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ABSTRACT

PHONON MEAN FREE PATH AND THERMAL

CONDUCTIVITY ANALYSIS OF WIDE AND

ULTRA-WIDE BANDGAP MATERIALS

As the Knudsen number (defined as the as the ratio of the molecular mean

free path length to length scale of the device) increases, materials’ thermal properties

are compromised due to disruption of phonon movement. If the thermal conductivity

and mean free path relationship of the phonons is known, interference of size effects

at small scales can be predicted as well as thermal conductivity reductions. To do

this, thermal accumulation spectra of four wurtzite semiconductor materials: gallium

nitride, aluminum nitride, aluminum gallium nitride, and beta form gallium oxide were

calculated at different temperatures. As these materials are usually employed in high

power electronic applications in confined structures, a method was devised in order

to infer their conductivities at small scales from accumulation spectra. Third-order

force constants, which are the expanded coefficients of crystal ground energy, are used

directly for mentioned calculations.It was observed that this approach is very useful

at high anharmonicity where MFP range is short and temperature is high. This work

concluded that MFP spectra contributing to thermal conductivity were 1661.7 nm,

1648.8 nm, 442.3 nm and 467.3 nm respectively for GaN , AlN , AlGaN and β-form

Ga2O3 at 300 K. Hence, size effects are expected to dominate conductivity at scales

smaller than these values.
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ÖZET

YÜKSEK VE ULTRA-YÜKSEK BANT ARALIKLI

MALZEMELERİN FONON ORTALAMA SERBEST YOL

VE ISIL İLETKENLİK ANALİZİ

Moleküler ortalama serbest yolun, cihaz karakteristik uzunluğuna oranı olarak

tanımlanan Knudsen sayısı arttıkça, fonon hareketinin engellenmesi sonucu malzemenin

ısıl özelliklerinde kayıp yaşanır. Eğer fononların ısıl iletkenlik ve ortalama serbest

yol(OSY) ilişkisi bilinirse, malzemedeki boyut etkileri ve kaybedilen ısıl iletkenlik mik-

tarı tahmin edilebilir. Bu amaçla, dört würtzit yarıiletken malzeme: galyum nitrat,

alüminyum nitrat, alüminyum galyum nitrat ve beta form galyum oksit için ısıl iletken-

lik birikimi farklı sıcaklıklarda hesaplanmıştır. Bu malzemeler çoğunlukla yüksek

güç elektroniği uygulamalarında, küçük ve kısıtlı boyutlarda kullanıldıklarından, ısıl

iletkenlik birikim grafiğinden küçük boyutlarda karşılaşılan iletkenlik miktarının elde

edilebilmesi için bir yöntem geliştirilmiştir.Kristal enerjisinin Üçüncü dereceden güç

katsayıları bu hesaplamalarda kullanılmıştır. Bu yaklaşımın anharmonikliğin arttığı

kısa OSY ve yüksek sıcaklık durumlarında kullanışlı olduğu anlaşılmıştır. Isıl iletkenliğe

katkıda bulunan en büyük OSY değerleri GaN , AlN , AlGaN ve β-form Ga2O3 için

sırasıyla 1661.7 nm, 1648.8 nm, 442.3 nm and 467.3 nm olarak hesaplanmıştır. Boyut

etkilerinin, bu uzunluklardan daha küçük cihaz boyutlarında gözlemlenmesi beklen-

mektedir.
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1. INTRODUCTION

1.1. Wide and Ultra-Wide Bandgap Materials

Wide and Ultra-wide bandgap (WBG and UWBG) semiconductor materials have

electronic bandgaps of 3.4 eV or higher and have outstanding properties such as high

breakdown field, high electron velocity and good thermal stability at high frequencies.

As Figure 1.1 demonstrates, WBG and UWBG materials represent strong alternatives

to commonly used silicone devices.

Due to their large bandgap and other listed properties, WBG and UWBG mate-

rials are frequently employed in power electronic and opto-electronics applications such

as high electron mobility transistors(HEMT), light-emitting diodes(LED), and lasers.

Figure 1.2 shows some of these applications.

Figure 1.1. Specific on-resistance vs Breakdown voltage of WBG and UWBG

materials [1]. This relation indicates a materials’ potential for power switches.
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Figure 1.2. UWBG materials are used in (a) HEMT’s in radars, (b) DUV light

production, (c) LED traffic lights.

Gallium nitride (GaN) , aluminum nitride (AlN), aluminum gallium nitride

(AlGaN), and β-form gallium oxide (Ga2O3) are examples of wide and ultra-wide

bandgap semiconductor materials. All four of these materials share the wurtzite struc-

ture (which is a hexagonal closed pack form ) which is visible in Figure 1.3 and

are semiconductors, however, they all have unique properties. Especially, described

as ultra-wide bandgap materials, high Al-including AlGaN and Ga2O3 are expected

to provide new opportunities in near future in terms of deep ultraviolet(DUV) opto-

electronics, quantum information, and extreme-environment applications [1]. It is re-

ported that replacing Si in power electronics applications with alternatives such as

GaN and β−Ga2O3 promises environmental benefits of both decreasing CO2 emission

and saving energy [2,3]. In this section, the properties of all four materials: Gallium ni-

tride (GaN), aluminum nitride(AlN), aluminum gallium nitride (AlGaN), and β-form

gallium oxide (Ga2O3) will be briefly introduced.
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Figure 1.3. A schematic of wurtzite structure.

1.1.1. Gallium Nitride (GaN)

As a popular wide bandgap semiconductor, GaN is defined as the threshold

between wide-bandgap and ultrawide bandgap materials with its bandgap of 3.4 eV [1].

This work examines its wurtzite form, which is also a stable hexagonal closed pack

(HCP) form [4]. Crystal structure of GaN is represented in Figure 1.4. Wurtzite GaN

thin films are frequently grown via metal organic chemical vapor deposition (MOCVD),

metalorganic vapor-phase epitaxy (MOVPE) [5], molecular beam epitaxy (MBE) and

also pulsed laser deposition (PLD) [6].

Figure 1.4. Crystal structure of GaN .
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GaN is used in power electronics applications [2, 7, 8] due to its high bandgap,

large breakdown voltage, low dielectric constant and higher thermal stability as well as

its high melting point leading to its sustainability in both economic and environmental

perspectives [9]. GaN is perceived as a solution for more effective power conversion,

paving the way to better motor drives, charger technologies and enhanced power factor

correction [9–11]. When coupled with AlGaN ; GaN layer permits the formation of two-

dimensional electron gas (2DEG) [10,12,13] which corresponds to an extreme electron

mobility leading to an immense current density in HEMT devices.

Figure 1.5. Cross-sectional schematics visualizing heating of (a) A high power LED

package [14] (b) GaN HEMT [15] (c)A β −Ga2O3 MOSFET scheme visualizing

localized heating in structure [16].

Other prevalent areas of employment forGaN are opto-electronics [17], blue/ultraviolet

(UV) LED technology and UV Sensors [18], and data storage solutions [19]. Electric

vehicles, solar and wind power generation, communication technologies and aerospace

applications are all to benefit from the usage of GaN [10]. A simple schematic exam-

ple of these devices is visible in Figure 1.5. As seen in Figure 1.5, heating is a major

drawback of these devices since they are operated at high powers and high frequencies.
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Figure 1.6. Crystal structure of AlN .

1.1.2. Aluminum Nitride (AlN)

Aluminum nitride (AlN) is another popular Group III-V nitride material. Crystal

structure of AlN is represented in Figure 1.6. There exists a great variety of methods

of AlN thin film manufacturing such as reactive magnetron and direct current (DC)

sputtering [20,21], pulsed laser ablation, MOCVD and MBE [22]. Extensive literature

focus on threading dislocation density (TDD) studies on AlN thin film samples also

hints at its popularity [23–25].

Due to its unique properties such as high thermal conductivity [26], large (up to

6.42 eV, which renders it a UWBG material) bandgap [27], high electrical insulation,

capacity of metallization and its low thermal expansion coefficient, AlN is frequently

employed in electronics applications. AlN is employed in trending applications such as

HEMT , Ultra Violet Light Emitting Diodes (UV-LED’s), and microwave filters [28–31].

