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SUMMARY 

Ultra-wide bandgap (UWBG) semiconductors like β-type gallium oxide (β-Ga2O3) 

show promise for the development of next-generation high power density electronics 

devices such as RF and power electronics. The large bandgap (4.8 eV), high breakdown 

fields (8 MV/cm), and excellent thermal stability of β-Ga2O3 give promise to the production 

of low-loss power switching devices with large breakdown voltage, and potentially allows 

for high-temperature and deep space operation. However, a major drawback of β-Ga2O3 

arises from its poor thermal conductivity, which results in devices with unacceptably high 

junction-to-package thermal resistance. While there is considerable promise for future 

devices made from UWBG materials, their adoption as a technology will hinge upon novel 

approaches to address heat dissipation at the die level which will enable high power density 

operation. The aims of this thesis are i) to develop novel thermal management strategies to 

reduce the junction-to-package thermal resistance for devices made from low thermal 

conductivity UWBG materials for both lateral and vertical devices, ii) to conduct an 

analysis of architectures for homoepitaxial β-Ga2O3 metal-oxide semiconductor field effect 

transistors (MOSFETs) to optimize the device thermal performance and verify 

experimentally, and iii) to optimize thermal management design for both steady-state and 

transient-state of UWBG transistors. Overall, the optimal thermally-aware design for 

vertical and lateral structures for steady-state and transient applications will be provided 

by investigating the device layout such as substrate orientation, configuration of electrodes 

(number of fingers, channel width, location of metallization pads), dielectric heat spreader, 

and thermal boundary conductance between metal and β-Ga2O3.  
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CHAPTER 1. INTRODUCTION 

1.1 Background and Motivation 

The demand of power electronics is increasing as the use of electric power in 

systems (e.g., industrial motors, smart grid, transportation) continues to grow. The future 

of these systems requires the use of electronics to process and control the flow of electric 

power to improve efficiency and functionality [1]. Electrical energy constitutes 40% of 

total primary energy consumption in the United States, and the percentage is expected to 

increase rapidly due to broad adoption of electric vehicles, production of renewables, and 

other factors.  It is anticipated that 30% of all electrical energy passes through power 

electronics today and this number could reach 80% in the next decade [2], [3]. 

The semiconductor material that is most often used in power electronics is Silicon 

(Si) due to ease of processing and availability. However, the performance of Si power 

devices is now approaching the operational limits set by its intrinsic material properties. 

Wide-bandgap semiconductors (WBG), such as Gallium Nitride (GaN) and Silicon 

Carbide (SiC), are gaining more attention, since they can withstand higher voltages, 

temperatures, and electromagnetic radiation than Si power electronics before experiencing 

breakdown as shown in Table 1 and Figure 1 (a). Power electronics applications range from 

on-chip power converters to high voltage rectifiers for electric power transmission lines. 

Applications requiring high-voltage, high-current, radiation-tolerant power electronics 

include electronic thrust control actuators of rockets and missiles, and solar electric 

propulsion (SEP) of spacecraft. The SEP system proposed by NASA would enable human 
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exploration missions outside of earth’s orbit, and requires functional power devices with 

high blocking voltages, high current capability, and high tolerance for radiation effects [4]. 

Table 1. Electronic properties of Ga2O3 and other semiconductor materials 

Material Property Si 4H-SiC GaN β-Ga2O3 

Bandgap (eV) 1.1 3.25 3.4 4.6-4.9 

Electron mobility (cm2/V-s) 1480 1000 1500 200 

Breakdown field (MV/cm) 0.3 2.5 2.8 8 

Dielectric constant 11.7 9.8 10.4 10 

Normalized BFOM 1 320 860 1100-3250 

Normalized JFOM 1 8.2 22.9 37.5 

 

 

Figure 1. (a) Applications for Si, SiC, GaN, and Ga2O3 power electronics in terms of 
current and voltage requirements. Possible applications for Ga2O3 include fast 
chargers for electric vehicles, high voltage direct current for data centers, industrial 
motors, and alternative energy sources. (b) Map of applications for pulsed power 
devices, organized by switching frequency and power. 
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1.2 β-Ga2O3 

Considering the range of WBG materials being studied for power electronics 

devices, beta-Gallium Oxide (β-Ga2O3) is a promising semiconductor material because of 

its unique combination of material properties – properties that make it excellent for power 

electronics applications. Major requirements for an efficient high-voltage switching 

transistors are (i) low on-resistance (Ron), (ii) low off-state leakage current, (iii) large 

breakdown voltage (VBr), and (iv) high-temperature operation. As shown in Table 1, the 

large bandgap of β-Ga2O3 (4.6 - 4.9 eV) and high breakdown field (8 MV/cm) lead to an 

outstanding Baliga’s figure of merit (BFOM), which is defined as VBr2/Ron, with superior 

thermal stability for low-frequency power switches [5]–[8]. The extraordinary BFOM of 

