IFCs) involved conducting
self-consistent calculations through phonopy, utilizing a 3x3x3 supercell, and employ-
ing four different displacements. The optimized structure for Aly75Gagos/V, is shown

in Figure 3.11 [76].

Figure 3.11. The optimized structure of Alg75GagosN alloy [76].

Similarly to Alg5Gag 75V, the method by Wahyu and Stefano et al. [77] is em-
ployed to determine the Brillouin zone and high symmetry k-point paths for Aly 75Gag.osN.

as shown in Figure 3.13 the P-43m symmetry structure yields selected high symmetry
paths in the first Brillouin zone, including I'-X-M-I"-R- X |M-R.
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Figure 3.12. Brillouin zone of CUB lattice [77].

Figure 3.13 displays the phonon dispersion plot for Aly 75Gag.o5/N along high sym-
metry paths. Our findings are consistent with previously published literature on band
gaps and patterns [80]. In accordance with the relation mentioned earlier, w(q) = 3N
(where N represents the number of atoms in the unit cell), the plot depicts 24 branches,
reflecting the presence of 8 atoms within the unit cell of Alg 75Gag o5/ N. This illustration
provides valuable insights into the material’s vibrational characteristics, contributing

to our understanding of its structural and thermal properties.
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Figure 3.13. Phonon dispersion curve of Aly75Gag.o5/V.
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After obtaining the dispersion curve, thermal calculations were performed. Same
as the AlysGagsN third-order force constants (FC3s) calculations were carried out
using a 2x2x2 supercell, while a 3x3x3 supercell was used for second-order force
constants (FC2s) calculations for all alloys. Due to the complex structure of AlGaN
alloys compared to other materials, a cut-off distance of 3.2 A was set, resulting in a
larger number of interactions. The VASP was employed to calculate the second and
third-order force constants (FC3s), which were subsequently imported into Phono3py
for thermal calculations. The relaxation time approximation was utilized for the cal-

culations performed over a 54x54x54 mesh.

Figure 3.14 displays the accumulation spectra of (Aly75GagaesN) at 300 K, 500
K, 600, and 800 K. The phonons with mean free paths (MFPs) smaller than 250 nm
contribute to half of the conductivity at 300 K, and the MFP of thermally conductive
phonons extends to 3572.5 nm at this temperature. Table 3.14 shows some critical MFP
values and their corresponding contributions. As anticipated, the spectrum becomes
shorter as the temperature increases. This indicates that as the temperature rises in

the device, the size effects are expected to become apparent at smaller scales.
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Figure 3.14. Accumulation spectra of Aly75Gagos N at T = 300 K, 500 K, 600 K, and
800 K.
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The investigation into the bulk thermal conductivity of (Aly 75Gag.25N) has yielded
a comprehensive set of findings across a range of temperatures. Specifically, the values
obtained are as follows: 111.7 W/m.K at 300 K, 64.74 W/m.K at 500 K, 54 W/m.K
at 600 K, and 40.7 W/m.K at 800 K. These results reflect the material’s thermal
conductive behavior at varying temperatures, shedding light on its thermal transport

properties in diverse thermal environments.

Comparing these findings to existing literature, it’s noteworthy that A. Jain et
al. [80] reported a bulk thermal conductivity of 77.7 W/m.K for cubic (Al 75GagasN)
specifically at 300 K. This aligns closely with the observed value of 111.7 W/m.K at
300 K, indicating a consistent trend in thermal conductivity within this temperature
regime. Moreover, in a different study by Liu and Balandin [68], a thermal conduc-
tivity of 60 W/m.K at 300 K was reported for (Aly23Gag77N) in the cross-sectional
direction, further supporting the agreement between the observed value and the ex-
isting literature. In summary, the observed thermal conductivity of 111.7 W/m.K at
300 K appears to be well-aligned with prior research, strengthening the understanding
of the thermal transport characteristics of this material.Similar to Algy75Gagos/N, no
specific theoretical and experimental studies focus on the accumulation spectra for this

particular composition of Al in Al,Ga;_, N alloys.