Especially, UV and DUV devices present an important motivation in AlN production

since this technology employs this material as both the substrate and the operating

layer [32–34]. Applications of DUV technology extends to a variety of fields including

water sterilization and optical instrumentation [35,36]. Most importantly, DUV LED’s

are expected to replace gas lasers and mercury lamps which is expected to benefit the

environment greatly [34, 37]. Such applications are shown in Figures 1.1 and 1.2. As

it is described in Figure 1.5, these applications are susceptible to localized heating due

to phonon confinement.
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1.1.3. Aluminum Gallium Nitride (AlGaN)

Aluminum gallium nitride (AlGaN) is an alloy of previously mentioned materials

AlN and GaN . It is usually noted as AlxGa1−xN where x denotes the Al fraction.

Unit cell representation of AlGaN is shown in Figure 1.7. AlGaN is a unique material

in terms of its properties being tunable due to the Al fraction in the alloy [38, 39].

As a member of group III-V materials, AlGaN is grown via MBE, MOCVD, reactive

sputtering, and occasionally hydride vapor phase epitaxy (HVPE) and organometallic

vapor phase epitaxy (VPE) [39–41].

Due to its high saturation drift velocity, resistance to high temperature, high

breakdown voltage [42], small thermal expansion coefficient, corrosion resistance and,

as it is previously mentioned, formation of two dimensional electron gas (2DEG) at

AlGaN/GaN interface layer, AlGaN is frequently used in AlGaN/GaN HEMTs, and

modulation-doped field effect transistors (MODFET) [13, 43–47]. Since AlGaN has a

direct bandgap like AlN and GaN , unlike indirect bandgap semiconductors such as

silicon, electron transition to conduction band occurs directly. Thus, this process does

not require an interference of a phonon for additional quasi-momentum. Moreover

AlGaN layers reportedly permits the reduction of optical losses and enhancement of

external quantum efficiency (EQE) [33, 48]. This leads to AlGaN dominance in opto-

electronic devices such as edge and surface emitting lasers and UV/DUV LEDs [48,49].

Some examples of such applications are shown in Figure 1.2.

Figure 1.7. Unit cell of AlGaN .



7

Briefly, AlGaN devices are popularly used in both high-power electronics and

DUV-LEDs due to its multiple benefits. Similar to devices made of GaN and AlN ,

these devices are also frequently operated at high frequencies and at high temperature,

hence they are subjected to heating problems.

1.1.4. Beta Form Gallium Oxide (β-form Ga2O3)

The most stable and most preferred form of Ga2O3 is β-form amongst five other

polymorphs [50]. β-form Ga2O3 is stable through the temperature spectrum up to its

high melting point, hence β−Ga2O3 devices are also expected to stand against thermal

fatigue [50]. Unit cell representation of β-form Ga2O3 is shown in Figure 1.8.

When it comes to thin film β−Ga2O3 production, there are a variety of methods.

Magnetron sputtering is a preferred option [51], and is followed by MOCVD, MBE,

VPE,PLD, atomic layer epitaxy (ALE) and atomic layer deposition (ALD) [3, 52].

These multiple methods and rapidly improving advances in β −Ga2O3 growth caused

very high-quality single crystal samples at small costs with high success rates [3].

β−Ga2O3 has a large bandgap of 4.9 eV [3], hence it qualifies as a UWBG mate-

rial [1]. Its advanced thermal and chemical stability, along with high breakdown field

explains the extensive β − Ga2O3 usage in power electronics such as power switches

Figure 1.8. Unit cell of β-form Ga2O3.
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and radio frequency (RF) devices. Namely, β−Ga2O3 is frequently employed in metal

oxide semiconductor field effect transistors (MOSFETs) ,fin field-effect transistors (Fin-

FETs), and Schottky diodes [52]. In power electronics, a way to evaluate the materials

is Baliga Figure of Merit (BFOM) which is defined as the ratio of breakdown voltage

to specific on-resistance. As seen in Figure 1.1, β − Ga2O3 has an enormous BFOM

value (almost 4 times more than that of GaN) [52]. Therefore, β −Ga2O3 is excellent

for power switches since it minimizes current leakage and energy losses. Also being

a member of transparent conducting oxides (TCO), β − Ga2O3 offers excellent op-

toelectronics opportunities. It is employed in UV/DUV applications, especially solar

blind UV detectors which are used to monitor UV emission levels as well as ozone

layer thickness; and they are used in a variety of space applications [53, 54]. Finally,

β −Ga2O3 structures are employed in several fields where they are subjected to harsh

environments. As seen in the MOSFET in Figure 1.5, these group of applications are

prone to heating problems due to size effects.

1.2. Thermal Issues and Size Effects

All applications of WBG and UWBG materials requires them to be used in small

scale structures where phonons are trapped. To know the thermal conductivity of

these micro and nano scale structures allows accurate modeling of device heating.

Since these devices are already susceptible to heating problems as seen in Figure 1.5,

a loss in conductivity due to confinement aggravates the results. For instance, once

excessive heat is not successfully dissipated in HEMT shown in Figure 1.5, degradation

of substrate due to high temperature is inevitable. Then, it is crucial to know the lost

portion of thermal conductivity at that scale in order to avoid such failure. Not only the

device’s small scales, but also localization of the heating in form of hotspots as seen in

Figure 1.5, restrict phonon movement. Then, size effects ensue. As confined structures

such as thin films, nanowires, and hotspots do not have the same thermal conductivity

as the bulk material, modeling of accumulation spectrum is required. Accumulation

spectrum relates thermal conductivity to mean free path (MFP) value. Hence, it is

possible to retrieve thermal conductivity of a structure at characteristic length level.
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The aim of this work is to obtain thermal conductivity accumulation spectra

of four WBG and UWBG materials in order to device a method to foresee thermal

behavior of confined structures of these materials. Thermal conductivity at small

scales can be retrieved from accumulation spectra. Thus, it becomes easier to tackle

the problems caused by size effects. Finally, in order to understand size effects, it is

important to understand how heat is transported at micro scale. Following section

aims to define necessary concepts for this topic.

1.2.1. Phonons & Brillouin Zone

In semiconductors, heat is transmitted via lattice vibrations. These quantized

lattice vibrations are defined as phonons. Phonons are characterized via their directions

called wavevectors and amplitude of their frequencies. The relation expressing this

is called the phonon dispersion relation. The equation that represents an example

of phonon wavevector-phonon frequency in a chain containing two atoms of different

masses is visible in Equation 1.1.

ω(k) =

√√√√(C (M +m)

Mm
± C

√
(M +m)2

M2m2
− 4

Mm
sin2 ka

2

)
(1.1)

Equation 1.1 is simply reached via modeling atomic vibrations as masses con-

nected with a spring. Here, C is spring constant while ω(k) is the frequency associated

with wavevector k. M and m correspond to masses of atoms in diatomic chain. When

solved, eigenvalue problem in Equation 1.1 yields the curve in Figure 1.9. In Figure

1.9, one can observe two sorts of solutions: optic and acoustic solutions, representing

optical and acoustic phonon modes. These solutions are stemming from the ± term in

the equation, and their physical meaning is as follows: In optical mode, neighboring

atoms move oppositely while in acoustic mode, these atoms move in harmony.
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Figure 1.9. Phonon dispersion relation of diatomic chain [55].

If a three dimensional (3D) complex structure is in question, more optical and

acoustic branches appear. Figure 1.10 visualizes a phonon dispersion graph of GaN

obtained by Broido et al. [56].

As seen in Figure 1.10, in order to explain crystallographic directions better,

certain specific notations (A, Γ, M, and K) are used. These notations are a part

of Brillouin zone concept. As it is the primitive cell of the real space lattice (the

arrangement of atoms in crystal), irreducible Brillouin zone is where lattice directions

in phonon dispersion are expressed. First Brillouin zone of HCP structure, hence the

directions noted in the phonon dispersion curve is visible in Figure 1.11.

1.2.2. Mean Free Path & Relaxation Time

Mean Free Path (MFP) is described as the path that a phonon can follow before

colliding with another phonon or energy carrier. When thin films or structures with

small dimensions, and/or localized heating are present, phonons’ movement along its

MFP is often disturbed, this problem is known as size effect. To understand whether

size effects exist Knudsen number(Kn, defined as the ratio of phonon MFP (Λ) to
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Figure 1.10. Phonon dispersion of wurtzite GaN obtained by Broido et al. [56].

Figure 1.11. First Brouillin zone of HCP structure [57].

characteristic device length (L) as seen in Equation 1.2, is used. Characteristic length

can be defined as the length of the device layer along which phonon travels. When

Kn > 1, characteristic length is smaller than MFP of phonons and size effects are

expected to dominate.
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Knudsen number =
Λ

L
(1.2)

As seen in Figure 1.12, if the path that a phonon can travel is constricted with the

thin film length, phonon cannot convey its energy causing a loss in conductivity [58].