β-Ga2O3 due to high critical electric field strength, which is 4-10 times higher than GaN 

and SiC as shown in Table 1, enables the production of power electronics devices that 

possess low on-resistance (less conduction loss) and high breakdown voltage to block a 

large voltage during off state [9]. For higher frequency, from 100 kHz to 1 MHz, the device 

spends more time switching versus being on or off. The key measure of semiconductor for 

high-frequency power switches is called the Jonson figure of merit (JFOM), which can be 

defined as vsatEc/2𝜋𝜋, where vsat is the saturated carrier velocity and Ec is the critical electric 

field or breakdown field [10]. Losses during switching are the product of both the device’s 

resistance and how much charge needs to accumulate on the transistor gate in order to make 

the switch [5]. JFOM of β-Ga2O3 is still 1.5-4.5 times higher than that of GaN and SiC as 

shown in Table 1. In addition to higher JFOM, there are benefits of faster switching in 

power electronics. The bulkiest part of that system are the transformer and other passive 

components, and smaller devices could be used if the frequency is increased. For example, 
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a 1200-V Si inverter switching at 20 kHz can deliver around 3 kilowatts, while by switching 

at 150 kHz, a SiC inverter delivering the same power can operate at higher temperature in 

a package that is one-third the size [10], [11]. Additionally, the greatest advantage of β-

Ga2O3 may lies in the availability of affordable, high-quality, and large native substrate, 

which are the essential features for economical mass substrate production, alleviating 

concerns related to the high cost of SiC and GaN wafers [5], [12]. These properties of β-

Ga2O3 hold promise for an improvement in the size, weight, and power as well as the cost 

of a broad range of power switching and RF components used in power supply, radar, 

electronic warfare, and communication systems as shown in Figure 1 (b) [5].  

1.2.1 β-Ga2O3 Devices 

A transistor is the most basic and important component for power semiconductor 

electronics. Various β-Ga2O3 transistors have been developed since 2012 as shown in 

Figure 2 to verify the viability of β-Ga2O3 as an electron device material. The swift progress 

of β-Ga2O3 metal-oxide-semiconductor field-effect transistors (MOSFETs) with 

breakdown voltages reaching greater than 2 kV has established β-Ga2O3 as a pertinent 

candidate for power switching technologies [13]–[16]. Normally-off field-effect transistors 

(FETs) are strongly demanded for switching device applications. However, preliminary 

reports [17]–[19] of the device characteristics of normally-off lateral FETs were far short 

of the requirements for practical applications that the development of devices is shifting 

from lateral to vertical geometry. 
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Figure 2. The development of β-Ga2O3 transistors in last 10 years [20]. 

 

The first β-Ga2O3 metal–semiconductor FET (MESFET) with a platinum Schottky 

gate was demonstrated in 2012 on Sn-doped β-Ga2O3 by molecular beam epitaxy on semi-

insulating β-Ga2O3 substrates showing depletion-mode operation with 25 mA/mm 

maximum drain current and 250 V breakdown voltage [16]. A MOSFET with 40 mA/mm 

drain current and 370 V breakdown voltage showed an on-to-off current ratio of 1010 [21]. 

MOSFETs with extrinsic gate oxides such as Al2O3 are more suited to support the large 

gate swing [19]. About 750 V breakdown strength was achieved by changing from epi-

based n-type doping to Si ion implantation of the channel area in combination with 11 µm 

thick buffer layer between channel and substrate and by using field plates in the transistor 

design [22]. The normally off performance was demonstrated for a 500 V device by 

recessing the Si-doped β-Ga2O3 channel at the gate position from initially 200 nm down to 

70 nm [23]. The highest reported breakdown strength of 1850 V was achieved with a 
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MOSFET using SiO2 as gate insulator [24]. The average field between gate and drain of 

92 V/µm is already close to values obtained for state-of-the-art lateral GaN HFETs. 

However, the area-specific RON is still more than one order of magnitude worst [25]. 

Lateral β-Ga2O3 transistors need a large gate swing since a thin well-confined transistor 

channel such as the 2DEG in GaN HEMTs is not available.  