Table 3.3. Mean free path of phonons contributing to 30%, 50%, and 90% of
Al 75Gagos N thermal conductivity (k) at T = 300 K, 500 K, 600 K, and 800 K.

Temperature | 30% of k 50% of k 90% of k Total (100%)
(Kelvin) of k

300 >120.8 nm >231 nm >1023.01 nm | <3135.04 nm
500 >44.3 nm >107.6 nm >483.7 nm <3237.6 nm
600 >37.3 nm >87.5 nm >380.5 nm <2682.2 nm
800 >29.4 nm >60.3 nm >279.4 nm <1818.12 nm
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3.1.4. Comparison

In Figure 3.15, obtained thermal conductivities of Al,Ga;_, N alloys with (x=0.25,
x=0.5, x=0.75) at room temperature through simulations are depicted along with the
corresponding experimental and theoretical data obtained from previous literature. By
using the method explained earlier, this study found the bulk thermal conductivities
at room temperature for AlyssGagrsV, AlgsGagsN, and Alg75GagosN to be 88.46
W/m.K; 81.09 W/m.K, and 111.7 W/m.K, respectively.

Figure 3.15 illustrates the thermal conductivity data obtained from the Callaway
model [39] and ab-initio model [69] in the literature for Al,Ga;_, N alloys. The data
demonstrates a significant decrease in thermal conductivity with increasing z.Notably,
the thermal conductivity experiences a rapid increase for Al fractions above 0.9. Conse-
quently, even minor alloying proportions lead to a reduction in the thermal conductivity
of the alloys. Specifically, the bulk thermal conductivity of Aly5GagsN is reduced by
64% compared to GaN [35].

According to Figure 3.15 a high level of agreement between our results and the
theoretically determined room temperature thermal conductivities of Al,Ga;_, N by A.
Jain et al. [80], and Huimin Wang et al. [81] is observed. Furthermore, the published
experimental data for thermal conductivity measurements of Al,Ga;_,N by Liu &

Balandin at T=300 K aligns well with the findings of our study [68].

While the calculated thermal conductivities in this study are lower than those
of the pure materials, they are significantly higher than the data reported in previous
literature. The significant discrepancy between the results of this study and the work by
Jinglong Ma et al. [69] arises from the different approaches used to model the disordered
lattice. In virtual crystal models, disordered lattices are replaced with ordered crystals
that contain randomly distributed atoms of the constituents. According to this model,
alloys consist of atoms arranged in a specific lattice, each with varying masses. The

significant atomic mass differences between ions in these alloys lead to strong mass
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disorder, substantially reducing thermal conductivity. In contrast, the present study

employs an ordered and systematic arrangement of atoms, representing an ideal single

crystalline structure.
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Figure 3.15. Thermal conductivities of Al,Ga;_, /N alloy at room temperature as a

function of Al composition. Theoretical data are from the virtual-crystal and

first-principle model are shown [39,69,80,81]. Experimental data from 3w

measurements is shown by the circle symbol [68].

Calculated thermal conductivity for various Al mass fractions (x=0.0, 0.1, 0.5,

0.9, and 1.0) in Al,Ga;_, N alloys is depicted in Figure 3.16. The figure illustrates a

significant reduction in thermal conductivity at room temperature due to alloy scat-

tering, encompassing a wide temperature range from approximately 10 K to 900 K,

with a slight increase below 10 K. Beyond 200 K, thermal conductivity becomes more

sensitive to changes in the Al fraction, marked by the dominance of point-defect and

phonon-phonon scatterings in phonon relaxation processes. Furthermore, the most no-
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table decrease in thermal conductivity occurs when there is a transition in the Al mass
fraction from 0 to 0.25. This suggests that even a small amount of external atoms in
the host material profoundly affect phonon scattering. Further additions of extrinsic

atoms do not yield a substantial difference in the reduction of thermal conductivity.
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Figure 3.16. The calculated thermal conductivities of Al,Ga;_, N alloys with

x=0.0,0.25,0.5,0.75, and 1.0 as a function of temperature.