While a material sample has a spectrum of phonon MFP length, phonons with MFPs

longer than their counterparts are likely to be restricted in small/thin structures as

described in Figure 1.12. Trapped phonons then might cause heating and degradation.

Moreover, not only thin films, but also localized heating may obstruct phonons’ travel

[13]. Then, this entrapment should also be considered in devices that are subjected to

localized heating which suffers from small heating spots [59,60]. Finally, relaxation time

is the time interval that covers phonon’s travel until a collision. To model accumulated

conductivity, one needs to define relaxation time as well as phonon MFP. Details of

these definitions will be discussed further in calculation details.

Figure 1.12. Phonon travel in confined structures, phonons with long MFP are

obstructed.
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1.3. Characterization of Thermal Size Effects

At small scales, thermal transport in materials behave differently than bulk ma-

terials due to thermal size effects. If one aims to design and utilize nano and micro

scale devices, then one should be able to characterize thermal behavior at this scale.

Researchers have been trying to characterize thermal size effects in devices subjected

to localized heating and thin materials using experimental and theoretical approaches.

This section summarizes these attempts.

1.3.1. Experimental

Experimental studies that characterize thermal size effects will be classified in

two groups. First group focuses on measuring the thermal conductivities of thin films

and the second group directly measures the temperature of devices where localized

heating is present. Experimental methods such as transient thermoreflectance tech-

niques time domain thermoreflectance (TDTR), frequency domain thermoreflectance

(FDTR), broad band frequency domain thermoreflectance (BB-FDTR); and then 3ω

method are frequently employed to experimentally explore thin film conductivities,

hence they are in the first group. Second group in the literature consists of methods

such as optical spectroscopy and Micro-Raman spectroscopy and thermoreflectance

imaging(TTI) which measures sample temperature [59–61].

Figure 1.13. A TDTR sample schematic for β −Ga2O3 conductivity measurements of

Szwejkowski et al. [58].
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TDTR is based on detecting the changes in surface reflectance of thin films in

response to heating. A laser is split into two branches: pump and the probe. Reflected

probe beam from the material is compared to pump beam and the timing difference

between two beams represent a tool to deduce thermal conductivity of the material [62].

FDTR form of this method is based on the frequency difference of these beams instead

of the time delay [62]. On the other hand, BB-FDTR corresponds to the rearrangement

of the conventional FDTR in order to cover higher modulation frequencies [62]. A

common advantage of transient thermoreflectance methods is the ability of stacking

thin layers of multiple thin films and performing measurements on them simultaneously

as seen in Figure 1.13.

Invented by Cahill et al. in 1987 [63], 3ω method is another important experi-

mental method which resides on detecting the voltage and resistance oscillations on

a metal wire deposited on the sample. An alternating current is passed through the

wire, causing harmonic temperature rises on both the wire and the sample [64].

Experimental options that measure sample temperature directly are frequently

used to observe size effects. Such an example is Micro-Raman spectroscopy as visualized

in Figure 1.14. Here, hotspot in an AlGaN/GaN HEMT is targeted. Once temperature

difference varying in hotspot is known, thermal conductivity in this confined area can

be retrieved. In this method, excited photons are sent to the material and interfere with

the vibrating molecules. A Raman spectrum is constructed. Raman signals (peaks) are

tabulated as fingerprints for materials. Therefore, their shifts can be used to deduce

the temperature difference and then the conductivity of the material. This method is

frequently used for AlGaN/GaN thermal characterization [61,65–68].

To conclude, experimental attempts to measure thin film conductivities of WBG

and UWBG materials are abundant. TTR, BB-FDTR and TDTR works performed on

AlGaN and β −Ga2O3 individually [58, 69,70], and together [71] are present. On the

other hand, these works are also performed for AlN andGaN , and they are occasionally

accompanied by theoretical approaches [59, 72]. Moreover, instances of 3ω method

conductivity measurements of both AlN and GaN are present in literature [23,73–75].
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Figure 1.14. Micro-Raman spectroscopy measurement scheme of an AlGaN/GaN

device.

Experimental works in thermal conductivity and localized hotspot temperature

characterization where thermal size effects are present are enlightening and they prove

different thermal properties than that of bulk material. Yet, experimental set ups are

expensive, and it goes without saying that experiments are also restricted with set

up and measurement difficulties. For example, in thin films where quantum effects

start to dominate, statistical uncertainties may be entailed [76] or Raman laser cannot

pass through the field plate and yield an accurate thermal measurement of the hotspot

which is underneath as seen in Figure 1.5. Thus, theoretical works are needed in

order to foresee thermal size effects in micro/nanoscale devices for accurate thermal

characterization. Theoretical works are expected to reduce the cost of the thermal

conductivity estimations while also providing insight to thermal size effects without

physical restrictions.

1.3.2. Theoretical

Theoretical studies that characterize thermal size effects will be classified in two

groups. First group directly measures the temperature of devices where localized heat-

ing is present, and the second group focuses on measuring the thermal conductivities

of thin films.
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First group of the theoretical studies focuses on temperature profile of samples

and devices. Frequently, approaches that solve Fourier Equation are used to complete

this task [77]. Devices are modeled via finite element and/or finite volume analysis

and temperature profile is predicted. However, in the presence of size effects, these

approaches cannot be employed since materials’ thermal conductivity is compromised.

Then, phonon Boltzmann Transport Equation (BTE) should be addressed in order to

model phonons and their contribution to bulk thermal conductivity [78].

Second group of theoretical studies, which focus on inherent material properties

to model thermal conductivity is more successful in terms of addressing size effect

problem. These studies include molecular and lattice dynamics, iterative solutions of

BTE and ab-initio calculations [78, 79]. While molecular dynamics studies and itera-

tive BTE solutions may tend to oversimplify materials’ electronic structure, ab-initio

(first-principle) calculations consider electronic properties when determining phonon

properties. Moreover, most of the studies that calculate thermal conductivity do not

offer an accumulation spectrum. For instance, Non-Equlibrium Molecular Dynamics

(NEMD) simulations require a new run at each different length scale, this also results in

enormous time consumption. Then the lost portion of the conductivity at continuous

MFP scale stays unknown. This study uses an approach that meets these needs via

combination of ab-initio calculations with thermal (phonon-based) calculations. As

accumulation spectra will be obtained, each MFP length will have a corresponding

conductivity contribution.

For UWBG materials, first principle works are present, and they tackle a diverse

spectrum as well as thermal conductivity modeling [60, 80–83]. In literature, ab-initio

calculations are frequently used for investigation of thin film thermal conductivity of

materials. These investigations are not limited to thermal conductivity calculations:

There are instances of first principles calculations utilized for mechanical properties

such as elasticity, effect of doping and impurities on semiconductors [84], investigation

of isotope ratio [56].
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1.4. Phonon Thermal Conductivity - MFP Accumulation Spectra

Thermal accumulation spectrum, also noted as mean free path accumulation and

thermal conductivity accumulation function in the literature, is the relation between

accumulated thermal conductivity and the MFP of the material. To obtain this func-

tion is important in two aspects: Firstly, in the presence of size effects, it is impossible

to predict the conductivity since it is not equal to bulk thermal conductivity. If the

device in question is at nano or micro scale, it is extremely important to know how

much of the bulk conductivity is covered by the sample. Then it will be possible to

predict the thermal response of the device. Secondly, when the presence of size effects is

unknown; accumulation spectrum is used. If the MFP range provided in the spectrum

is crossed, one should expect to lose a portion of the bulk thermal conductivity. As

seen in Figure 1.15, materials’ thermal conductivity augments along the covered length

until the coverage of total spectrum. Hence, accumulation spectrum is quite important

in terms of expressing thermal behavior of micro and nano-scale samples. This section

describes both experimental and theoretical attempts to build it.

In literature, one of the first detailed experimental accumulation spectra are ob-

tained via Freedman et al. who built thermal conductivity accumulations of AlN , GaN ,

and other semiconductor materials as seen in Figure 1.15 [72]. Freedman et al. made

use of TDTR method.

In Figure 1.9, it is visible that guidelines are drawn, in order to indicate how

much of the bulk conductivity is preserved by the thin film at that MFP level. Beechem

et al. also performed TDTR on GaN layers in order to define thermal conductivity

accumulation [59]. Accumulation functions of both AlGaN and β-form Ga2O3 are

built via TDTR in literature as a function of device layer thickness [58,69,71].