The high breakdown field combined with the moderate mobility makes β-Ga2O3 a 

promising candidate for high-power switching with voltages >1000 V. Here, the vertical 

device concept is of advantage, but device development is just starting. A current aperture 

vertical electron transistor (CAVET) with a current density of 1050 A/cm2 was realized by 

growing the 3 × 1016 cm−3-doped drift layer on an Sn-doped β-Ga2O3 substrate [26]. Since 

there is no p-type doping available in β-Ga2O3, the current blocking layer (CBL) was 

defined by Mg-ion-implanted insulating β-Ga2O3. However, the presented device was not 

blocking because of gate–source leakage issues. A normally off FinFET structure with a 

current density of 320 A/cm2 was demonstrated by adopting an HVPE-grown 10 µm thick 

Sn-doped drift layer with  electron concentration [27]. The average drift region field is 117 

V/µm and yet very similar to the average breakdown fields observed for lateral and vertical 

GaN transistors. Similar to vertical GaN devices, a technology for laterally structured p–n 

junctions are not yet available. Alternative concepts for gate finger field engineering and 

for an edge-termination structures must be developed to fully exploit the high material 

breakdown strength of β-Ga2O3 inside a real transistor. 
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1.2.2 Thermal Reliability 

While there have been great steps in improving electrical device performance, 

thermal management is still a considerable bottleneck that is limiting device performance. 

Self-heating can be detrimental to device output performance and reliability due to physical 

damage in the device. Heat generation under high-power operation cannot be avoided that 

overheating is a critical challenge for the reliability of these state-of-the-art device 

technologies. A smaller device footprint combined with a greater power handling 

capability means substantially increased power densities for individual devices. The 

performance of many semiconductor devices is limited by heat dissipation capacity since 

the drift-layer resistance increases with rising operation temperature due to the decrease in 

electron mobility [8]. In addition, as shown in Figure 3 (a), increased localized power 

densities in smaller transistors (~90 kW/cm2) can exceed the heat flux of sun surface (6.3 

kW/cm2), resulting in extremely high channel temperature (>200 °C) that degrade device 

performance and reliability [28], [29]. The lifetime of semiconductor devices is strongly 

related to its channel temperature that the lifetime of GaN devices could increase about ten 

times if the channel temperature decreases by 25 K as shown in Figure 3 (b) [30]. Also, 

extremely high channel temperature is the most critical stressors for power electronics for 

reliability concerns, while there are other stresses such as humidity, mechanical vibration, 

and radiation [31], [32]. 
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Figure 3. (a) Heat fluxes vs temperature for various occasions, (b) Lifetime of the 
GaN-on-Si HEMT device by Arrhenius relationship.  

To understand the thermal limitations in the devices, for example, Near Junction 

Thermal Transport (NJTT) program through the Defense Advanced Research Projects 

Agency (DARPA) was able to achieve a 2.7× reduction in the thermal resistivity of a high 

electron mobility transistor (HEMT) device compared to a GaN-on-SiC device and 

demonstrated a 3× increase in the areal dissipation density of GaN-on-diamond 

comparatively with GaN-on-SiC [33]. It was found that the relatively large thermal 

boundary resistance (TBR) between GaN-diamond interface was 47.6 m2K/GW, which 

was a major component in constraining the device performance so that several works were 

done to minimize TBR of GaN-diamond interface [34]–[36], and now it is reduced to the 

near of the limit of the calculated value of 3.1 W/m2-K [37].  

1.2.3 Limitation of β-Ga2O3 

β-Ga2O3 possesses a poor thermal conductivity as compared to other WBG 

semiconductors (e.g., GaN and SiC), as shown in Figure 4. Therefore, β-Ga2O3 devices 

suffer from device self-heating under nominal operating conditions. Also, due to the highly 
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anisotropic monoclinic crystal structure of β-Ga2O3, the thermal conductivity of β-Ga2O3 

fall in the range of 9 to 26 W/m-K at room temperature, as shown in Figure 4 and Figure 5 

(b) , leads to excessively high operational channel temperatures that compromise the device 

performance and the reliability [38]. In addition, simulations indicate that at 25 °C, 1% and 

 

Figure 4. Thermal conductivity of wide/ultrawide bandgap semiconductors at room 
temperature [39] 

 

Figure 5. (a) Schematic representation of the unit cell of β-Ga2O3. The tetrahedrally 
coordinated Ga atoms are shown in blue whereas the octahedrally coordinated ones 
are shown in green. The oxygen atoms are marked in red. The (010) and the (𝟐𝟐�01) 
planes are highlighted by the orange and red plane, respectively. (b) The directional 
dependence of the in-plane thermal conductivity of a (010) β-Ga2O3 substrate at room 
temperature. The red curve and square data points are from Jiang et al. [40], and the 
triangles are from Guo et al. [41]. 
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2% oxygen vacancies decrease the thermal conductivity by 8.5% and 14.3% in [100] 

direction, 14.9% and 24.1% in [010] direction, 10.7% and 17.4% in [001] direction, 

respectively [7]. These values are one to two orders of magnitude lower than those of SiC 

and GaN semiconductors, while the size of the device is reduced for the equivalent 

capability resulting in higher power density. Thus, for smaller device with higher power 

density, much higher channel temperature will occur in low thermal conductive β-Ga2O3 

devices compared to SiC and GaN devices, causing faster degradation and shorter device 

lifetime. Therefore, the low thermal conductivity is a serious potential weakness of β-

