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SUMMARY 
 

The demands for faster and more robust wireless communication systems, superior power 

electronics, enhanced memory, advanced neuromorphic computation, and powerful portable 

electronics have accelerated the evolution of electronics. Regardless of the type of electronic 

system, critical components like transistors and diodes must be faster, smaller, and more efficient. 

These devices necessitate new materials, the thermal properties of which are critical in designing 

effective thermal management solutions. Moreover, these new materials' fabrication and 

integration methods significantly impact their thermal properties. Therefore, understanding the 

thermal properties of materials used in power electronics, memristors, and heat spreaders is 

paramount. This dissertation delves into this crucial topic, offering insights and research findings 

that stand to contribute to the field significantly. 

In this dissertation, I present a comprehensive investigation into the thermal properties of 

various materials pertinent to emerging electronic devices. My research initially focused on the 

thermal conductivity of β-Ga2O3 thin films grown on different substrates. I utilized techniques 

such as Time-Domain Thermoreflectance (TDTR), Atomic Force Microscopy (AFM), and 

Transmission Electron Microscopy (TEM) to investigate this aspect. This detailed analysis enabled 

me to estimate the defect densities (vacancies and dislocations), offering insights into the impact 

of different defects on thermal conductivity. 

Subsequently, I explored the thermal conductivity of various Ti-containing materials, 

specifically those used in memristor electrodes. I discovered that Ti2AlN (MAX Phase) could 

improve the performance of HfO2-based memristors compared to traditional TiN. My research 

also encompassed the evaluation of machine learning models in the context of thermal conductivity 

analysis. By comparing two Artificial Neural Network (ANN) architectures, I found that the task 
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was complex and would require further work to optimize model architecture and hyperparameters 

to have a model with enhanced predictive power. 

Moreover, I examined the feasibility of hexagonal boron nitride (h-BN) and highly oriented 

pyrolytic graphite (HOPG) as heat spreaders for silicon chips in mobile devices. I performed 

simulations to compare the thermal performance of h-BN and HOPG. I studied various h-BN 

transfer methods to assess their adaptability to industrial processes. I concluded that HOPG 

outperforms h-BN not only in terms of thermal management but also in terms of costs and current 

commercial availability. 

Lastly, I experimented with CYTOP and nanoporous copper (NP-Cu) for bonding HOPG 

heat spreaders on Si substrates. While it was evident that optimal bonding conditions still need to 

be determined, I concluded that both strategies to reduce thermal resistance—reducing the Bond 

Line Thickness (BLT) using CYTOP and improving the thermal conductivity of the bonding 

material with NP-Cu—shows promise. 

This dissertation provides a pathway for the continued development of thermal 

management of emerging electronic materials, offering valuable insights and strategies that may 

guide future research and applications in this rapidly advancing field.  
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CHAPTER 1: INTRODUCTION 
 

Faster and more powerful wireless communication systems, better power electronics, 

improved memory, neuromorphic computation, and miniaturization of portable electronic devices 

are just a few of the demands required by electronic applications that are needed to handle the 

introduction of technologies such as renewable energies, electric mobility, neural networks, and 

artificial intelligence, among others. Regardless of the type of electronic systems, components of 

electronic circuits in these systems, such as transistors and diodes, need to be made faster and 

smaller, which require new materials, and the thermal properties of these new materials and their 

interfaces after integration into a device are needed to design an efficient thermal management 

solution. In addition to successfully employing these new materials in practical applications, the 

manufacturing methods to fabricate and integrate these materials influence their thermal 

properties. In this chapter  I discuss the importance of studying the thermal properties of materials 

employed in power electronics, memristors, and heat spreaders, along with the motivation, the 

overall objective, and the outline of this dissertation.  

1.1. THERMAL PROPERTIES OF MATERIALS RELEVANT TO POWER 

ELECTRONICS AND MEMRISTORS 

1.1.1. Power electronics. 

RF and power electronic devices use materials with wide bandgaps. The state-of-the-art 

commercial devices are made of SiC (Eg ~ 3.25 eV) or GaN (Eg ~ 3.4 eV). Nevertheless, β-Ga2O3 

is emerging as a material that may be widely used in future devices. On the one hand, the high 

bandgap and critical electric field of β-Ga2O3 (4.8 eV and 10 MV/cm, respectively) make this 

material ideal for high-performance devices. On the other hand, the low thermal conductivity of 

β-Ga2O3 (10 – 30 W/m-K for single crystal specimens) represents a challenge for thermal 
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management. One of the advantages of β-Ga2O3 is that single crystal substrates can be fabricated 

from the melt by the floating zone (FZ) and edge-defined film-fed growth (EFG) methods [1], 

which can be used to produce large diameter wafers at low cost and low energy consumption. 

Homoepitaxy growth of β-Ga2O3 has produced β-Ga2O3-based devices (diodes, MESFETs, and 

MOSFETs, among others.). However, to efficiently remove heat from β-Ga2O3-based devices, 

high thermal conductivity materials should be used as substrates. Researchers in [2] simulated and 

compared β-Ga2O3 MOSFETs fabricated on crystalline β-Ga2O3 and 4H-SiC, respectively. They 

found that devices grown on 4H-SiC substrates presented a “…18% increase in the peak drain 

current and 15% reduction in lattice temperature.” These results indicate that fabricating β-Ga2O3-

based devices on thermally conductive substrates might be a good strategy for thermal 

management.  

1.1.2. Memristors. 

The advent and refinement of machine learning (ML) algorithms have produced an 

explosion of machine learning-based applications such as natural language processing, fraud 

detection, image and object recognition, and image generation, among others. All these 

applications are limited because of the data transmission speed between the processor and the 

memory, known as the “memory wall” [3]. Researchers in [4] have proposed an architecture called 

in-memory computing, in which memristors play a vital role. Memristors can also be used for 

neuromorphic computing, miming the functioning of neurons and synapses. Neuromorphic 

computing devices are more efficient than traditional computing machines, particularly for deep 

learning model training tasks.[5, 6]. Researchers in [7] presented a model to describe the roles of 

the electric field, temperature, oxygen vacancy concentration gradient, and different material and 

device parameters on the change in the resistance of memristors. I am interested in the role of the 
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thermal phenomena, which depends on the thermal properties of the switching material, the 

substrate, and the electrode materials. 

1.1.3. Thermal Conductivity Measurements and Data Analysis. 
 

It is clear that estimating the thermal properties of the materials used in the next generation 

of electronic devices is capital, mainly when the thickness is thin because size effects can affect 

the thermal conductivity. Specialized techniques such as the 3ω method, time-domain 

thermoreflectance (TDTR), or frequency-domain thermoreflectance (FDTR) are employed for this 

purpose [8]. TDTR and FDTR are non-contact methods that use a pump laser to heat the sample 

with a periodic signal and a probe laser to detect the thermal response (by measuring the change 

in thermoreflectance of a transducer deposited on top of the sample). The data obtained from the 

experiments is the phase lag between the probe and pump signals in the time and frequency 

domains, respectively. The phase delay data is fitted with a theoretical model to estimate the 

thermal properties [9]. Depending on the complexity of the structure of the samples, the fitting 

process might be long and inaccurate. For this reason, different research groups [10, 11] have 

presented schemes for faster and more accurate data analysis based on ML algorithms.   

1.2. HEAT MANAGEMENT IN PORTABLE ELECTRONICS 
 

1.2.1. Heat spreaders 
 
The new generation of electronic components employed in portable systems, such as 

smartphones and smartwatches, to mention a few, are smaller and high-power-density, which 

represents a significant challenge for thermal management. The power density of typical hot spots 

in microprocessors can range from 150 to 350 W/m2 [12, 13]. Attaching a heat sink cooled by a 

fan to the microprocessor is not an option for portable systems because there is insufficient space. 

In this context, heat spreaders can provide a viable solution. Heat spreaders must be made of high 
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thermal conductivity material, such as metals (e.g., copper) or 2D materials (e.g., graphene or 

hexagonal boron nitride). Graphene and hexagonal boron nitride (h-BN) possess a layered 

structure of single layers arranged in a hexagonal lattice made of carbon atoms for graphene and 

alternating boron and nitrogen atoms for h-BN. These materials' attractive properties for thermal 

management are their high thermal conductivity in the basal plane (parallel to the layers). The 

basal plane thermal conductivity of suspended pristine graphene and h-BN is reported to be as high 

as ~5000 and  700 W/m·K at room temperature, respectively [14] [15]. The thermal conductivity 

of transferred supported materials has been reported between 50 and 1020 W/m·K for graphene 

[16] and between 60 and 500 W/m·K for h-BN [17] [18]. The main difference between graphene 

and h-BN is that the latter is an electrical insulator, which would allow for efficient heat transfer 

without interfering with electrical components or causing short circuits. Despite their advantages, 

h-BN cannot be widely used yet. In the first place, the thickness of the anisotropic materials will 

affect the heat flow because these materials mainly transport heat laterally (the thickness of 

commercially available h-BN does not exceed 10 nm). In addition, the production and processing 

methods for high-quality h-BN can contribute to its higher cost than alternative materials. Finally, 

the availability and scalability of h-BN for large-scale applications can be challenging. While 

research and development efforts are ongoing to enhance the production and availability of h-BN, 

its widespread implementation in commercial electronic devices may still face limitations. 

An alternative layered material that does not have the drawbacks of graphene of h-BN is 

highly oriented pyrolytic graphite (HOPG). HOPG is a unique form of graphite that exhibits a high 

degree of crystalline alignment along a specific axis. It is produced through pyrolysis, where a 

precursor material (usually a carbon-based compound) is heated to high temperatures in a 

controlled environment. The resulting HOPG material consists of thin graphite flakes stacked 
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together in a highly ordered manner. HOPG possesses exceptional anisotropic properties, meaning 

its physical and mechanical properties vary significantly depending on the direction in which they 

are measured. The basal plane of HOPG exhibits excellent thermal and electrical conductivity. 

Due to its high thermal conductivity, anisotropic properties, and availability in different 

thicknesses relevant to micro-electronics thermal management, HOPG can be utilized as a heat 

spreader to dissipate heat from electronic components and high-power devices. 

1.2.2. Bonding materials 
 

In thermal management, apart from the material used for the heat spreader, another critical 

factor is the thermal interface material (TIM) that connects the heat spreader to the chip's surface. 

Typically, TIMs like silicone grease, silicone grease pads, or thermal gel are commonly employed 

in electronics to establish contact between the heat spreader and the chip's surface. These 

conventional TIMs are usually composed of polymers with relatively low thermal conductivity. In 

addition to the low thermal conductivity, the typical bond line thickness (BLT) for this type of 

material typically ranges between approximately 50 and 150 µm [13, 14]. Despite the low thermal 

conductivity, one possible approach is to use highly flowable polymers that can reduce the bond 

line thickness by filling the air gaps between the silicon chip and the heat spreader. For example, 

polymers like CYTOP have been tested as bonding materials at low temperatures [17, 18]. CYTOP 

offers the advantage of manipulating the bond line thickness by adjusting the dilution ratio and the 

other processing parameters used during its deposition via spin coating. 

A different approach is using thermo-compression bonding (used for metal-to-metal 

bonding). This process requires high bonding temperatures and pressures that might be unsuitable 

for semiconductor fabrication. However, using nano foams, such as nanoporous copper (NP-Cu), 

offers several advantages, such as achieving low-temperature sintering below 250 °C. 
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Furthermore, these nanostructures retain much of the original high thermal conductivity associated 

with metals, enabling low-thermal resistance bonding. If successful, a bonding process with NP-

Cu could present negligible thermal resistance between the device and the attached heat spreader. 

1.3. MOTIVATION  
 

1.3.1. Power Electronics  
 

There is substantial literature on the fabrication of β-Ga2O3-based thin films and their 

devices. Fabrication methods include mechanical exfoliation of β-Ga2O3 nanomembranes, homo-

epitaxy, and the hetero-epitaxy growth of β-Ga2O3 thin films using different growth methods [19]. 

The thermal conductivity of mechanically exfoliated β-Ga2O3 membranes (typically crystalline) 

ranging from ~200 to ~ 800 nm has been reported. However, the phonon scattering with the 

boundaries of the samples decreases their thermal conductivity. For example, researchers in [20] 

reported a decrease in thermal conductivity from 11.5 W/m-K to 4.7 W/m-K when the thickness 

of the sample decreased from 768 nm to 206 nm. In this work, the thermal boundary conductance 

(TBC) at the interface of β-Ga2O3 membranes and β-Ga2O3 single crystal substrates is measured 

to be 15 ± 4.5 MW/m2-K. These results coincide with [21], which measured the thermal 

conductivity of a 427 nm thick sample to be 8.4 ± 1.0 W/m-K and a TBC at the β-Ga2O3/diamond 

interface of 17 -1.7/+2.0 MW/m2-K. The low TBC results from the weak Van der Waals forces 

between the membrane and the substrate, which will hinder the heat flow in their devices. For the 

case of epitaxy-grown samples, the thermal conductivity of β-Ga2O3 samples of thickness 100 - 

500 nm, grown using pulsed laser deposition, has been reported. Representative values are 2.9 

W/m-K, 5.3 W/m-K, and 12.4 W/m-K for 100 nm, 245 nm, and 500 nm thick samples, respectively 

[22, 23]. Nevertheless, the thermal conductivity and the thermal boundary conductance of thin 

films of β-Ga2O3 grown on high conductivity substrates, such as silicon carbide (SiC), have been 
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rarely reported. In conclusion, there is a need to investigate the thermal properties of β-Ga2O3 thin 

films of different thicknesses grown on foreign substrates and the link between the fabrication 

conditions, the structural properties of the material, and the thermal conductivity.  

1.3.2. Memristors. 
 

In its simplest form, a memristor is a two-terminal device made of a metal oxide (hafnium 

oxide, for example) that changes its electrical resistance based on the history of the applied voltage 

or current. The key mechanism behind the operation of a memristor is the movement and 

redistribution of ions or vacancies within its solid-state structure. When a voltage is applied across 

a memristor, the movement of charged species, typically ions or vacancies, occurs within the 

memristor's active material. This movement leads to a change in the conductive pathways or 

resistance of the device. Creating a conductive filament in metal oxides involves the formation of 

an oxygen-deficient region or a region enriched in metal atoms [24]. This formation requires 

breaking metal-oxygen bonds and migrating oxygen anions or vacancies. Researchers in [25, 26] 

studied the influence of substrate thermal conductivity on the memristors’ performance by 

fabricating their devices on glass and flexible polyamide. They found that the devices fabricated 

on non-conductive substrates presented lower reset voltage, better endurance, and low switching 

current, among other desirable characteristics. Also, researchers in [27] used simulations to 

demonstrate that this concept of using low-thermal conductivity substrates can be extended to the 

electrodes, where devices with smaller thermal conductivity electrodes or substrates have more 

stable thermal switching. For this reason, studying the thermal properties of materials with a lower 

thermal conductivity than metals but that have significantly high electrical conductivity, such as 

Titanium Nitride (TiN) or Titanium Aluminum Nitride (Ti2AlN), is important. 
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1.3.3. Machine Learning for FDTR Data Analysis 
 
ML has established itself as a popular research tool in many scientific fields because it has 

the potential to accelerate experimental data processing. In the case of heat transfer, the phenomena 

are governed by complex physics, making it impractical to understand them from principles, even 

if the computational capabilities improve [28]. Consequently, ML algorithms can obtain 

computationally efficient and robust reduced-order models or determine an appropriate connection 

between the input parameters and the measured variables in complex experiments. In the case of 

TDTR and FDTR, data processing requires the iterative change of the fitting parameters until the 

theoretical model fits the experimental signal. Shen et al. [10] presented a novel data analysis 

approach for FDTR experiments using deep learning (DL) to predict the thermal properties of a 

sample. They developed a DL model for their experimental setup. The DL predictions can be used 

as initial guesses for the traditional fitting methods or rough estimates of the thermal properties.  

On the other hand, Pang et al. [11] extended the ML-based approach. They developed 

generally applicable (i.e., valid for various experimental setups) ML models using artificial neural 

networks (ANNs) to process TDTR measurements. In both cases, the ML-based methods were 

tested with experimental data obtained from measuring bulk samples (samples with two layers: 

metal transducer and the bulk substrate). While it is true that ML algorithms are capable of helping 

in processing TDTR and FDTR analysis, their limits have yet to be tested. There is no comparison 

between different algorithms or clarity on the number of variables that can be accurately predicted 

using these techniques. 

1.3.4. Heat Management in Portable Electronics 
 

The (expected) high in-plane thermal conductivity of h-BN, combined with its electrical 

insulating nature, makes this material suitable for applications requiring electrical isolation, such 
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as near-junction heat spreading [17, 29]. However, its application as a heat spreader in other areas 

of the chip has yet to be explored. In addition, since the preferred method to fabricate commercially 

available h-BN is to grow it on a metallic substrate (copper or nickel) using chemical vapor 

deposition (CVD), h-BN must be transferred from its growth substrate to the substrate where it is 

intended to be used. The transfer methods are classified into four categories: metal etching, 

mechanical delamination, oxide-assisted delamination, and electrochemical delamination. 

Regardless of the method, a protective layer is deposited on the material to protect the 2D material 

and avoid damage during transfer. This material is usually a polymer and must be removed from 

the 2D material after the transfer. In consequence, fabricating an h-BN heat spreader is a complex 

process. Even if the growth conditions are ideal for obtaining high in-plane thermal conductivity, 

the different phases of the transfer process (protect the material, remove the metallic substrate, 

transfer to a new substrate, and cleaning) can introduce defects that can affect the in-plane thermal 

conductivity of h-BN after integration to target substrate. In short, the relation between the transfer 

process and the thermal conductivity must be studied, and its applicability as a heat spreader on 

the back side of a silicon chip. Even if the transfer process is flawless and the in-plane thermal 

conductivity is high, the nanometer-scale thickness of h-BN might hinder the heat flow. 

Fabrication methods for large-area (millimeter-scale) growth of micrometer-thick and high-quality 

h-BN have yet to be reported. Micrometer-thick h-BN is obtained in a research laboratory by 

exfoliation and cannot be adapted for large area samples. Few h-BN layers might not be good 

enough to spread heat in specific applications. Thus, highly oriented pyrolytic graphite (HOPG) 

has been considered a viable solution for heat spreaders on the backside of a chip. 
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1.3.5. Bonding Materials for Thermal Interface 
 
Current solutions to bond HOPG either utilize metallization of the HOPG to use solder as 

the bonding material or polymer-based paste as the adhesive. In the first case, metallization of 

HOPG has been tested to directly bond a millimeter-thick HOPG-based heat spreader with a laser 

diode [30]. In the second case, since the bond line (BL) thickness is traditionally in the range of 

tens of microns, it could limit the heat conduction through the joint. For example, researchers in 

[31] used silicone-based TIM (thermal conductivity between 0.8 and 1.2 W/m-K) to bond a HOPG 

heat spreader to bare chips. The superior thermal properties of HOPG are not fully exploited 

because the material and processes used to bond the HOPG to the chip can hinder heat flow. 

Consequently, new bonding approaches that minimize the thermal resistance between the heat 

spreader and the chip are needed, based on using materials that allow for the reduction of the BLT 

or that have high thermal conductivity after bonding and are compatible with current industrial 

methods.  

In summary, this dissertation is motivated by the need for faster, more powerful, and 

miniaturized electronic devices, which demand the exploration of new materials and efficient 

thermal management. Challenges include the thermal properties of materials in power electronics 

and memristors, heat management in portable electronics using suitable heat spreaders, and 

choosing appropriate bonding materials for effective thermal interfaces in TIMs. Addressing these 

challenges will contribute to developing advanced electronic devices with improved performance 

and reliability. 

1.4. OVERALL OBJECTIVE AND SCOPE OF THE DISSERTATION 
 

This dissertation focuses on the thermal performance of thin films for emerging electronics 

in power electronics, memristors, and heat spreaders for the thermal management of mobile 
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devices. I used diverse experimental and fabrications methods, such as TDTR, FDTR, thermal 

transient measurements, and thermo-compression, among others, depending on the material to be 

studied, along with Finite-element-method (FEM) simulations and ML algorithms for a complete 

description of the thermal behavior of the materials. The document is organized in the following 

sequence. Chapter 2 summarizes the literature corresponding to all materials and methods 

pertaining to this dissertation. The contributions of this research are summarized at the end of this 

chapter. Chapter 3 describes all characterization methods employed to work with the materials 

subject of this work. Chapter 4 studies Ga2O3 using TDTR and the impact of its thickness and 

atomic scale defects on its thermal conductivity. Chapter 5 studies TiN and Ti2AlN using FDTR 

and ML algorithms. Chapter 6 analyses the suitability of using h-BN or HOPG as a heat spreader 

on the backside of silicon chips, along with promising bonding techniques to attach HOPG heat 

spreaders to silicon ships. Chapter 7 presents the conclusion of the different sections of this 

research and recommends areas for future work.   
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CHAPTER 2: LITERATURE REVIEW 
 

In this chapter, I provide a comprehensive literature review of the key research topics 

explored in this dissertation. The review begins with a synopsis of research papers discussing 

gallium oxide's thermal properties. Subsequently, the attention shifts towards the properties of 

titanium nitride and titanium aluminum nitride, specifically in the context of memristor electrodes. 

Next, I offer a brief description of Time-Domain Thermoreflectance (TDTR) and Frequency-

Domain Thermoreflectance (FDTR), with a particular emphasis on the utilization of Machine 

Learning (ML) for the analysis of data derived from these experiments. The following section 

describes the properties of hexagonal Boron Nitride (h-BN) as heat spreaders, including the 

methodologies employed for transferring h-BN and measuring its thermal conductivity. The fifth 

section delineates the current status of materials and techniques employed for bonding Highly 

Oriented Pyrolytic Graphite (HOPG) to diverse substrates. The chapter ends with a compilation of 

my contributions. 

2.1. THERMAL PROPERTIES OF GALLIUM OXIDE 
 

This section is reproduced/adapted from Vaca, Diego, et al. "Measurements and numerical 

calculations of thermal conductivity to evaluate the quality of β-gallium oxide thin films grown on 

sapphire and silicon carbide by molecular beam epitaxy." Applied Physics Letters 121.4 (2022) 

[32], with the permission of AIP Publishing. 

Future applications, such as power electronics for AC/DC conversion or faster wireless 

networks, will require devices with superior power density and power switching capabilities. To 

achieve this, semiconductors such as GaAs, SiC, and GaN are commercially available and are 

under development to broaden their applications. On the other hand, Ga2O3, an ultra-wide bandgap 

semiconductor, is expected to show superior properties when used for power-switching devices, 
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according to the Baliga figure of merit, which measures the power losses in switching devices [33]. 

In addition, wafers of Ga2O3 are available and can be fabricated with high-volume commercial 

techniques such as the Czocharlaski method or the edge-defined film-fed crystal growth. However, 

one of the limitations of using Ga2O3 in high-frequency and high-power switching applications is 

its lower thermal conductivity. The maximum reported bulk thermal conductivity of Ga2O3 at 300 

°K is around 26 W/(m·K) in (010) direction [34, 35]. The low thermal conductivity can hinder the 

full potential of Ga2O3-based devices because high temperatures will accelerate the degradation of 

these devices [36, 37].  

Recently, many studies focused on the electro-thermal transport in Ga2O3 transistors [38-

42]. In the case of thin-film transistors, the layers of Ga2O3 can be obtained using two prime 

methods: mechanical exfoliation of the membranes or epitaxial growth on compatible substrates. 

In the case of exfoliation, devices with membrane thickness in the range of tens to hundreds of nm 

have been presented [43-45]. Even though many studies used mechanical exfoliation of Ga2O3 to 

fabricate devices, this process cannot be scaled for industrial production because it is neither 

possible to control the thickness nor the lateral dimension of the membranes. In addition, the 

membranes and the substrate are coupled by weak Van der Waals forces, which results in low 

thermal boundary conductance (TBC). In general, the TBC at the membrane interface that has 

been transferred to a substrate is one order of magnitude lower than the TBC between thin layers 

grown or deposited using physical/chemical methods on a substrate [21, 46]. For the devices with 

epitaxial-grown thin film layers [47-49], the thickness of layers was around 200 - 600 nm. The 

TBC at the interface of the Ga2O3 thin film and substrate will depend on the growth process 

followed. Most of the previous work focuses on analyzing the electrical characteristics of the 
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devices. However, only a handful of studies investigate the TBC at the interfaces of Ga2O3 thin 

films and the effect of interfaces on the thermal conductivity of thin films [21, 23].  

There are multiple methods for the epitaxial growth of Ga2O3 thin layers, such as low-

pressure chemical vapor deposition (LPCVD), metal-organic chemical vapor deposition 

(MOCVD), metal-organic chemical vapor phase epitaxy (MOVPE), molecular beam epitaxy 

(MBE), among others. [19]. The growth of Ga2O3 thin films on high thermal conductivity foreign 

substrates can provide a pathway for developing high-power devices. An interesting alternative 

for heteroepitaxy growth of Ga2O3 thin layers is the homoepitaxy growth on a Ga2O3-on-SiC 

composite wafer [50]. LPCVD and MOCVD require less expensive equipment and can have 

higher growth rates. The choice of growth method influences the thermal conductivity of Ga2O3 

thin layers and the TBC at their interfaces because different growth methods can create different 

types and concentrations of defects. For example, Song et al. [51] showed that there is a tradeoff 

between the quality of Ga2O3 grown on c-plane sapphire using MOVPE and the TBC. Samples 

grown on 6°off cut c-plane sapphire had higher thermal conductivity (10-30%) but lower TBC 

than those grown on 0°off cut c-plane sapphire. Sapphire has relatively lower thermal conductivity 

(~ 30 W/m-K), and epitaxial growth on high conductivity substrates like SiC is highly desired. 