Moreover, since most of the experiments include production of thin films of a

certain size, to build a continuous accumulation function may present some difficulties

and this may lead to a lack of data at the extremes of MFP spectrum.
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Figure 1.15. Thermal conductivity-MFP accumulation graphs obtained by Freedman

et al. via TDTR [72].

There have been theoretical attempts to build thermal conductivity accumula-

tion function. Most frequent way of tackling this problem is to perform first principles

calculations and to incorporate them into phonon scattering rates with the usage of a

phonon BTE solver such as ShengBTE or an in-house code [85]. This leads to calcu-

lation of phonon distribution to thermal conductivity, then accumulated conductivity

assigned to each MFP value is known [86]. However, there are alternative approaches

that use MFP as a free parameter and performs fitting with experimental values [87].
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First-principles calculations provide phonon frequency data (i.e. phonon disper-

sion relation) and harmonic and anharmonic force constants are required to define

crystal energy [88]. These constants are expected to yield a thorough understanding

of phonon interactions via providing insight on the MFP that a phonon can travel and

the relaxation time that a phonon has [89]. In most of these works, either iteration

related methods such as Monte-Carlo simulations [90] or the harmonic approximation

is employed. Harmonic approximation is an extension of spring analogy which suggests

that atoms’ movements can be modeled as masses connected with springs. Imaginary

springs are modeled between atoms in order to understand the force that they exert

to each other when lattice is perturbed (i.e. atoms are displaced).

Then, crystal ground energy (Φ) of the lattice is approximated as follows:

Φ = Φ0 +
∑
lk

∑
α

Φα(lk)uα(lk) +
1

2

∑
ll′kk′

∑
αβ

Φαβ(lk, l′k′)uα(lk)uβ(l′k′)

+
1

3!

∑
ll′l′′kk′k′′

∑
αβγ

Φαβγ(lk, l
′k′, l′′k′′)× uα(lk)uβ(l′k′)uγ(l

′′k′′) + ...
(1.3)

Here, as the spring analogy suggests, terms noted Φαβ refer to second order force

constants (FC2) while Φαβγ terms express third order force constants (FC3). α, β, and

γ are Cartesian coordinates while u(l, k) denotes displacement of atom number k in

unit cell number l.

Harmonic approximation only considers second order force constants (FC2s)

(which can be observed in Equation 1.3) obtained via phonon dispersion relation and

tackles the rest with approximations. Phonon interactions are frequently modeled us-

ing Grüneisen parameter or via fitting the bulk conductivity to previously tabulated

conductivity value. Depending heavily on approximations and fitting parameters might

be a danger since these parameters are dependent on individual samples. Then these

studies cannot be generalized and used in all predictions. As it will be further explained

in the following sections, the aim and novelty of this work is to include third order force

constants (FC3s) for all of the four materials, which are the coefficients that appear
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as crystal ground energy approximation is further expanded as seen in Equation 1.3.

As FC3s are included in thermal conductivity calculations, it is expected to obtain

accurate thermal conductivity results without resorting to approximations [91].

Finally, theoretical accumulation spectrum works are relatively abundant for

GaN since it is a popularly used material [56, 82, 90, 92, 93]. On the other hand,

theoretical MFP calculations combined with first principles are rather rarely focused

on AlN , AlGaN , and β −Ga2O3 [87, 94–97].

1.5. Motivation & Problem Definition

As it is explored in previous sections, UWBG materials GaN , AlN , AlGaN and

β −Ga2O3 are frequently employed in high power electronic devices. These materials,

often in thin film or other small scale forms such as nanowires or hotspots, can have

localized heating which may result in non-continuum thermal transport behavior. This

behavior can cause devices to heat unexpectedly, hence degradation due to excessive

heating follows. Shorter device lifetime represents a waste of both material and energy,

leading to economic and environmental drawbacks.

The reason underlying the thermal transport deviation from continuum behavior

is related to MFP of thermally conductive phonons. Phonon MFP, which is the path

that a phonon can travel before facing a collision, reigns thermal conductivity. In non-

continuum thermal transport phonons are interrupted before they complete their MFP

length journey and fail to conduct thermal energy diffusively.

As it was mentioned in previous sections, accumulation spectrum helps prediction

of thermal conductivity of confined structures where size effects are in play. Since

phonon MFP thermal conductivity accumulation spectra displays the relationship of

MFP and thermal conductivity, it allows to predict thermal conductivity value at a

certain length scale. Thus, it is necessary to obtain accumulation spectra to address

the size effect issues.
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Experimental attempts to obtain accumulation spectra requires a considerable

amount of time and effort. When the fact that experimental set ups and samples are

costly is added, it is obvious that an accurate theoretical approach is needed. On the

other hand, most of the theoretical methods rely heavily on approximations and fitting

parameters. Some other theoretical approaches such as molecular dynamics simulations

require the calculations to be repeated at each length scale, hence they fail to provide

a continuous accumulation spectrum and are time consuming.

The main motive of this thesis is to obtain phonon accumulation spectra of four

WBG and UWBG materials GaN , AlN , AlGaN , and β − Ga2O3 via ab-initio calcu-

lations and employment of third order force constants. It is attempted to construct

MFP-thermal conductivity accumulation of mentioned materials while avoiding the

cost and errors of experimental setups. Finally, it is also aimed to obtain guidelines

on how to use these accumulation spectra to obtain thermal conductivity of confined

structures. A method is presented to retrieve small scale conductivity from accumula-

tion spectrum. Accumulation spectra will help to enhance device lifetime by predicting

devices’ thermal responses at small scales.

1.6. Outline of Thesis

Following sections of this thesis have the final aim of constructing accumulation

spectra of AlN , GaN , AlGaN , and β − Ga2O3. In order to achieve that, ab-initio

calculations and thermal calculations are carried out via VASP and Phono3py soft-

ware, respectively. Second chapter following the introduction will provide an insight

on methodology of this thesis. Introduction provided definitions of basic notions related

to this study such as phonon, MFP, and relaxation time. Then Chapter 2 will pro-

vide necessary equations accompanied by logical flow of used software with additional

definitions such as force constants and phonon group velocity.

Then, Chapter 3 will include results of this study. Accumulated thermal con-

ductivity spectra will be provided for four materials. Accumulation spectrum, as well

as reached bulk thermal conductivity results of materials will be provided at different
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temperatures. Chapter 3 will also include comparison of results with literature. Ac-

cumulation of all four materials will be compared with results from both experimental

and theoretical studies in literature. Accumulation results will also be compared with

each other in order to discuss materials’ difference in terms of accumulation spectrum.

Then, deviations from each other and literature will be discussed at the end of Chapter

3.

Chapter 4 will provide thin film and confined space applications of this work’s

findings. Since thermal conductivity accumulation spectra is provided in previous

chapter, it is now possible to apply these to literature examples. Most popular confined

structures in the industry are thin film forms for all four of the materials. Accumulation

spectra provides an idea of how much of the conductivity is preserved at a certain length

scale, hence thin film conductivity deductions are made. Then, both experimental and

theoretical instances of thin film conductivities in literature are used for comparison.

Chapter 5 will be focused on conclusion and implications of this work. Deductions

stemming from Chapters 3 and 4 will be discussed. The effect of using third order

force constants on thermal accumulation- MFP spectrum will be examined while also

considering anharmonicity in materials. Interpretation of accumulation spectrum in

terms of thin film thickness will be carried out. Finally, future work possibilities that

can be performed in the light of this study will be explored as the conclusion of this

study.
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2. METHOD

This study attempts to obtain thermal conductivities and accumulation spectra of

four materials: GaN , AlN , AlGaN and β−Ga2O3. In order to realize these aims, ab-

initio and thermal calculations are employed. This section is to describe the theoretical

path of this process.

As Figure 2.1 shows, calculations of this work are completed via two software:

Vienna Ab-initio Simulation Package (VASP) and Phono3py. Firstly, unit cells of

materials are processed via VASP: ionic, then geometric relaxation is performed in

order to have proper initial conditions. Relaxed unit cell is fed to Phono3py and is

multiplied to ensure replication of unit cell. This multiplied structure is called supercell.

Then, a small displacement is introduced to supercell structure. Displacements are kept

in different folders and self-consistent field (SCF) calculations are performed on each

displacement. Then, all folders are scanned by Phono3py and forces acting on the

structure is processed in the light of displacement values. This process provides second

and third order force constants.

Then, these constants are incorporated into dynamical matrix in Phono3py and

employed in calculating both phonon dispersion and inverse relaxation times. These

data are used to find all phonon properties such as group velocity, MFP and finally;

accumulated thermal conductivity.