Ga2O3 and will be one of the most important challenges among various R&D topics of β-

Ga2O3 power device technologies. 
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1.3 Research Objectives 

Based on the information outlined above, since the extremely high device 

temperature affects the performance and the reliability of the power electronics, heat 

removal is very important for the reliability concerns. Even though there are several studies 

for self-heating mitigation strategies for β-Ga2O3 transistors, we are far from having in 

hand optimal thermally aware design for these devices, and the thermal design for 

extremely low thermal conductivity material should be different from that of SiC and GaN 

devices. Therefore, this present work aims to continue the advancement in providing 

optimal thermal management solutions to β-Ga2O3 base power electronics. In order to 

better understand this and provide valuable insight to the scientific community, three 

overarching questions will be scrutinized with experimental methods and simulation 

techniques. 

• Is it possible to reduce the thermal resistance of device by adjusting 

design parameters related to the device layout? How does each 

parameter affect device self-heating?  

This question is addressed through understanding the major factors for the 

thermal resistance in the devices: the thickness of the substrate, the highly 

anisotropic crystal structure of β-Ga2O3, and the thermal boundary 

conductance (TBC) between metal and oxide layer.  

Figure 6 shows the heat generation region and the heat flow for both lateral and 

vertical devices, and possible design spaces for the optimal thermally aware design of β-

Ga2O3 devices. Highly anisotropic thermal conductivity will affect thermal performance of 
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devices, and especially, lateral multi-finger device will most be influenced. Also, for multi-

finger devices, gate-to-drain spacing and the width of the channel would have serious 

impact on electrical performance [42] and thermal performance. For both lateral and 

vertical structures, TBC between metal and oxide layer should affect the thermal 

performances as well. Few interfaces of metal/β-Ga2O3 have been reported to understand 

the role of the TBC in thermal transport [43]–[45].  

 

Figure 6. (a) Schematic of a typical lateral β-Ga2O3 structure (MOSFET) 
demonstrating the hotspot occurring in the device. Heat generated in the channel on 
the drain side of the gate must traverse low thermal conductive β-Ga2O3 substrate. 
(b) A vertical β-Ga2O3 structure (CAVET) that has a much more uniform thermal 
profile due to the device design. (c) Quarter symmetry model of lateral MOSFET 
showing possible design parameters: gate-to-drain spacing (LGD), number of 
channels, width of the channel, size of the probe pad.  

For high voltage and high power applications, vertical structures are preferred since 

chip area utilization is more efficient, device operation is insensitive to surface effect, and 

superior field termination is possible that reduce sharp regions of high electric field [46]–

[48]. In addition, heat distribution is more uniform in vertical devices than in lateral devices 

since the latter tends to develop localized hot spots within a thin conducting channel 

confined near the surface [48]. Unlike lateral devices, however, thickness of the drift layer 

(>90% of the device thickness) defines the breakdown voltage of the device that cannot be 

thinned resulting in very high peak temperature due to high thermal resistive β-Ga2O3 layer. 
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Therefore, it is important to find the optimal external cooling solution. Here, the primary 

research question that will be addressed is: 

• Is it possible to add an external cooling structure like heat spreader on 

the current aperture vertical electron transistors (CAVET) to reduce 

thermal resistance?  

This question is addressed through simulation developed by 2D Silvaco 

TCAD, which can model the Joule heat power profile of the device. For 

these computational studies, we explored the effectiveness of bottom-sided 

cooling and double-sided cooling methods with various design parameters 

such as thermal conductivity of die attach material, thermal boundary 

conductance (TBC) between metal and β-Ga2O3, and boundary conditions. 

Since there is no thermal management solution for the CAVET devices, this 

study will provide a set of useful plots that would allow a designer to quickly 

make decisions on the optimal packaging options for their specific 

operating parameters. 

While steady-state power conversion applications have benefited from packaging 

and cooling improvements, these solutions  have  been  shown  to  have  the  potential  for  

detrimental effects  in  transient  applications as well as overdesigned cooling systems [49]. 