Even if the quality of Ga2O3 on SiC is lower than the other substrates, the thermal performance of 

this combination can be superior because the thermal conductivity of 4H-SiC is ~ ten times higher 

than sapphire. MBE can be used for the heteroepitaxy growth of Ga2O3 and investigation of the 

fabrication of thin films of Ga2O3 on SiC. 

An important aspect of analyzing Ga2O3 grown on foreign substrates is how the 

polycrystalline nature of the material (grain size), along with the formation of point defects 

(vacancies) and linear defects (dislocations), will affect its thermal conductivity. The influence of 
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vacancies in the crystal lattice of Ga2O3 on its thermal conductivity has been studied by 

incorporating the defect-induced phonon scattering rate into the solution of the Boltzmann 

Transport Equation (BTE) [52] and the molecular dynamic simulations [53]. However, neither the 

influence of linear defects nor the mean grain size of polycrystalline Ga2O3 has been considered 

in the previous studies along with vacancies. 

2.2. ALTERNATIVE MATERIALS FOR MEMRISTOR’S ELECTRODES 
 

In 1971,  Leon Chua was the first researcher to predict the existence of a fourth fundamental 

circuit element (other than a resistor, a capacitor, and an inductor), the memristor, which means 

"memory resistor" [54]. In contrast, the first demonstration was presented in 2008 [55]. The 

resistance of a memristor can reversibly switch from a low-resistance state to a high-resistance 

state. Digital computers could use these characteristics to represent the on-and-off states required 

for their functioning [56]. Memristors are simple devices usually made of a top electrode, a 

resistive switching (RS) layer, and a bottom electrode. There are different switching mechanisms 

(for a review of all mechanisms, check [57, 58]). However, the most widely studied is the growth 

and fracture of conductive filaments, mainly divided into metal-ion filaments and vacancy 

filaments [59]. In the metal-ion filament formation case, conductive ions migrate from the top 

electrode and form a conductive filament that joins the top and bottom electrodes. On the other 

hand, in the vacancy filament formation case, defects in the lattice, such as oxygen vacancies, act 

as conductive particles [56]. In any case, Joule heating partially drives the formation of the 

conductive filament [56, 60]. Hence, the thermal properties of the materials used in memristors are 

important. 

The following discussion on the materials for the RS layer is based on [56]. Researchers 

have tested different materials for the RS layer, which can be classified as oxide, 2D materials, 
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ferroelectrics, solid electrolytes, and other materials. Oxides such as titanium oxide (TiO2), 

tantalum oxide (Ta2O5), zinc oxide (ZnO), and hafnium oxide (HfO2), among others, are the most 

commonly used materials for RS layers in memristors. The RS mechanism in oxides can vary 

depending on the electrodes and RS layers, such as oxygen vacancy accumulation or metal ion 

redox reactions. 2D materials have become the focus of research in various fields due to their 

advantages, such as excellent electrical, optical, thermal, and mechanical properties. The 

application of 2D materials in the field of functional materials and structural materials has shown 

great potential. Materials tested for the RS layer include graphene, h-BN, black phosphorus, and 

transition metal dichalcogenides (TMDs) such as WSe2 and MoS2. The third type of material is 

ferroelectrics. Ferroelectrics have a spontaneous polarization that can be reversed by an external 

electric field, making them suitable for use in memristors. Some ferroelectrics tested include 

Pb(ZrTi)O3 (PZT), and BiFeO3. The next type of material is solid electrolytes. Solid electrolytes 

have high ionic conductivity and can create memristors with low power consumption. Some 

examples of solid electrolytes suitable for the RS layer are Ag2S, Cu2S, and Cu2Se. In addition, 

other less-reported materials for the RS layer include organic materials (Cu-TCNQ, chitosan) and 

magnetic tunnel junction (MgO), among others.  

The material for the electrode (for the oxide-based memristors) is commonly a metal. The 

literature reports using metals such as titanium, nickel, copper, silver, gold, and more. It is 

worthwhile that some nitrides (TiN) are also used for the electrodes [61]. Several reports have 

reported the influence of the materials chosen for the electrodes on the performance of memristors 

[62-64]. Some factors influenced by the electrode material include the contact resistance between 

the electrode and the RS layer, filament formation, dissolution kinetics, stability, and switching 

voltage and current levels.  
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Given that Joule heating influences the formation and the dissolution of the conductive 

filament [65, 66], another factor that impacts the memristors performance is the thermal 

conductivity of the material. The influence of the thermal conductivity of the substrate [25, 26], 

the RS layer [67], and both [27]  have been presented. The researchers found that the thermal 

properties of the materials used in the memristor affect the reset voltage, endurance, low switching 

current, the memory window, the on-state to off-state conductance, the operation energy, and 

more. The selection of the materials for memristors must include careful thermal design 

engineering to enhance the performance of memristors.  

In this sense, using TiN as the material for the memristors' bottom electrode (for certain 

RS layers such as hafnium oxide [62]) can be beneficial. The thermal conductivity of TiN is one 

order of magnitude lower than most of the metals tested as electrodes. On the other hand, MAX 

phases are a class of materials that could be used as memristors' electrodes. MAX phases are a 

family of ternary compounds uniquely combining metallic and ceramic properties. The name 

"MAX" is derived from the first letter of each constituent element: M for a transition metal, A for 

an element from groups 13 to 14, and X for carbon or nitrogen. The general formula for MAX 

phases is M_n+1AX_n, where n = 1, 2, or 3[68]. Over 70 MAX phases have been discovered and 

reported in the literature. Some MAX phases are Ti3SiC2, Ti3AlC2, Ti3GeC2, V2AlC, V2GeC, 

Ti2AlN, and more. In the context of electrode materials for memristors, MAX Phases are good 

electrical conductors (resistivity between ~0.2 and ~2.5 µΩ-m at room temperature, which is 

around one order of magnitude higher than most metals), and their thermal conductivity is between 

12 to 60 W/m-K (one order of magnitude lower than most metals), which makes them attractive 

for this application.  
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2.3. TDTR, FDTR, AND ML FOR DATA ANALYSIS 
 

The following description of TDTR and FDTR  is based on [9]. The laser-based time-

domain thermoreflectance (TDTR) and frequency-domain thermoreflectance (FDTR) methods 

have emerged and advanced as highly dependable, robust, and flexible techniques for evaluating 

the thermal properties of various bulk materials and thin films, as well as characterizing the 

interfaces between them. TDTR and FDTR are methods used to investigate thermal properties by 

measuring thermoreflectance, which refers to the change in reflection with temperature. Typically, 

a thin metal film that serves as a transducer coats the sample. This film's surface reflectance 

exhibits a linear change in response to temperature, especially when the temperature rise is 

relatively small. The fundamental implementation of these techniques involves a pump-probe 

setup. A pump laser pulse heats the sample, while a separate probe laser pulse measures the 

thermoreflectance signal. In the case of TDTR, the time-domain thermoreflectance signal is 

obtained by varying the time delay between the pump and probe pulses. On the contrary, FDTR 

evaluates the thermoreflectance signal by varying the modulation frequency of the pump beam 

rather than observing the signal based on the delay between the arrival times of the pump and 

probe pulses. This approach simplifies the implementation of FDTR significantly, as it eliminates 

the need for a complex mechanical delay for time delay adjustment. Moreover, FDTR can utilize 

cost-effective continuous wave (CW) laser sources, making it more accessible and practical. 

Regardless of the technique used, the experimental signal is analyzed to extract the thermal 

properties of the sample. Estimating thermal transport properties usually involves fine-tuning free 

parameters (representing the unknown thermal properties) within a thermal transport model. This 

iterative process aims to achieve the best possible agreement between the model's predictions and 
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the experimental data. The full description of the thermal transport model, its solution, and its 

implementation can be found elsewhere [69, 70].  

The fitting of the observed data to a theoretical model generally requires using least squares 

fitting. In these models, unknown and known parameters are fitted to a theoretical model function, 

minimizing the difference from the observed data. However, if the initial starting point to begin 

the iterative fitting process is not good enough, difference minimization methods, such as 

Levenberg-Marquardt [71, 72] and trust-region techniques [73], can sometimes get stuck in local 

minima, despite their aim to find the global minimum. The reliability of FDTR and TDTR methods 

is estimated by measuring the uncertainty of the values obtained from the experiments, which is 

strongly linked to parameter sensitivity. This sensitivity, affected by factors such as modulation 

frequency, beam spot size, transducer thickness, and material properties, influences the level of 

uncertainty, mainly when dealing with low-sensitivity parameters. The uncertainty in these 

methods can be assessed through analytical methods [74] and Monte Carlo simulations [75]. 

Analytical methods, while fast, depend on accurate parameters, whereas Monte Carlo simulations 

can handle unknown parameters, albeit at a high computational cost and the need for a robust 

fitting approach.  

On the other hand, heat transfer problems, whether they involve fundamental studies or 

large-scale systems, often present complex nonlinear challenges that are difficult to solve using 

traditional methods, even with advancements in computing power. For this reason, ML has gained 

popularity in heat transfer engineering. With artificial intelligence and computer hardware 

advancements, sophisticated ML algorithms have emerged. These algorithms enable computers to 

model and solve problems without explicit instructions on the solution approach. ML has the 
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potential to enhance researchers' and engineers' understanding of heat transfer phenomena, as well 

as improve system design and optimization [76]. 

Three main categories of machine learning approaches are supervised, unsupervised, and 

reinforcement learning [77]. Examples of all categories can be found in the mechanical 

engineering-related literature. Supervised learning resembles standard nonlinear regression 

models or curve-fitting. In this approach, the model receives inputs along with corresponding 

desired outputs (labeled data), and the objective is to find a set of parameters that accurately map 

the inputs to the outputs. The quality of this mapping is determined by selecting an appropriate 

error metric. Some examples of this approach are in [78, 79]. In the second place, unsupervised 

learning occurs when the model is not provided with any labeled data, and the algorithm aims to 

discover the underlying structure of the data independently. Applications of unsupervised learning 

were presented in [80, 81]. Finally, unlike supervised learning, reinforced learning algorithms do 

not receive a pre-labeled dataset. Instead, they actively gather information by acting and interacting 

with the environment. Then, before acting, the algorithm receives two forms of information: the 

current state of the environment and a reward value specific to the task and its associated objective. 

Researchers in  [82, 83] presented applications of reinforcement learning related to heat transfer 

problems. 

Most of the ML applications in heat transfer use supervised learning algorithms. 

Researchers in [76] summarized and described the main supervised learning algorithms. In the 

field of FDTR and TDTR, only a handful of researchers have applied supervised learning 

approaches to estimate the thermal properties of materials. In the first place, Shen et al. [10] 

explored the application of frequency- FDTR in probing the thermal characteristics of bulk and 

thin film materials. The authors emphasize that the uncertainties involved in the FDTR traditional 
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data analysis originate from an inaccurate selection of the initial guess for the iterative fitting. The 

authors introduce a new data analysis method integrating deep learning and traditional fitting 

algorithms to mitigate these uncertainties. The deep learning model developed can predict thermal 

conductivity, volumetric heat capacity, and thermal boundary conductance (three parameters) with 

an average error of less than 5% for coated bulk samples. In the second place, Pang et al. [11] 

constructed universally applicable ML models to facilitate efficient and high-volume data 

processing in TDTR measurements. These models can concurrently extract thermal conductivity 

and interface thermal conductance (two properties) from isotropic bulk materials such as silica, 

sapphire, silicon, and silicon carbide, and in-plane, out-of-plane thermal conductivities and 

interface thermal conductance (three properties) from anisotropic bulk pyrolytic graphite. Despite 

the authors stating that ML models possess sufficient sophistication and power to discern even the 

most minor characteristics of experimental signals, enabling the simultaneous extraction of 

multiple parameters (more than three) from a single measurement, this idea has yet to be proven. 

In the third place, Xiang et al. [84] introduced a method for determining depth-dependent thermal 

conductivities using TDTR and FDTR combined with machine learning techniques. The 

demonstration shows that kernel ridge regression, a supervised-learning algorithm, can reconstruct 

the thermal conductivity profile without needing pre-existing knowledge about the profile's 

functional form. In summary, these works show that adequately trained machine learning 

algorithms could be effective assistants in treating experimental data originated by pump-probe 

techniques. 
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2.4. h-BN THERMAL PROPERTIES AND ITS TRANSFER METHODS 
 

2.1.1. h-BN thermal properties. 
 

As mentioned in the introduction, there is a growing interest in using h-BN as a heat 

spreader for the thermal management of microelectronics. Researchers have studied two types of 

heat spreaders: ultra-thin heat spreaders made of large area (i.e., fabricated by CVD) mono or 

multilayered h-BN [17, 29, 85, 86], and thicker (µm scale) heat spreaders that use h-BN flakes 

(i.e., exfoliated from bulk h-BN) in a solution that is deposited on a hot spot, or as part of a 

composite with polymer binders [87-92]. This dissertation will focus on the first type of heat 

spreader. 

The h-BN thermal conductivity presented in experimental reports widely varies and 

depends on the fabrication, measurement, and transfer methods. Table 2.1 summarizes some of the 

experimental values. 

Table 2.1. Experimental reports of in-plane thermal conductivity of h-BN 

Thickness Fabrication 
method 

Measurement 
method 

Suspended 
or supported 

Thermal 
conductivity  

(W/m-K) 
Reference 

4-layer CVD 

Frequency 
Domain 

magneto-
optical Kerr 

effect 

Supported 242 [93] 

1-layer Exfoliation Raman 
Thermometry Suspended 751 [15] 

1-layer CVD Raman 
Thermometry Suspended 544.6 [18] 

15 µm Exfoliation 
Time Domain 

Thermo 
reflectance 

Supported 550 [94] 

77 nm 
Atmospheric 

pressure 
CVD 

Heat spreader 
method Supported 77.4 [17] 
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2.1.2. h-BN transfer methods 
 

The preferred fabrication method of large-area h-BN is CVD, which requires a metallic 

substrate (usually copper or nickel) that works as a catalyzer. Consequently, the h-BN must be 

transferred from the metallic substrate to the surface of the chip. This transferring process has four 

parts: protecting the h-BN with a "handling layer" deposited on top, separating the handling 

layer/h-BN stack from the metal substrate, transferring the stack to the desired substrate, and 

removing the handling layer. The main challenges of this process include the proper selection of 

the material for the handling layer so that it leaves as few residues as possible that can affect the 

thermal properties of the transferred h-BN and the delamination process that produces the least 

damage to the heat spreaders. Since most transfer methods have been developed and tested on 

graphene (and adopted for h-BN), the rest of this section will refer to graphene and h-BN as 2D 

materials. 

Handling layers. 

The first step when transferring a CVD-grown 2D material from its metal substrate to the 

desired substrate is depositing on top of it a thin layer (~ 100 nm) that gives it structural support. 

The material that is widely tested for this purpose is Polymethyl methacrylate (PMMA). 

Nevertheless, other polymers that can be removed more easily than PMMA have been reported. 

Finally, researchers have tested other materials, such as metals and metal oxides. 

PMMA is the most popular supporting material for handling 2D materials. A solution of 

PMMA is prepared by dissolving the solid polymer with the appropriate solvent (acetone, for 

example) and spin-coated on the 2D material. After that, the stack is baked to remove the excess 

solvent and solidify the layer. However, because of the large adsorption energy with the surface 

(especially with graphene) and the low solubility with solvents, PMMA leaves residues that affect 
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the properties of the 2D material. Techniques to entirely remove PMMA have not been fully 

successful and include annealing at high temperatures (200 °C to 1050 °C) [95-97] under different 

atmospheres (vacuum, Ar/H2, O2) [98]. 

Because of the high temperatures needed to remove PMMA, the use of other polymers has 

been reported in the literature and compared with PMMA-based procedures. In general, the reports 

indicate that using alternative polymers requires more benign removal conditions. The properties 

of the 2D materials are superior to when they were transferred using PMMA if the PMMA is not 

removed with very high annealing temperatures. A selection of alternative polymers is presented 

in Table 2.2. 

Table 2.2. Polymers used in handling layers for 2D materials transfer 

Polymer Solvent Removal 
conditions 

Reference 

Formvar Chloroform Room temperature [99] 
Rosin Acetone Room temperature [100] 
Poly-vinyl alcohol Deionized Water Room temperature [101] 
Poly(bisphenol A carbonate) Chloroform Room temperature [98] 
Paraffin Hexane Room temperature [102] 
Thermal release tape None Heating @ 120 °C [103] 

 

Some studies have used a protective layer before depositing the polymer layer to avoid 

contamination of 2D materials with polymers. If graphene is intended to fabricate transistors, 

researchers in [104, 105] used an Al2O3 layer that could work as a dielectric and protect the 

graphene from the polymer. Because the Al2O3 layer protects the graphene, more aggressive 

conditions to remove the polymer could be used. In this case, the protective layer remains attached 

to graphene. On the other hand, few studies have used Ni or Co layers [106] that were removed 

after the transfer and MoO3 [107], which is soluble in water.  
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Delamination methods 

After the deposition of the handling layer, the 2D material must be detached from the metal 

substrate. The preferred method is the dissolution of the metallic substrate. However, other 

methods that attempt to preserve the substrate for future 2D material growth have been reported. 

Oxide-assisted delamination consists of exposing the 2D material to water (either vapor or 

liquid) to promote the formation of a thin metal oxide layer (copper oxide, for example) between 

the 2D material and the substrate [101, 108, 109]. This exposition usually lasts 24 hours. Then, the 

2D material is pulled from the substrate because the oxide layer facilitates the separation.   It has 

been reported that this method worked well for graphene but not for h-BN [101]. 

Mechanical delamination is known as the dry-transfer method. The 2D material is peeled 

off from the substrate because the adhesion force at the interface of the handling layer/2D material 

is stronger than that at the 2D material/substrate. Two approaches have been reported: using Van 

der Waals forces between two different 2D materials (using an h-BN stamp to transfer graphene, 

for example) [110, 111] and using a metal layer as part of the handling stack [106].  

In electrochemical delamination (bubble transfer), the stack polymer/2D material/metal 

substrate is used as an electrode in an electrochemical cell [112-114]. When the electrochemical 

cell works, H2 bubbles form at the 2D material/substrate interface and separate them. It has been 

reported that the process is fast, but the conditions must be carefully controlled to avoid the 

mechanical damage that the bubbles could cause to the 2D material.  

Finally, etching the substrate is the most common method to separate the 2D material and 

the substrate. The most common substrates used in CVD-grown 2D materials are Cu and Ni, and 

they are etched, exposing the stack to appropriate etchants such as ammonium persulfate [115] or 

hydrochloric acid [17], respectively. In addition, to control the damages that the random etching 
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process could cause, previous studies have conducted controlled etching processes in the 

electrochemical cells, leading to under-etching delamination [116] and directional etching [117].   

2.5. HOPG AS A HEAT SPREADER AND ITS BONDING METHODS 
 

As smartphones and tablets continue to become thinner and more powerful because of the 

consumer’s demand for devices with better performance and durability, they often incorporate 

high-performance chips with power usage reaching 6W [118]. In addition, the expected power 

density of typical hot spots in silicon microprocessors can be 150 to 350 W/m2 [12, 13]. As these 

devices slim down further, managing heat dissipation becomes increasingly vital due to their 

compact size and the absence of active cooling. Given the space limitations, various studies have 

proposed solutions such as thermoelectric coolers [119], piezoelectric coolers [120], phase change 

cooling [121], micro heat pipes [122], and heat spreaders [123] for the thermal management of 

microprocessors used in mobile devices. 

For heat spreaders to function effectively, they need to be made from materials with high 

thermal conductivity, such as metals (e.g., copper) or 2D materials (e.g., graphene or hexagonal 

boron nitride). Both graphene and hexagonal boron nitride (h-BN) have gained attention for their 

thermal management capabilities in electronics because of their high thermal conductivity in the 

basal plane (parallel to the layers) [14, 15]. Despite the advantages, a few drawbacks are associated 

with using 2D materials for thermal management, such as the thickness of the commercially 

available multilayered 2D materials (thickness does not exceed 10 nm [124]), higher cost than 

alternative materials, and the availability and scalability of 2D materials for large-scale 

applications. 

An alternative to 2D materials is highly oriented pyrolytic graphite (HOPG). HOPG is a 

unique form of graphite that exhibits a high degree of crystalline alignment along a specific axis. 
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HOPG consists of multiple graphene layers stacked together. The basal plane of HOPG exhibits 

excellent thermal and electrical conductivity. Due to its high thermal conductivity, anisotropic 

properties, and availability in different thicknesses relevant to micro-electronics thermal 

management, HOPG is utilized as a heat spreader to dissipate heat from electronic components 

and high-power devices [31, 123, 125-127]. 

In addition to the heat spreader material, the other key factor in thermal management is the 

thermal interface material (TIM) used to bond the heat spreader with the chip. Commonly, heat 

dissipation systems in electronics use TIMs like silicone grease, silicone grease pads, or thermal 

gel to establish contact between the heat spreader and the surface of the chip. Standard TIMs are 

typically composed of polymers whose thermal conductivity is low. For example, the thermal 

conductivity for a typical epoxy TIM is 1.2 W/m-K [128]. The typical bond line thickness (BLT) 

for this type of material is between ~50 and ~150 µm [129, 130]. To increase the thermal 

conductivity of polymer-based TIMs, they have been filled with inorganic fillers such as metal 

nanoparticles and boron nitride, among others. However, the high thermal conductivity filler 

particles are isolated by very low thermal conductivity polymers, leading to an overall thermal 

conductivity of under 5 W/m-K [131]. Another problem with using fillers is that the flowability of 

the TIM decreases when more fillers are added, which increases the BLT and the overall thermal 

resistance [129]. Despite their low thermal conductivity, using highly flowable polymers (to fill 

the air gaps present between the silicon chip and the heat spreader) whose BLT can be reduced 

could be one feasible option. For example, polymers such as BCB [132] or CYTOP have been 

tested as bonding materials at low temperatures[133, 134]. CYTOP has the advantage that the BLT 

can be manipulated by tuning the dilution ratio and the parameters employed during its deposition 
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using spin coating. In summary, controlling the BLT of the bonding layer is as important as 

controlling the thermal conductivity of the TIM. 

One technology that has gained renewed attention to bond large areas in the semiconductor 

industry (especially for power electronics) is using metal nanostructures (either particles or 

nanofoams) for thermo-compression. Nanostructures are advantageous because they can be low-

temperature sintered, using temperatures lower than 250 °C. In addition, the nanostructures will 

recover much of the original high thermal conductivity expected for metals, allowing for a low-

thermal resistance bonding. One of the options is the use of nanoscale metal particles in a polymer 

matrix. The typical BLT of this solution is between 25 and 50 µm [135]. On the other hand, using 

metal nanofoams does not require a polymer matrix. Recently, researchers in [136-138] have 

reviewed and proposed using nanoporous metals as interconnection materials in power electronics 

and microelectronics. This concept could be adapted to large-area heterogeneous integration of 

HOPG heat spreaders with different substrates [139, 140]. 

2.6. CONTRIBUTIONS OF THE RESEARCH  
 

The significant contributions of this research are listed next: 

1) I investigated the impact of thickness and atomic scale defects on the thermal conductivity 

of hetero-epitaxial grown β-Ga2O3 and the thermal boundary conductance (TBC) at the β-

Ga2O3/SiC interface. I used a combination of first principles simulations with experimental 

results to estimate the defects in β-Ga2O3 thin films. 

2) I evaluated the advantages and limits of a deep learning–based data analysis method for 

estimating the thermal properties of thin films measured by FDTR. I tested the application 

of this tool for data analysis on thin films to estimate four parameters. 
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3) Using experiments and simulations, I studied the suitability of using h-BN as a heat 

spreader on the backside of microchips. I assessed the compatibility of transferring h-BN 

thin films to substrates with industrial processes and their benefits and limitations to be 

used as heat spreaders in portable electronics.    

4) I developed a technique to bond thin-film HOPG heat spreaders on the backside of silicon 

substrates using CYTOP and nanoporous copper. Finally, I adapted a thermal transient 

measurement technique based on the JEDEC JESD51-14 standard to measure the junction-

to-case thermal resistance of semiconductor devices with heat flow through a single path 

to estimate the thermal resistance of each bonding solution. 
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CHAPTER 3: METHODS 
 

This chapter covers all characterization methods employed in this work. First, I present 

TDTR and FDTR employed to study β-Ga2O3 thin films and TiN and MAX Phase Ti2AlN. Then, 

I describe the characterization methods to study h-BN. Finally, I present the thermal 

characterization methods used with HOPG, CYTOP, and NP-Cu. 

3.1. TIME-DOMAIN AND FREQUENCY-DOMAIN THERMOREFLECTANCE 
 

TDTR is an optical technique in which a modulated laser beam, called the pump, heats a 

sample's surface. Concurrently, an unmodulated beam, the probe, monitors the reflectivity changes 

of the surface. A thin metal film, typically around 100 nm, is deposited on the sample for two 

purposes: to convert the photons into thermal energy and act as a temperature transducer due to its 

reflectivity changes with temperature, enabling surface temperature rise measurement [141, 142] 

The pump and probe beams typically hit the sample surface at a right angle. This method 

is mainly used to measure the through-plane thermal conductivity of the material. Nevertheless, 

alternative methods relying on variable beam sizes and shapes are used to measure the thermal 

conductivity of anisotropic materials. [143, 144]. 