2.1. Ab-initio Calculations

Ab-initio calculations of this work is performed via Vienna Ab-Initio Simulation

Package (VASP), which is a software initiated by Mike Payne [98]. After the initiation,

the code is further developed in University of Vienna and took its current shape.

VASP is an ab-initio calculator for atomic scale modeling that adopts either the project

augmented wave (PAW) method with a plane wave basis set or the pseudopotential

approach [99–102]. Pseudopotentials assume that core electrons are not affected by the
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electronic state of the atom, therefore they are used to approximate the many body

Schrödinger equation. A simple form of Schrödinger Equation is visible in Equation

2.1. In Equation 2.1, ~ denotes reduced Plank constant.

− ~2

2m
∇2ψt + Uψt = i~

∂ψt
∂t

(2.1)

As seen in Equation 2.1, Schrödinger Equation relates wave function ψt which

encapsulates the position of an electron or a photon, with the energy U . When more

bodies are considered, Schrödinger Equation takes an even more complex form. Hohen-

berg and Kohn tackled this problem in a creative way: they postulated two assump-

tions: Energy can be expressed as a function of energy density and the ground state

energy can be determined [98]. This represent the basis of Density Functional Theory

(DFT) method which states that multiple body problems can be solved via the usage

of functionals (a functional is the function of a function) of electron density depending

on a single position variable. This paved the way for iterations in VASP scheme seen

Figure 2.1. Overall workflow of calculations.
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in Figure 1.11. Moreover, Kohn Sham equations were formed as seen in Equation 2.2.

These equations formulate single-electron wavefunctions and express them to depend

only on spatial variable r, as it is suggested by DFT scheme. Here in Equation 2.2,

V (r) denotes the defined part of the energy functional. This potential defines the in-

teraction between an electron and the total of atomic nuclei. VH(r) is Hartree potential

and Vxc(r) is the functional derivative of exchange-correlation energy.

[
− ~2

2m
∇2 + V (r) + VH(r) + Vxc(r)

]
ψ(r) = εiψ(r) (2.2)

VASP operates with self-consistency scheme to solve Kohn-Sham equations which

are crucial to define the wave functions. This implies that the program iterates density

functions to check the convergence of the wavesets as shown in Figure 2.2. It can

be stated that VASP uses the free energy as a parameter and attempts to define the

electronic ground state. As seen Figure 2.2, this solution process helps defining the

force constants for this study.

VASP operation is based on four main input files which hold information of both

material and calculation process. First input file is called INCAR, which describes the

calculation process. INCAR tells VASP which calculation to perform as well as parallel

processing details such as number of cores to occupy while functioning. Second input

file is called POTCAR which includes electronic potentials of the elements involved

in the calculation. Third input file, POSCAR, preserves crystallographic information

such as the types and positions of the atoms. Final input file that is needed is called

KPOINTS, which helps the user define number and sort of the meshes for the calcula-

tion [98].While results of the calculations are distributed to files such as OUTCAR, it is

preferred to retrieve data from VASP directly via vasp.xml folders. The force constant

matrices of second and third order are the main outcome of ab-initio calculations. These

results are stored in displacement folders. Displacement folders are later retrieved and

used in another software, Phono3py. Developed by Togo et al., Phono3py inherits force

constants and employs them in defining phonon properties [86,88,89]. First operation
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of Phono3py is to inherit the unit cell from VASP that is ionically and geometrically

relaxed. Phono3py replicates this unit cell in user specified dimensions (e.g. 3× 3× 2)

and creates a supercell as seen in Figure 2.3. Then a displacement is introduced to

this supercell and the reaction of the cell is stored under different displacement folders.

These folders are than scanned by VASP in order to perform scf calculations. Output

data of these scf calculations are processed by Phono3py once more. Since crystal

energy is approximated as seen in Equation 1.3, Phono3py makes use of displacements

Figure 2.2. Self-Consistent Field (SCF) Scheme of VASP.
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Figure 2.3. Schematic displaying (a) Unit cell, (b) Supercell structure of AlN.

and takes the derivative of the energy with respect to displacements to retrieve FC2

and FC3 sets.Then, these sets are employed in thermal calculations.

2.2. Thermal Calculations

Thermal calculations are performed using phonon dispersion data and second

and third order force constants via Phono3py. To obtain accumulated conductivity,

one needs to refer to Equation 2.3. Here, k is the bulk thermal conductivity and the

other terms are as follows: N is the number of unit cells in the sample, V0 is the volume

of the unit cell, cqs is specific heat, vqs is group velocity and τqs is the relaxation time.

k =
∑

kqs =
1

NV0

∑
cqsvqs ⊗ vqsτqs (2.3)

Specific heat is a direct function of phonon frequency ωqs and temperature T as

seen in Equation 2.4. Here in Equation 2.4, kb is Boltzmann constant.

cqs =
kb

(~ωqs
kbT

)2

exp
(~ωqs
kbT

)
[(~ωqs

kbT

)
− 1
]2

(2.4)
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On the other hand, group velocity is defined as in Equation 2.5. It is directly

related to phonon dispersion equation since it is the derivation of dispersion with

respect to wavevector q as seen in Equation 2.5.

vqs =
∂ωqs
∂q

(2.5)

FC3, i.e. third order force constants are incorporated into relaxation time approx-

imations. As seen in Equation 2.6, these force constants are directly converted via dy-

namical matrix into Φ−qsq′s′q′′s′′ term which describes phonon interaction rates of modes

qs, q′s′ and q′′s′′, hence, they have a direct effect on inverse relaxation time [86, 89].

Here in Equation 2.6, nq′s′ denotes the phonon equilibrium occupation number which

is calculated through Equation 2.7.

Γqs =
18π

~2

∑
q′s′q′′s′′

∣∣Φ−qsq′s′q′′s′′∣∣2{(nq′s′ + nq′′s′′ + 1)δ(ω − ωq′s′ − ωq′′s′′)

+ (nq′s′ − nq′′s′′)
[
δ(ω + ωq′s′ − ωq′′s′′)− δ(ω − ωq′s′ − ωq′′s′′)

]} (2.6)

nqs =
1

exp
(~ωqs
kBT

)
− 1

(2.7)

Then, inverse phonon lifetime Γqs is simply converted to phonon lifetime τqs via Equa-

tion 2.8.

τqs =
1

2Γqs(ωqs)
(2.8)

Since phonon MFP Λqs is dependent on phonon lifetime and group velocity as seen in

Equation 2.9, now all findings can be plugged into conductivity calculation described

in Equation 2.3.

Λqs = τqsvqs (2.9)
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Then, since contribution of each phonon mode qs is defined, they can be summed

as in Equation 2.10 to explain conductivity accumulation in terms of MFP Λ. Finally,

thermal conductivity can be expressed in the form of accumulation function.

kacc(Λ) =

Λqs=Λ∑
Λqs=0

kqs (2.10)
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3. RESULTS

3.1. GaN

As it is the case for multiple Group III-V nitride materials, GaN is usually found

in wurtzite or zinc-blende(cubic) configuration [103]. Hence this work is realized on

wurtzite form of GaN . GaN lattice parameters are accepted as a = 3.18
◦
A and c = 5.19

◦
A [103]. Unit cell of GaN which consists of four atoms is replicated in order to obtain a

3×3×2 supercell for third-order FC calculations. To have more accurate results, second

order FC calculations are obtained via larger supercell which has dimensions of 5×5×3.

Due to time restrictions of calculations, a cut-off distance of 3.17
◦
A was applied to the

system. The cut-off distance defines the distance beyond which phonon interactions are

ignored. Cut-off distance reduced the number of displacements remarkably. Thermal

calculations are performed using a 24× 24× 24 mesh.

Phonon dispersion results of wurtzite GaN are visualized via Phonopy as seen

in Figure 3.1. Bandgap of GaN was reached as 5.6 THz and is in accordance with

Broido et al.’s work [56]. Phonon branches are plotted along Brillouin zone which was

described in Figure 1.11.

Bulk conductivity results of GaN are found as follows: 225.6 W/m-K, 138.88

W/m-K, and 87.34 W/m-K at 300 K, 500 K and 800 K, respectively. Bulk conductivity

at 300 K for wurtzite GaN is reported as 220 W/m-K by Freedman et al. [72], 227

W/m-K by Slack et al. [104] and 226 W/m-K by Jezowski et al. [105]. Thus, 225.6

W/m-K at 300 K is in good agreement with literature.

Accumulation spectra of GaN at 300 K, 500 K, and 800 K are given in Figure 3.2.