Since the realistic operation will be transient profiles for RF and power devices 

applications, we must explore additional designs to be made or included that would not be 

allowable under steady-state operation. Unlike GaN and SiC, because of low thermal 

conductivity of β-Ga2O3, β-Ga2O3 has longer time constant than that of GaN and SiC that 
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optimal thermal design for transient operation shall be different from the design for steady-

state application. Since the major applications for ultra-wide bandgap β-Ga2O3 power 

electronics are broad range of power switching and RF components, we should know the 

best cooling solution for the transient operation. For this study, the primary research 

question is: 

• Are optimized solutions made for DC operation still relevant for 

transient operational profiles expected for RF and power switching 

applications?  

For this study, thermal management techniques for lateral devices will be 

applied to investigate the cooling effect for both steady-state and transient 

operation. The effectiveness of bottom-sided cooling, top-sided cooling, and 

double-sided cooling will be investigated for various timescale, and the 

effect of TBC between materials will be studied as well. Also, the 

effectiveness of transient cooling will be compared with high thermal 

conductivity material transistor, which has a shorter time constant.  

The above questions and issues will be addressed throughout this dissertation, with 

an overall outline of each chapter and its contribution to the overall understanding of the 

document outlined below in Section 1.4. 

1.4 Dissertation Outline 

The present work aims to address the mentioned problems in the following chapters. 

Chapter 2 discusses the precedent works to improve thermal reliability of β-Ga2O3. Chapter 
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3 features temperature measurements methodology for ultra-wide bandgap devices. Theory 

of IR and Raman spectroscopy, implication of nano-particle assisted Raman and transient 

Raman thermometry are presented. Chapter 4 explains the importance of thermally-aware 

design of the layout of lateral MOSFETs. The effect of anisotropic behavior of β-Ga2O3, 

and the effect of metal spacing are explored. Then optimal thermal design is suggested for 

multi-finger device with studied design parameters. Chapter 5 demonstrates the optimal 

design process for the vertical device structure (CAVET). Several cooling schemes are 

investigated by bottom-sided, top-sided, and double-sided cooling, and optimal thermal 

design is suggested. Chapter 6 focuses on transient behavior of various possible steady-

state cooling solutions for β-Ga2O3. It should be noted that optimized solutions for steady-

state would not be applicable to transient state solution. Chapter 7 concludes the work and 

provides a summary and future recommendations. 
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CHAPTER 2. IMPROVING THERMAL RELIABILITY OF 

GALLIUM OXIDE 

 β-Ga2O3 is considered a potential candidate for next-generation power devices 

owing to its ultra-wide bandgap of 4.8 eV and breakdown electric field of 8 MV/cm2. 

Moreover, high quality, large-size, and low-cost β-Ga2O3 substrates can be obtained by 

melt-growth techniques. The primary obstacle to β-Ga2O3 power devices is a low thermal 

conductivity (9–26 W/m-K), resulting in high thermal resistive devices, which causes the 

heat dissipation problem in high-power operations. In this chapter, several methods to cope 

with the thermal reliability of β-Ga2O3 are introduced. 

2.1 Integration to the Composite Wafers 

 To understand the thermal limitations in the devices, the Near Junction Thermal 

Transport (NJTT) program through the Defense Advanced Research Projects Agency 

(DARPA) was able to achieve a 2.7× reduction in the thermal resistivity of a GaN high 

electron mobility transistor (HEMT) device compared to a GaN-on-SiC device and 

demonstrated a 3× increase in the areal dissipation density of GaN-on-diamond 

comparatively with GaN-on-SiC [33]. It was found that the relatively large thermal 

boundary resistance (TBR) between GaN-diamond interface was 47.6 m2-K/GW, which 

was significantly hindering the device performance. Several works were done to minimize 

TBR of GaN-diamond interface[34]–[36], and it has been reduced to near the calculated 

limit of 3.1 m2-K/GW [37]. 

 Similar to GaN, integrating β-Ga2O3 thin films onto substrates with high thermal 

conductivity materials such as diamond and SiC is considered a potential method to 

mitigate thermal issues and, therefore, increase the performance and reliability of high-
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power β-Ga2O3 electronic devices. Such an approach takes advantage of both the high 

thermal conductivity of the substrates and the reduction of thermal resistance (inversely 

proportional to the film thickness) resulting from the thin-film geometry. Thin β-Ga2O3 

film can be mechanically exfoliated and transferred to polycrystalline diamond substrate 

integrated by Van der Waals forces [50], and deposit a 30 nm thick β-Ga2O3 layer on single 

crystal diamond grown via atomic layer deposition [51]. However, TBR of β-Ga2O3-

diamond interface for exfoliated β-Ga2O3 is 58.8 m2-K/GW , which is much higher than 

TBR of first generation of GaN-diamond interface, while that for ALD grown β-Ga2O3 is 

7.3 m2-K/GW . However, mechanical exfoliation results in the cleavage along the Ga2O3 

(001) plane prevents the fabrication of a large β-Ga2O3 layer on the diamond, and a 30 nm 

thick β-Ga2O3 layer is unsuitable for the fabrication of electronic devices.  