The pump beam's modulation facilitates signal measurement via a lock-in amplifier. The 

probe beam, slightly delayed compared to the pump beam, tracks the decline of the 

thermoreflectance signal. A thermal model is fitted to the experimental data to deduce the desired 

thermal properties. The known sample properties inform the thermal model [69, 145], while 

unknown properties are treated as fitting variables. 

In TDTR experiments, the pump beam's modulation generates a thermal wave heating the 

sample. The signal's amplitude and phase are measured using a lock-in amplifier. The thermal 
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penetration depth (l) depends on the modulation frequency (f) and the sample's thermal diffusivity 

(D). This dependence is described by 𝑙𝑙 =  �𝐷𝐷/𝜋𝜋𝜋𝜋 [146]. 

The TDTR setup and the data interpretation [147] I used for this study were described in 

[69, 145, 148]. In short, the two-color system consists of a Spectra Physics Ti:Sapphire (λ=800 

nm, 40 nJ/pulse) laser with ~150 fs pulse width and a repetition rate of ~80 MHz. The beam is 

split into a probe and a pump beam. The frequency modulation of the pump beam can be controlled 

by an electro-optical modulator, and its values are chosen depending on the sensitivity of the values 

of interest to this parameter (i.e., the most sensitive, the better), and the pump pulse frequency is 

doubled using a BiBO crystal. On the other hand, the probe beam enters a double-pass delay stage 

before merging its path again with the pump beam. A 10x objective lens focuses both collinear 

beams on the sample. The pump radius on the sample's surface was ~9.95 µm, while the probe 

radius was ~6.2 µm. The material properties needed to fit the data (i.e., thermal conductivity, 

density, and specific heat) were measured or taken from the previous studies (see bulk material 

properties section). The TDTR setup used in this work has available six filters that correspond to 

1.2, 2.2, 3.6, 6.3, 8.8, and 11.6 MHz for the modulation frequency. I used all filters in the 

measurements (i.e., each sample has six data sets). Fig 3.1 presents a schematic of the TDTR 

system used for the measurements and a typical signal and data fitting curve.  
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Fig. 3.1. Schematic of the TDTR system used to measure the thermal conductivity and the 
thermal boundary conductance (left), and typical TDTR signal and data fitting for Ga2O3 on 
SiC sample at a frequency of 3.6 MHz [147]. Copyright © 2020, IEEE 

FDTR and TDTR both employ a modulated pump laser to heat the surface of a sample and 

use a probe beam to register the thermal response. The difference between the two methods is that 

FDTR collects thermal response data by altering the modulation frequency of the pump beam 

instead of changing the delay time via a mechanical stage. FDTR measurements can be conducted 

in numerous ways [70]. However, I used the setup that was implemented by Shen et al. [3]. This 

setup uses two continuous-wave (CW) lasers. One of these CW lasers, frequency-modulated, 

serves as the pump laser, while the other is used as the probe laser to detect the sample's thermal 

response. A photodiode-assisted lock-in amplifier captures the thermal signal. Using CW lasers is 

less expensive than a pulsed laser system. The methods employed to deal with several challenges 

for FDTR measurements, such as accurately extracting the signal's first harmonic and removing 

the errors in phase delay caused by cables, optics, and traveling paths, are presented in [3]. 

The description of the FDTR setup used in this work is adapted and reproduced from Shen, 

W. et al. "Temperature Dependent Thermal Properties of Thin Film Hafnium Oxide." 2023 22nd 

IEEE Intersociety Conference on Thermal and Thermomechanical Phenomena in Electronic 

Systems (ITherm). IEEE, 2023 [149].Copyright © 2023, IEEE 
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The FDTR system I utilized in this work consist of a digitally modulated pump laser (488 

nm) that delivers a periodic heat flux, whereas a continuous probe laser (520 nm) monitors the 

surface temperature variation. A lock-in amplifier (Zurich HF2LI) extracts the phase lag between 

the pump and probe lasers. I fitted the phase lag over a range of modulation frequencies to the 

theoretical model to derive parameters such as thermal conductivity and thermal boundary 

conductance. The lock-in amplifier in the system is equipped with a mixer of sinusoidal waves and 

can accurately extract the fundamental frequency signal or the first harmonic . As a result of the 

digital modulation of the modulated pump, the photo-diode detects a significant amount of high-

order harmonic signal. It is necessary to extract the first harmonic of the signal since the fitting 

model only considers the first harmonic of periodic heating. Fig 3.2 presents a schematic of the 

FDTR system used for the measurements and a typical signal and data fitting curve. 

 
 

Fig. 3.2. Schematic of the FDTR system used to measure the thermal conductivity and the 
thermal boundary conductance (left). The acronyms M, PBS, HWP, QWP, L, ISO, PD, BP, 
DMLP, and OBJ stand for mirror, polarizing beam splitter, half-wave plate, quarter-wave 
plate, lens, isolator, photo-diode, bandpass filter, low pass dichroic mirror, and objective 
lens, respectively [149]. Typical FDTR signal and data fitting for Ti2AlN-Cubic sample 
(right). Left figure - Copyright © 2023, IEEE 
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3.2. HOPG MECHANICAL TESTING 
 

I used a commercial bond tester to compare the shear strength of the CYTOP and 

metallurgical bonding. However, before performing the experiment, I had to bond HOPG to Si 

substrates. For this purpose, I diced 5 x 5 mm2 Si samples. Then, I coated the Si samples with 100 

nm of Ti and 150 nm of Au or Cu, respectively. On the other hand, I coated HOPG with 100 nm 

of Ti and 500 nm of Au or Cu. I used electron-beam evaporation in both cases. 

I bonded Au-Au and Cu-Cu using a manual flip chip bonder (by Finetech), placing the 

HOPG on the heating base, whereas the tool head picked the Si. In the case of Au-Au bonding, I 

applied ~80 newtons (~ 3.2 MPa for a 5 x 5 mm2 sample) for 10 minutes at temperatures of 300, 

350, and 400 °C. Before Cu-Cu bonding, I immersed the samples in formic acid to remove the 

native copper oxide. I bonded under a controlled atmosphere in a chamber with forming gas (5% 

hydrogen in nitrogen). I applied the same load and temperatures used for Au-Au bonding for Cu-

Cu bonding, but I increased the time to 20 minutes. For the case of CYTOP, the details will be 

presented in Chapter 6. 

Finally, I assessed the bonding quality of Au-Au, Cu-Cu, and CYTOP 5 x 5 mm2 samples 

using a standard shear test with a Xyztec bond tester, using the following parameters: 1500 µm at 

100 µm/second using a shear height of 50 µm. I attached the HOPG/Si stack to a FR4 substrate 

(HOPG side) with super glue. Fig 3.3. shows a schematic of the stack. After the shear test, I 

analyzed the morphology of both sides (Si side and HOPG side) using optical microscopy, 

scanning electron microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDX) for the 

chemical analysis. 
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Fig. 3.3. Diagram of the shear tests performed on bonded HOPG. 

 
3.3. A TRANSIENT THERMAL METHOD BASED ON THE JEDEC JESD51-14 

STANDARD TO ESTIMATE THE THERMAL RESISTANCE OF THE BONDED 
MATERIALS 
 

The thermal transient measurement method is typically employed to determine the thermal 

resistance of the package of semiconductor devices. The method consists of applying a pulsed 

heating current to the device and monitoring the transient changes of a temperature-sensitive 

parameter (TSP) while the device cools down (e.g., the forward voltage of a diode exhibits 

temperature-dependent variations). Once the transient temperature data is obtained, it is interpreted 

using the Cauder-ladder network model. This model correlates specific regions within the device 

package with parts of a thermal network model [150]. The behavior described by the model allows 

for identifying the heat flow paths (the central assumption is that there is a 1D heat flow from the 

junction to the heat sink) using a mathematical technique known as "structure functions." Structure 

functions are mathematical representations of the system's distributed (thermal) RC network 

impedances. Fig 3.4. presents a typical structure function plot with the equivalent thermal RC 

network. 
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Fig. 3.4. Cumulative structure-function: the graphic representation of the thermal RC 
equivalent. Reproduced with permission from Springer Nature from Lasance, Clemens JM, 
and András Poppe, eds. Thermal management for LED applications. Vol. 2. New York: 
Springer, 2014 [150]. 

Using the structure functions to determine the thermal resistances along the heat flow path 

requires the joint analysis of the cumulative and differential structure functions [151-154]. More 

details on the method can be found in [150]. However, determining slope changes in the plots 

(indicating a new thermal resistance) might require some effort. To facilitate the analysis of the 

structure functions and determine the thermal resistance of each layer of the sample, I adapted the 

dual interface measurement principle stated in the JEDEC JESD51-14 standard for the 

measurement of the junction-to-case thermal resistance of semiconductor devices with heat flow 

through a single path. I conducted two transient measurements on the same power semiconductor 

device, and in both cases, the device must be in contact with a temperature-controlled heatsink. In 

the first measurement, no additional interface material exists between the device under test (DUT) 

and the cold plate. In the second measurement, I added bonding tape at the interface. The presence 

of additional material results in an increased interface resistance. This increased resistance ensures 
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a clear distinction between the measured transient curves at a particular time. The two curves 

diverge when the heat flow enters the additional interface layer, indicating thermal resistance. The 

separation point is identified by checking the difference between the derivatives of the 

experimental Zth curves (Zth curves are the normalized temperature variation to time) and the 

structure functions. More information on the method can be found in [155, 156].  

I used the Simcenter Micred Powertester by Siemens to perform thermal tests on the 

samples. The equipment measures packaged semiconductor devices' real-time heating and cooling 

curves. I used that information in the Simcenter 3D Solutions software to obtain the structure 

functions and compare them. For the experiments, I applied a heating current of 10 A for 60 

seconds and allowed the devices to cool down for 90 seconds. I kept the heat sink temperature at 

25 °C, and applied a ~500 N force on top of the DUTs to keep the environmental conditions as 

stable as possible during all tests. 
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CHAPTER 4: MEASUREMENTS AND NUMERICAL CALCULATIONS OF 
THERMAL CONDUCTIVITY TO EVALUATE THE QUALITY OF β-GALLIUM 

OXIDE THIN FILMS GROWN ON SAPPHIRE AND SILICON CARBIDE BY 
MOLECULAR BEAM EPITAXY 

This chapter presents the results used to evaluate the quality of β-Ga2O3 thin films by 

measurements and numerical calculations of its thermal conductivity [32].  

4.1. INTRODUCTION 
 

In this work, I present results on measuring the cross-plane thermal conductivity of b-

Ga2O3 and TBC at its interfaces for films grown on c-sapphire and 4H-SiC substrates using MBE 

[147]. I compared the measured values with theoretical results and used this comparison to 

estimate the defect densities (vacancies and dislocations) that might have been created during 

growth. I performed the measurements using time-domain thermoreflectance (TDTR). In contrast, 

I used the iterative solution of the Boltzmann Transport Equation (BTE) to estimate the variation 

of the thermal conductivity with film thickness and the effect of defects on thermal conductivity. 

In order to make these estimations, I used the grain size of Ga2O3 measured using AFM and the 

linear defect density using TEM as input to the BTE simulations. The percentage of point defects 

is one variable that is not easy to measure, and I estimated that by comparing experimental and 

numerical results. In summary, I propose a method to study the effects of the different defects on 

the thermal conductivity of epitaxially grown Ga2O3, which can also be employed to study other 

materials. Finally, the diffuse mismatch model (DMM) was used to predict the TBC and better 

explain the experimental results. 

4.2. DESCRIPTION OF THE Ga2O3 SAMPLES 
 

Two thin films of undoped Ga2O3 were grown on c-sapphire and 4H-SiC by MBE at the 

U.S. Naval Research Laboratory (NRL). MBE is a physical-vapor epitaxial growth process in high 

vacuum. For Ga2O3 epitaxy, ultra-high pure elemental Ga and reactive oxygen were provided using 
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Ga effusion cell and oxygen plasma, respectively [157]. The optimized conditions used to grow 

Ga2O3 on sapphire and SiC, along with the characterization of the films, have been published in 

[147, 157]. More details about the growth of Ga2O3 by MBE can be found in [158]. Also, I used 

bulk samples of the substrates to measure their thermal conductivities. In both cases (bulk and 

thin-film samples), I deposited a thin Al transducer (97 nm and 93 nm, for bulk and thin-film 

samples, respectively) by e-beam evaporation. I performed the TDTR measurements using a 

Ti:Sapphire laser (wavelength=800 nm). The frequency modulation of the pump beam can be 

controlled by an electro-optical modulator and is doubled using a BiBO crystal. The pump radius 

on the sample's surface was ~9.95 µm, while the probe radius was ~6.2 µm. Based on the 

sensitivity analysis, the data obtained at modulation frequencies of 8.8 and 11.6 MHz were used 

for the samples grown on sapphire and SiC, respectively. Appendix A has more details of the 

TDTR system.  

High-Resolution Transmission Electron Microscopy (HRTEM) performed on both 

samples revealed a thickness of 119.4 ± 2.8 and 81.3 ± 1.3 nm for Ga2O3 on c-sapphire and 4H-

SiC substrates, respectively (see Figs. 1a and 1d). In addition, the thickness of the Ga2O3 layers 

was measured by spectroscopic ellipsometry and X-ray reflectometry (XRR). Both HRTEM and 

X-Ray diffraction (XRD) measurements, performed by NRL, showed β-Ga2O3 of orientation (-

201) for both samples. Details of the structural characterization can be found in [157]. A bright-

field low- and high-resolution phase contrast TEM imaging, selected area electron diffraction 

(SAED) imaging, and post-imaging analysis using Fast Fourier transform (FFT)  show that Ga2O3 

thin films on sapphire and 4H-SiC substrate have a crystalline structure (Figs. 4.1a to 4.1g). Defect 

analysis using images of  phase contrast and inverse FFT lattice images revealed that both samples 

have 1-dimensional defects (dislocations) and zero-dimensional defects. In brief, several TEM 
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images are processed using the FFT to identify the regions of interest, and images of those regions 

are converted back using the inverse FFT. Then, the linear defects are counted, and this number is 

divided by the area of the region of interest. More details on the method to estimate defect density 

can be found in [159]. In this case, the defect density was 2.5 x 1012 cm-2 and 1.0 x 1012 cm-2 (taken 

from  [157] as they correspond to the same sample) for the Ga2O3/Al2O3 and Ga2O3/SiC, 

respectively. The TDTR setup and the data interpretation for this study have been described in [69, 

148].  

 

Fig. 4.1. A bright-field low- and high- resolution TEM micrographs showing (a-c) Ga2O3 on 
sapphire substrate with a thickness of ~ 119.4 nm. The presence of the lattice fringes as well 
as FFT reflections (inset) suggests crystalline structure. There exists lattice strain field across 
the HRTEM micrograph. (c) HRTEM micrograph obtained from a specimen rotated normal 
to the substrates Z= [01 ̅10] direction reveal a crystalline structure decorated with high 
density of 1-D defects like stacking faults and twinning dislocations within the film which are 
indicated by SF and T, respectively. (d) bright-field TEM show ~ 81 nm thick Ga2O3/SiC. In 
addition, (e) HRTEM and (f and g) FFT of the film and substrate show lattice fringe real 
images and respective low-order diffraction reflection demonstrating crystallinity in 
structure of Ga2O3 film. 

 

I used Atomic Force Microscopy (AFM) to scan the samples’ top surface and analyze the 

presence of lateral grains (Fig. 4.2). These measurements revealed that the samples are 
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polycrystalline with a mean lateral grain size of 52 nm. I obtained this value using the intercept 

technique. In this technique, several random lines are drawn on the micrograph and the number of 

grain boundaries intersecting the lines is counted. Then, the average grain size is calculated by 

dividing the line length by the number of grain boundaries. I repeated this procedure for ten lines 

to have a representative value for the micrography. It is worth mentioning that I obtained Fig. 4.2 

using the “phase” signal because this signal allows for a better contrast image that reveals the 

presence of grain boundaries, as opposed to the AFM image presented in [157], which used the 

“topographic (height)” signal, which is more suitable to measure the roughness of the sample. 

 

Fig. 4.2. AFM image of the surface of a β-Ga2O3 sample grown on SiC for this work. The 
mean lateral grain size is 52 nm. The field of view of the image is 500 x 500 nm2  

 
4.3. THEORETICAL CALCULATIONS 
 

I performed this part of the research with Matthew Barry, a former student in our group. 

He performed the Density functional theory calculations, and I provided the equations and 

experimental information for the scattering rates calculations. Density functional theory (DFT) 

calculations in conjunction with Boltzmann Transport Equations were used for the estimation of 

phonon relaxation time and thermal conductivity of Ga2O3 [160]. DFT calculations were 

performed using the Vienna ab initio simulation package (VASP) to compute the interatomic force 

constants (IFCs) of Ga2O3. A plane-wave basis set and the projector augmented-wave (PAW) 
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method were used with the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional [161-

164]. A 500 eV kinetic energy cutoff was used to optimize the structure and calculate the second-

order harmonic and third-order anharmonic force constants. The convergence criteria for the 

energy and force were 10-9  eV and -0.001 eV/Å, respectively. The 20-atom β-Ga2O3 unit cell was 

optimized using a 4×16×8 grid for Brillouin zone sampling. The optimized lattice parameters were 

a = 12.45 Å, b = 3.08 Å, and c = 5.86 Å, with β = 103.76°, which are in good agreement with 

recent computational [52] and experimental results [165]. The second-order harmonic and third-

order anharmonic IFCs were calculated using the finite displacement method with a 1×4×2 

supercell of the optimized 20-atom unit cell [166]. The finite displacement distance was 0.01 Å, 

and a 4th nearest neighbor cutoff was used for computing the third-order IFCs. Using the second- 

and third-order IFCs, the phonon relaxation times and the anisotropic thermal conductivities of 

bulk β-Ga2O3 were calculated using Fermi’s golden rule [167] with the iterative solution to the 

BTE [168, 169]. A 5×17×9 k-space sampling mesh was used for Brillouin zone sampling. 

 After calculating the IFCs, the linearized form of the BTE were solved using ShengBTE to 

obtain the thermal conductivity tensor(see Appendix A for details). The combined effects of 

sample size [170], oxygen or gallium vacancies, grain boundaries, and linear defects on the thermal 

conductivity were considered by adding the phonon boundary scattering rate, the vacancies-

induced scattering rate, the grain boundary scattering rate, and the linear defect scattering rate 

(dislocations), respectively, to the anharmonic phonon scattering rate [171], according to the 

Matthiessen’s rule: 

           1 𝜏𝜏⁄ = 1 𝜏𝜏𝑎𝑎𝑎𝑎ℎ⁄ + 1 𝜏𝜏𝑏𝑏⁄ + 1 𝜏𝜏V +  1 𝜏𝜏𝑔𝑔𝑔𝑔⁄ + 1 𝜏𝜏ld⁄⁄        (4.1) 
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Here 1 𝜏𝜏anh⁄  is the intrinsic anharmonic phonon scattering rate, 1 𝜏𝜏b⁄  is the phonon 

boundary scattering rate, 1 𝜏𝜏V⁄  is the phonon scattering rate due to the vacancies, 

1 𝜏𝜏𝑔𝑔𝑔𝑔⁄  is the scattering rate due to grain boundaries, and 1 𝜏𝜏ld⁄  is linear defect scattering rate.  

The phonon scattering rate caused by oxygen or gallium vacancies in the crystal can be 

expressed as [172, 173] : 

                     1 𝜏𝜏V⁄ = 𝑥𝑥 �−𝑀𝑀𝑉𝑉
𝑀𝑀
− 2�

2 𝜋𝜋
2
𝜔𝜔2𝑔𝑔(𝜔𝜔)

𝐺𝐺
                 (4.2) 

where is the density of vacancies, 𝑀𝑀 is the average mass per atom, 𝑀𝑀V is the mass of the 

missing atom, 𝑔𝑔(𝜔𝜔) is the phonon density of states, and 𝐺𝐺 is the number of atoms in the crystal 

(number of atoms in the unit cell). The grain boundary scattering rate was estimated using the 

Casimir model [174]:  

                     1 𝜏𝜏𝑔𝑔𝑔𝑔⁄ = 1−𝑝𝑝(𝜔𝜔)
1+𝑝𝑝(𝜔𝜔)

𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎−1 𝑣𝑣𝑔𝑔,𝑎𝑎                                      (4.3) 

where 𝑝𝑝(𝜔𝜔) is the specularity parameter, 𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎−1  is the average grain size of polycrystalline 

samples, and 𝑣𝑣𝑔𝑔,𝑎𝑎 is the phonon group velocity along a direction. In this case, the specularity 

parameter 𝑝𝑝(𝜔𝜔) was chosen to be zero, which represents diffusive scattering at grain boundaries. 

The linear defect scattering rate was estimated using the equation  in [175]:   

                     1 𝜏𝜏𝑙𝑙𝑙𝑙⁄ =  0.7 𝑎𝑎2

𝑣𝑣
𝛾𝛾2𝜔𝜔2𝑁𝑁𝑠𝑠                                      (4.4) 

where 𝑎𝑎 is the lattice parameter, 𝑣𝑣 is the phonon velocity, 𝛾𝛾 is the Grunnessien’s constant, 

𝜔𝜔 is the angular frequency and 𝑁𝑁𝑠𝑠 is the number of linear faults per cm. In contrast to the Debye-

Callaway model used by other researchers [23] , using an exact iterative solution of phonon BTE 

is more accurate , and allowed me to obtain the thermal conductivity tensor for layers with different 

thickness, and calculate the thermal conductivity along different directions, following the 

procedure presented in [176]. 
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For the calculation of the TBC, I used the diffusive mismatch model (DMM), considering 

not only the acoustic phonon branches but all branches of the materials because the complex 

crystalline structure leads to many optical branches and cannot be omitted in the calculations. For 

example, researchers in [52] demonstrated that optical phonon modes contribute significantly to 

the thermal conductivity of Ga2O3 depending on the orientation of the crystal. I implemented the 

qDMM model, where the integration is performed over the wave vector q [177].  

4.4. RESULTS 
 

Before determining the thermal conductivity of Ga2O3 and TBC at its interfaces with the 

substrate, I first determined the thermal properties of the sapphire and SiC substrates using 2-

layered samples. The through-plane and in-plane thermal conductivities of SiC were estimated to 

be 301.4 ± 36.2 W/(m·K) and 387.3 ± 46.5 W/(m·K), respectively. For sapphire, the thermal 

conductivity was 27.3 ± 2.0 W/(m·K). These values agree with the previous studies, and I used 

them as constants in the 3-layer models. I used the data set with the best-fitting results to estimate 

the thermal conductivity and the TBC. The samples on c-sapphire (119 nm) had a thermal 

conductivity of 3.2 ± 0.3 W/(m·K), whereas the thermal conductivity of the sample on 4H-SiC (81 

nm) was 3.1 ± 0.5 W/(m·K). The numerically estimated conductivities using BTE for the two thin 

film samples were 8.9 W/(m·K) (119 nm) and 7.9 W/(m·K) (81 nm), which are much higher than 

the measured values. 

The thermal conductivity of crystalline samples of Ga2O3 thinner than 120 nm has hardly 

been reported. The thermal conductivity of thin films of Ga2O3 fabricated using PLD has been 

reported in [23]. The thermal conductivity of the samples fabricated by MBE is slightly higher 

than those fabricated by PLD with comparable thickness (~100 nm). It is lower than the film grown 

by MOVPE on sapphire in [51], but those films were thicker (>164nm). A comparison of different 
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results is presented in Fig. 4.3a. I also compared the thermal conductivity of MBE-grown samples 

with single-crystal thin-film samples. For example, the study in [178] presents the thermal 

conductivity of monocrystalline Ga2O3 thin films bonded to SiC. H ions were implanted in the 

Ga2O3 crystal before the bonding process, which might have induced strain in the crystal and 

produced defects. For this reason, the thermal conductivity of a ~140 nm sample was 2.9 W/(m·K), 

which is lower than what could be expected for a single crystal sample but comparable with our 

results. The fabrication process and post-fabrication treatment will likely affect thermal 

conductivity and the TBC.   

The phonon dispersion curve for Ga2O3 in the (-201) direction was calculated using the 2nd 

order harmonic force constants (IFCs) and thermal conductivity from the iterative solution of BTE 

using 2nd and 3rd order IFCs, obtained from the first principles simulations. When comparing the 

experimental and computational results, I observe that the experimental results in the (-201) 

direction are ~ 2 to 3 times smaller than those computed from the first principles. This could 

indicate the presence of unavoidable imperfections during the fabrication of the thin films of 

Ga2O3. Fig. 4.3b shows the variation of the computed thermal conductivity of  Ga2O3 without 

imperfections with respect to its thickness for the (-201) direction, where it is evident that the 

thermal conductivity will reach a plateau, corresponding to the bulk value, similar to the results 

published in [23]. 

To explain the lower thermal conductivity measured from TDTR compared to the 

numerical predictions, I introduced scattering due to the vacancies of gallium and oxygen, the 

grain boundaries, and linear defects (stacking faults) while computing conductivities (see Eq. 4.1). 