As in Figure 3.2 half of the conductivity is contributed by phonons with MFPs smaller

than 260 nm at 300 K. MFP of thermally conductive phonons reaches to 1661.7 nm at

300 K. Some critical MFP values in terms of contribution is visible in Table 3.1. As

temperature rises, MFP spectrum shortens as a result of increased phonon scattering.
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Figure 3.1. Phonon dispersion curve of GaN .

Results obtained in this study is compared with the accumulation spectra from

literature in Figure 3.3. Here, theoretical work of Hu et al. and TDTR results of both

Freedman et al. and Beechem et al. are employed [59,60,72]. The accumulation spectra

presented in this study spans a shorter phonon MFP spectrum than the experimentally

Table 3.1. MFP of phonons contributing to 30%, 50%, and 90% of the bulk wurtzite

GaN thermal conductivity (k) at various temperatures.

Temperature

(Kelvin)
30% of k 50% of k 90% of k

Total (100%)

of k

300 >168 nm >262 nm >589 nm <1661.7 nm

500 >94 nm >147 nm >322 nm <562.2 nm

800 >58 nm >89 nm >195 nm <344 nm
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Figure 3.2. Accumulation spectra of GaN at 300 K, 500 K and 800 K.

obtained spectra in literature. Yet, theoretically obtained accumulation spectra of Hu

et al. also spans a shorter MFP spectrum and agrees better with this work [60]. The

discrepancy between experimental and theoretical samples may stem from the quality

of the samples and/or resolution and uncertainties of the experiments. Theoretical

studies in general assume a perfect lattice, free of dislocations and impurities. Yet

experimental samples naturally have these problems. Moreover, TDTR method, em-

ployed by Beechem et al. and Freedman et al., may entail statistical errors [76]. Besides

statistical errors,several other problems of both TDTR and FDTR experiments are re-

ported [62]. Multiple unknown properties such as heat capacity are approximated, and

multiple fitting parameters are used in TDTR and FDTR [62]. Number of these fitting

parameters may be up to 48 [106].Moreover,uncertainties related to experimental set



33

Figure 3.3. Comparison of this study with literature.

ups are several: large laser spot may decrease resolution, self heating may interfere

with the results and small penetration depth may cause erroneous findings [62]. Thus,

it is visible that experimental results are expected to deviate from theoretical models.

These results are also compared with the results obtained using a harmonic ap-

proximation with the usage of third order FCs [91]. As it was explained in the previous

sections, harmonic approximation uses a fitting parameter. The harmonic approxima-

tion used in Figure 3.4 considers only second order FC set, hence it operates only

on phonon dispersion data. This approximation can be used to explain experimental

findings and yields closer MFP spectra to experimental works. Nevertheless, in this

method, thermal conductivity is fitted to a predetermined value, then other parameters

such as MFP, phonon scattering rate and relaxation time are also subjected to fitting.
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Figure 3.4. Comparison of this study with harmonic approximation [91]

Therefore, it can be stated that harmonic approach is heavily dependent on fitting

data. This dependence makes it difficult to generalize its findings: an example with a

different thermal conductivity will generate a different accumulation spectrum.

As temperature increases, harmonic approximation and the method presented in

this thesis yield similar spectra. Yet at high temperatures and shorter length scales

phonon-phonon interaction increases and anharmonicity becomes important. Thus,

using third order FCs result in more accurate depiction of crystal ground energy (since

it includes further terms in approximation given in Equation 1.3), and provide more

accurate results where anharmonicity exists.

Finally, obtained GaN results are compared with experimental and theoretical

findings in literature. GaN spectra of this work were also compared to a theoretical
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method which uses harmonic approach. It was found that using third order FCs yields

accurate bulk thermal conductivities. On the other hand, calculated MFP spectra

were shorter at low temperature. It was concluded that in cases where anharmonicity

is increased (localized heating, high temperature), using third order FCs yields accurate

MFP results without approximation.

3.2. AlN

As a non-oxide ceramic, aluminum nitride is a Group III-V nitride material.

While it can have multiple lattice structures which are cubic (rock salt and zinc-blend)

[107], this study examines its wurtzite form which is a hexagonal closed packed (HCP)

form, noted as h − AlN [108]. This preference has its roots in cubic forms being

metastable phases, i.e. they tend to change to a more stable form during different

manufacturing processes. As a result of this lack of stability, AlN structures are

usually produced from h − AlN . Hence, it is reasonable to choose this closed pack

form for a thin film study.

Calculation process of AlN is quite similar to GaN . Both structures have unit

cells of four atoms. As it was also the case for GaN , a 3×3×2 supercell was employed

for third order force constants calculations and a 5 × 5 × 3 supercell was chosen for

second order force calculations for AlN . A cut off distance of 3.0
◦
A was employed

to reduce the number of calculations steps. Thermal calculations are performed via

38× 38× 24 mesh. Phonon dispersion relation of AlN is plotted as seen in Figure 3.5

and agrees with literature [81].

Phonon frequencies and force constants sets were imported and processed in order

to obtain thermal properties. Bulk thermal conductivity values of AlN were calculated

as 199.3 W/m-K , 136.2 W/m-K, 104.4 W/m-K and 85.12 W/m-K at 300 K, 400 K,

500 K and 600 K respectively. At 300 K, AlN bulk thermal conductivity resides in the

interval of 170-220 W/m-K as reported by Júnior et al. [26].
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Figure 3.5. Phonon dispersion relation of AlN .

Found accumulation spectra are shown as seen in Figure 3.6. Accumulation spec-

tra are also calculated at 300 K, 400 K ,500 K and 600 K. MFP values of thermally

active phonons at different conductivity proportions are shown in Table 3.2. As ex-

pected, spectrum gets shorter with the increasing temperature. This implies that as

heating is increased in device, size effects are expected to appear at smaller scales and

further phonon entrapment is expected.

Accumulation spectra at 300 K and 400 K are compared to examples in literature.

Previous studies of AlN is limited compared to GaN . Freedman et al.’s TDTR work

at close temperatures was used for comparison [72]. Similar to GaN , wurtzite AlN

spectra are shorter than experimental results. However, it is visible in Figure 3.7 that

as temperature rises, resulting spectrum gets closer to experimental values. This once
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Figure 3.6. Accumulation spectra of AlN at 300 K, 400 K, 500 K and 600 K.

Table 3.2. MFP of phonons contributing to 30%, 50%, and 90% of bulk wurtzite AlN

thermal conductivity (k) at various temperatures.

Temperature

(Kelvin)
30% of k 50% of k 90% of k

Total (100%)

of k

300 >72.4 nm >131 nm >674 nm <1648.8 nm

400 >41 nm >77 nm >428 nm <1033 nm

500 >28.7 nm >54 nm >312 nm <759 nm

600 >22 nm >42 nm >247 nm <593 nm
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again demonstrates that third order FC helps to cover anharmonicity. Moreover, a

more recent work which was performed by Park and Kim [109] was also included in

order to validate accumulation spectra. Park and Kim experimented on RF (radio

frequency) magnetron sputtered thin film samples having the thickness of 200 nm.

They report 50% of AlN bulk conductivity at this scale, which is closer to this study

than Freedman et al.’s work. Several uncertainties of FDTR method were already

discussed, then there is a possibility of FDTR to overestimate MFP spectrum due to

both experimental restrictions and multiple approximations [62].

Figure 3.7. Literature comparison of AlN at with works of Freedman et al. and Park

et al. [72, 109]
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Since AlN and GaN are wurtzite crystals with unit cells of only four atoms, their

results are expected to resemble experimental studies. On the other hand, AlGaN

being an alloy and β-form Ga2O3 having 20 atoms and multiple asymmetries in its

unit cell; they both represent challenges in theoretical modeling. Following sections

will include their results and comparisons.

3.3. AlGaN

As it was mentioned before in introduction chapter, AlGaN is an alloy which

is frequently produced via introduction of Al atoms to GaN lattice by bringing AlN

films in contact with GaN lattice. Therefore, this study also modeled AlGaN as Al

atoms residing in GaN lattice as seen in Figure 3.8. This corresponds to a ratio of

3:1 Ga atoms to Al atoms, then the modeled structure is Al0.25Ga0.75N . A challenge

here is to compare the structure with its counterparts in literature: this exact ratio

Figure 3.8. Schematic of Al0.25Ga0.75N structure where Al atoms are uniformly

distributed in supercell.
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Figure 3.9. Phonon dispersion of Al0.25Ga0.75N .

is rarely found; thus, samples with close proportions are chosen in order to have a

better comparison. Moreover, since this work replicates the predetermined unit cell,

distribution of AlN atoms is considered as homogenous. This may not be the case in

experimental set ups since preparing uniform AlGaN alloys is a challenging process.