 

Figure 7. (a) β-Ga2O3 and diamond substrates were bonded by the hydrophilic 
bonding method. The OH-terminated surfaces formed direct bonding by a thermal 
dehydration reaction at 250 °C. (b-c) TEM images of the β-Ga2O3 /diamond bonding 
interface. They were bonded without nano-voids, cracks, or a significant loss in 
crystallinity [52]. 

 To increase the quality of the bonded interface of β-Ga2O3 and diamond, the 

hydrophilic bonding of an oxygen-plasma-activated β-Ga2O3 substrate with an OH-

terminated diamond substrate was reported as shown in Figure 7 [52]. The β-Ga2O3 surface 

was irradiated by oxygen plasma using our reactive ion etching at 250 °C. Meanwhile, after 
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ultrasonic cleaning in de-ionized water, the diamond substrates were OH terminated, then 

β-Ga2O3 and diamond surfaces were contacted with each other under atmospheric 

conditions without applying pressure. With this method, β-Ga2O3 (010) substrate was 

successfully bonded to diamond (111) substrate, and exfoliated β-Ga2O3 (100) film was 

also successfully bonded to diamond (111) substrate. Even though Newton’s ring is 

observed in areas where the surfaces are not in contact with each other, this method shows 

~70% of the diamond substrate directly bonded with the β-Ga2O3 substrate.  

 

Figure 8. Low-magnification STEM image showing the cross-sectional 
morphology[53]. 

 Moreover, the weak nature of the van der Waals bonding between the exfoliated β-

Ga2O3 and the diamond substrate can limit the heat transfer rate across the heterointerface, 

which can be improved by depositing β-Ga2O3 directly on diamond. β-Ga2O3 can be grown 

using low pressure chemical vapor deposition on (100) oriented, single-crystalline 

diamond substrates [53]. The dominant growth direction of β-Ga2O3 films was along the 

<-201> direction. Figure 8 shows a low-magnification cross-sectional STEM image 

obtained from the sample, which shows a sharp contrast between the grown film and the 

substrate. The thickness of the films was measured to be 1.7 μm. No voids or exfoliation 

were observed indicating a very high-quality interface which is essential for high thermal 

boundary conductance. 
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Figure 9. (a) Wafer-bonding and -thinning approach used to create the Ga2O3 
composite substrate. (b) An image of Ga2O3 bonded onto 4H-SiC. The yield is 
nominally 100% except in the edge exclusion region. (c) Cross-sectional transmission 
electron microscopy image of the Ga2O3-on-SiC composite wafer [54]. 

 Similar to β-Ga2O3/diamond composite wafer, a novel β-Ga2O3/4H-SiC composite 

wafer with high heat transfer performance and an epi-ready surface finish has been 

developed using a fusion-bonding method [54]. By taking advantage of low-temperature 

metalorganic vapor phase epitaxy, a Ga2O3 epitaxial layer was successfully bonded on the 

composite wafer while maintaining the structural integrity of the composite wafer without 

causing interface damage. Ga2O3 was thinned down using a series of lapping plates and a 

diamond abrasive, followed by a silica-based chemical-mechanical polishing process to 

remove subsurface damage and enable subsequent epitaxial growth for device processing. 

To minimize the overall thermal resistance of the composite substrate, and the final 

thickness of the Ga2O3 layer was determined to be ∼6.5 µm. This novel power transistor 

topology resulted in a ∼ 4.3 ×  reduction in the junction-to-package device thermal 

resistance.  
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2.2 Dielectric on β-Ga2O3 

 For transistor applications, a gate dielectric should present low leakage currents, 

have low interface trap densities to achieve a controllable threshold voltage, and should 

also have a higher breakdown field. Many insulators such as Al2O3, Si3N4, SiO2, and HfO2 

have been studied as a gate oxide material and passivation layers for gallium oxide devices 

[55]–[58].  Extreme permittivity materials such as BaTiO3 were also studied and used as 

dielectric material in β-Ga2O3 transistors and heterojunction Schottky barrier diodes [59], 

[60]. Among all the dielectric materials, Al2O3 is studied and used most extensively for β-

Ga2O3-based devices due to its compatibility with β-Ga2O3. Various lateral MOSFETs with 

Al2O3 as gate dielectric were demonstrated showing excellent electric field strength [61], 

[62]. Vertical device structures with outstanding figure of merit (FOM) using Al2O3 as gate 

dielectric were demonstrated as well [63], [64]. 