The gallium vacancies had a higher impact in the reduction of the thermal conductivity because 

gallium is heavier than oxygen. Linear defects are first not considered to isolate the effect of 



 

46 
 

vacancies (Fig. 4.4a). Simulations with 3 % oxygen vacancies result in thermal conductivity of 4.2 

W/(m·K) and 4.0 W/(m·K) for 119 nm and 81 nm samples, respectively, which is still higher than 

the measured conductivity and suggests the presence of Ga vacancies in our samples. I estimated 

that the 119 nm sample had around 3 % Ga vacancies, whereas the 81 nm sample had around 2.5 

%. Through high-resolution transmission electron microscopy [179] and positron spectroscopy 

[180], previous studies determined that the most likely vacancies to occur during fabrication are 

Ga vacancies for both bulk and thin films. A high density of linear defects is also probable. For 

this reason, three levels of linear defects were introduced in the calculations for the 119 nm sample, 

in addition to Ga vacancies (Fig. 4.4b). The thermal conductivity for a sample with 1% of Ga 

vacancies and 106 linear defects/cm was 3 W/(m·K), which is close to the measured value, as 

opposed to 8.9 W/(m·K) for a perfect crystal (Fig. 4.4b). Also, the effects of the linear defects are 

more pronounced when the linear density is at least 106 defects/cm. The actual linear defects 

density is 1.5x106 defects/cm. I obtained this values by calculating the square root of 2.5 x 1012 

linear defects/cm2, that is the linear defect density per unit of area previously reported in [157]. 
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Fig. 4.3. (a) Comparison of published values of the thermal conductivity of thin films Ga2O3 
with respect to their thickness. The sample for this work were grown by MBE, whereas the 
rest of the films were grown using PLD, MOVPE or were monocrystals [22, 23, 34, 51, 178]. 
(b) Variation of the thermal conductivity of Ga2O3 in the (-201) direction with thickness. 
Thermal conductivity computed using BTE is compared against the experimental results. 
The dashed line corresponds to the bulk thermal conductivity in the (-201) direction, as 
reported by [34]. 

 

 

Fig. 4.4. (a) Influence of gallium and oxygen vacancies on the thermal conductivity. Gallium 
vacancies cause a higher reduction in the thermal conductivity compared to oxygen 
vacancies. The linear defect density is set to zero to isolate the effect of vacancies. (b) 
Influence of the density of linear defects on the thermal conductivity when gallium vacancies 
are present for the 119 nm sample (grown on sapphire). 
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I measured the TBC at the interface of Ga2O3 with the metal transducer and the substrates 

SiC and sapphire. Using TDTR, the TBC at the interface of Al/Ga2O3 was measured as 125.41 

+15.62 / -10.66 MW/(m2·K) for the sample grown on sapphire and 158.18 +88.37 / -41.34 

MW/(m2·K) for the sample grown on SiC. The results may indicate that the different imperfections 

that the fabrication method induces in the crystal depend on the substrate. The TBC values reported 

here are in the same order of magnitude as those reported in [20, 181, 182]. For the Ga2O3/substrate 

interfaces, a summary of the TBC results is presented in Table 4.1. Details on the methods to 

calculate the uncertainty can be found in Appendix A. Due to the low parameter sensitivity, high 

uncertainty in the estimation of the TBC can be observed, regardless of the calculation method. 

My results are comparable to those in [178] for crystalline Ga2O3 films bonded to SiC. The bonding 

of Ga2O3 with SiC using surface activation bonding required a thin layer of Al2O3 coating on 

Ga2O3. For a 30 nm thick Al2O3 layer, the reported TBC was ~ 70.1 +68.1/-10.4 MW/(m2·K), 

whereas for a 10 nm thick Al2O3 layer, the reported TBC was ~ 100.5 +93.8/-16.2 MW/(m2·K).  

 
Table 4.1. TBC results with the uncertainty estimate with two different methods 

Interface 
Traditional 

Method 
[183] 

Monte Carlo 
Method [75] 

Ga2O3/sapphire 
TBC  
MW/(m2·K) 

155.6 ± 65.3 159.6 +58.2 /-62.5 

Ga2O3/SiC TBC 
MW/(m2·K) 141.8 ± 63.8 149.3 +57.9/-46.4 

 
For the theoretical calculations of the TBC at the Ga2O3/substrate interfaces following 

DMM(details of these equations are in Appendix A), I used the phonon dispersion curve of Ga2O3 

obtained from the first principles. For sapphire (orientation 001) and SiC (orientation 001), I used 

the dispersion curves available in the Materials Project [184, 185] in the Γ→Ζ and Γ→Α 
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directions, respectively. At 300 K, the calculated TBC using the DMM for the Ga2O3/sapphire 

interface was 294.3 MW/(m2·K), whereas the Ga2O3/SiC interface was 357.0 MW/(m2·K). When 

comparing the experimental and theoretical results, I can see that the experimental mean TBC 

values are between 2 and 2.5 times smaller than the DMM-based estimations. This difference could 

be attributed to the defects present at the interface of Ga2O3/substrate. One important detail in the 

estimation of the TBC using DMM to point out is the use of the full dispersion curves for the 

materials because of the complexity of the crystalline structures and the large number of optical 

phonons despite their lower phonon branch velocities. If I had only considered the acoustic phonon 

branches, the TBC values would have been 51.8 MW/(m2·K) for Ga2O3/sapphire and 57.4 

MW/(m2·K) for Ga2O3/SiC, underestimating the TBC values. Finally, it was suggested that Ga2O3 

could replace GaN-based devices. Studies in [186] reported TBC values of 199.8 +29.3/-30.23 

MW/(m2·K) for the GaN/AlN-SiC interface and 224.41 +22.49/-23.3 MW/(m2·K) for the GaN/SiC 

interface. Those values are between 30% and 50% higher than those I report for Ga2O3/SiC but 

still lower than the TBC that could be expected for a perfect Ga2O3/SiC interface. 

In summary, I report the thermal conductivity of Ga2O3 thin films grown by MBE with 119 

nm and 81 nm thicknesses and the TBC at Ga2O3/sapphire and Ga2O3/SiC interfaces. The 

measured thermal conductivity is around three times smaller than the numerically calculated 

conductivity for pristine thin films of similar thickness with no defects. Calculations of the 

variation in thermal conductivity with the percentage of gallium and oxygen atom vacancies, linear 

defects in thin-films, and the lateral grain boundaries explain the experimental results. For 

example, the inclusion of grain boundary scattering, corresponding to grain sizes obtained from 

AFM, contributed to a reduction of 32% in thermal conductivity compared to a sample with no 

defects. 1% of Ga vacancies contributed to a further reduction of 28%, and the presence of 106 cm-
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1 linear defects reduced another 30% the thermal conductivity in the samples grown on sapphire.  

In all, my results provide reference values of thermal properties of thin-film Ga2O3 and its 

interfaces and suggest the level of defects present in the crystal that could be used to accelerate the 

design of Ga2O3-based electronic devices. 
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CHAPTER 5: MACHINE LEARNING APPROACHES TO STUDY THE THERMAL 
CONDUCTIVITY OF MATERIALS FOR MEMRISTORS ELECTRODES 

 
This chapter presents the use of FDTR to measure the thermal conductivity of Ti-

containing nitrides, and the application of ML models to help in the data treatment for this type of 

experiments. 

5.1. THERMAL CONDUCTIVITY OF MATERIALS AIMED TO IMPROVE 
MEMRISTORS' PERFORMANCE 

 
Hafnium oxide-based memristors are promising devices for nonvolatile memories and 

artificial synapses. The switching mechanism of these memristors relies on the movement of 

oxygen defects [187]. Researchers in [188, 189] demonstrated a TiN/Ti/HfO2/TiN memristor with 

excellent switching behavior. One of the reasons is that the titanium layer attracts the oxygen in 

the HfO2 layer. Given that other researchers have demonstrated the importance of reduced thermal 

conductivity in the electrode material, I compared the thermal conductivity of different Ti-

containing materials. 

I measured the thermal conductivity using FDTR of four different samples: TiN, Ti2AlN 

(cubic phase), Ti2AlN (hexagonal phase), and Ti2AlN (MAX Phase). To determine the uncertainty 

of the results, I used the Monte Carlo-based method by performing 2000 fitting operations for each 

data set. The upper and lower bounds correspond to the 90th and 10th percentile of the normally 

distributed fitting results, respectively. All samples were fabricated on sapphire (through-plane 

thermal conductivity: 32 W/m-K; in-plane thermal conductivity: 30 W/m-K) by sputtering by Prof. 

Eric Vogel’s group at MSE, Georgia Tech. Before performing the experiments, a ~100 nm thick 

gold layer (nominal thickness) was deposited on the samples to facilitate the acquisition of the 

reflected laser beam. The gold layer’s mean thickness was 88 nm, measured using a Bruker 

Dimension Icon atomic force microscope. The average sheet resistance of gold was found to be 
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4.03E-1 Ω/sq using Signatone Four-point Probe. I used the sheet resistance to estimate the thermal 

conductivity using the Wiedemann-Franz Law. The value for the thermal conductivity of gold was 

202 W/m-K, within the range of the values reported by other researchers [190]. The physical 

properties of the different materials needed to estimate the thermal conductivity are presented in 

Table 5.1, and the results are summarized in Table 5.2 

Table 5.1. Physical properties of the materials 

 Thickness 
(nm) 

Density 
(kg/m3) 

Specific 
Heat 

(J/kg-K) 
References 

Gold 88 19320 1230 [191] [192] 
TiN 273 5400 604 [193] [194] 
Ti2AlN – cubic 242 4350 607 

[195] [196] Ti2AlN – hexagonal 269 4350 607 
Ti2AlN – MAX Phase 215 4350 607 

   

Table 5.2. Thermal conductivity of measured Ti-based materials 

 Through plane  
thermal conductivity 

(W/m-K) 

In-plane 
thermal conductivity 

(W/m-K) 
TiN 12.1 -1.4/+6.6 12.1 -1.4/+6.6 
Ti2AlN – cubic 7.4 -0.8/+1.6 7.4 -0.8/+1.6 
Ti2AlN – hexagonal 3.6 -0.5/+1.3 4.1 -0.9/+2.9 
Ti2AlN – MAX Phase 8.0 -0.9/+5.6 6.7 -2.4/+8.4 

 

The values range from 3.6 W/m-K for the Ti2AlN – hexagonal sample to 12.1 W/m-K for 

the TiN sample. The thermal conductivity of the Ti2AlN-hexagonal is the lowest because 

successive nano-sized layers of Ti and AlN form it. In addition, a more interesting comparison is 

between the TiN and Ti2AlN-MAX phase. The thermal conductivity of the MAX phase sample is 

~ 30% lower than the thermal conductivity of TiN, which means that the performance of 

memristors that use the Ti2AlN MAX phase instead of TiN would be better. 
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5.2. ML MODELS FOR THE ANALYSIS OF FDTR DATA 
 

Among the several algorithms available to develop ML models applied to Mechanical 

Engineering [197], researchers have employed artificial neural network (ANN)-based models to 

deal with the data obtained from TDTR or FDTR experiments. However, up to three variables 

have been predicted by such models. In this work, I tested two different ANN architectures. First, 

I used the model developed by Choi [198], inspired by the one presented by Shen et al. [10] (It 

will be called “Model A”). Second, researchers in [11] used a fully connected architecture but did 

not provide any detail on the hyperparameters. For that reason, I used the model presented in [197] 

(It will be called "Model B"). Fig. 5.1 and Table 5.3 summarize each model's principal parameters. 

Model A's architecture includes a concatenation layer following each dense layer, merging the 

dense layer's output with the original input features. This layer allows the network to learn 

advanced features while retaining access to the original input data, enhancing its ability to identify 

relationships between the input features and the target variables. 

 

 

Fig 5.1. Schematic of the ML model architectures used in this work. 
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Table 5.3. Comparison of the ML model architectures used in this work. 

 Model A Model B 
Input parameters 60 60 
Output parameters 3 or 4 3 or 4 
Hidden layers sizes 512, 256, 128, 64 1024, 512, 256,128, 64, 32, 16 
Hidden layers types Fully connected, Batch 

Normalization, Concatenate Fully Connected 

Activation function ReLU ReLU 
 

The literature dealing with the application of ML for analyzing TDTR/FDTR data has 

reported two strategies to obtain the training data to use in ANN. The first strategy is to use all 

combinations of the parameters of a model within a specific range. The advantage of this strategy 

is that it allows one to obtain samples from the whole data space. However, it limits the number 

of parameters used in the calculations. Increasing the resolution within a determined range for all 

variables (e.g., using 50 data points in a range [a, b] of thermal conductivity instead of 20 data 

points) or adding more variables (e.g., varying the gold layer thickness) increments the total 

number of combinations, that easily can reach billions of points. On the contrary, a second strategy 

uses only some combinations to produce the training data. Instead, random values from each 

variable space are selected and combined to obtain the training data. For this purpose, I used the 

Latin Hypercube Sampling (LHS) method [199] to generate 150 x 103 unique sets of phase angles. 

Finally, I trained the model with 80% of the data and validated it with the remaining 20%. 

I used two standard metrics to assess the training performance of the models: the coefficient 

of determination (R2) and the mean absolute percentage error (MAPE). In general, when the 

performance parameters do not meet a specific goal, the hyper-parameters of the ML model need 

to be modified until a well-performing ML model is obtained. However, the purpose of this work 

is to explore the limits of the current models that our research groups have. Consequently, fine-

tuning and retraining the models is part of future research work. 
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Another difference concerning previous works is that I implemented a statistical method 

to remove the outliers from the training data set, the interquartile range method (IQR) [200]. The 

IQR measures the dispersion of a data set, defined as the difference between the 25th and 75th 

percentiles of the data set. The IQR is often used to identify outliers. The rule to determine the 

outliers states that any number below 1.5 IQR from the 25th percentile (i.e., Q25th -1.5 IQR) or 

above 1.5 IQR from the 75th percentile (Q75th + 1.5 IQR) can be considered an outlier. 

 

5.3. RESULTS 
 
5.3.1. Results for a two-layer model of an anisotropic material to predict three parameters 
simultaneously. 
 

For the first test, I trained a model to predict the through-plane thermal conductivity (kout), 

the in-plane thermal conductivity (kin), and the TBC between the material and the gold transducer 

(G1) when sapphire is the substrate (this is the substrate employed to grow the materials tested for 

electrodes' memristors). Table 5.4 presents the range of parameters used to generate the training 

database.  

Table 5.4. Range of the parameters to generate the training database for two-layer models 
with anisotropic material and with gold transducer. 

 Range Unit 

Through-Plane thermal conductivity 10 – 50 W/m-K 

In-Plane thermal conductivity 10 – 50 W/m-K 

Volumetric Heat Capacity  1x106 – 4x106 J/kg-m3 

Thermal Boundary Conductance 40- 120 MW/m2-K 

Gold thermal conductivity 180 – 220 W/m-K 

Gold thickness 85 - 100 nm 
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Pump beam radius 5.8 – 7 µm 

Probe beam radius 1.6 – 2.2 µm 

 

For the training phase, the results show that both models accurately predict kout, kin, and G1. 

The maximum MAPE is 10% in all cases. Removing the outliers is critical because it allows the models 

to be trained only with physically actual data (i.e., it removes the values from materials that might not 

exist in nature). In addition, both models showed a similar performance, which means that the added 

complexity of model A did not significantly improve the results. Table 5.5 summarizes and compares 

the results of the training phase. 

Table 5.5 Comparison of the performance of Models A and B in the training phase for a 
two-layer model with anisotropic material for the prediction of three variables at once 

  R2 MAPE 

Model A 
kout 0.900 0.101 
kin 0.902 0.098 
G1 0.979 0.034 

Model B 
kout 0.899 0.102 
kin 0.901 0.098 
G1 0.977 0.036 

 

Even though both models showed encouraging behavior during the training phases, the next 

step was testing their performance with experimental data. Table 5.6 shows the model's performance 

against the traditional fitting method for sapphire. The error for the thermal conductivity in both 

directions does not exceed 10%, especially for model B. It is within the range of the values 

calculated with the traditional fitting method, which means that the ML model has similar accuracy 

to the conventional fitting method but is faster (around 36 milliseconds for the ML model as 

opposed to 3 seconds for the conventional fitting), once the model is trained. However, the 

difference for the TBC is significant when the ML models are compared with the mean value of 

G1. Further analysis of this variable indicates that the sensitivity of the TBC is low for the model. 
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For this reason, the prediction capacity diminishes with the model's sensitivity to different 

variables.  

Table 5.6. Actual (traditional fitting) and ML-predicted kin, kout, and G1 for sapphire 

  Average Predicted % difference 
with average 

Model 
A 

kout (W/m-K) 26.57 -1.78/+1.87  27.47 3.4 
kin (W/m-K) 28.57 –1.84/+2.02 33.02 15.6 
G1 (MW/m2-K) 106.45 – 5.11/+5.23 86.67 30.3 

Model 
B 

kout (W/m-K) 26.57 -1.78/+1.87  29.75 7.6 
kin (W/m-K) 28.57 –1.84/+2.02 29.92 10.4 
G1 (MW/m2-K) 106.45 – 5.11/+5.23 80.34 24.9 

 
5.3.2. Results for a two-layer model of an anisotropic material to predict four parameters 
simultaneously. 
  

This work aims to test the limits of ML learning models. Previous works have tried to 

predict up to three variables at once. This is the first time that four variables are predicted with a 

ML model. One of the parameters required for the correct fitting of FDTR experiments is the 

transducer thickness (in this case, gold). Measuring gold thickness requires fabricating an 

additional sample to avoid scratching the original sample and using an atomic force microscope or 

a profilometer to measure the thickness. For this reason, I added the gold thickness as one of the 

variables to be predicted by the ML model. In addition, given that the TBC value has high 

uncertainty, I replaced it with the pump beam radius, a known and accurately measured variable. 

The training data was the same as used in section 5.3.1. Except for the gold thickness, the 

performance values were similar to the previous model. However, given that the gold thickness 

was narrow with a relatively limited range (from 85 to 100 nm), the prediction performance is 

expected to be reasonably accurate. A summary of the results is presented in Table 5.7 
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Table 5.7 Comparison of the performance of Models A and B in the training phase for a 
two-layer model with anisotropic material for the prediction of four variables at once. 

  R2 MAPE 

Model A 

kout 0.899 0.101 
kin 0.901 0.098 
pump radius 0.779 0.021 
Au thickness 0.582 0.037 

Model B 

kout 0.898 0.102 
kin 0.900 0.099 
pump radius 0.773 0.021 
Au thickness 0.127 0.037 

 

The prediction capability of Model B was better than Model A. The error prediction for kin, 

kout, and Au thickness was within 5%. On the other hand, the kout predicted by model A was too 

low with respect to the expected value. This indicates that model A's added complexity (which 

means it takes longer to train) does not help improve the model's predictive capabilities. A 

summary of the results is shown in Table 5.8. 

Table 5.8. Actual (traditional fitting) and ML- predicted kin, kout, pump radius, and Au 
thickness for sapphire 

  Average Predicted % difference 
with average 

Model A 

kout (W/m-K) 26.57 -1.78/+1.87  19.87 25.21 
kin (W/m-K) 28.57 –1.84/+2.02 34.03 19.11 
pump radius (µm) 6.79 6.35 6.48 
Au thickness (nm) 88.00 94.00 6.81 

Model B 

kout (W/m-K) 26.57 -1.78/+1.87  29.63 0.40 
kin (W/m-K) 28.57 –1.84/+2.02 33.50 11.97 
pump radius (µm) 6.79 6.35 6.48 
Au thickness (nm) 88.00 92.26 4.84 

 

5.3.3. Results for a three-layers model (thin film) anisotropic material to predict four variables 
at once. 
  

Many of the samples tested by FDTR are comprised of three layers: a metal transducer, a 

thin film (much thinner than the substrate), and a substrate. The fitting of these samples is more 
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difficult because five new variables must be added (physical properties of the thin film such as the 

out-of-plane thermal conductivity, the in-plane thermal conductivity, the density, the specific heat, 

and the thickness) plus a new TBC between the thin film and the substrate. For this reason, the 

training data set for this kind of sample required a new set of variables. The range of the data I 

used to train this new model is summarized in Table 5.9. I tailored the range for the thermal 

conductivity of the substrate to coincide with sapphire properties. Otherwise, using a broader set 

of values would have improved the model's prediction accuracy to reasonable levels.  

Table 5.9. Range of the parameters to generate the training database for three-layer 
models with anisotropic material with gold transducer. 

 Range Unit 

Substrate Through-Plane thermal conductivity 25 – 35 W/m-K 

Substrate In-Plane thermal conductivity 25 – 35 W/m-K 

Substrate Volumetric Heat Capacity  1x106 – 4x106 J/kg-m3 

Thermal Boundary Conductance Substrate/film 40- 120 MW/m2-K 

Thin Film Through-Plane thermal conductivity 5 – 15 W/m-K 

Thin Film In-Plane thermal conductivity 5 – 15 W/m-K 

Thin Film Volumetric Heat Capacity  1x106 – 4x106 J/kg-m3 

Thickness Thin Film 200 - 300 nm 

Thermal Boundary Conductance film/gold 40- 120 MW/m2-K 

Gold thermal conductivity 180 – 230 W/m-K 

Gold thickness 85 – 100 nm 

Pump beam radius 5.8 – 7 µm 

Probe beam radius 1.6 – 2.2 µm 
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Given that the final purpose of an ML model is to predict a set of values and that this work 

does not use the statistical parameters to optimize the model's hyperparameters, I will only report 

the prediction results of these more complex models. I used the experimental data obtained from 

the measurement of the Ti2AlN MAX Phase. As expected, the prediction capabilities of a more 

complex model deteriorated the performance. However, the prediction capabilities must be 

compared to traditional fitting models. For the Ti2AlN MAX Phase, the uncertainty of the 

measurements, especially for the higher end, is high (as reported in Table 5.2). I predicted kout, kin 

for the Ti2AlN, the pump beam radius, and the gold thickness. The results are presented in Table 

5.11 

 
Table 5.10. Actual (traditional fitting) and ML-predicted kout, kin, pump radius, and Gold 

thickness Ti2AlN MAX Phase.  

  Average Predicted  % difference 
with average 

Model A 

kout (W/m-K) 8.00 -0.9/+5.6 5.28 34.00 
kin (W/m-K) 6.70 -2.4/+8.4 9.99 49.10 
pump radius (µm) 6.79 6.67 1.77 
Au thickness (nm) 88.00 91.00 3.49 

Model B 

kout (W/m-K) 8.00 -0.9/+5.6 9.72 21.5 
kin (W/m-K) 6.70 -2.4/+8.4 9.70 44.77 
pump radius (µm)  6.79 6.41 5.60 
Au thickness (nm) 88.00 93.00 5.68 

 

 Although the absolute error increased with respect to the mean value, the values predicted 

by the ML model are within the range of the predicted values obtained with traditional fitting. This 

means that the ML learning model has similar accuracy to the conventional fitting method but is 

faster (30 milliseconds for the ML model, as opposed to 7 seconds for the traditional fitting). On 

the other hand, the ML model can predict known parameters with a difference lower than 6%. 

 
5.4. SUMMARY. 
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I trained two ML models to predict four different properties simultaneously in two 

(transducer and substrate) and three-layered (transducer, material, and substrate) samples. At their 

current status (hyperparameters), the models are accurate enough to replace the traditional fitting 

model when the model is sensitive to those parameters. ML models are also much faster than 

traditional fitting models. Low sensitivity in traditional fitting could not be fixed using the ML 

models. However, the models can be improved to predict more than three variables accurately. 
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CHAPTER 6: HEAT SPREADERS FOR PORTABLE ELECTRONICS 
 

This chapter compares the suitability of using h-BN and HOPG as heat spreaders as part 

of the packaging of a silicon chip. The first part analyzes the possibility of using h-BN and 

discusses the advantages and drawbacks of these materials. The second section focuses on my 

work on HOPG, followed by the results of using different options to bond this material with silicon 

substrates.  

6.1. h-BN AND HOPG FOR THERMAL MANAGEMENT OF HOT SPOTS ON SILICON 
CHIPS USED IN MOBILE DEVICES: A SIMULATION-BASED COMPARISON 
 

I developed the simulation model in collaboration with Dr. Wenqing Shen, a former 

member of the MiNDS lab. 

Current smartphones' application processing unit (APU) increasingly includes more 

powerful CPUs, GPUs, and machine learning engines. A typical design, Package on Package 

(PoP), enables swift data transfer between the APU and memory by stacking the memory chip and 

logic chip together. However, the heat generated inside the logic chip must not exceed a critical 

temperature. Two solutions exist for improving thermal performance without reducing operation 

power. One is creating a better heat dissipation channel from the PoP to the surrounding 

environment, and the other is optimizing the PoP for a more uniform temperature distribution. 

Because of limited space, heat dissipation from the logic die is typically passive, and the memory 

die stacked above adds extra thermal resistance. Using a heat spreader made of h-BN or HOPG to 

replace the epoxy mold compound (EMC) between the logic and memory dies will help to maintain 

the chip's temperature below its critical point.  

I created a smartphone simulation comprising a battery, motherboard, display, and back 

panel to assess the effectiveness of various heat spreaders of different thicknesses. The phone's 

dimensions were estimated based on the iPhone 11 Pro Max. The PoP configuration included a 30 



 

63 
 

μm epoxy mold compound (EMC) between the logic die and the memory substrate (see Fig. 6.1). 

I also investigated thicker heat spreaders; the details will be explained later. The thermal 

conductivity of the heat spreader is summarized in Table 6.1. For all the cases, I assume that the 

heat source of the logic die is located in a 3 x 3 mm2 area at the center of the 10 x 10 mm2 logic 

die with a power dissipation of 4W. 

 
 

  
Fig. 6.1. Diagram of the smartphone (left) and Package on Package (right) 

 
Table 6.1 Thermal conductivity of heat spreader materials 

Material In-plane thermal conductivity 
kr  (W/mK) 

Cross-plane thermal conductivity 
kz (W/mK) 

h-BN 200 20 

HOPG 1500 10 
 

I used the thermal resistance between the junction and ambient to evaluate the thermal 

performance of the integrated system. For both materials, the thermal resistance decreases with 

increasing thickness within the tested thickness range. However, there are significant differences 

between h-BN and HOPG.  