In Figure 3.17, the cumulative thermal conductivity of Al,Ga;_, N alloys (z=0.25,
r=0.5, z=0.75) at T=300K is plotted as a function of the phonon mean free path
(MFP). These results are compared with the theoretical accumulation spectra obtained
for AIN and GaN data available in the literature.The figure includes a 50% guideline,
revealing the phonon mean free path (MFP) contributing to at least 50% of bulk
thermal conductivity. It can be observed that 50% of the bulk thermal conductivity
of the materials corresponds to phonons with MFPs of 138.4 nm, 208 nm, 231 nm,
360 nm, and 262 nm at 300K for Alyo5Gag7s N, AlgsGags N, Alg75Gagos N, AIN, and

GaN, respectively.
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Figure 3.17. Accumulation spectrum of Aly5GagsN, Aly.osGag75N, Aly75Gag sV,
AIN, and GaN [35].

The increased complexity of the crystal structure leads to a shorter mean free path
(MFP) spectrum. In the case of AIN and GaN, which have ordered and symmetrical
structures, thermal conductive phonons with MFPs larger than A,,., at 300 K exhibit
predominantly harmonic behavior. However, the presence of impurities, such as AIN
atoms in Al,Ga;_, N disrupts phonon propagation in the lattice, resulting in a shorter
MFP spectrum. Compared to the experimental and theoretical values for silicon at
room temperature, the MFP values obtained for Al,Ga;_, N alloys are much smaller.
This suggests that size effects play a significant role in the thermal transport properties
of these alloys. Also, according to the figure, the accumulation spectrum of alloys is

lower than that of pure systems, particularly for large MFPs.

Theoretical and experimental studies have indicated the presence of size effects in
the range of tens of microns or smaller. Figure 3.17 shows that the thermally conductive
GaN phonons predominantly have mean free paths (MFPs) ranging from 10 nm to
10000 nm, contributing to 90% of the material’s thermal conductivity. In alloys, the
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contribution from large MFPs is increased compared to the constituent compounds due
to the stronger influence of the alloying effect on high-frequency phonons with small

MFPs rather than low-frequency phonons with large MFPs.
3.2. f-form Gay0;

The crystal structure of 5-Ga,Os is characterized by a monoclinic lattice with the
space group (C2/m) and has a conventional unit cell with 20 atoms. Gallium atoms
in the crystal are coordinated by 6 oxygen atoms, forming a distorted octahedral ge-
ometry, while oxygen atoms are coordinated by 4 gallium atoms, forming a tetrahedral

geometry. This coordination pattern affects its electrical, and mechanical properties.

Although attempts have been made to clarify the process of transferring the
conventional monoclinic unit cell to a reduced primitive cell [82], there remains some
ambiguity. To mitigate the potential risk of variations in the Brillouin zone shape,
researchers have opted to use the 20-atom conventional unit cell (depicted in Figure
3.18(a)) rather than the 10-atom primitive unit cell (depicted in Figure 3.18(b)) [77,
82,83]. This choice allows for directly measuring the anisotropic thermal conductivity
along the three crystallographic directions. The visualization of the conventional and
primitive unit cell structures is performed in this study using VESTA software, as

depicted in Figure 3.18.
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Figure 3.18. (a) Conventional unit cell of 5-Ga,O3 (b) Primitive unit cell of 5-Ga,Os.
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The approach presented by Wahyu and Stefano et al. [77] is used to establish
the Brillouin zone (BZ) and the corresponding high symmetry directions in this study.
For monoclinic structure 5-Ga, O3, the corresponding C-centered monoclinic (MCLC1,
mS)-type Brillouin zone and high symmetry k-point paths are selected in this study.
For the C2/m symmetry structure, the coordinates of symmetry points and the high
symmetry paths in the first Brillouin zone are I'-Y-F-L- I|I1-Z-F1|Y-X1|X-I-N|M-I"
as illustrated in Figure 3.19.

Figure 3.19. Brillouin zone of M CLCY lattice [77].