The difference in uniformity is expected to create deviations between experimental and

theoretical results.

AlGaN unit cell was transformed into a 2 × 2 × 1 supercell for both third and

second order force constants calculations. Since the structure was more complex than

the previous ones, a larger cut off of 3.2
◦
A was chosen. Thus, more interactions were

considered. Finally, thermal calculations were performed via 20×20×18 mesh. Phonon

dispersion relation of AlGaN was also plotted as seen in Figure 3.9.



41

Figure 3.10. Accumulation spectra vs MFP results of AlGaN at 300 K, 500 K, 600 K

and 800 K.

As seen in Figure 3.10, Al0.25Ga0.75N is modeled at 300 K, 500 K, 600 K and

800 K. Bulk thermal conductivities are reached as 214.6 W/m-K, 125.3 W/m-K,104.0

W/m-K and finally, 77.8 W/m-K, respectively. Liu & Balandin report 60 W/m-K at

300 K for Al0.23Ga0.77N in cross sectional direction [97]. At 300 K, this study reaches

80.34 W/m-K, 97.6 W/m-K in and 36.7 W/m-K at three crystallographic directions

which corresponds to 33%, 62% and 38% deviation from Balandin’s data. Critical

MFP values are noted in Table 3.3. MFP spectra of AlGaN is significantly shorter

than both AlN and GaN , implying that size effects are visible at lower scales.

To compare the accumulation findings, Mitterhuber et al.’s work was employed

[69]. This work includes accumulation plots and TDTR findings as it can be observed

in Figure 3.11. To compare accumulation, Mitterhuber et al.’s Holland approach was
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Figure 3.11. Accumulation spectra of AlGaN at 300 K, comparison with Mitterhuber

et al.’s work [69].

Table 3.3. MFP of phonons contributing to 30%, 50%, and 90% of bulk wurtzite

Al0.25Ga0.75N thermal conductivity (k) at various temperatures.

Temperature

(Kelvin)
30% of k 50% of k 90% of k

Total (100%)

of k

300 >72 nm >117.5 nm >308 nm <442.3 nm

500 >36 nm >75.5 nm >169 nm <241.4 nm

600 >28.5 nm >60.6 nm >138 nm <197.6 nm

800 >20.5 nm >44 nm >102 nm <145.5 nm
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chosen for two samples: Al0.32Ga0.68N and Al0.17Ga0.83N . Though these structures

differ in terms of Al concentration, their MFP (also noted as film thickness) spectra

are similar. Results of this work reports shorter MFP values than this reference:

while theoretical approach of Mitterhuber et al. assume that phonons will continue

to contribute to thermal conductivity after 0.074 m, this study concludes that total

MFP spectrum is only 442.3 nm at 300 K as it is described in Table 3.3. However, this

theoretical approach has the risk of oversimplifying phonon interactions.

3.4. β-form Ga2O3

Beta Form Gallium Oxide is the fourth and last material of this work and is

examined in its closed pack form. Five forms of it can be found: α (rhombohedral), β

(monoclinic), γ (cubic), δ (body-centered cubic), and ε (orthorhombic). Occasionally,

transitionary κ−Ga2O3 is added to this polymorph list [50]. Amongst this polymorph

family, the second form which is a member of C2/m space group and is called β−Ga2O3

is our focus as it is reported as the most stable form [50]. β-form Ga2O3 has 20 atoms in

its unit cell. Despite being the most stable form of Ga2O3 family, its unit cell is home to

multiple complexities: oxide ions are positioned in an almost cubic arrangement while

Ga ions are in octagonal and tetrahedral arrangements. Existence of such disorders

and asymmetries results in high anisotropy and certain challenges in both ab-initio and

thermal calculations. Calculation processes of β-form Ga2O3 is very time consuming,

hence coarser calculation steps are taken.

Lattice constants of β-form Ga2O3 are defined as a = 6.414
◦
A and c = 5.876

◦
A.

Unit cell is not changed to supercell since it is a fairly large unit cell (i.e. 1 × 1 ×

1 supercell is constructed). However, even though the unit cell was not completely

replicated, a structure of 50 atoms was constructed to ensure periodicity. Thermal

calculations are realized via 12 × 12 × 12 mesh. Since unit cell was not replicated in

order to avoid excessive computational time, cut-off distance was not introduced to the

structure: Every interaction is considered.
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Figure 3.12. Crystallographic directions of β-form Ga2O3 unit cell with (a)atoms

shown (b)cell is shown [70].

High anisotropy of β-form Ga2O3 is frequently reported in literature. While

growing crystals and thin films, the growing direction is of crucial importance. Since β−

Ga2O3 is highly anisotropic, growth direction immensely affects the properties of final

product [3,70]. Directions used in this study and in literature are shown in Figure 3.12.

When a work has different notation of directions, corresponding direction is considered

for comparison. It can also be observed in Figure 3.13 that accumulation spectra of β-

form Ga2O3 is highly dependent on directions. Results in Figure 3.13 are calculated at

300 K. It is visible that yy ([010]) direction is the dominant direction in terms of both

accumulation behavior and bulk conductivity. Since this direction outweighs other

directions in thermal conductivity and is also the frequent thin film growth direction,

it is accepted as the reference direction for this material. Accumulation spectra and

conductivity calculations are evaluated using this direction.

Bulk conductivity of β-form Ga2O3 is found as 29 W/m-K at 300 K, 22.4 W/m-K

at 500 K and 15.6 W/m-K at 800 K, respectively. At this study and in the literature,

conductivity is dominated by [010], i.e. yy direction as seen in Figure 3.12. This study
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Table 3.4. MFP of phonons contributing to 30%, 50%, and 90% of β-form Ga2O3 (in

dominant yy direction) thermal conductivity (k) at various temperatures.

Temperature

(Kelvin)
30% of k 50% of k 90% of k

Total (100%)

of k

300 >7.3 nm >25.5 nm >316.5 nm <467.9 nm

500 >6.6 nm >27.5 nm >216 nm <305.2 nm

800 >4.9 nm >30 nm >140 nm <197 nm

found the bulk conductivity in this direction to be 22.25 W/m-K. This differs very

slightly from Guo et al.’s work who report it as 22 W/m-K [70]. This result is also

in accordance with Santia et al.’s theoretical work, as they report conductivity in this

direction as 21.54 W/m-K [87]. Accumulation spectra of β-form Ga2O3 are visible in

Figure 3.14. MFP of thermally conductive phonons at different ratios are described in

Table 3.4.

Figure 3.13. Accumulation spectra vs MFP results of three cartesian directions of

β-form Ga2O3 at 300 K.
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Figure 3.14. Accumulation spectra of β-form Ga2O3 in yy ([010]) direction at 300 K,

500 K and 800 K.

β-form Ga2O3 is found to have a short spectrum in contrast to AlN and GaN .

This stems from not only material properties, but also from asymmetries in crystal.

Since GaN and AlN are simpler and ordered structures, an obstruction of phonons in

the lattice is unlikely.

When β-form Ga2O3 is added, accumulation spectra of all four materials are as

seen in Figure 3.15. As expected, AlN and GaN have the longest MFP spectrum.

These materials are expected to experience size effects at larger scales. Main cause

of this is the ordered and symmetrical structure of their lattice: harmonic behavior

is easily observed in these materials. Since phonons can travel longer distances, their

MFP is expected to increase. As impurities (such as Al atom in GaN structure) are
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Figure 3.15. Accumulation spectra of GaN , AlN , Al0.25Ga0.75N and β-form Ga2O3

(yy direction) at 300 K.

introduced, MFP spectrum shortens due to increased obstacles in lattice. Same inter-

pretation is also applicable to β-form Ga2O3, which, yields quite short accumulation

spectra due to its complex lattice.
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4. THIN FILM APPLICATIONS

This section aims to assess the findings of this work in the light of thin film studies.

Previous section has provided normalized accumulation spectra of four materials. This

section presents thin film conductivity examples from literature and compares them

with accumulation spectra deductions of this study. To obtain thin film reduction ratio,

one can simply follow guidelines in accumulation spectra. For instance, AlN spectra

can be read as seen in Figure 4.1: a guideline of 50% shows which MFP length covers

half of the thermal conductivity contribution. Using these data, following deduction

can be made: If an AlN device layer with a thickness of 77 nm is used at 400 K,

half of the bulk conductivity will be lost. If thermal conductivity is not normalized,

comparison can directly be performed in terms of conductivity (W/m-K) instead of

percentage.