First, for h-BN, the maximum temperature is 121.52 ℃ for the original design and 111.96 

℃ for PoP with a 30 𝜇𝜇m h-BN heat spreader. The thermal resistance is reduced by 9.4% when 
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replacing the 30 𝜇𝜇m EMC between the logic die and memory substrate with h-BN. A 10 𝜇𝜇m h-BN 

reduces the thermal resistance by 4%. There are two options to apply h-BN thicker than 30 𝜇𝜇m. 

The PoP can either have a thinner logic die and maintain the original PoP thickness or have a larger 

overall PoP thickness while keeping the original die thickness. With a thinner logic die, the thermal 

resistance decreases with increasing h-BN thickness. However, the decreasing trend is less sharp 

in the 30 - 80 𝜇𝜇m range than in the 0 - 30 𝜇𝜇m range. By keeping the original logic die thickness 

and having a thicker PoP, 70 𝜇𝜇m h-BN results in a 16.3% reduction in thermal resistance, which 

is 27.9% better than having the same h-BN thickness but with a thinner logic die. For the range of 

thickness considered, it can be concluded that the thicker PoP is better than the thinner die for the 

integration of thick h-BN. This is because the Si substrate used in the logic die has high thermal 

conductivity, so a thicker a die can assist the heat spreading inside the die. 

In the second place, I considered HOPG, which has much higher in-plane thermal 

conductivity. With thickness in the range of 0 ~ 30 𝜇𝜇m, thicker HOPG results in lower thermal 

resistance. The thermal resistance with 30 𝜇𝜇m HOPG is 18.5 K/W, 27.2% lower than the original 

PoP, and 2.9 times reduction compared with 30 𝜇𝜇m h-BN. Although HOPG has lower cross-plane 

thermal conductivity than h-BN, the benefit of higher in-plane thermal conductivity makes HOPG 

a better heat spreader than h-BN. The result for both materials is summarized in Fig. 6.2. In short, 

replacing EMC between the logic die and memory with a heat spreader effectively improves the 

thermal performance of PoP. A thicker heat spreader results in lower thermal resistance, but there 

could be limitations on the maximum thickness of the heat spreader, which could be employed due 

to the constraints on the thickness of PoP or die. The thermal resistance is more sensitive to the in-

plane thermal conductivity of the heat spreader rather than the cross-plane thermal conductivity. 

HOPG has the best heat-spreading performance when compared to h-BN. 
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Fig. 6.2. Performance of h-BN heat spreader with a thickness of 0 ~ 80 𝜇𝜇m (left) and HOPG 
heat spreader with a thickness of 0 ~ 30 𝜇𝜇m (right) 

 

6.2. METHODS AND CHALLENGES TO TRANSFER h-BN ON OTHER SUBSTRATES 
 

Chemical vapor deposition (CVD) is the preferred method to fabricate large-area h-BN 

[100]. In this method, the substrate acts as a catalyzer for the growth of high-quality h-BN. Cu foil 

is the typical substrate to grow h-BN. I used CVD-grown 2 x 2 in2 multilayer h-BN (provided by 

2D Semiconductors) to perform the transfer experiments.  

The traditional transfer process requires fabricating a handling layer on top of the h-BN to 

provide structural integrity to the h-BN once the Cu substrate is removed. This handling layer is 

generally made of a polymer and should be removed once the h-BN is transferred [201]. An 

illustration of this process is presented in Fig. 6.3. 
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Fig. 6.3. Schematic of the transfer process of h-BN from Cu foil to a new substrate. 

 
Most of the reported transfer processes have been tested on graphene. The selection of the 

polymer in the transfer process of graphene is crucial because each one will require different 

solvents and processing conditions to keep the graphene as clean as possible and avoid polymer 

residuals, which can affect the final properties of the transferred materials [98]. The same behavior 

(change of properties because of polymer contamination) could be expected in h-BN. For this 

reason, I tested three different polymers to transfer h-BN. Samples of size ~ 10 x 10 mm2 of h-

BN/Cu were spin-coated with the polymers. The first polymer I tested was Poly(methyl 

methacrylate) (PMMA). PMMA is used as a benchmark because it was the first polymer tested to 

transfer graphene. Most of the reports on transferring 2D materials used PMMA. I prepared a 

solution of 5% wt. of PMMA (MW ~120,000 by Sigma Aldrich) in acetone (ACS reagent > 99.5% 

by Sigma Aldrich) using a magnetic stirrer for about 8 hours to allow for the complete dissolution 

of the PMMA. I spin-coated a ~ 500 nm thick PMMA layer. The second polymer I tested was 

Poly(bisphenol A carbonate). I prepared a solution of 5% wt. of PC (MW ~45,000 by Sigma 

Aldrich) in chloroform (Sigma Aldrich) using a magnetic stirrer for about 8 hours to allow for the 

complete dissolution of the PC. I spin-coated a ~ 1 µm thick PC layer. The third polymer that I 
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tested was rosin. I prepared a solution of 25% wt. and 50% wt. of rosin (Fischer Scientific) in ethyl 

lactate 97% (Fischer Scientific) using a magnetic stirrer for about 12 hours to allow for the 

complete dissolution of the rosin. None of the Rosin concentrations provided a strong enough 

polymer layer to have an acceptable transfer (i.e., the structural integrity of the samples was 

affected). In all cases, I removed the Cu foil by exposing the Cu/h-BN/polymer stack to a copper 

etchant (Ferric Chloride by Sigma Aldric) overnight. After rinsing and transferring the sample, I 

removed all polymers using their respective solvent baths for ~2 hours. Fig. 6.4 presents a 

qualitative comparison between different handling layers. 

  

  
Fig. 6.4. Qualitative comparison of the surfaces of h-BN with different handling polymer 
layers. (a) pristine h-BN on Cu. (b) h-BN transferred using PMMA as the handling layer. (c) 
h-BN transferred with PC. (d) h-BN transferred using rosin. Contamination and defects are 
evident in (b) and (c), whereas the sample is destroyed in (d) 

 
To complement the study on the transfer process, I used X-Ray photoelectron spectroscopy 

(XPS) to evaluate the atomic composition on the sample's surface. This study revealed that 

contamination (i.e., the presence of carbon atoms) is high in the samples. Fig. 6.5. shows typical 

a 

d 

b 

c 
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XPS curves for h-BN transferred using PMMA as the handling layer and the atomic composition 

calculated by the XPS software.  

  

 

 

Fig. 6.5. XPS results for a h-BN sample transferred with PMMA. The figure shows boron, 
nitrogen, and carbon curves and the estimated atomic composition obtained from the curves. 

 

I decided to move from h-BN to HOPG because of three main reasons. First, commercially 

available multilayered h-BN is not thicker than ~20 nm. A thicker h-BN heat spreader (in the µm 

order of magnitude) will require successive transfer processes to place h-BN layers one-on-top of 

the other, which cannot be transferred to industry because it would be costly and time-consuming. 

Second, even if thicker h-BN were available, simulations showed that the HOPG performance is 

superior when used in a chip package. Finally, although the steps seem simple, proper transfer of 

h-BN on Si wafer at a desired location is not a trivial task, and developing a proper in-house 

appropriate transfer process would have deviated from the actual purpose of this research, which 

is developing and testing heat spreaders. 

Atomic Composition: 

• B1s – BN: 20.19 % 
• N1s: 18.06 % 
• C1s: 36.98% 
• O1s: 18.29% 

• Si2p: 6.47% 
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6.3. APPROACHES TO REDUCE THERMAL RESISTANCE WITH HEAT SPREADERS 
MADE OF HOPG IN MICRO-ELECTRONICS: THE ROLE OF CYTOP AND NP-Cu 

 
6.3.1. HOPG Morphology and Shear Strength. 
 

I bonded HOPG samples (50 µm thick) to 5 x 5 mm2 Si substrates using metal-to-metal 

thermocompression with Au and Cu and adhesive bonding using CYTOP to evaluate the HOPG 

resistance to shear forces. Before surface preparation, I evaluated HOPG using an optical profiler 

(Zeta-20). These measurements revealed three aspects of the HOPG surface that must be 

considered for bonding. The first aspect is roughness. The surface is not uniform and has a root 

mean square value of ~300 nm. I used this value as a guide to decide the thickness of the bonding 

material. The second aspect is that some localized regions present deep valleys of ~ 10 µm. These 

valleys may not be controlled during HOPG fabrication and might affect the contact between 

HOPG and Si. The third aspect is the "waviness" (long rage deformation) of the sample. This 

deformation will correct itself during the thermocompression process. Fig 6.6 illustrates these 

affirmations. 

  
 

Fig. 6.6. Cross section of HOPG shows three types of irregularities on the surface: regular 
roughness, valleys, and waviness. The irregularities are randomly present all over the 

surface. 

 
For the metal-to-metal thermocompression, I deposited 500 nm of Au or Cu on HOPG and 

Si using an e-beam evaporator. I bonded the parts using a manual chip bonder using ~ 80 N at 300, 

roughness valley 

waviness 
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350, and 400 °C for 15 minutes and 20 minutes for Au-to-Au and Cu-to-Cu samples, respectively. 

For the case of adhesive bonding with CYTOP, I spin-coated CYTOP on Si (1 µm and 2 µm layers) 

and placed the samples to evaporate the solution for ~5 minutes at 150 °C. I bonded HOPG on 

these substrates using a vacuum laminator set at 1 MPa and 180 °C for 15 minutes. Once the 

samples were ready, I used a standard shear test to assess the mechanical performance of the 

bonding and examined both sides of the bond to study the fracture mechanism. 

Shear tests revealed that the maximum shear force for cleaving is ~1.5 kg, regardless of the 

bonding material. This result is counterintuitive because experiments that used metals as bonding 

materials were expected to have a better mechanical performance. However, further analysis of 

the samples under the microscope showed that HOPG delaminates. The weak Van der Waals 

forces that keep together the graphene layers that form HOPG are not strong enough to resist the 

shear force. In addition, images showed that among the delaminated HOPG, there were islands of 

"non-bonded" material. These non-bonded regions might affect the heat flow when HOPG is used 

as a heat spreader. Fig. 6.7 presents the comparison of the sizes of non-bonded regions. 

  
  

Fig. 6.7. Comparison of unbonded regions when bonded with different materials. (a) Au. 
(b) 2 µm CYTOP.  

 
 

b 

a b 
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6.3.2. Fabrication Methods 
 
I used an automatic dicing saw (DAD3360) to dice Si samples of 10 x 10 mm2 from 550 

µm thick 3-inch Si wafers. Then, I cut pieces of HOPG (Panasonic Pyrolytic Graphite Sheets), 

larger than the Si substrates, using scissors. The thickness of the HOPG was 80 µm (according to 

the manufacturer, the nominal thickness is 50 µm Panasonic) [202]. Before bonding, I cleaned 

both materials using acetone, methanol, and isopropyl alcohol and blow-dried with nitrogen. 

CYTOP bonding 

I diluted as-received CYTOP (9% polymer, 91% solvent, by weight) with its corresponding 

solvent in ~1:1 dilution ratio (by volume). I spin-coated this solution on the Si substrates (spin 

coating parameters: 500 rpm for 10 seconds and 1000 rpm for 20 seconds). The thickness of the 

films before bonding was ~1.5 µm. After spin coating, I evaporated the excess solvent by placing 

the samples on a hot plate at 100 °C for 2 minutes. After that, I employed a vacuum laminator 

(MVLP300/300 by Meiki) to bond HOPG with CYTOP-coated Si substrates. I applied a pressure 

of 0.7 MPa at 170 °C for 15 minutes.  

NP Cu fabrication 

One of the options to bond HOPG with Si substrates is using NP-Cu. The fabrication of 

NP-Cu involves a process known as de-alloying, which is a selective dissolution method used to 

remove one or more components from an alloy. A general description of the fabrication process is 

as follows: 

1. Evaporation of seed layer: I successively deposited 100 nm of titanium and 200 nm of 

copper on a 550 µm-thick silicon wafer using electron-beam evaporation (I used the 

Denton Explorer electron-beam evaporator in all evaporation processes) 

2. Dicing: I diced the silicon wafers into 20 x 40 mm2 rectangles using a disco dicing saw to 

facilitate control over the electrical parameters used during the electroplating process. 
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3. Electroplating / Alloy Preparation: I deposited an alloy of copper/zinc on the substrates by 

electroplating. The bath consisted of 0.01 M Cu, 0.15 M Zn, and 0.25 M Pyrophosphate in 

3.5 liters of deionized water, using a potentiostatic process with a zinc counter electrode. 

More details on the chemistry of the bath can be found at [203]. I set the plating time to ~ 

2 hours to obtain Cu/Zn layers between 1 and 2.5 µm. The alloy composition was 

maintained around 80%Cu/20% Zn and not higher than 90%Cu/10% Zn to reduce the de-

alloying time (next step) and maintain a Zn content as low as possible (lower than 5%) 

after de-alloying. 

4. Dicing: I diced the electroplated substrates using a disco dicing saw to have 10 x 10 mm2 

samples.  

5. Selective Dissolution (De-alloying):  The next step involves subjecting the alloy to a 

chemical de-alloying process. I placed the samples in diluted 0.05 M HCl for ~ 1 hour. 

This process dissolves most of the Zn in the alloy, creating nano-ligaments in the structure. 

6. Washing and Drying: Once the de-alloying process is complete, I thoroughly washed the 

NP-Cu by rinsing it in two successive baths of deionized water and leaving it in the open 

air for drying. 

The fabrication of NP-Cu with desired composition (~80 % Cu / 20% Zn) and morphology 

(nano-ligaments) required studying the parameters that affect these characteristics. In the first 

place, there is an inverse correlation between the current density and the alloy composition. A 

higher current density (more negative) correlates with a smaller Cu composition in the alloy. In 

our experiments, the average current density (not considering the first 10 minutes that takes the 

current to stabilize) was ~ -0.625 mA/cm2 to obtain a ~80%Cu/20%Zn composition. Fig. 6.8. 

presents the correlation between the copper composition and the current density. 
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Fig. 6.8. Correlation between the copper composition in the alloy and the current density. 

 
Once I fabricated the NP-Cu samples, I examined them using a scanning electron 

microscope (SEM) to assess the link between the alloy composition and the final morphology after 

de-alloying. The de-alloying time and the alloy's initial composition impact the final morphology 

of the nanostructures. Fig. 6.9 compares alloys with different compositions when the de-alloying 

time was ~ 1 hour, whereas Fig. 6.10 shows the de-alloying time impact on the morphology. 

 

 



 

74 
 

  
Fig. 6.9. Comparison between an 82%Cu / 18% Zn alloy (left) and a 90% Cu / 10% Zn alloy 
in SEM images taken from the top. The structures on the left resemble an interconnected 
network of ligaments, whereas those have disappeared in the right image, which means that 
the sample shown on the right is "too de-alloyed." The scale bar is 200 µm. 

 

  
Fig. 6.10. Comparison between an 82%Cu / 18% Zn alloy, whose de-alloying times were ~ 1 
hour (left) and 1 hour 45 minutes (right) in SEM images taken from the top. The ligaments 
have disappeared in the sample on the right. Both images have a magnification of ~45KX. 

 
Finally, two common problems might happen during NP-Cu fabrication and be avoided 

with a proper cleaning protocol. The first problem is the formation of crystals on the top surface 

of the sample. I observed crystals, whose composition is ~ 60% Cu, 25% Cl, and 15% other 

elements, on the sample's surface if the HCl acid used for de-alloying remains on the sample. In 

this case, the sample is unusable because of the contamination. The second problem is that a too-
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aggressive cleaning protocol (using pressured deionized water, for example) might delaminate the 

NP-Cu from the seed layer. Fig. 6.11 illustrates these problems. 

 

 

 

 
Fig. 6.11. Problems presented during NP-Cu fabrication due to improper cleaning protocols. 
If the samples are not adequately cleaned, the remaining HCl will form crystals on the 
surface (right), whereas a too-aggressive cleaning protocol might delaminate the NP-Cu from 
the seed layer (right) 

 
Metallization of HOPG 

To bond a silicon substrate with HOPG using NP-Cu, HOPG must have a copper seed layer 

for Cu-Cu bonding with the NP-Cu fabricated on the silicon substrate. For this reason, I evaporated 

100 nm of Ti and 200 nm of Cu on previously cleaned (with acetone, methanol, and isopropyl 

alcohol) HOPG. After metallization, I cut ~ 12 x 12 mm2 pieces with scissors.  

 

Bonding Si/NP-Cu to metallized HOPG. 

The bonding process started with the copper oxide control on the parts. It is recommended 

that the bonding be performed under forming gas environment. However, due to tool constraints, 

I emulated the process by dipping both parts in a solution containing 33% formic acid in isopropyl 

alcohol [203]. After that, I assembled both parts (Si/NP-Cu and HOPG with the Cu seed layer) 

using a C-clamp [204] that provided a force of ~ 900 lb. This force is ~ 40 MPa when 10 x 10 mm2 
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samples are employed. The assembly was introduced in a vacuum oven and sintered at 200 °C for 

30 minutes. Some experiments were performed at 250 °C and 300 °C but were unsuccessful. I 

speculate that higher temperatures exacerbate copper oxide formation, and the formic acid solution 

does not properly work at higher temperatures. On the other hand, all samples bonded at 200 °C 

were successful (i.e., the parts stayed bonded after the removal of the c-clamp) 

HOPG bonded to Si substrates using epoxy. 

After dicing 10 x 10 mm2 Si substrates, I used screen printing to apply ~110 µm of epoxy 

TIM (8329TFS Thermally Conductive Adhesive). After that, I manually pressed pieces of HOPG 

on the Si/epoxy sample until both parts bonded. Finally, I cured the samples at 80 °C for 6 hours 

in an oven. 

Fabrication of samples for thermal tests 

Since the transient thermal tests require a pulsed power source, I utilized power diodes as 

active devices to generate heating power, allowing us to monitor the evolution of the TSP during 

the cooling process. I bonded the 10 x 10 mm2 samples (HOPG/Si) to the backside of a power 

diode (RFUH5TF6S by Rohm semiconductor) using double-sided tape (Thermally Conductive 

Adhesive Transfer Tapes 8805 by 3M). Then, that stack was attached to a 60 x 60 mm2 FR4 board 

to provide the electrical connections needed to perform the tests. Half of the samples had an extra 

double-sided tape attached to the FR4 board to perform the experiments according to the JEDEC 

JESD51-14 (see characterization methods section). An illustration of the samples is presented in 

Fig. 6.12. 
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Fig. 6.12. Representation of samples used for the thermal tests. Epoxy, CYTOP, or NP-Cu 
are used between the Silicon and HOPG layers. Double-sided tape is used to bond the 
Si/bonding material/HOPG stack on the backside of a power diode. To perform the 
experiments, half of the samples have an extra double-sided tape layer (right) to attach the 
stack to the FR4 board. 

 
6.3.3. Thermal assessment of HOPG bonded with CYTOP and NP-Cu. 

 
Even though the purpose of this work is the thermal characterization of the samples, I 

performed a simple peeling test to characterize the morphology of the joint bonding 

materials/HOPG. The results showed mechanical failure in the HOPG, not at the interface. Being 

a group of graphene layers, one on top of the other, bonded by weak Van der Waals forces, HOPG 

delaminates. Most of the regions on the surface area of the delaminated samples presented 

delaminated HOPG with some "unbonded areas" where both CYTOP and NP-Cu are visible. Fig. 

6.13 presents these results. 

  
Fig. 6.13. Comparison between delaminated samples bonded with CYTOP (left, SEM image) 
and NP-Cu (right, optical microscope image) taken from the top. The inset in the right figure 
shows a magnified area with NP-Cu and HOPG. Most of the area is covered by delaminated 
HOPG with "unbonded areas" scattered on the surface of both samples. These unbonded 
areas are bonding defects that might affect thermal performance. The scale bar is 100 µm. 
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After describing the bonded interface's morphology, I measured the thermal performance. 

The first step to obtaining a thermal transient curve for an electronic component is to calibrate the 

device under test (DUT) with accurate thermal measurements. This calibration was achieved by 

applying a small constant sensor current (100 mA) to the DUT and monitoring the change in 

voltage with temperature. The calibration process covered a temperature range of 20°C to 60°C, 

resulting in a K-factor of -2.384 mV/°C. The K-factor represents the correlation between the 

forward voltage at a constant forward current and the junction temperature.  

Once I calibrated the samples, the first experiment involved measuring the diode package 

to compare it with the value reported in the datasheet. The value calculated at the separation point 

of the two structure functions (see Figs. 10 and 11) was 2.34 K/W. In contrast, the published value 

is 2.5 K/W [205] (~ 6% higher than the published value). In consequence, the values calculated 

using these experiments can be trusted. Fig. 6.14 shows the comparison between curves with and 

without the additional thermal resistance using our adaptation of the method employed in the 

JEDEC JESD51-14 standard to determine the thermal resistance of the power diode package. 

  
  

Fig. 6.14. Comparison of the structure functions (left) and the derivative of the structure 
functions (right) of two power diodes, without and with an additional double-sided tape to 
attach the sample to the FR4 substrate and use the procedure established in the JEDEC 
JESD51-14 standard for the measurement of the junction-to-case thermal resistance of 
semiconductor devices with heat flow through a single path. The separation point indicates 
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the value of the package's thermal resistance. The separation is more apparent in the right-
side plot. 

 
The following experiment attempted to measure the thermal resistance of the tape/silicon 

substrate thermal resistance. The sample comprises three layers: the power diode, the double-sided 

tape, and the silicon substrate (this stack will be called PD/DT/Si). The results indicate that the 

stack PD/DT/Si has a thermal resistance of 4.25 K/W, and given that the thermal resistance of the 

power diode is 2.34 K/W, the thermal resistance of the double-sided tape/silicon stack is 1.91 K/W. 

The thickness of the Si substrate was 500 µm, and assuming a thermal conductivity of 130 W/m-

K, the theoretical thermal resistance is 0.04 K/W. In consequence, the experimental thermal 

resistance of the double-sided tape is 1.87 K/W. On the other hand, the theoretical thermal 

resistance of the double-sided tape is 2.08 K/W (thermal conductivity: 0.6 W/m-K, thickness: 

0.125 mm, size: 10 x 10 mm2), which is ~10% higher than the experimental thermal resistance.  

To measure the thermal resistance of the epoxy/HOPG stack, I used a sample consisting of 

the power diodes, the double-sided tape, the silicon substrate, the epoxy layer, and HOPG (this 

stack will be called PD/DT/Si/E/HOPG). The thermal resistance of the stack PD/DT/Si/E/HOPG 

was 5.57 K/W. Since the thermal resistance of the stack PD/DT/Si was 4.25 K/W, the thermal 

resistance of the stack epoxy/HOPG was 1.32 K/W. The theoretical thermal resistance attributed 

to the epoxy layer was 0.92 K/W (thermal conductivity: 1.2 W/m-K [128], thickness: 110 µm, 

size: 10 x 10 mm2), whereas the theoretical thermal resistance attributed to the HOPG was 0.11 

K/W (thermal conductivity: 7.1 W/m-K [11], thickness: 80 µm, size: 10 x 10 mm2) 

Given that the structure of samples that use CYTOP and NP-Cu as bonding materials is the 

same as the one that uses epoxy, I obtained the thermal resistance by direct comparison of the total 

thermal resistance presented in the structure function obtained for the epoxy sample and the 

structure functions obtained for the CYTOP and NP-Cu samples. The results indicated that the 
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total thermal resistance for the CYTOP and the NP-Cu samples were 0.15 K/W and 0.42K/W 

lower than the total thermal resistance for the epoxy sample. Since the thermal resistance of the 

stack epoxy/HOPG was 1.32 K/W, the thermal resistance was 1.17 K/W for the CYTOP/HOPG 

stack and 0.90 K/W for the NP-Cu/HOPG stack. In the case of CYTOP, the theoretical thermal 

resistance attributed to the CYTOP layer was 1.22 K/W (thermal conductivity: 0.12 W/m-K [206], 

thickness: 1.5 µm, size: 10 x 10 mm2). In the case of NP-Cu, thermal conductivity has not been 

widely reported because it depends on the degree of sintering. However, assuming that the NP-Cu 

is non-sintered (worst case scenario), the theoretical thermal resistance attributed to the NP-Cu 

was 0.0001 K/W (thermal conductivity: 176.5 W/m-K [138], thickness: 2 µm, size: 10 x 10 mm2) 

By comparing the experimental and theoretical values of the total thermal resistances of 

the bi-layers bonding material/HOPG, I can estimate the contact resistance at the interface of each 

material. For example, the theoretical thermal resistance for HOPG is 0.11 K/W, and the theoretical 

thermal resistance for the CYTOP layer is 0.12 K/W. Given that the experimental thermal 

resistance for the stack HOPG/CYTOP is 1.17 K/W, the thermal resistance at the interface 

CYTOP/HOPG is 0.94 K/W (1.17 – 0.11 – 0.12 = 0.94 K/W). Then, the contact resistance is 

calculated by multiplying the thermal resistance by area, i.e., 100 mm2 (10 x 10 mm2). A summary 

of the results is presented in Table 6.2. In the case of epoxy, the thermal resistance is dominated 

by the material itself, whereas for CYTOP and NP-Cu, the thermal resistance is dominated by the 

contact resistance. The results indicate that although significant room exists to fully optimize the 

bonding conditions for the CYTOP and NP-Cu cases (e.g., the contact resistance is higher than 

when using epoxy), the total thermal resistance is lower than the current industry practice. 
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Table 6.2. Summary of thermal resistance values for the different options of bonding 
material 

Stack of 
Materials 

Thermal 
Resistance  

[K/W] 

Total 
Equivalent 

Contact 
Resistance  

x 10-5[m2 K/W] 

Contact 
Resistance at 
the interface  

Bonding 
Material/HOPG 
x 10-5[m2 K/W] 

Equivalent 
Contact 

Resistance not 
including 

HOPG  
x 10-5[m2 K/W] 

Epoxy/HOPG 1.32 13.20 2.90 12.10 
CYTOP/HOPG 1.17 11.70 9.40 10.60 
NP-Cu/HOPG 0.90 9.00 7.90 7.90 

 
To understand the reasons why the thermal contact resistances are higher than expected, 

especially for the NP-Cu sample (which is the material with the most industrial interest), I cross-

sectioned (~ 30 µm long) NP-Cu samples using a focused ion beam (FIB). I obtained images using 

the SEM to study the sintering and bonding quality. I studied a sample bonded at 200 °C, whose 

HOPG did not de-bond during manipulation. The cross-section (Fig. 6.15) revealed that the sample 

has three distinctive regions: a bonded region, a fractured region (i.e., the region that might have 

been bonded but started to separate in the NP-Cu/HOPG interface, and a non-bonded region. It 

might be expected that these three regions are uniformly scattered over the whole sample surface 

because the HOPG remained attached to the Si substrate. However, whether the partially bonded 

and un-bonded regions appeared because of the peeling force applied to study the samples is 

unclear. Also, I noticed that NP-Cu did not fully densify, which might result from insufficient 

sintering time or the lack of an appropriate bonding environment (i.e., not bonded under a reducing 

environment). Finally, the separation between the HOPG and the Si substrate happens at the 

interface between the HOPG and Ti/Cu-seed layer (i.e., the seed layer remains bonded to the NP-

Cu, but the seed layer separates from the HOPG. This phenomenon has been previously reported 

in  [207-210].  
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Fig. 6. 15. Cross section of a sample bonded at 200 °C. The detail a. shows a fractured region 
where the HOPG started to separate from the NP-Cu layer. The detail b. shows a bonded 
region with no gaps between HOPG and NP-Cu. Detail c. shows an un-bonded region with a 
wide gap between the HOPG and the NP-Cu. The scale bar for the image is 5 µm, whereas 
that for the insets is 2 µm. 