The Vienna ab initio simulation package (VASP) was employed to carry out
first-principles calculations based on density functional theory (DFT) principles. The
Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional is employed. Before
implementing the plane wave self-consistent field calculation, a structural optimization
procedure is conducted using the projector-augmented wave (PAW) method along with
a generalized gradient approximation (GGA). To obtain full optimization of the cell
parameters for the bulk 5-Ga,Os; with a monoclinic structure the system was relaxed
using a 4x16x8 Monkhorst-Pack type k-point. The energy cutoff for the plane wave
basis was set to a constant value of 520 eV, and the convergence criterion for the system
energy is set to 1078 e€V. The optimized lattice dimensions are a = 12.50 A, b = 3.1
A, ¢ =5.74 A and an angle of 8 = 103.76°, which agrees well with the computational
results [71].
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After optimizing the lattice parameters, a 2x2x2 supercell consisting of 160
atoms was constructed to calculate the interatomic force constants (IFCs). The har-
monic [FCs were obtained by performing self-consistent calculations for 20 different
displacements. Figure 3.20 displays the phonon dispersion results, and projected den-
sity of states of -Ga,Os, which were obtained using Phonopy software. The phonon
branches are plotted across the Brillouin zone with a 2x2x2 K-mesh described in Fig-
ure 3.20. This comprehensive representation allows us to gain valuable insights into the
phonon behavior and vibrational properties of 5-Ga,Os, shedding light on its structural

and thermal characteristics.
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Figure 3.20. Phonon dispersion curve of $-Ga,O3. Orange curve corresponds to Ga

atoms, while blue curve corresponds to O atoms in the projected densities of states.

The phonon frequency of 5-Ga,Oj3 lies between 0 and 21 THz, as shown in Figure
3.20. The ionic crystal structure of -Ga,Oj3 is characterized by the division of LO-TO
phonons at the I" points is also noticeable. The projected densities of states shown in

Figure 3.20 reveal that lower frequency phonon modes are primarily associated with the
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heavier Ga atoms. In comparison, higher frequency modes are predominantly linked
to the lighter O atoms. The bandgap of the bulk 5-Ga,O3; was found to be 4.8 THz,
consistent with the findings of Carrete, J et al. [44].

After obtaining the dispersion curve, thermal calculations were performed. To
calculate the anharmonic interatomic force constants (IFCs), a 2x2x1 supercell con-
taining 80 atoms was used. To expedite the calculations, a cut-off distance of 2 A was

implemented in the system.

In the last step, the linearized version of the BTE is solved iteratively [44]. This
approach involves solving the linearized BTE in a self-consistent manner to obtain
the variation of the distribution function from equilibrium, which is caused by the
perturbation of the phonon distribution. A real-space displacement approach is utilized
to obtain both second- and third-order force constants. Once the second-and third-
order force constants (FCs) were obtained through VASP, these force constants were
transferred to Phono3py software for conducting thermal calculations through 5x17x9
mesh, where the relaxation time approximation method was utilized. This method
assumes that a quasi-equilibrium distribution can describe the energy of phonons as

they quickly return to a state of local equilibrium after scattering.

To maintain consistency while projecting the tensor onto the crystallographic
directions of the conventional cell, the k tensor was symmetrized [84] using the point

group symmetry which is as follows:

In order to obtain a steady numerical solution, various sample meshes were tested with
different densities ranging from 10x10x10 to 24x24x24. A consistent convergence

was achieved for all test meshes. However, as the mesh size increased, the memory
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and calculation time required also increased tremendously. Finally, after considering a
better convergence and computational time, the mesh density of 5x17x9 was chosen
for the following lattice thermal conductivity calculation over temperatures ranging
from 25 K to 1050 K. The obtained lattice thermal conductivities of 5-Ga,O3 with

different temperatures are shown in Figure 3.21.
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Figure 3.21. Temperature-dependency thermal conductivity of bulk 5-Ga,O3 (this
study), a-GayO3 [85], GaN [35], and 8-Ga,O3 [56].