Table 2. Dielectric constant and thermal conductivity of dielectric materials 

Material  Dielectric constant  Thermal conductivity @ Room 
Temperature (W/m-K) 

Al2O3 8.5 – 9 25 

SiO2 3.5 – 4.5 1.4 

Si3N4 6.2 27 

HfO2 25 1.1 

AlN 8.9 321 

Diamond 5.7 2000 (Single Crystalline) 

 However, in terms of thermal reliability, top-sided cooling is important as β-Ga2O3 

is highly thermally resistive that one needs to consider not only the dielectric strength, but 

also the thermal conductivity of dielectric layer. As shown in Table 2, dielectric materials 

which are compatible with β-Ga2O3, has similar or even lower thermal conductivity than 

β-Ga2O3. For example, the allowable thickness of the SiO2 gate dielectric in Ga2O3-based 
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devices is severely restricted due to the low thermal conductivity (13 W/m- K in the [100] 

crystallographic direction) of β-Ga2O3. Thick SiO2 can enable the high breakdown voltage 

of the device, but it makes the poor thermal conductivity of β-Ga2O3 even worse. 

 Analogous to those gate barrier materials mentioned above, AlN can be utilized as 

a gate dielectric for the β-Ga2O3 based devices due to its large bandgap (6.2 eV) and high 

gate dielectric constant. It was presented by several reports that the nitridation is an 

effective way to decrease the interface state density and improve interface electrical 

characteristics [65], [66]. As compared with the SiO2 gate barrier, AlN/β-Ga2O3 

heterostructures might be a promising solution to solve the problem of β-Ga2O3 poor 

thermal conductivity. Moreover, the AlN/ β-Ga2O3 based devices can possess high 

breakdown voltage while maintaining the low total thermal resistivity of β-Ga2O3 to the 

substrate. In addition, the knowledge of energy band alignment in the AlN/ β-Ga2O3 system 

is of particular importance for the design and optimization of advanced β-Ga2O3 based 

devices [67]. 

 

Figure 10. SEM micrographs of polycrystalline diamond films grown on SiO2-coated 
β-Ga2O3. (a) and (b) Diamond were grown on 19 nm SiO2/β-Ga2O3 with a thickness 
of ∼260 nm. (c) and (d) Diamond were grown on a 100 nm SiO2/β-Ga2O3 with an 
average grain size of ∼400 nm and a thickness of 930 nm [68]. 
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 Similar to AlN, very high thermal conductivity material, diamond, can be also used 

not only as a gate dielectric, but also as a heat spreader. Using single crystalline diamond 

for β-Ga2O3 device cooling is an expensive approach due to the limited availability of large 

area single crystalline diamond wafers (>1 cm2) and difficulty in single crystalline diamond 

growth on β-Ga2O3. Therefore, scalable growth of polycrystalline diamond on β-Ga2O3 

wafers via chemical vapor deposition for thermal management purposes was reported [68]. 

With SiO2 interlayer, this work was successful to grow the thickness of the diamond layers 

of ∼260 nm when grown on a 19 nm SiO2 interlayer and of 930 nm when grown on a 100 

nm SiO2 interlayer as shown in Figure 10. Unlike single crystalline diamond, thermal 

conductivity of polycrystalline diamond will be dependent on thickness and grain of 

diamond film. The directionally averaged thermal conductivity of a 267 ± 21 nm thick 

diamond film grown on an Sn-doped (-201)-oriented β-Ga2O3 substrate coated with 19 nm 

SiO2 interlayer was 110 ± 33 W/m-K. This value is comparable to polycrystalline diamond 

thin films with similar thickness and grain size grown on GaN as shown in Figure 11 [69]. 

The effective TBR at the diamond/β-Ga2O3 interface, which includes the thermal resistance 

arising from the 19 nm SiO2 interlayer, was determined to be ∼30 m2-K/GW. 

 

Figure 11. (a) Thermal conductivity of polycrystalline diamond (PCD) and (b) TBR 
between PCD and GaN as a function of the PCD film thickness.  
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2.3 Preceding Simulation Studies 

 In addition to the introduced experimental efforts, several simulation studies were 

reported to improve the thermal reliability of β-Ga2O3 devices. First of all, the effects of 

thermal boundary conductance (TBC) between β-Ga2O3 and substrate interface and 

thermal conductivity of substrate were briefly studied in the work that integrates exfoliated 

β-Ga2O3 on diamond [50]. An analytical solution for the temperature rise calculation in 

multilayer structures with discrete heat sources were used [70]. A 500-nm (100) Ga2O3 

layer atop a substrate has anisotropic thermal conductivity with kz = 12 W/m-K and kr = 