Using the bonding solutions presented in this work, I simulated a hot spot on a silicon 

substrate's backside to predict the behavior of devices that might incorporate HOPG as a heat 

spreader. The power density was 250 W/cm2. The development of this simulation model followed 

a similar approach outlined in [127] and [124]. The thermal contact resistance values used at the 

HOPG/Si substrate correspond to the "Equivalent Contact Resistance, not including HOPG" 

(presented in Table 6.2). This value was calculated by subtracting the theoretical HOPG thermal 

resistance (0.11 K/W) from the experimental HOPG/contact resistance/bonding material stack and 

multiplying the result by 100 mm2 (10 x 10 mm2). In contrast, the thermal conductivity of the 

materials was as follows: in-plane HOPG: 1300 W/m-K, though-plane HOPG: 7 W/m-K, silicon: 

130 W/m-K, package: 2 W/m-K. Fig. 6.16 presents the configuration for this simulation. 
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Fig. 6.16. Schematic of the model used for the simulation. 

 
The results indicated that the hot spot temperatures were 83.2, 82.2, and 79.7 °C when 

using epoxy, CYTOP, and NP-Cu as bonding layers, respectively. Given that the bonding quality 

between HOPG and NP-Cu could be improved, a reduction in the thermal contact resistance would 

follow. If the thermal contact resistance between HOPG and NP-Cu reduces between five to ten 

times, the hot spot temperature would be 64.1 and 58.7 °C, respectively. Although the ideal 

bonding conditions for CYTOP and NP-Cu are yet to be found to decrease the thermal contact 

resistance at the interface, the temperature of the hot spot decreased with both proposed solutions, 

which indicates that HOPG bonded with NP-Cu to substrate could be a promising approach to 

develop heat spreaders for hot-spot thermal management. 

In summary, I explored using h-BN and HOPG as heat spreaders for the thermal 

management of mobile electronic devices through simulations and experiments. First, I concluded 

that the development of h-BN (market availability, large-scale transferring, and other factors) is 

not mature enough to be considered in the short term a viable heat spreader. For this reason, I 

focused on comparing and developing methods to bond HOPG on silicon substrates. I used epoxy, 

CYTOP and NP-Cu as bonding materials and estimated the thermal resistance of the different 

materials. The results indicated that despite the bonding process with NP-Cu still needs 
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improvement, the lower thermal resistance of this material makes it a good candidate to attach 

HOPG to the back side of silicon microprocessors.  
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CHAPTER 7: SUMMARY AND FUTURE WORK 
 
7.1. SUMMARY OF THE DISSERTATION 

In this work, I studied the thermal properties of different materials for emerging electronics. 

Here I present a summary of the results. 

(1) I studied the thermal conductivity of β-Ga2O3 thin films grown on sapphire and silicon 

carbide substrates by molecular beam epitaxy using TDTR and the iterative solution of the BTE. 

I used AFM and TEM to measure the grain size of β-Ga2O3 and the linear defect density of the 

samples, respectively. With that information, I compared the measured values with theoretical 

results and estimated the defect densities (vacancies and dislocations) that might have been created 

during growth. Finally, I used the DMM to predict the TBC between the material and the substrate 

to explain the experimental results better. The most relevant lesson from this section is that the 

fabrication conditions strongly affect the structure-properties relations of epitaxially grown 

materials. Unfortunately, the experiments to estimate the atomic scale defects might be complex, 

and the equipment for these experiments can be costly and not widely available. Consequently, the 

method proposed in this work (i.e., the combination of thermal measurements with atomic scale 

thermal modeling) can be used to study the effects of different types of defects on the thermal 

conductivity of epitaxially grown β-Ga2O3, which can help in accelerating the development of high 

quality of this material.  

(2) I explored the thermal conductivity of materials used in memristors’s electrodes using 

FDTR because of the importance of reduced thermal conductivity of the electrode material of 

memristors in enhancing their performance. I focused on measuring the thermal conductivity of 

different Ti-containing materials, including TiN, Ti2AlN (cubic phase), Ti2AlN (hexagonal phase), 

and Ti2AlN (MAX Phase). The results indicated that replacing TiN with Ti2AlN (MAX Phase) as 
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the material for HfO2-based memristors will improve memristors' performance. In addition to the 

estimation of the thermal properties, these experiments showed me the versatility of the FDTR 

method over the TDTR method because I could estimate the in-plane thermal conductivity of the 

anisotropic materials with the same set of data without having to rely on modified methods (e.g., 

elliptical beams, beam offset measurements, and others). 

(3) I used machine learning models to analyze the FDTR data and predict the thermal 

conductivity of materials. I tested two different ANN architectures and found that predicting four 

parameters simultaneously is challenging for the current ML models. Despite the models requiring 

further exploration and optimization of the architecture and the hyperparameters, the estimations 

are within the range of the values estimated using traditional fitting. This section highlights that it 

is difficult to create a general ML model for most materials with enough accuracy to deal with an 

ample range of physical properties and dimensions. Different models will be required for different 

applications (e.g., anisotropic materials, high thermal conductivity materials (~> 500 W/mK), low 

thermal conductivity materials (< 5 W/mK), among others) if high accuracy is required.  

(4) I compared the suitability of using h-BN and HOPG as heat spreaders for silicon chips 

in mobile devices and discussed the advantages and drawbacks of these materials. For that purpose, 

I proposed replacing the epoxy mold compound (EMC) between the logic and memory in PoP 

configuration with h-BN or HOPG. I studied this alternative by FEM simulations. The results 

showed that HOPG outperformed h-BN for heat management. In addition, I explored different h-

BN transfer methods to study the adaptability of these research laboratory methods for industrial 

processes. Ultimately, I concluded that HOPG is a better candidate for heat spreaders in Si chips. 

The main lesson learned is that the h-BN-related technology needs to be mature enough to be 

implemented in thermal management applications. The main drawbacks are the impossibility of 
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fabricating thick, high-quality h-BN and the complications of adapting the current transfer 

practices to industrial processes. 

(5) I employed CYTOP and NP-Cu to bond HOPG heat spreaders on Si substrates and 

presented an adaptation of the method employed in the JEDEC JESD51-14 standard to determine 

the thermal resistance of the power diode package. The results indicated that, despite the best 

bonding conditions are yet to be found, both strategies to reduce the thermal resistance, reducing 

the BLT (CYTOP) and increasing the thermal conductivity of the bonding material (NP-Cu), are 

interesting options that require further analysis. The current use of NP-Cu in the semiconductor 

industry is for making copper-to-copper interconnections. To the best of my knowledge, this is the 

first time that a flexible material (HOPG) is bonded to a rigid substrate (Si) using a nanoporous 

metal (NP-Cu) and that NP-Cu is employed for large-area bonding (10 x 10 mm2 samples). In 

consequence, this work opens a new applied research field to use nanoporous metals to bond large 

areas in the semiconductor industry.  

7.2. FUTURE WORK 

The following section presents ideas to expand the research I performed for this 

dissertation. 

7.2.1. Thermal properties of epitaxially-grown Ga2O3 

The quality of the Ga2O3 I measured was not electronic-grade because the growing 

conditions were not optimized. This is one of the reasons why the defects in the crystalline 

structure significantly decrease the thermal conductivity. It would be interesting to extend this 

study by exploring how varying the method and MBE growth conditions (like temperature, 

pressure, and deposition rate) impact the thermal conductivity of β-Ga2O3 using the framework I 
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proposed. The emphasis would be on how these variations influence defect formation and grain 

size and, in turn, affect the thermal properties. Such research would pave the way to the fabrication 

of high-quality electronic devices made with heteroepitaxial grown Ga2O3 that incorporates a high 

thermal conductivity substrate for the thermal management of the devices.  

7.2.2. ML methods for data analysis of FDTR experiments 

Despite its wide use, ML-based applications to solve thermal problems are still in its 

infancy. Specifically, even when generalized models have been presented for the analysis of data 

obtained by TDTR or FDTR, the performance for the prediction of more than three parameters is 

yet to be improved. Future research should focus on optimization of the hyperparameters and 

architecture, studying the relative importance of the input data provided for training (i.e., study if 

phase delay is enough or if more data, such as known parameters, can improve the prediction), and 

the implementation of methods to remove un-realistic (i.e., a combination of properties that do not 

exist in materials) data points form the training set. Incorporating physics-based algorithms to 

prepare the training data is a definite step forward. Otherwise, the models might be trained with 

physically unrealistic data (e.g.., physical properties of materials that do not exist in nature). If 

progress is made in these areas, ML has the potential to become a powerful tool to estimate the 

thermal properties of new materials accurately. 

7.2.3. HOPG as a heat spreader for the thermal management in mobile electronics 

The study of the bonding process of HOPG for heat-spreading applications with CYTOP 

and NP-Cu highlighted the challenges and potential limitations associated with using these 
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materials and the need for further research and development to optimize bonding techniques. In 

the first place, there is a need to explore different bonding parameters such as temperature, 

pressure, and bonding environment to achieve reliable and uniform bonding between NP-Cu and 

HOPG and investigate the effect of sintering time and reducing environments on the densification 

of NP-Cu. In the second place, further optimizing the dealloying process to achieve precise control 

over the morphology and porosity of NP-Cu and scaling up this process for industrial applications 

is required. In third place, studying the long-term reliability and stability of the bonded HOPG and 

substrate assembly under various operating conditions must be tested. This can involve subjecting 

the assembly to thermal cycling, mechanical stress, and humidity to assess its durability and 

performance over time. Fourth, given the inherent HOPG interlayer weakness, studying different 

alternatives to improve both the interlayer strength and the Cu seed layer/HOPG bonding force to 

increase the mechanical reliability of the heat spreader is needed. If the bonding and HOPG 

mechanical properties challenges are addressed, the next natural step would be exploring the 

potential of integrating other functional materials or structures with HOPG for enhanced thermal 

management. This can include incorporating heat pipes, microchannels, or other cooling 

mechanisms to improve heat dissipation and temperature uniformity. Given that the current 

bonding technology is one of the bottlenecks for the thermal management of mobile 

microprocessors, the development of nanoporous metals-based bonding techniques will facilitate 

the incorporation of more powerful and reliable microprocessors into consumer products. 
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APPENDIX A: SUPPLEMENTARY MATERIAL FOR CHAPTER 4 
 
A.1. DETAILS OF THE TDTR SYSTEM 

This information has been taken from [211]. The TDTR two-color system consist of a 

Spectra Physics Ti:Sapphire (λ=800 nm, 40 nJ/pulse) laser with ~150 fs pulse width and a 

repetition rate of ~80 MHz. The beam is split in a probe and a pump beam. The frequency 

modulation of the pump beam can be controlled by an electro-optical modulator, and is doubled 

using a BiBO crystal. The probe beam enters a double-pass delay stage before merging its path 

again with the pump beam. Both collinear beams were focused by a 10X objective lens on the 

sample. On the surface of the sample, the pump radius was ~9.95 µm, while the probe radius was 

~6.2 µm. The TDTR setup used in this work has available six filters that correspond to 1.2, 2.2, 

3.6, 6.3, 8.8 and 11.6 MHz for the modulation frequency. Based on the sensitivity analysis, the 

data obtained at modulation frequencies of 8.8 and 11.6 Mhz were used for the samples grown on 

sapphire and SiC, respectively. 

For the thermal properties of the susbtrates, I used 2-layered samples to measure these properties. 

In the case of SiC the through-plane and in-plane thermal conductivities were estimated to be 301.4 

± 36.2 W/m-K and 387.3 ± 46.5 W/m-K, respectively. In the case of sapphire the  thermal 

conductivity was measured as 27.3 ± 2.0 W/m-K. These thermal conductivity values are in the 

range of the values published in [212, 213]. In addition, the values for the heat capacity were taken 

from published literature and were 778.8 J/kg-K, 669.3 J/kg-K and 484.8 J/kg-K for sapphire 

[214], SiC [215] and Ga2O3 [216], respectively. Finally, the thermal conductivity of a thin film Al 

transducer was estimated using the four-point collinear probe method to measure the electrical 

sheet resistivity and converting that to thermal conductivity using the Wiedemann-Franz Law, and 

it was measured as 170 W/m-K.  
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All measurements were performed in the Prof. Samuel Graham’s laboratory by Diego Vaca and 

Luke Yates.  

A.2. METHODS TO CALCULATE UNCERTAINTY 

One of the challenges while using TDTR is the selection of the appropriate experimental 

conditions, considering sensitivity with respect to different parameters and how they affect the 

determination of unknown parameters, i.e., the thermal conductivity and the TBC for the present 

analysis. More details about the sensitivity analysis of TDTR can be found in our previous 

publication [23]. For the case of  thermal conductivity, the sensitivity is high enough to conclude 

that the experimental conditions used in the measurements were adequate to estimate an accurate 

value. However, the sensitivity to TBC is low for these experimental conditions. Because of the 

low sensitivity of the TBC values, the uncertainty of those measurements was estimated using two 

methods. The first method is a traditional method which uses a mathematical expression employed 

in [183]. The second method was a Monte Carlo method [75], which uses a population of 1000 

data sets, randomly chosen from a normal distribution. Each data set is fitted with a different group 

of model parameters to generate a random distribution of possible results. Once the distribution of 

possible results is obtained, the value that is at the 50th percentile of the distribution is taken as the 

mean value, whereas the values at the 5th percentile and the 95th percentile were the lower and 

upper bounds, respectively. 

 

A.3. CALCULATIONS OF THE LATTICE THERMAL CONDUCTIVITY IN THE (-201) 

DIRECTION 

The procedure to calculate the thermal conductivity is described in [176]. In summary, 

after calculating the IFC’s, I solved the linearized form of the Boltzmann Transport Equation 
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(BTE) using ShengBTE [168], that requires sets of second-order and third-order force constants. 

ShengBTE uses Eqs. A1a and A1b to calculate the thermal conductivity tensor 

                                             𝜅𝜅𝑙𝑙
𝛼𝛼𝛼𝛼 = 1

𝑘𝑘𝐵𝐵𝑇𝑇2Ω𝑁𝑁
∑ 𝑓𝑓𝑜𝑜(𝑓𝑓𝑜𝑜𝜆𝜆 + 1)( ℏ𝜔𝜔𝜆𝜆)2𝑣𝑣𝜆𝜆

𝛼𝛼𝐹𝐹𝜆𝜆
𝛽𝛽                                           (A1a) 

                                                                        𝐹𝐹𝜆𝜆 = 𝜏𝜏𝜆𝜆
0(𝑣𝑣𝜆𝜆 + Δ𝜆𝜆)                                                              (A1b) 

where κ is the component of the tensor of the thermal conductivity in the cartesian direction 

α and β, kB is the Boltzmann constant, T is the temperature, Ω is the volume of the unit cell, N is 

the number of discrete points of a regular grid in the Brillouin zone (N = N1 x N2 x N3 q points with 

q being the wave vector), λ is the phonon mode,  fo is the equilibrium Bose-Einstein, ℏ is de 

modified Plank constant, ω is the frequency, 𝑣𝑣 is the group velocity, F is a linearized form of the 

BTE, τ is the relaxation time, v is the group velocity and ∆ is a term that measures how much or 

the population of a specific phonon mode deviates from the relaxation time approximation. 

The software calculates the thermal conductivity tensor for the Ga2O3 crystal structure in this form: 

𝜅𝜅𝑖𝑖𝑖𝑖 = �
𝜅𝜅𝑥𝑥𝑥𝑥 𝜅𝜅𝑥𝑥𝑥𝑥 𝜅𝜅𝑥𝑥𝑥𝑥
𝜅𝜅𝑦𝑦𝑦𝑦 𝜅𝜅𝑦𝑦𝑦𝑦 𝜅𝜅𝑦𝑦𝑦𝑦
𝜅𝜅𝑧𝑧𝑧𝑧 𝜅𝜅𝑧𝑧𝑧𝑧 𝜅𝜅𝑧𝑧𝑧𝑧

�                                                              (A2) 

The directions (100) and (010) coincide with 𝑥𝑥� and 𝑦𝑦�, respectively, whereas (001) is at an 

angle β with respect to 𝑥𝑥� and orthogonal to 𝑦𝑦�. 

For example, the tensor that I obtained for the 81 nm-thick samples was (units are W/m-

K): 

 

𝜅𝜅𝑖𝑖𝑖𝑖 = �
5.94 0 0.14

0 12.93 0
14.33 0 8.06

� 

 

For the calculation of the thermal conductivity in the (-201) direction I used Eq. A3 
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𝜅𝜅(−201) =  𝐾𝐾𝑥𝑥𝑥𝑥 𝑠𝑠𝑠𝑠𝑠𝑠2𝛾𝛾 +  𝐾𝐾𝑥𝑥𝑥𝑥 𝑠𝑠𝑠𝑠𝑠𝑠 2𝛾𝛾 + 𝐾𝐾𝑧𝑧𝑧𝑧 𝑐𝑐𝑐𝑐𝑐𝑐2𝛾𝛾                                                           (A3) 

 

where γ = 167.7 °, that corresponds to the angle between 𝑥𝑥� and (-201) 

Using Eq. A3 and the tensor for the 81 nm-thick sample, the thermal conductivity I 

calculated in the (-201) direction was 7.9 W/m-K. The same approach was followed for the 119 

nm-thick sample. 

For the calculation of the reduced thermal conductivity as a consequence of the defects, I 

introduced the respective scattering rates before obtaining the thermal conductivity tensor. 

 

A.4. CALCULATIONS OF THE DMM MODEL 

For the calculation of the thermal boundary conductance for energy moving from material 

1 (Ga2O3) to material 2 (substrate), ℎ𝐵𝐵𝐵𝐵1→2, I employed the approach found in [217] (Eq. A4), where 

the integration is done in the wave vector space. 

                                        ℎ𝐵𝐵𝐵𝐵1→2 = 1
8𝜋𝜋2

∑ ∫ ℏ𝜔𝜔𝑗𝑗,1(𝑞𝑞)𝑞𝑞𝑗𝑗,1
2 �𝑣𝑣𝑗𝑗,1(𝑞𝑞𝑗𝑗,1)� 𝑑𝑑𝑑𝑑𝑜𝑜

𝑑𝑑𝑑𝑑
𝜁𝜁1→2𝑑𝑑𝑑𝑑𝑗𝑗,1𝑞𝑞𝑗𝑗,1𝑗𝑗                            (A4) 

Where the summation is performed over the all phonon branches, j, ℏ is de modified Plank 

constant, fo is the equilibrium Bose-Einstein distribution, q is the wave vector, ω is the frequency, 

𝑣𝑣 is the group velocity defined as dω/dq, and 𝜁𝜁1→2 is the transmission coefficient from material 1 

to material 2. The transmission coefficient was calculated with Eq. A5. 

𝜁𝜁1→2(𝑇𝑇) =  
∑ ∫ ℏ𝜔𝜔𝑗𝑗,2(𝑞𝑞)𝑞𝑞𝑗𝑗,2

2 �𝑣𝑣𝑗𝑗,2(𝑞𝑞𝑗𝑗,2)�𝑓𝑓𝑜𝑜𝑑𝑑𝑑𝑑𝑗𝑗,2𝑞𝑞𝑗𝑗,2𝑗𝑗

∑ ∫ ℏ𝜔𝜔𝑗𝑗,2(𝑞𝑞)𝑞𝑞𝑗𝑗,2
2 �𝑣𝑣𝑗𝑗,2(𝑞𝑞𝑗𝑗,2)�𝑓𝑓𝑜𝑜𝑑𝑑𝑑𝑑𝑗𝑗,2𝑞𝑞𝑗𝑗,2𝑗𝑗 +∑ ∫ ℏ𝜔𝜔𝑗𝑗,1(𝑞𝑞)𝑞𝑞𝑗𝑗,1

2 �𝑣𝑣𝑗𝑗,1(𝑞𝑞𝑗𝑗,1)�𝑓𝑓𝑜𝑜𝑑𝑑𝑑𝑑𝑗𝑗,1𝑞𝑞𝑗𝑗,1𝑗𝑗
          (A5) 

Equations A4 and A5 require the knowledge of the phonon dispersion curves of each 

material. These curves where obtained from first principles calculations in the case of Ga2O3 and 

from the Materials Project web site, in the case of SiC and sapphire. The discrete phonon dispersion 
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curves where fit to a 4th order polynomial equation for each phonon branch, and these relations 

were used to obtain all the inputs needed to calculate the TBC. 

  



 

95 
 

REFERENCES 
 

[1] M. Higashiwaki, K. Sasaki, A. Kuramata, T. Masui, and S. Yamakoshi, "Gallium oxide 
(Ga2O3) metal-semiconductor field-effect transistors on single-crystal β-Ga2O3 (010) 
substrates," Applied Physics Letters, vol. 100, no. 1, p. 013504, 2012. 

 
[2] S. A. Russell et al., "Heteroepitaxial β-Ga2O3 on 4H-SiC for an FET with reduced self 

heating," IEEE Journal of the Electron Devices Society, vol. 5, no. 4, pp. 256-261, 2017. 
 
[3] W. Shen, "Investigation of memristor devices and materials through multi-scale modeling 

and metrology," Doctor of Philosophy, Mechanical Engineering Georgia Institute of 
Technology, Atlanta, Georgia, 2021. [Online]. Available: 
https://repository.gatech.edu/entities/publication/3ea99684-a78f-413d-9739-
be5945a3937f 

 
[4] M. Di Ventra and Y. V. Pershin, "The parallel approach," Nat Phys, vol. 9, no. 4, pp. 200-

202, Apr 2013. 
 
[5] Y. B. Li, Z. R. Wang, R. Midya, Q. F. Xia, and J. J. Yang, "Review of memristor devices 

in neuromorphic computing: materials sciences and device challenges," J Phys D Appl 
Phys, vol. 51, no. 50, Dec 19 2018. 

 
[6] R. Islam et al., "Device and materials requirements for neuromorphic computing," J Phys 

D Appl Phys, vol. 52, no. 11, Mar 13 2019. 
 
[7] S. Kim, S. Choi, and W. Lu, "Comprehensive Physical Model of Dynamic Resistive 

Switching in an Oxide Memristor," ACS Nano, vol. 8, no. 3, pp. 2369-2376, Mar 2014. 
 
[8] D. Zhao, X. Qian, X. Gu, S. A. Jajja, and R. Yang, "Measurement techniques for thermal 

conductivity and interfacial thermal conductance of bulk and thin film materials," Journal 
of Electronic Packaging, vol. 138, no. 4, 2016. 

 
[9] P. Jiang, X. Qian, and R. Yang, "Tutorial: Time-domain thermoreflectance (TDTR) for 

thermal property characterization of bulk and thin film materials," Journal of Applied 
Physics, vol. 124, no. 16, 2018. 

 
[10] W. Q. Shen, D. Vaca, and S. Kumar, "Reconsidering Uncertainty from Frequency Domain 

Thermoreflectance Measurement and Novel Data Analysis by Deep Learning," Nanosc 
Microsc Therm, vol. 24, no. 3-4, pp. 138-149, Oct 1 2020. 