The thermal conductivity of S-Ga,O3 exhibits significant anisotropy along the
three directions of the basis vectors of the conventional unit cell, as revealed by the
results presented in Figure 3.21. The highest thermal conductivity is observed along
the [100] direction with a value of 15.11 W/m.K at room temperature. In contrast,
the lowest is observed along the [001] direction with a value of 7.8 W/m.K, and along
the [010], the value of thermal conductivity is obtained: 12.6 W/m.K. This anisotropic

behavior can be attributed to the differences in the phonon dispersion relations and
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the density of states along the different directions in the crystal lattice. Also, mass
and bonding strength differences between the Ga and O atoms can explain the lower

thermal conductivity observed in this phase.

Bulk thermal conductivity at 300 K for the monoclinic 5-Ga,Os is reported ex-
perimentally as 11.9 W/m.K by Zhi Guo et al. [56], 13 + 1 W/m.K by MHandwerg
et al. [86], in [100] direction. Also, theoretical studies reported the bulk thermal con-
ductivity of 5-Ga,O3 along [100] 12.73 W/m.K by A. Zhequan Yan et al. [71], and in
[010] direction between 20-27 W/m.K at the same temperature. As shown in Figure
3.21, the degree of anisotropy in the [100] and [001] directions of §-Ga,Os indicates
good agreement between our results and those obtained through previous theoretical

studies and experimental data.

Comparing the thermal conductivity of $-Ga,Os3 to that of GalN, which is a
commonly used semiconductor in power electronic applications, is an interesting point
of discussion. At room temperature, GaN has a thermal conductivity between 130-380
W/m.K [87,88]; These values are significantly higher than the thermal conductivity
range of 3-Ga,Os, which falls between 10-30 W/m.K; as illustrated in Figure 3.21. It
can be seen in Figure 3.21 that the thermal conductivity of -Ga,Os3 is higher than that
of a-phase GayO3 along the [100] direction over a wide temperature range, spanning

from 30 K to 800 K.

As shown in Figure 3.20, the lattice thermal conductivity of 8-Ga,O3 exhibits a
decreasing trend with increasing temperature in a wide range from 10 to 900 K. In the
high-temperature region, the lattice thermal conductivity of $-Ga,Os follows a T1
law [89], which suggests the occurrence of the Umklapp phonon scattering process.
These observations are consistent with previous studies on [-Ga,Os, demonstrating
that the Umklapp process dominates the phonon scattering mechanism at high temper-
atures. The reliability of our findings is supported by the convergence of our numerical
calculations on different sample meshes, as well as the agreement between our results

and previous experimental and theoretical studies.
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Figure 3.22 displays the accumulation spectra of 5-Ga,Os in [100] direction at
300 K, 500 K, 600K, and 800 K. What’s strikingly evident is the progressive shortening
of the mean free path (MFP) spectrum with increasing temperature, primarily due to
greater phonon scattering. At 300 K, the phonon mean free path for 5-Ga,O3 ranges
from 10 to 1000 nm. At [100] direction, phonons with mean free paths (MFPs) smaller
than 26.5 nm contribute to half of the conductivity at 300 K, and the MFP of thermally
conductive phonons extends to 184 nm at this temperature and the same direction.
Table 3.22 shows some critical MFP values and their corresponding contributions,
offering valuable insights into the intricate behavior of phonons in 8-Ga,Os3 at different

temperatures and directions.
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Figure 3.22. Accumulation spectra of 5-Ga,O3 at T = 300 K, 500 K, 600 K, and 800
K.

Figure 3.23 displays the obtained accumulation spectra for 5-Ga,O3 in [100] and
[010] directions and a comparison with the accumulation spectra for GaN and a-GasOs
from the literature [35,85]. It is evident that the phonon mean free path of 8-Ga,Os

in both directions is slightly longer than that of a-GayOs, resulting in a higher ther-
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mal conductivity for f-Ga,0s;. Compared to GaN, $-Ga,O3 exhibits a shorter spec-
trum.The simpler and more ordered lattice structure of GaN minimizes the obstruction
of phonons within the lattice, making it less likely to impede their movement so at
larger scales, this material is anticipated to exhibit size effects.Therefore, these find-
ings highlight the potentials of 5-Ga,O3 for applications with a desired lower thermal

conductivity.