Figure 4.1. AlN accumulation spectra showing MFP values contributing to half of

the conductivity.
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Figure 4.2. Thermal conductivity(non-normalized) vs film thickness results of AlGaN

at 300 K, comparison with Mitterhuber et al.’s work [69].

When it comes to comparison with the literature, thin film thermal conductivity

reduction in AlN case is already visible in Figure 3.7. Park and Kim’s experimental

work on thin films yield 50% reduction of AlN bulk conductivity. They measured

thermal conductivity via xenon flash instrument [109]. However, while this study

reports 50% thermal conductivity reduction at 135 nm, Park and Kim predicts it to

happen at 200 nm.

A further comparison in terms of thin film thermal conductivity can be observed

in Figure 4.2. Here, AlGaN conductivity is not normalized in order to compare cross

sectional bulk conductivity with Mitterhuber et al.’s work. Moreover, their TDTR

findings are also added. TDTR findings are in better agreement with this work than

Holland approach, as seen in Figure 4.2. However,as it was previously discussed, TDTR

experiments entail multiple uncertainties. Finally, it can be deduced that at short
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MFP range, phonon entrapment results in increased anharmonicity since more phonons

collide. Thus, covering further steps of ground energy is expected to explain thermal

accumulation behavior more accurately.

As for GaN , experimental work of Cho et al. (2012) report 63% reduction in

thermal conductivity at 150 nm and a range of 18-35% reduction at 800 nm [110].

Referring to GaN accumulation spectrum of this study, conductivity loss is 74% and

0.1% at these scales. Moreover, Koh et al. determined the conductivity loss to be 50%

at 690 nm and 20% at 3600 nm [111]. This study finds that at 690 nm, only 4% of

conductivity is compromised and at 3600 nm, conductivity loss does not occur. On the

other hand, harmonic approximation shown in Chapter 3 reports 83% at 150 nm, 15%

reduction at 690 nm ,12% reduction at 800 nm and 1% reduction at 3600 nm.

Figure 4.3. Thin film model of NEMD method. [112]

Since multiple discrepancies and unknown parameters are involved in experimen-

tal processes such as fitting parameters and sample properties,a healthy comparison

is difficult. Comparison with theoretical models should also be involved. A robust

method of modeling thin film conductivity is NEMD (non-equilibrium molecular dy-

namics) method. This study is compared to a GaN NEMD work in an attempt to

evaluate thin film conductivity findings. Briefly, NEMD method makes use of Fourier

equation (described in Equation 2.10) to model temperature difference and thermal

conductivity k. As seen in Figure 4.3, NEMD models an infinite thin film, hence op-

erates on 2D. In this study, heat is assumed to flow through the length L of thin film.

To obtain behavior at 300 K, 500 K and 800 K, heat source and heat sink pairs are de-
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termined as 310 K-290 K, 515 K-500 K, and 820 K-800 K . Stillinger-Weber potentials

are employed with Bere and Serra’s parameters [113–115] .

As seen in Figure 4.4, both methods yield similar results for GaN . Moreover,

conductivities at different temperatures are found to be quite similar to this work:

NEMD reports 226.95 W/m-K, 138.59 W/m-K and 88.35 W/m-K at 300 K, 500 K,

and 800 K, respectively. However, NEMD method resides on building thin film samples

of a predetermined size. Thus, continuous accumulation results cannot be obtained via

NEMD as observed in Figure 4.4. NEMD data here are represented in points. NEMD

results also predict longer MFP spectra, since it heavily depends on used potentials

and imposed boundary conditions. Therefore, rather than considering phonon interac-

tions at that scale, NEMD resides on electronic potentials and falls short in considering

Figure 4.4. Comparison of NEMD work with ab-initio results of this study.
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phonon interactions. Finally, another reason behind MFP discrepancy between NEMD

and ab-initio results of this work is that NEMD overlooks third dimension as seen in

Figure 4.3. Since NEMD method performs its calculations via installment of ther-

mostats on a modeled, infinite 2D film, out of plane phonon interactions are likely to

be neglected.
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5. CONCLUSIONS & IMPLICATIONS FOR FUTURE

RESEARCH

Accumulation spectra of wide and ultra-wide bandgap materials GaN , AlN ,

Al0.25Ga0.75N and β-form Ga2O3 are calculated. Results at different temperatures

are provided. Bulk thermal conductivities and accumulation spectra are compared to

examples in literature. Results are analyzed and discrepancies with literature were

discussed. A method was devised in order to interpret accumulation spectrum in the

aspect of thermal conductivity reduction. Thermal conductivity values of confined

structures were inferred from accumulation spectra and were compared with the in-

stances in literature.

The main objective of obtaining accumulated thermal conductivity-MFP rela-

tion is to predict thermal behavior of materials at small scales such as thin films and

localized hotspots. These data were provided in terms of critical MFP-thermal con-

ductivity contribution tables. It was found that materials with simple structures have

longer MFP spectra than materials with asymmetric crystallographic properties. It

was also found that existence of impurities shortens the MFP spectrum as it is the

case for AlGaN .

It was concluded that as anharmonicity increases, usage of third order force con-

stants becomes crucial. Third order force constants help cover a larger part of crystal

energy approximation function; therefore, it offers a further description of crystal’s

state. This renders their employment beneficial in terms of covering more than solely

harmonic situations. In the existence of impurities, dislocations, stresses and increased

temperature, lattice becomes disordered. Phonon interaction increases, hence anhar-

monic behavior occurs. Therefore, in these situations, it is logical to adopt third order

force constants in order to predict thermal behavior.
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As anharmonicity and disorder increases, it was seen that MFP accumulation

function becomes steeper. This results in sudden changes in thermal conductivity

at small scales. One entailment of this is that one can expect sudden decrease in

thermal conductivity when working with a material of short MFP spectrum. This

problem aggravates in high temperature conditions since MFP spectrum shortens as

temperature rises. Hence, when using a material with short MFP spectrum in a nano

or micro scale structure, one should design more carefully.

Differences between experimental works and theoretical methods are estimated to

have their roots in modeled samples as well as experimental hardships: while an exper-

imental sample has cracks, dislocations, and unintended dopants; theoretical models

frequently assume a perfect crystal. Moreover, experimental uncertainties also play

a role. Experimental works are not independent from approximations and they also

suffer from uncertainties entailed by fitting. It was also seen that, as it is the case in

β-form Ga2O3 , certain materials present challenges in thin film production and mea-

surements; then fluctuation occurs in experimental results. However, using third order

force constants underestimate MFP spectrum even in comparison to other theoretical

approaches. This may stem from overestimation of phonon interactions. Therefore,

the best use of employing this method is to model situations where phonon interaction

ratio is high. Instances of these cases are increased temperature, existence of impu-

rities and dislocations as well as structures where phonons are trapped, i.e. localized

hotspots and thin films.

Even though this work yields a continuous spectrum and does not necessitate

repeated calculations, future aspects of this research still needs reduction of calculation

time. Then, cut-off distance might be eliminated, and larger supercells can be modeled.

With more computational power, modeling of structures other than perfect crystals

will become easier. It will be possible to model dislocations, impurities and materials

with even larger unit cells. To fasten the ab-initio calculations, technologies such as

machine learning and deep learning might be adopted since these technologies allow

us to process more data in shorter time intervals and to obtain accurate results from

fewer data points. Advances in hardware technology is also expected to accelerate
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calculations in both ab-initio and thermal field. Moreover, experimental methods such

as TDTR and 3ω are also expected to enhance in near future: this will yield healthier

comparisons.

The approach of this study is expected to enhance theoretical models in future via

helping the detection of size effects. Macro scale finite element analyses cannot function

in the presence of size effects due to unknown conductivity. Thermal conductivity

output of accumulation spectrum at chosen length scale may be incorporated in these

studies: hence, a thorough analysis of complex devices can be achieved. Better device

designs and enhanced thermal duration can be realized.

Finally, accumulation spectra are provided for four WBG and UWBG materials

AlN , GaN , AlGaN and β-form Ga2O3. Accumulation spectra are expected to provide

beforehand idea of materials’ thermal behavior at small scales. Using these spectra,

it is possible to predict at which length scale size effects will dominate and how much

of the thermal conductivity will be compromised. Then accumulation spectra free size

effect detection from the cost and effort of experimental studies. The method of this

study is also a good option when compared to other theoretical approaches which fail

to capture thermal conductivity reduction according to length scale thoroughly. Thus,

it is expected that this method will help to enhance thermal conductivity analysis in

multiple fields.
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