 
[11] Y. Pang, P. Q. Jiang, and R. G. Yang, "Machine learning-based data processing technique 

for time-domain thermoreflectance (TDTR) measurements," Journal of Applied Physics, 
vol. 130, no. 8, Aug 28 2021. 

 



 

96 
 

[12] M. Schultz et al., "Embedded Two-Phase Cooling of Large 3d Compatible Chips with 
Radial Channels," International Technical Conference and Exhibition on Packaging and 
Integration of Electronic and Photonic Microsystems, 2015, Vol 3, 2015. 

 
[13] P. Wang, B. Yang, and A. Bar-Cohen, "Mini-Contact Enhanced Thermoelectric Coolers 

for On-Chip Hot Spot Cooling," Heat Transfer Eng, vol. 30, no. 9, pp. 736-743, 2009. 
 
[14] A. A. Balandin et al., "Superior thermal conductivity of single-layer graphene," Nano Lett, 

vol. 8, no. 3, pp. 902-907, Mar 2008. 
 
[15] Q. R. Cai et al., "High thermal conductivity of high-quality monolayer boron nitride and 

its thermal expansion," Sci Adv, vol. 5, no. 6, Jun 2019. 
 
[16] W. W. Cai et al., "Thermal Transport in Suspended and Supported Monolayer Graphene 

Grown by Chemical Vapor Deposition," Nano Lett, vol. 10, no. 5, pp. 1645-1651, May 
2010. 

 
[17] K. C. Pratik, A. Rai, T. S. Ashton, and A. L. Moore, "APCVD hexagonal boron nitride thin 

films for passive near-junction thermal management of electronics," Nanotechnology, vol. 
28, no. 50, Dec 15 2017. 

 
[18] H. Ying et al., "Tailoring the thermal transport properties of monolayer hexagonal boron 

nitride by grain size engineering," 2D Mater, vol. 7, no. 1, Jan 2020. 
 
[19] S. Pearton et al., "A review of Ga2O3 materials, processing, and devices," Applied Physics 

Reviews, vol. 5, no. 1, p. 011301, 2018. 
 
[20] Y. Zhang, Q. Su, J. Zhu, S. Koirala, S. J. Koester, and X. Wang, "Thickness-dependent 

thermal conductivity of mechanically exfoliated β-Ga2O3 thin films," Appl Phys Lett, vol. 
116, no. 20, p. 202101, 2020. 

 
[21] Z. Cheng, L. Yates, J. Shi, M. J. Tadjer, K. D. Hobart, and S. Graham, "Thermal 

conductance across β-Ga2O3-diamond van der Waals heterogeneous interfaces," APL 
Materials, vol. 7, no. 3, p. 031118, 2019/03/01 2019. 

 
[22]  N. Blumenschein et al., "Thermal conductivity of bulk and thin film β-Ga2O3 measured 

by the 3ω technique," in Oxide-based Materials and Devices IX, 2018, vol. 10533: 
International Society for Optics and Photonics, p. 105332G.  

 
[23] D. Q. Tran et al., "Thermal conductivity of ultra-wide bandgap thin layers–High Al-content 

AlGaN and β-Ga2O3," Physica B: Condensed Matter, vol. 579, p. 411810, 2020. 
 
[24] J. J. Yang, M. D. Pickett, X. M. Li, D. A. A. Ohlberg, D. R. Stewart, and R. S. Williams, 

"Memristive switching mechanism for metal/oxide/metal nanodevices," Nat Nanotechnol, 
vol. 3, no. 7, pp. 429-433, Jul 2008. 



 

97 
 

[25] P. Basnet, D. G. Pahinkar, M. P. West, C. J. Perini, S. Graham, and E. M. Vogel, "Substrate 
dependent resistive switching in amorphous-HfOx memristors: an experimental and 
computational investigation," J Mater Chem C, vol. 8, no. 15, pp. 5092-5101, Apr 21 2020. 

 
[26] A. I. Khan et al., "Ultralow-switching current density multilevel phase-change memory on 

a flexible substrate," Science, vol. 373, no. 6560, pp. 1243-+, Sep 10 2021. 
 
[27] X. Li et al., "Thermal design engineering for improving the variation of memristor 

threshold," Chaos, Solitons & Fractals, vol. 171, p. 113466, 2023. 
 
[28] M. T. Hughes, G. Kini, and S. Garimella, "Status, Challenges, and Potential for Machine 

Learning in Understanding and Applying Heat Transfer Phenomena," Journal of Heat 
Transfer, vol. 143, no. 12, p. 120802, 2021. 

 
[29] Z. Y. Lin, C. R. Liu, and Y. Chai, "High thermally conductive and electrically insulating 

2D boron nitride nanosheet for efficient heat dissipation of high-power transistors," 2D 
Mater, vol. 3, no. 4, Dec 2016. 

 
[30] R. Lemak, R. Moskaitis, D. Pickrell, D. Kupp, and A. Yocum, "High Performance 

Pyrolytic Graphite Heat Spreaders–Near Isotropic Structures and Metallization," MRS 
Online Proceedings Library (OPL), vol. 1158, 2009. 

 
[31]  R. Prieto et al., "Thermo-mechanical assessment of copper and graphite heat spreaders for 

compact packages," in 2016 22nd International Workshop on Thermal Investigations of 
ICs and Systems (THERMINIC), 2016: IEEE, pp. 19-22.  

 
[32] D. Vaca et al., "Measurements and numerical calculations of thermal conductivity to 

evaluate the quality of β-gallium oxide thin films grown on sapphire and silicon carbide by 
molecular beam epitaxy," Applied Physics Letters, vol. 121, no. 4, 2022. 

 
[33] B. J. Baliga, "Power Semiconductor-Device Figure of Merit for High-Frequency 

Applications," IEEE Electr Device L, vol. 10, no. 10, pp. 455-457, Oct 1989. 
 
[34] Z. Guo et al., "Anisotropic thermal conductivity in single crystal β-gallium oxide," Applied 

Physics Letters, vol. 106, no. 11, p. 111909, 2015. 
 
[35] P. Jiang, X. Qian, X. Li, and R. Yang, "Three-dimensional anisotropic thermal conductivity 

tensor of single crystalline β-Ga2O3," Applied Physics Letters, vol. 113, no. 23, p. 232105, 
2018. 

 
[36]  B. Chatterjee, J. H. Leach, S. Dhar, and S. Choi, "Temperature and Stress Metrology of 

Ultra-Wide Bandgap β-Ga 2 O 3 Thin Films," 2018: IEEE, pp. 202-207.  
 
[37] Z. Islam et al., "In Situ Observation of β-Ga 2 O 3 Schottky Diode Failure Under Forward 

Biasing Condition," IEEE Transactions on Electron Devices, vol. 67, no. 8, pp. 3056-3061, 
2020. 



 

98 
 

[38] N. Kumar, C. Joishi, Z. Xia, S. Rajan, and S. Kumar, "Electrothermal Characteristics of 
Delta-Doped $\beta$ -Ga2O3 Metal–Semiconductor Field-Effect Transistors," IEEE 
Transactions on Electron Devices, vol. 66, no. 12, pp. 5360-5366, 2019. 

 
[39] N. A. Blumenschein et al., "Self-Heating Characterization of β-Ga2O3 Thin-Channel 

MOSFETs by Pulsed I–V and Raman Nanothermography," IEEE Transactions on Electron 
Devices, vol. 67, no. 1, pp. 204-211, 2020. 

 
[40] N. Kumar, D. Vaca, C. Joishi, Z. Xia, S. Rajan, and S. Kumar, "Ultrafast 

Thermoreflectance Imaging and Electrothermal Modeling of β-Ga2O3 MESFETs," IEEE 
Electr Device L, vol. 41, no. 4, pp. 641-644, 2020. 

 
[41] J. W. Pomeroy et al., "Raman Thermography of Peak Channel Temperature in β-Ga2O3 

MOSFETs," IEEE Electr Device L, vol. 40, no. 2, pp. 189-192, 2018. 
 
[42] M. H. Wong, Y. Morikawa, K. Sasaki, A. Kuramata, S. Yamakoshi, and M. Higashiwaki, 

"Characterization of channel temperature in Ga2O3 metal-oxide-semiconductor field-effect 
transistors by electrical measurements and thermal modeling," Applied Physics Letters, 
vol. 109, no. 19, p. 193503, 2016. 

 
[43] W. S. Hwang et al., "High-voltage field effect transistors with wide-bandgap β-Ga2O3 

nanomembranes," Applied Physics Letters, vol. 104, no. 20, p. 203111, 2014. 
 
[44] J. Montes et al., "Demonstration of mechanically exfoliated β-Ga2O3/GaN pn 

heterojunction," Applied Physics Letters, vol. 114, no. 16, p. 162103, 2019. 
 
[45] H. Zhou, K. Maize, G. Qiu, A. Shakouri, and P. D. Ye, "β-Ga2O3 on insulator field-effect 

transistors with drain currents exceeding 1.5 A/mm and their self-heating effect," Applied 
Physics Letters, vol. 111, no. 9, p. 092102, 2017. 

 
[46] D. W. Oh, S. Kim, J. A. Rogers, D. G. Cahill, and S. Sinha, "Interfacial Thermal 

Conductance of Transfer-Printed Metal Films," Adv Mater, vol. 23, no. 43, pp. 5028-5033, 
Nov 16 2011. 

 
[47] A. J. Green et al., "β-Ga2O3 MOSFETs for Radio Frequency Operation," IEEE Electr 

Device L, vol. 38, no. 6, pp. 790-793, 2017. 
 
[48] B. Chatterjee, K. Zeng, C. D. Nordquist, U. Singisetti, and S. Choi, "Device-Level Thermal 

Management of Gallium Oxide Field-Effect Transistors," IEEE T Comp Pack Man, vol. 9, 
no. 12, pp. 2352-2365, Dec 2019. 

 
[49] K. D. Chabak et al., "Recessed-Gate Enhancement-Mode β-Ga2O3 MOSFETs," IEEE 

Electr Device L, vol. 39, no. 1, pp. 67-70, 2017. 
 



 

99 
 

[50] Y. Song et al., "Ga2O3-on-SiC Composite Wafer for Thermal Management of Ultrawide 
Bandgap Electronics," ACS Applied Materials & Interfaces, vol. 13, no. 34, pp. 40817-
40829, 2021. 

 
[51] Y. Song et al., "Thermal Conductivity of β-Phase Ga2O3 and (AlxGa1–x)2O3 Heteroepitaxial 

Thin Films," ACS Applied Materials & Interfaces, vol. 13, no. 32, pp. 38477-38490, 2021. 
 
[52] Z. Q. Yan and S. Kumar, "Phonon mode contributions to thermal conductivity of pristine 

and defective beta-Ga2O3," Phys Chem Chem Phys, vol. 20, no. 46, pp. 29236-29242, Dec 
14 2018. 

 
[53] J. Munshi, A. Roy, S. Hansen, C. E. Ekuma, and G. Balasubramanian, "Effect of vacancy 

defects on the thermal transport of β-Ga2O3," Molecular Simulation, vol. 47, no. 12, pp. 
1017-1021, 2021. 

 
[54] L. Chua, "Memristor-the missing circuit element," IEEE Transactions on circuit theory, 

vol. 18, no. 5, pp. 507-519, 1971. 
 
[55] D. B. Strukov, G. S. Snider, D. R. Stewart, and R. S. Williams, "The missing memristor 

found," nature, vol. 453, no. 7191, pp. 80-83, 2008. 
 
[56] K. X. Sun, J. S. Chen, and X. B. Yan, "The Future of Memristors: Materials Engineering 

and Neural Networks," Adv Funct Mater, vol. 31, no. 8, Feb 2021. 
 
[57] R. Guo, W. N. Lin, X. B. Yan, T. Venkatesan, and J. S. Chen, "Ferroic tunnel junctions 

and their application in neuromorphic networks," Applied Physics Reviews, vol. 7, no. 1, 
Mar 2020. 

 
[58] Z. R. Wang et al., "Resistive switching materials for information processing," Nat Rev 

Mater, vol. 5, no. 3, pp. 173-195, Mar 2020. 
 
[59] Q. L. Zhao et al., "Current status and prospects of memristors based on novel 2D 

materials," Mater Horiz, vol. 7, no. 6, pp. 1495-1518, Jun 1 2020. 
 
[60] H. Abunahla, B. Mohammad, M. A. Jaoude, and M. Al-Qutayri, "Novel Hafnium Oxide 

Memristor Device switching behaviour and size effect," IEEE Int Symp Circ S, pp. 2010-
2013, 2017. 

 
[61] S. Yu, B. Lee, and H.-S. P. Wong, "Metal oxide resistive switching memory," Functional 

Metal Oxide Nanostructures, pp. 303-335, 2011. 
 
[62] H. Y. Lee et al., "Low-power switching of nonvolatile resistive memory using hafnium 

oxide," Jpn J Appl Phys 1, vol. 46, no. 4b, pp. 2175-2179, Apr 2007. 
 



 

100 
 

[63] S. Saylan, H. M. Aldosari, K. Humood, M. A. Jaoude, F. Ravaux, and B. Mohammad, 
"Effects of top electrode material in hafnium-oxide-based memristive systems on highly-
doped Si," Sci Rep-Uk, vol. 10, no. 1, Nov 11 2020. 

 
[64] B. Briggs et al., "Influence of copper on the switching properties of hafnium oxide-based 

resistive memory," MRS Online Proceedings Library (OPL), vol. 1337, pp. mrss11-1337-
q07-03, 2011. 

 
[65] S. W. Olin, S. A. Razek, L. F. J. Piper, and W. C. Lee, "Mechanism of the Resistivity 

Switching Induced by the Joule Heating in Crystalline NbO2," Adv Quantum Technol, vol. 
5, no. 11, Nov 2022. 

 
[66] D. G. Pahinkar et al., "Experimental and computational analysis of thermal environment 

in the operation of HfO2 memristors," Aip Adv, vol. 10, no. 3, Mar 1 2020. 
 
[67] S. Hatayama, T. Yamamoto, S. Mori, Y. H. Song, and Y. Sutou, "Understanding the Origin 

of Low-Energy Operation Characteristics for Cr2Ge2Te6 Phase-Change Material: 
Enhancement of Thermal Efficiency in the High-Scaled Memory Device," ACS Applied 
Materials & Interfaces, Sep 23 2022. 

 
[68] M. Radovic and M. W. Barsoum, "MAX phases: Bridging the gap between metals and 

ceramics," Am Ceram Soc Bull, vol. 92, no. 3, pp. 20-27, Apr 2013. 
 
[69] D. G. Cahill, "Analysis of heat flow in layered structures for time-domain 

thermoreflectance," Rev Sci Instrum, vol. 75, no. 12, pp. 5119-5122, Dec 2004. 
 
[70] A. J. Schmidt, R. Cheaito, and M. Chiesa, "A frequency-domain thermoreflectance method 

for the characterization of thermal properties," Rev Sci Instrum, vol. 80, no. 9, Sep 2009. 
 
[71] K. Levenberg, "A method for the solution of certain non-linear problems in least squares," 

Quarterly of applied mathematics, vol. 2, no. 2, pp. 164-168, 1944. 
 
[72] D. W. Marquardt, "An algorithm for least-squares estimation of nonlinear parameters," 

Journal of the society for Industrial and Applied Mathematics, vol. 11, no. 2, pp. 431-441, 
1963. 

 
[73] A. R. Conn, N. I. Gould, and P. L. Toint, Trust region methods. SIAM, 2000. 
 
[74] J. Yang, E. Ziade, and A. J. Schmidt, "Uncertainty analysis of thermoreflectance 

measurements," Rev Sci Instrum, vol. 87, no. 1, Jan 2016. 
 
[75] T. L. Bougher, L. Yates, C. F. Lo, W. Johnson, S. Graham, and B. A. Cola, "Thermal 

Boundary Resistance in GaN Films Measured by Time Domain Thermoreflectance with 
Robust Monte Carlo Uncertainty Estimation," Nanosc Microsc Therm, vol. 20, no. 1, pp. 
22-32, 2016. 



 

101 
 

[76] M. T. Hughes, G. Kini, and S. Garimella, "Status, Challenges, and Potential for Machine 
Learning in Understanding and Applying Heat Transfer Phenomena," J Heat Trans-T 
ASME, vol. 143, no. 12, Dec 1 2021. 

 
[77] M. Mohri, A. Rostamizadeh, and A. Talwalkar, Foundations of machine learning. MIT 

press, 2018. 
 
[78] S. Z. Cai, Z. C. Wang, S. F. Wang, P. Perdikaris, and G. E. M. Karniadakis, "Physics-

Informed Neural Networks for Heat Transfer Problems," J Heat Trans-T ASME, vol. 143, 
no. 6, Jun 1 2021. 

 
[79] J.-Z. Peng, X. Liu, N. Aubry, Z. Chen, and W.-T. Wu, "Data-driven modeling of geometry-

adaptive steady heat conduction based on convolutional neural networks," Case Studies in 
Thermal Engineering, vol. 28, p. 101651, 2021. 

 
[80] F. Al-Hindawi et al., "A framework for generalizing critical heat flux detection models 

using unsupervised image-to-image translation," Expert Syst Appl, vol. 227, Oct 1 2023. 
 
[81] R. Smith and S. Dutta, "Conjugate thermal optimization with unsupervised machine 

learning," Journal of Heat Transfer, vol. 143, no. 5, p. 052901, 2021. 
 
[82] E. Hachem, H. Ghraieb, J. Viquerat, A. Larcher, and P. Meliga, "Deep reinforcement 

learning for the control of conjugate heat transfer," J Comput Phys, vol. 436, Jul 1 2021. 
 
[83] H. Keramati, F. Hamdullahpur, and M. Barzegari, "Deep reinforcement learning for heat 

exchanger shape optimization," Int J Heat Mass Tran, vol. 194, Sep 15 2022. 
 
[84] Z. Xiang, Y. Pang, X. Qian, and R. Yang, "Machine learning reconstruction of depth-

dependent thermal conductivity profile from pump–probe thermoreflectance signals," 
Applied Physics Letters, vol. 122, no. 14, 2023. 

 
[85] I. Choi et al., "Application of Hexagonal Boron Nitride to a Heat-Transfer Medium of an 

InGaN/GaN Quantum-Well Green LED," ACS Applied Materials & Interfaces, vol. 11, no. 
20, pp. 18876-18884, May 22 2019. 

 
[86] N. J. N. B. Nazim, M. F. Abdullah, M. R. M. Hussin, S. A. M. Badaruddin, M. A. Ismail, 

and A. M. Hashim, "Thermal Characterization of Mono and Multilayer Hexagonal Boron 
Nitride Heat Spreaders," 2022 IEEE International Conference on Semiconductor 
Electronics (Icse 2022), pp. 125-128, 2022. 

 
[87] L. Fu et al., "An ultrathin high-performance heat spreader fabricated with hydroxylated 

boron nitride nanosheets," 2D Mater, vol. 4, no. 2, Jun 2017. 
 
[88] J. Bao et al., "Two-dimensional hexagonal boron nitride as lateral heat spreader in 

electrically insulating packaging," J Phys D Appl Phys, vol. 49, no. 26, Jul 6 2016. 



 

102 
 

[89] H.-R. Zhao, J.-H. Ding, Z.-Z. Shao, B.-Y. Xu, Q.-B. Zhou, and H.-B. Yu, "High-quality 
boron nitride nanosheets and their bioinspired thermally conductive papers," ACS applied 
materials & interfaces, vol. 11, no. 40, pp. 37247-37255, 2019. 

 
[90] T. Wang et al., "Thermally Conductive Boron Nitride Nanosheet Composite Paper as a 

Flexible Printed Circuit Board," ACS Appl Nano Mater, vol. 1, no. 4, pp. 1705-1712, Apr 
2018. 

 
[91] J. Chen, X. Y. Huang, B. Sun, and P. K. Jiang, "Highly Thermally Conductive Yet 

Electrically Insulating Polymer/Boron Nitride Nanosheets Nanocomposite Films for 
Improved Thermal Management Capability," ACS Nano, vol. 13, no. 1, pp. 337-345, Jan 
2019. 

 
[92] Y. L. Wang et al., "High temperature thermal management with boron nitride nanosheets," 

Nanoscale, vol. 10, no. 1, pp. 167-173, Jan 7 2018. 
 
[93] M. Rahman, M. Shahzadeh, and S. Pisana, "Simultaneous measurement of anisotropic 

thermal conductivity and thermal boundary conductance of 2-dimensional materials," 
Journal of Applied Physics, vol. 126, no. 20, p. 205103, 2019. 

 
[94] C. Yuan et al., "Modulating the thermal conductivity in hexagonal boron nitride via 

controlled boron isotope concentration," Communications physics, vol. 2, no. 1, pp. 1-8, 
2019. 

 
[95] X. L. Liang et al., "Toward Clean and Crackless Transfer of Graphene," ACS Nano, vol. 5, 

no. 11, pp. 9144-9153, Nov 2011. 
 
[96] A. G. F. Garcia et al., "Effective Cleaning of Hexagonal Boron Nitride for Graphene 

Devices (vol 12, pg 4449, 2012)," Nano Lett, vol. 13, no. 5, pp. 2314-2314, May 2013. 
 
[97] S. W. King, R. J. Nemanich, and R. F. Davis, "Cleaning of pyrolytic hexagonal boron 

nitride surfaces," Surf Interface Anal, vol. 47, no. 7, pp. 798-803, Jul 2015. 
 
[98] J. D. Wood et al., "Annealing free, clean graphene transfer using alternative polymer 

scaffolds," Nanotechnology, vol. 26, no. 5, Feb 6 2015. 
 
[99] E. Auchter, J. Marquez, S. L. Yarbro, and E. Dervishi, "A facile alternative technique for 

large-area graphene transfer via sacrificial polymer," Aip Adv, vol. 7, no. 12, Dec 2017. 
 
[100] Z. K. Zhang et al., "Rosin-enabled ultraclean and damage-free transfer of graphene for 

large-area flexible organic light-emitting diodes," Nat Commun, vol. 8, Feb 24 2017. 
 
[101] A. Shivayogimath et al., "Do-It-Yourself Transfer of Large-Area Graphene Using an 

Office Laminator and Water," Chem Mater, vol. 31, no. 7, pp. 2328-2336, Apr 9 2019. 
 



 

103 
 

[102] W. S. Leong et al., "Paraffin-enabled graphene transfer," Nat Commun, vol. 10, Feb 20 
2019. 

 
[103] S. Bae et al., "Roll-to-roll production of 30-inch graphene films for transparent electrodes," 

Nat Nanotechnol, vol. 5, no. 8, pp. 574-578, Aug 2010. 
 
[104] A. Cabrero-Vilatela et al., "Atomic layer deposited oxide films as protective interface 

layers for integrated graphene transfer," Nanotechnology, vol. 28, no. 48, Dec 1 2017. 
 
[105] A. Shivayogimath et al., "Atomic Layer Deposition Alumina-Mediated Graphene Transfer 

for Reduced Process Contamination," Phys Status Solidi-R, vol. 13, no. 11, Nov 2019. 
 
[106] A. V. Zaretski et al., "Metal-assisted exfoliation (MAE): green, roll-to-roll compatible 

method for transferring graphene to flexible substrates," Nanotechnology, vol. 26, no. 4, p. 
045301, 2015. 

 
[107] J. Y. Moon et al., "An Eco-Friendly, CMOS-Compatible Transfer Process for Large-Scale 

CVD-Graphene," Adv Mater Interfaces, vol. 6, no. 13, Jul 2019. 
 
[108] D. Luo et al., "Role of Graphene in Water-Assisted Oxidation of Copper in Relation to Dry 

Transfer of Graphene," Chem Mater, vol. 29, no. 10, pp. 4546-4556, May 23 2017. 
 
[109] J. W. Kim et al., "Clean and less defective transfer of monolayer graphene by floatation in 

hot water," Appl Surf Sci, vol. 508, Apr 1 2020. 
 
[110] R. Z. Wang et al., "A Peeling Approach for Integrated Manufacturing of Large Monolayer 

h-BN Crystals," ACS Nano, vol. 13, no. 2, pp. 2114-2126, Feb 2019. 
 
[111] S. J. Yang, S. Choi, F. O. O. Ngome, K. J. Kim, S. Y. Choi, and C. J. Kim, "All-Dry 

Transfer of Graphene Film by van der Waals Interactions," Nano Lett, vol. 19, no. 6, pp. 
3590-3596, Jun 2019. 

 
[112] M. Hempel et al., "Repeated roll-to-roll transfer of two-dimensional materials by 

electrochemical delamination," Nanoscale, vol. 10, no. 12, pp. 5522-5531, Mar 28 2018. 
 
[113] W. E. Lu, S. Cheng, M. J. Yan, Y. W. Wang, and Y. Xia, "Selective soluble polymer-

assisted electrochemical delamination of chemical vapor deposition graphene," J Solid 
State Electr, vol. 23, no. 3, pp. 943-951, Mar 2019. 

 
[114] J.-H. Park et al., "Large-area monolayer hexagonal boron nitride on Pt foil," ACS Nano, 

vol. 8, no. 8, pp. 8520-8528, 2014. 
 
[115] A. Pirkle et al., "The effect of chemical residues on the physical and electrical properties 

of chemical vapor deposited graphene transferred to SiO2," Applied Physics Letters, vol. 
99, no. 12, Sep 19 2011. 



 

104 
 

[116] M. C. Wang, W. P. Moestopo, S. Takekuma, S. F. Barna, R. T. Haasch, and S. Nam, "A 
sustainable approach to large area transfer of graphene and recycling of the copper 
substrate," J Mater Chem C, vol. 5, no. 43, pp. 11226-11232, Nov 21 2017. 