Table 3.4. Mean free path of phonons contributing to 30%, 50%, and 90% of 8-Ga,Os
thermal conductivity (k)at T = 300 K, 500 K, 600 K, and 800 K.

Temperature | 30% of k 50% of k 90% of k Total (100%)
(Kelvin) of k
300 >10.2 nm >26.5 nm >79.5 nm <184 nm
500 >5.9 nm >15.47 nm >44.04 nm <113 nm
600 >4.9 nm >12.82 nm >37.5 nm <87.83 nm
800 >3.68 nm >9.5 nm >27.23 nm <54.47 nm
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Figure 3.23. Accumulation spectra of $-Ga,Os in [100] and [010] directions compared
to the a-GayO3 [85], and GaN [35] at 300 K.
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4. CONCLUSIONS AND IMPLICATIONS FOR FUTURE
RESEARCH

The issue of self-heating presents a serious challenge for the ongoing development
of high-power, high-frequency transistors and optoelectronic devices. Due to the supe-
rior Baliga’s figure of merit surpassing that of GaN or SiC, 5-Ga,Os, and Al,Ga;_, N,
semiconductors have emerged as highly promising materials for the next generation of
high-power electronic devices. It is crucial to comprehend the thermal properties of
these materials in order to enhance device performance. The phonon mean free path
(MFP) is a key thermal property that plays a vital role in determining the boundaries
of ballistic-diffusive thermal transport in micro and nanoscale domains. This study
focuses on investigating the thermal properties of -Ga,0O3, and Al,Ga;_, N semicon-
ductors, with a specific emphasis on understanding the phonon MFP - thermal con-
ductivity relation for 5-Ga,Os, and Al,Ga;_, N altering with the lattice temperature
and the Al concentration, x. Chapter 2 introduces the methodology employed for the
Ab-initio calculations in this study and the essential equations required for conducting

these simulations.

The primary aim of establishing the relationship between accumulated thermal
conductivity and mean free path (MFP) is to forecast the thermal characteristics of
materials at small scales, such as thin films and localized hotspots. This investigation
was conducted using the Vienna Ab-initio Simulation Package (VASP) with the local
density approximation (LDA) and projector augmented wave (PAW) pseudopotentials.
These findings were presented through tables indicating the critical MFP-thermal con-
ductivity contributions. The results revealed that materials with simpler structures

exhibit longer MFP spectra than those with asymmetric crystallographic properties.

Chapter 3 presents a detailed examination of the phonon mean free path (MFP)
distribution in 8-Ga,Os and Al,Ga;_, N alloys. This analysis offers valuable insights

into the thermal characteristics of these materials. A comprehensive view of the MFP
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distribution is provided through the utilization of the normalized cumulative thermal
conductivity” for all the materials.The calculation results demonstrate that the size
effect remains significant for distances spanning several tens of micrometers. This size
effect is directly linked to the distribution of mean free paths (MFPs), which is effec-
tively represented in the normalized cumulative spectra plot [44,90,91].The dominant
factor contributing to the reduction in thermal conductivity in alloys is anharmonic
scattering for low-frequency phonon modes characterized by large mean free paths
(MFPs). This reduction primarily occurs in high-frequency modes with small MFPs.
Consequently, the normalized cumulative thermal conductivity of alloys is lower than
that of pure systems, particularly for large MFPs. However, alloys possess a higher
number of phonon modes with MFPs smaller than a specific short MFP, leading to a
larger fraction of heat being carried by modes with shorter MFPs. As a result, the
curves representing thermal conductivity for pure phases and alloys are anticipated
to intersect at intermediate MFPs. As it can be seen in cumulative spectra plot the
normalized cumulative curve of Al,Ga;_, N alloys intersects with that of GaN and AIN

at intermediate mean free paths (MFPs).

In general, larger thermal conductivity is attributed to weaker intrinsic phonon-
phonon scattering, resulting in phonons possessing larger mean free paths (MFPs).
However, these longer MFPs can be more prone to being impeded by boundaries of
similar dimensions. Consequently, when the intrinsic thermal conductivity is already
low, further reduction becomes more challenging in nanostructures. By carefully ma-
nipulating boundary conditions, material composition, and nanostructure geometry, it
is possible to enhance or suppress thermal conductivity as desired, offering opportuni-

ties for improved thermal management in nanoscale devices and systems.

Using first-principles calculations and an iterative solution of the phonon Boltz-
mann transport equation, we conducted an in-depth investigation into the lattice ther-
mal conductivity of both 5-Ga,O3 and Al,Ga;_, N materials. The thermal conduc-
tivity shows a decreasing trend with rising temperature as thermal scattering effects

become more pronounced. Additionally, an increase in the Al mole fraction reduces
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thermal conductivity for Al,Ga;_,N compositions with z < 0.5. Also, thermal con-
ductivity exhibits a notable and rapid increase for Al fractions exceeding 0.9. As a
result, even minor proportions of alloying elements contribute to a decrease in the
thermal conductivity of the alloys. The presence of disorder within the lattice leads to
an increase in phonon scattering, thereby causing a reduction in thermal conductivity
(k). When Ga is added to AIN, it induces a more significant reduction in thermal
conductivity compared to a proportional addition of Al into GaN. This asymmetry in
the reduction of thermal conductivity is attributed to the difference in atomic mass
between Ga and Al. Since Ga is heavier than Al it results in a more substantial and

pronounced decrease in thermal conductivity (k).

In the case of B-Ga,Os, the thermal conductivity displays notable anisotropy
in three crystallographic directions, we report room temperature values of thermal
conductivity; 15.11 W/m.K, 12.6 W/m.K, 7.8 W/m.K in the direction of [100], [010],
and [001] also, it is conducted that at higher temperatures, the thermal conductivity
of the 5-Ga, O3 crystal displays a distinct relationship with temperature, characterized
by an approximate inverse proportionality (7-!). This behavior is consistent with
Umklapp phonon scattering, indicating that phonons are the primary contributors to

heat transport in the crystal.

To address the challenge of heat dissipation caused by the low thermal conduc-
tivity of 5-Ga,O3 materials, a potential solution is to directly deposit 5-Ga,Os on to
a substrate with high thermal conductivity. One suitable option is to use diamond,
which is a wide-bandgap semiconductor material known for its excellent thermal con-
ductivity. By depositing 5-Ga,O3 on the diamond, it is possible to enhance the overall
thermal management of the system and improve heat dissipation capabilities. As a
result, the interaction between phonons at the interface, whether through reflection
or transmission, significantly influences the thermal transport process and is directly
associated with the phonon mean free path. At higher temperatures, the maximum
mean free path of phonons in 5-Ga,Os; material falls within the range of 1-1000 nm.

This suggests that the effects of interface boundary scattering are likely to influence the
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thermal transport process. Consequently, when considering the utilization of 3-Ga,Os3
materials in future power device applications, it is crucial to thoroughly assess the

effects of size and interface scattering.

Finally, discrepancies were analyzed, and it was observed that experimental val-
ues estimate higher MFP spectra than theoretical approaches. This has one of its roots
in experimental values relying on approximations and entailing certain statistical devi-
ations. Moreover, experimental samples have imperfections that cause discrepancies to
model structure. As the anharmonicity increases due to crystal complexity, increased
phonon confinement in extremely small shapes and high temperature, covering third-
order force constants seems beneficial. This extensive coverage of crystal energy may
also be used for explaining the thermal responses of structures with dislocations and
impurities in the future. Finally, it was reached that as the anharmonicity increases,
MFP spectra are shortened to both theoretical approaches and the experiments. While
considering third-order force constants represents a risk of overestimating the anhar-
monicity, these models offer great opportunities: It becomes possible to model the
materials with complex structures (for instance, AlGaN and (-Ga,O3 ) and the road
to predict the thermal behavior of materials at challenging conditions(extreme confine-

ment, high temperature) is paved.
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Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author
communications.