 
[117] X. W. Zhang et al., "High-quality graphene transfer via directional etching of metal 

substrates," Nanoscale, vol. 11, no. 34, pp. 16001-16006, Sep 14 2019. 
 
[118] NotobookCheck. "Apple A16 Bionic." https://www.notebookcheck.net/Apple-A16-

Bionic-Processor-Benchmarks-and-Specs.652742.0.html (accessed 2023). 
 
[119] D. L. Zhao and G. Tan, "A review of thermoelectric cooling: Materials, modeling and 

applications," Appl Therm Eng, vol. 66, no. 1-2, pp. 15-24, May 2014. 
 
[120] C. P. Wang, "Thermal Management for Portable Electronics Using a Piezoelectric Micro-

Blower," IEEE T Device Mat Re, vol. 19, no. 3, pp. 563-567, Sep 2019. 
 
[121] W. G. Alshaer, S. A. Nada, M. A. Rady, E. P. Del Barrio, and A. Sommier, "Thermal 

management of electronic devices using carbon foam and PCM/nano-composite," Int J 
Therm Sci, vol. 89, pp. 79-86, Mar 2015. 

 
[122] G. W. Huang, W. Y. Liu, Y. Q. Luo, and Y. Li, "A novel ultra-thin vapor chamber for heat 

dissipation in ultra-thin portable electronic devices," Appl Therm Eng, vol. 167, Feb 25 
2020. 

 
[123] Y. Hang and H. Kabbani, "Thermal Management in Mobile Devices: Challenges and 

Solutions," P IEEE Semicond Ther, pp. 46-49, 2015. 
 
[124]  D. Vaca, V. Smet, Y. Joshi, and S. Kumar, "CYTOP for bonding highly oriented pyrolytic 

graphite to be used as heat spreader in mobile devices," in 2022 21st IEEE Intersociety 
Conference on Thermal and Thermomechanical Phenomena in Electronic Systems 
(iTherm), 2022: IEEE, pp. 1-6.  

 
[125] I. Hu, J. R. Ho, J. F. Yang, M. K. Shih, D. Tarng, and C. P. Hung, "High Thermal 

Performance Package with Anisotropic Thermal Conductive Material," Elec Comp C, pp. 
1348-1354, 2017. 

 
[126] J. P. Colonna, L. Marnat, M. Cartier, G. Pares, and D. Noguet, "Thermal and mechanical 

simulations for Fan-Out Wafer-Level Packaging technology: introduction of a "solder 
heatsink"," 2019 IEEE 69th Electronic Components and Technology Conference (Ectc), 
pp. 1535-1542, 2019. 

 
[127] Y. Xiong et al., "Thermal tests and analysis of thin graphite heat spreader for hot spot 

reduction in handheld devices," Intersoc C Thermal T, pp. 583-590, 2008. 
 
[128] MG Chemicals, "8329TFS Thermally Conductive Adhesive," ed, 2021. 



 

105 
 

[129] K. M. Razeeb, E. Dalton, G. L. W. Cross, and A. J. Robinson, "Present and future thermal 
interface materials for electronic devices," Int Mater Rev, vol. 63, no. 1, pp. 1-21, 2018. 

 
[130] Thermally Conductive Adhesives Keep Things Cool. [Online]. Available: 

https://cdn.thomasnet.com/ccp/00577160/54449.pdf. Accessed: 2023. 
 
[131] Z. Y. Lin et al., "High thermal conductivity liquid metal pad for heat dissipation in 

electronic devices," Appl Phys a-Mater, vol. 124, no. 5, May 2018. 
 
[132] F. Niklaus, P. Enoksson, E. Kalvesten, and G. Stemme, "Low-temperature full wafer 

adhesive bonding," J Micromech Microeng, vol. 11, no. 2, pp. 100-107, Mar 2001. 
 
[133]  A. Han, K. W. Oh, S. Bhansali, H. T. Henderson, and C. H. Ahn, "A low temperature 

biochemically compatible bonding technique using fluoropolymers for biochemical 
microfluidic systems," in Proceedings IEEE Thirteenth Annual International Conference 
on Micro Electro Mechanical Systems (Cat. No. 00CH36308), 2000: IEEE, pp. 414-418.  

 
[134] K. W. Oh, A. Han, S. Bhansali, and C. H. Ahn, "A low-temperature bonding technique 

using spin-on fluorocarbon polymers to assemble microsystems," J Micromech Microeng, 
vol. 12, no. 2, pp. 187-191, Mar 2002. 

 
[135] J. G. F. Bai and G. Q. Lu, "Thermomechanical reliability of low-temperature sintered silver 

die attached SiC power device assembly," IEEE T Device Mat Re, vol. 6, no. 3, pp. 436-
441, Sep 2006. 

 
[136] K. Mohan, N. Shahane, R. Liu, V. Smet, and A. Antoniou, "A Review of Nanoporous 

Metals in Interconnects," Jom-Us, vol. 70, no. 10, pp. 2192-2204, Oct 2018. 
 
[137] K. Mohan, N. Shahane, P. M. Raj, A. Antoniou, V. Smet, and R. Tummala, "Low-

temperature, organics-free sintering of nanoporous copper for reliable, high-temperature 
and high-power die-attach interconnections," Appl Power Elect Co, pp. 3083-3090, 2017. 

 
[138] C. J. Hang, J. H. Liu, J. Q. Wang, X. Fu, H. T. Chen, and M. Y. Li, "A low-temperature 

Cu-to-Cu interconnection method by using nanoporous Cu fabricated by dealloying 
electroplated Cu-Zn," J Mater Sci-Mater El, vol. 31, no. 21, pp. 18381-18388, Nov 2020. 

 
[139] C. Li, X. G. Liu, K. C. Li, and M. X. Chen, "Research on low temperature bonding using 

nanoporous copper," 2015 16th International Conference on Electronic Packaging 
Technology, 2015. 

 
[140] S. Y. Sun, Q. Guo, H. T. Chen, M. Y. Li, and C. Q. Wang, "Solderless bonding with 

nanoporous copper as interlayer for high-temperature applications," Microelectron Reliab, 
vol. 80, pp. 198-204, Jan 2018. 

 
[141] D. G. Cahill et al., "Nanoscale thermal transport," Journal of Applied Physics, vol. 93, no. 

2, pp. 793-818, Jan 15 2003. 



 

106 
 

[142] D. G. Cahill, K. E. Goodson, and A. Majumdar, "Thermometry and thermal transport in 
micro/nanoscale solid-state devices and structures," J Heat Trans-T ASME, vol. 124, no. 2, 
pp. 223-241, Apr 2002. 

 
[143] P. Q. Jiang, X. Qian, and R. G. Yang, "Time-domain thermoreflectance (TDTR) 

measurements of anisotropic thermal conductivity using a variable spot size approach," 
Rev Sci Instrum, vol. 88, no. 7, Jul 2017. 

 
[144] P. Q. Jiang, X. Qian, and R. G. Yang, "A new elliptical-beam method based on time-

domain thermoreflectance (TDTR) to measure the in-plane anisotropic thermal 
conductivity and its comparison with the beam-offset method," Rev Sci Instrum, vol. 89, 
no. 9, Sep 2018. 

 
[145] A. J. Schmidt, X. Y. Chen, and G. Chen, "Pulse accumulation, radial heat conduction, and 

anisotropic thermal conductivity in pump-probe transient thermoreflectance," Rev Sci 
Instrum, vol. 79, no. 11, Nov 2008. 

 
[146] Y. K. Koh and D. G. Cahill, "Frequency dependence of the thermal conductivity of 

semiconductor alloys," Phys Rev B, vol. 76, no. 7, Aug 2007. 
 
[147]  D. Vaca et al., "Thermal Conductivity of β-Ga2O3 Thin Films Grown by Molecular Beam 

Epitaxy," in 2020 19th IEEE Intersociety Conference on Thermal and Thermomechanical 
Phenomena in Electronic Systems (ITherm), 21-23 July 2020 2020, pp. 1011-1016, doi: 
10.1109/ITherm45881.2020.9190381.  

 
[148] A. Schmidt, M. Chiesa, X. Y. Chen, and G. Chen, "An optical pump-probe technique for 

measuring the thermal conductivity of liquids," Rev Sci Instrum, vol. 79, no. 6, Jun 2008. 
 
[149]  W. Shen, D. Vaca, G. Gibson, and S. Kumar, "Temperature Dependent Thermal Properties 

of Thin Film Hafnium Oxide," in 2023 22nd IEEE Intersociety Conference on Thermal 
and Thermomechanical Phenomena in Electronic Systems (ITherm), 30 May-2 June 2023 
2023, pp. 1-6, doi: 10.1109/ITherm55368.2023.10177587.  

 
[150] C. J. M. Lasance and A. Poppe, "Thermal Management for LED Applications Preface," 

Sol St Light Technol, pp. V-Vi, 2014. 
 
[151] H. H. Kim, S. H. Choi, S. H. Shin, Y. K. Lee, S. M. Choi, and S. Yi, "Thermal transient 

characteristics of die attach in high power LED PKG," Microelectron Reliab, vol. 48, no. 
3, pp. 445-454, Mar 2008. 

 
[152] S. Gao et al., "Bonding of Large Substrates by Silver Sintering and Characterization of the 

Interface Thermal Resistance," IEEE T Ind Appl, vol. 55, no. 2, pp. 1828-1834, Mar-Apr 
2019. 

 



 

107 
 

[153] S. Gao, K. D. T. Ngo, and G. Q. Lu, "Two-Dimensional Mapping of Interface Thermal 
Resistance by Transient Thermal Measurement," IEEE T Ind Electron, vol. 68, no. 5, pp. 
4448-4456, May 2021. 

 
[154] M. S. Norazlina, M. K. D. Chakravarthii, S. Shanmugan, D. Mutharasu, and S. Mahmud, 

"Heat transfer enhancement in MOSFET mounted on different FR4 substrates by thermal 
transient measurement," Chinese Phys B, vol. 26, no. 9, Sep 2017. 

 
[155]  D. Schweitzer, H. Pape, L. Chen, R. Kutscherauer, and M. Walder, "Transient dual 

interface measurement—A new JEDEC standard for the measurement of the junction-to-
case thermal resistance," in 2011 27th Annual IEEE Semiconductor Thermal Measurement 
and Management Symposium, 2011: IEEE, pp. 222-229.  

 
[156] Mentor Graphics Corporation, "T3ster Master Thermal Transient Evaluation Tool User and 

Reference Guide," 2018. 
 
[157] N. Nepal et al., "Heteroepitaxial growth of β-Ga2O3 films on SiC via molecular beam 

epitaxy," J Vac Sci Technol A, vol. 38, no. 6, Dec 2020. 
 
[158] S. J. Hao et al., "Growth and characterization of β-Ga2O3 thin films on different substrates," 

Journal of Applied Physics, vol. 125, no. 10, p. 105701, 2019. 
 
[159] L. Zhao, Z. Guo, Q. Wei, G. Miao, and L. Zhao, "The relationship between the dislocations 

and microstructure in In0. 82Ga0. 18As/InP heterostructures," Sci Rep-Uk, vol. 6, no. 1, 
pp. 1-7, 2016. 

 
[160] G. Kresse and J. Furthmuller, "Efficient iterative schemes for ab initio total-energy 

calculations using a plane-wave basis set," Phys Rev B, vol. 54, no. 16, pp. 11169-11186, 
Oct 15 1996. 

 
[161] J. P. Perdew, "Density-Functional Approximation for the Correlation-Energy of the 

Inhomogeneous Electron-Gas," Phys Rev B, vol. 33, no. 12, pp. 8822-8824, Jun 15 1986. 
 
[162] G. Kresse and D. Joubert, "From ultrasoft pseudopotentials to the projector augmented-

wave method," Phys Rev B, vol. 59, no. 3, pp. 1758-1775, Jan 15 1999. 
 
[163] J. P. Perdew, K. Burke, and M. Ernzerhof, "Generalized gradient approximation made 

simple," Phys Rev Lett, vol. 77, no. 18, pp. 3865-3868, Oct 28 1996. 
 
[164] P. E. Blochl, "Projector Augmented-Wave Method," Phys Rev B, vol. 50, no. 24, pp. 

17953-17979, Dec 15 1994. 
 
[165] J. Åhman, G. Svensson, and J. Albertsson, "A reinvestigation of β-gallium oxide," Acta 

Crystallographica Section C: Crystal Structure Communications, vol. 52, no. 6, pp. 1336-
1338, 1996. 



 

108 
 

[166] A. Togo and I. Tanaka, "First principles phonon calculations in materials science," Scripta 
Mater, vol. 108, pp. 1-5, Nov 2015. 

 
[167] A. A. Maradudin and A. E. Fein, "Scattering of Neutrons by an Anharmonic Crystal," Phys 

Rev, vol. 128, no. 6, pp. 2589-&, 1962. 
 
[168] W. Li, J. Carrete, N. A. Katcho, and N. Mingo, "ShengBTE: A solver of the Boltzmann 

transport equation for phonons," Computer Physics Communications, vol. 185, no. 6, pp. 
1747-1758, 2014. 

 
[169] D. A. Broido, M. Malorny, G. Birner, N. Mingo, and D. A. Stewart, "Intrinsic lattice 

thermal conductivity of semiconductors from first principles," Applied Physics Letters, vol. 
91, no. 23, Dec 3 2007. 

 
[170] W. Li, L. Lindsay, D. A. Broido, D. A. Stewart, and N. Mingo, "Thermal conductivity of 

bulk and nanowire Mg2SixSn1-x alloys from first principles," Phys Rev B, vol. 86, no. 17, 
Nov 29 2012. 

 
[171] Z. Q. Yan, M. Yoon, and S. Kumar, "Influence of defects and doping on phonon transport 

properties of monolayer MoSe2," 2D Mater, vol. 5, no. 3, Jul 2018. 
 
[172] C. A. Ratsifaritana and P. G. Klemens, "Scattering of phonons by vacancies," International 

Journal of Thermophysics, vol. 8, no. 6, pp. 737-750, 1987/11/01 1987. 
 
[173] G. Xie et al., "A Bond-order Theory on the Phonon Scattering by Vacancies in Two-

dimensional Materials," Sci Rep-Uk, vol. 4, no. 1, p. 5085, 2014/05/28 2014. 
 
[174] C. Lin, X. Chen, and X. Zou, "Phonon–grain-boundary-interaction-mediated thermal 

transport in two-dimensional polycrystalline MoS2," ACS applied materials & interfaces, 
vol. 11, no. 28, pp. 25547-25555, 2019. 

 
[175] B. K. Singh, V. J. Menon, and K. C. Sood, "Phonon conductivity of plastically deformed 

crystals: Role of stacking faults and dislocations," Phys Rev B, vol. 74, no. 18, p. 184302, 
2006. 

 
[176] M. D. Santia, N. Tandon, and J. D. Albrecht, "Lattice thermal conductivity in β-Ga2O3 

from first principles," Applied Physics Letters, vol. 107, no. 4, p. 041907, 2015. 
 
[177] T. Beechem, J. C. Duda, P. E. Hopkins, and P. M. Norris, "Contribution of optical phonons 

to thermal boundary conductance," Applied Physics Letters, vol. 97, no. 6, Aug 9 2010. 
 
[178] Z. Cheng et al., "Thermal Transport across Ion-cut Monocrystalline β-Ga2O3 Thin Films 

and Bonded β-Ga2O3-SiC Interfaces," ACS Applied Materials & Interfaces, 2020. 
 
[179] J. M. Johnson et al., "Unusual Formation of Point-Defect Complexes in the Ultrawide-

Band-Gap Semiconductor β-Ga2O3," Physical Review X, vol. 9, no. 4, p. 041027, 2019. 



 

109 
 

[180] E. Korhonen et al., "Electrical compensation by Ga vacancies in Ga2O3 thin films," Applied 
Physics Letters, vol. 106, no. 24, Jun 15 2015. 

 
[181] J. Shi et al., "Thermal Transport across Metal/β-Ga2O3 Interfaces," ACS Applied Materials 

& Interfaces, 2021. 
 
[182] H. T. Aller et al., "Chemical Reactions Impede Thermal Transport Across Metal/β-Ga2O3 

Interfaces," Nano Lett, vol. 19, no. 12, pp. 8533-8538, 2019. 
 
[183] C. Wei, X. Zheng, D. G. Cahill, and J.-C. Zhao, "Invited Article: Micron resolution 

spatially resolved measurement of heat capacity using dual-frequency time-domain 
thermoreflectance," Rev Sci Instrum, vol. 84, no. 7, p. 071301, 2013. 

 
[184] K. Persson. Materials Data on SiC (SG:186) by Materials Project, doi: 10.17188/1188302. 
 
[185] K. Persson. Materials Data on Al2O3 (SG:167) by Materials Project, doi: 

10.17188/1187823. 
 
[186] E. Ziade, J. Yang, G. Brummer, D. Nothern, T. Moustakas, and A. J. Schmidt, "Thermal 

transport through GaN-SiC interfaces from 300 to 600 K," Applied Physics Letters, vol. 
107, no. 9, Aug 31 2015. 

 
[187] S. Dirkmann, J. Kaiser, C. Wenger, and T. Mussenbrock, "Filament Growth and Resistive 

Switching in Hafnium Oxide Memristive Devices," ACS Applied Materials & Interfaces, 
vol. 10, no. 17, pp. 14857-14868, May 2 2018. 

 
[188] H. Y. Lee et al., "Low Power and High Speed Bipolar Switching with A Thin Reactive Ti 

Buffer Layer in Robust HfO2 Based RRAM," Int El Devices Meet, pp. 297-+, 2008. 
 
[189] H. Y. Lee et al., "Low-Power and Nanosecond Switching in Robust Hafnium Oxide 

Resistive Memory With a Thin Ti Cap," IEEE Electr Device L, vol. 31, no. 1, pp. 44-46, 
Jan 2010. 

 
[190] J. Lugo and A. Oliva, "Thermal properties of metallic films at room conditions by the 

heating slope," Journal of Thermophysics and Heat Transfer, vol. 30, no. 2, pp. 452-460, 
2016. 

 
[191] LBMA. "Density of Gold." https://www.lbma.org.uk/wonders-of-gold/items/density-of-

gold (accessed 01/04/2023, 2023). 
 
[192] M. W. Theodore Gray, Nick Mann. "Specific Heat of the elements." 

https://periodictable.com/Properties/A/SpecificHeat.v.html (accessed 04/01/2023, 2023). 
 
[193] ChemBK. "Titanium Nitride." 

https://www.chembk.com/en/chem/Titanium%20nitride#:~:text=titanium%20nitride%2C
%20golden%20yellow%20cubic,Density%205.43. (accessed 01/04/2023, 2023). 



 

110 
 

[194] National Institute of Standards and Technology. "Titanium Nitride." 
https://webbook.nist.gov/cgi/cbook.cgi?ID=C25583204&Type=JANAFS&Table=on 
(accessed 01/04/2023, 2023). 

 
[195] American Elements. "Titanium Aluminum Nitride Ti3AlN." 

https://www.americanelements.com/titanium-aluminum-nitride-ti3aln (accessed 
01/04/2023, 2023). 

 
[196] M. K. Drulis, H. Drulis, A. Hackemer, A. Ganguly, T. El-Raghy, and M. Barsoum, "On 

the low temperature heat capacities of Ti2AlN and Ti2Al (N0.5C0.5)," Journal of alloys and 
compounds, vol. 433, no. 1-2, pp. 59-62, 2007. 

 
[197] A. Tikadar and S. Kumar, "Investigation of thermal-hydraulic performance of metal-foam 

heat sink using machine learning approach," Int J Heat Mass Tran, vol. 199, Dec 15 2022. 
 
[198] M. Choi, "ME 8813: PROJECT REPORT 2: Prediction Of Thermal Properties In 

Nanostructured Materials Via Machine Learning," Georgia Institue of Technology, 2023. 
 
[199] F. Zhang, L. Cheng, M. Y. Wu, X. Y. Xu, P. C. Wang, and Z. B. Liu, "Performance analysis 

of two-stage thermoelectric generator model based on Latin hypercube sampling," Energ 
Convers Manage, vol. 221, Oct 1 2020. 

 
[200] F. M. Dekking, C. Kraaikamp, H. P. Lopuhaä, and L. E. Meester, A Modern Introduction 

to Probability and Statistics: Understanding why and how. Springer, 2005. 
 
[201] A. Reina et al., "Large Area, Few-Layer Graphene Films on Arbitrary Substrates by 

Chemical Vapor Deposition," Nano Lett, vol. 9, no. 1, pp. 30-35, Jan 2009. 
 
[202] Panasonic, "Pyrolytic Graphite Sheet," ed, 2016. 
 
[203] R. A. Sosa, K. Mohan, A. Antoniou, V. Smet, D. Thienpont, and Y. Y. Tan, "Low-

temperature all-Cu interconnections formed by pressure-less sintering of Cu-pillars with 
nanoporous-Cu caps," IEEE 71st Electronic Components and Technology Conference 
(Ectc 2021), pp. 390-394, 2021. 

 
[204] E. Castillo, M. Njuki, A. F. Pasha, and N. Dimitrov, "Copper-Based Nanomaterials for 

Fine-Pitch Interconnects in Microelectronics," Accounts Chem Res, vol. 56, no. 12, pp. 
1384-1394, Jun 8 2023. 

 
[205] ROHM Semiconductor, "Super Fast Recovery Diode RFUH5TF6S," ed, 2016. 
 
[206] AGC Chemicals, "Amorphous Fluoroplolymer CYTOP," 2018. 
 
[207] K. Zhan et al., "Fabrication of graphite/Cu composite foils with ultrahigh thermal 

conductivity by adding an intermediate nickel layer and vacuum hot pressing treatment," 
Journal of Alloys and Compounds, vol. 886, Dec 15 2021. 



 

111 
 

[208] B. Jiang et al., "Copper-graphite-copper sandwich: superior heat spreader with excellent 
heat-dissipation ability and good weldability," Rsc Adv, vol. 6, no. 30, pp. 25128-25136, 
2016. 

 
[209] X. Wang, Y. Su, Q. Ouyang, C. Zhu, H. Cao, and D. Zhang, "Fabrication, mechanical and 

thermal properties of copper coated graphite films reinforced copper matrix laminated 
composites via ultrasonic-assisted electroless plating and vacuum hot-pressing sintering," 
Materials Science and Engineering: A, vol. 824, p. 141768, 2021. 

 
[210] R. Zhao et al., "Fabrication of Cu/graphite film/Cu sandwich composites with ultrahigh 

thermal conductivity for thermal management applications," Front Mater Sci, vol. 14, no. 
2, pp. 188-197, Jun 2020. 

 
[211]  D. Vaca et al., "Thermal Conductivity of β-Ga2O3 Thin Films Grown by Molecular Beam 

Epitaxy," in 2020 19th IEEE Intersociety Conference on Thermal and Thermomechanical 
Phenomena in Electronic Systems (ITherm), 2020: IEEE, pp. 1011-1016.  

 
[212] E. Burgemeister, W. Von Muench, and E. Pettenpaul, "Thermal conductivity and electrical 

properties of 6 H silicon carbide," Journal of Applied Physics, vol. 50, no. 9, pp. 5790-
5794, 1979. 

 
[213] P. Auerkari, Mechanical and physical properties of engineering alumina ceramics. 

Technical Research Centre of Finland Espoo, 1996. 
 
[214] G. B. Adams Jr and H. L. Johnston, "Low Temperature Heat Capacities of Inorganic Solids. 

XI. The Heat Capacity of β-Gallium Oxide from 15 to 300° K," Journal of the American 
Chemical Society, vol. 74, no. 19, pp. 4788-4789, 1952. 

 
[215] Y. Touloukian and E. Buyco, "Thermophysical properties of matter-The TPRC data series. 

Volume 5. Specific heat-nonmetallic solids," Thermophysical And Electronic Properties 
Information Analysis Center …, 1970.  

 
[216] D. Ditmars, S. Ishihara, S. Chang, G. Bernstein, and E. West, "Enthalpy and heat-capacity 

standard reference material: synthetic sapphire (α-Al2O3) from 10 to 2250 K," Journal of 
Research of the National Bureau of Standards, vol. 87, no. 2, p. 159, 1982. 

 
[217] T. Beechem, J. C. Duda, P. E. Hopkins, and P. M. Norris, "Contribution of optical phonons 

to thermal boundary conductance," Applied Physics Letters, vol. 97, no. 6, p. 061907, 2010. 

 


	1.1.1. Power electronics.
	1.1.3. Thermal Conductivity Measurements and Data Analysis.
	1.2.1. Heat spreaders
	1.2.2. Bonding materials
	1.3.1. Power Electronics
	1.3.2. Memristors.
	1.3.3. Machine Learning for FDTR Data Analysis
	1.3.4. Heat Management in Portable Electronics
	1.3.5. Bonding Materials for Thermal Interface
	2.1.1. h-BN thermal properties.
	2.1.2. h-BN transfer methods
	5.3.1. Results for a two-layer model of an anisotropic material to predict three parameters simultaneously.
	5.3.2. Results for a two-layer model of an anisotropic material to predict four parameters simultaneously.
	5.3.3. Results for a three-layers model (thin film) anisotropic material to predict four variables at once.
	6.3.1. HOPG Morphology and Shear Strength.
	6.3.2. Fabrication Methods
	6.3.3. Thermal assessment of HOPG bonded with CYTOP and NP-Cu.
	7.2.1. Thermal properties of epitaxially-grown Ga2O3
	7.2.2. ML methods for data analysis of FDTR experiments
	7.2.3. HOPG as a heat spreader for the thermal management in mobile electronics