Authors can share their accepted author manuscript:

o immediately
o via their non-commercial person homepage or blog
by updating a preprint in arXiv or RePEc with the accepted manuscript
via their research institute or institutional repository for internal institutional
uses or as part of an invitation-only research collaboration work-group
directly by providing copies to their students or to research collaborators for
their personal use
o for private scholarly sharing as part of an invitation-only work group on
commercial sites with which Elsevier has an agreement
¢ After the embargo period
o via non-commercial hosting platforms such as their institutional repository
o via commercial sites with which Elsevier has an agreement

o o

[=]

In all cases accepted manuscripts should:

e link to the formal publication via its DOI

* bear a CC-BY-NC-ND license - this 1s easy to do

* if aggregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any way to
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appear more like, or to substitute for, the published journal article.

Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear 1n the journal and embodies all
value-adding publishing activities including peer review co-ordination, copy-editing,
formatting, (if relevant) pagination and online enrichment.

Policies for sharing publishing journal articles differ for subscription and gold open access
articles:

Subscription Articles: If you are an author, please share a link to your article rather than the
full-text. Millions of researchers have access to the formal publications on ScienceDirect,
and so links will help your users to find, access, cite, and use the best available version.

Theses and dissertations which contain embedded PJAs as part of the formal submission can
be posted publicly by the awarding mnstitution with DOI links back to the formal
publications on ScienceDirect.

If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and nternal training at the institution (including use in course packs
and courseware programs), and inclusion of the article for grant funding purposes.

Gold Open Access Articles: May be shared according to the author-selected end-user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.

Please refer to Elsevier's posting policy for further information.

18. For book authors the following clauses are applicable in addition to the above:
Authors are permitted to place a brief summary of their work online only. You are not
allowed to download and post the published electronic version of your chapter, nor may you
scan the printed edition to create an electronic version. Posting to a repository: Authors are
permitted to post a summary of their chapter only in their institution's repository.

19. Thesis/Dissertation: If your license 1s for use in a thesis/dissertation your thesis may be
submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOT links
back to the formal publications on ScienceDirect.

Elsevier Open Access Terms and Conditions
You can publish open access with Elsevier in hundreds of open access journals or in nearly
2000 established subscription journals that support open access publishing. Permitted third

party re-use of these open access articles is defined by the author's choice of Creative
Commons user license. See our open access license policy for more information.

Terms & Conditions applicable to all Open Access articles published with Elsevier:
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Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour or
reputation. If any changes have been made, such changes must be clearly indicated.

The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.

If any part of the material to be used (for example, figures) has appeared in our publication
with credit or acknowledgement to another source it is the responsibility of the user to
ensure their reuse complies with the terms and conditions determined by the rights holder.

Additional Terms & Conditions applicable to each Creative Commons user license:

CC BY: The CC-BY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is not
represented as endorsing the use made of the work. The full details of the license are
available at http:/creativecommons .org/licenses/by/4 0.

CC BY NC SA: The CC BY-NC-SA license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is not
done for commercial purposes, and that the user gives appropriate credit (with a link to the
formal publication through the relevant DOI), provides a link to the license, indicates if
changes were made and the licensor is not represented as endorsing the use made of the
work. Further, any new works must be made available on the same conditions. The full
details of the license are available at http://creativecommons.org/licenses/by-nc-sa/4.0.

CC BY NC ND: The CC BY-NC-ND license allows users to copy and distribute the Article,
provided this is not done for commercial purposes and further does not permit distribution of
the Article if it is changed or edited in any way, and provided the user gives appropriate
credit (with a link to the formal publication through the relevant DOI), provides a link to the
license, and that the licensor is not represented as endorsing the use made of the work. The
full details of the license are available at http://creativecommons.org/licenses/by-nc-nd/4.0.
Any commercial reuse of Open Access articles published with a CC BY NC SA or CC BY
NC ND license requires permission from Elsevier and will be subject to a fee.

Commercial reuse includes:

* Associating advertising with the full text of the Article
Charging fees for document delivery or access

* Article aggregation

e Systematic distribution via e-mail lists or share buttons

Posting or linking by commercial companies for use by customers of those companies.
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