21 W/m-K. The modeled device structure and conditions were shown in Figure 12 (a): 10 

fingers with 50 μm gate-to-gate spacing, 4 × 150 μm for each heat source, 2000 ×  2000 

μm total domain, and 10 W/mm total power density. The maximum device temperature 

with different TBC and different substrates (Si, SiC, and diamond) were calculated and the 

results are shown in Figure 12  (b). Compared with Si substrates, the maximum temperature  

 

Figure 12. Effect of β-Ga2O3–substrate TBC on device thermal management. (A) 
Schematic diagram of device structure. (B) Effect of β-Ga2O3–substrate TBC on the 
max temperature of a device [39], [50] 
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of devices with high thermal conductivity substrates such as SiC and diamond are much 

lower. For a certain substrate, TBC plays an important role in limiting the maximum device 

temperature when TBC value is lower than 100 MW/m2-K for the modeled device 

structures in this work. For single crystal diamond substrate with a relatively low TBC of 

the transferred β-Ga2O3/diamond interfaces, the cooling performance is excellent. For TBC 

higher than 200 MW/m2-K, the maximum device temperatures are weakly dependent on 

TBC values for the modeled device structures in this work. 

 

Figure 13. (a) Flip-chip hetero-integration of a Ga2O3 MOSFET combined with the 
use of NCD passivation and thermal bumps. (b) Comparison of the device thermal 
resistance associated with the thermal management schemes studied in this work as 
well as the benchmark GaN-on-Si HEMT technology [71].  

 The effectiveness of bottom-sided cooling methods (substrate engineering and 

microchannel cooling) and  top-sided cooling methods (air-jet impingement cooling and 

flip-chip hetero-integration) has been demonstrated as shown in Figure 13 (b) [71]. The 

device model shows that a homoepitaxial device suffers from an unacceptable junction 10 

W/mm, indicating the importance of employing device-level temperature rise of ∼1500 °C 

under a power density of thermal managements to individual Ga2O3 transistors. The 

effectiveness of various active and passive cooling solutions was tested to achieve a goal 

of reducing the device operating temperature below 200 °C at a power density of 10 W/mm. 
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Results show that flip-chip heterointegration as shown in Figure 13 (a) is a viable option 

to enhance both the steady-state and transient thermal characteristics of Ga2O3 devices 

without sacrificing the intrinsic advantage of high-quality native substrates. 

 

Figure 14. (a) The dependence of channel maximum temperature on Ga2O3 thickness, 
when the thermal boundary conductance and substrate thermal conductivity are kept 
with their baseline values, 20 MW/m2-K and 400 W/m K, respectively. (b) The 
channel maximum temperature as a function of power density for the various cooling 
scheme [72]. 

 Another study also comprehensively investigated the effects of the various cooling 

approaches on the device channel temperature along with guidance for material selection 

to enable the most effective thermal solutions [72]. Figure 14 (a) shows maximum 

temperature as a function of Ga2O3 thickness (from 1 μm to 100 μm), when the thermal 

boundary conductance and substrate thermal conductivity are kept with their baseline 

values, i.e., 20 MW/m2-K and 400 W/m-K, respectively. The figure shows that thinning 

the Ga2O3 substrate from 100 μm to 1 μm results in a ∼ 130 °C (∼50%) reduction in 

maximum temperature. Among various cooling strategies, similar to previous work, 

double-sided cooling combined with a heat spreader used in the active region of the device 

can suppress the device thermal resistance to as low as 11 mm-°C/W, achieving a 

maximum dissipated power density as high as 16 W/mm for a junction temperature limit 

of 200 °C.   
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Figure 15. (a) Cross-plane thermal conductivity of (010)-oriented β-Ga2O3 thin films 
as a function of film thickness at room temperature. The predictions of the model with 
varying Sn doping concentration, NSn. (b) Cross-plane thermal conductivity of β-
Ga2O3 thin films versus film thickness at room temperature [73]. 

 

Figure 16. (a) Maximum device temperature rise, with the reference of a bottom 
boundary temperature of 22 °C, as a function of Ga2O3 layer thickness. (b) Maximum 
device temperature (Tmax) as a function of Ga2O3 layer thickness for single-gate Ga2O3 
devices on diamond and SiC at a power density of 1.8 W/mm. (c) Tmax as a function 
of dissipated power density for single-gate Ga2O3 devices, where the thickness of the 
Ga2O3 layer ranges from 0.1 to 10 μm. With 200 °C assumed as a safe junction 
temperature limit [73]. 

 Recent study addressed the fundamental conduction cooling limits for sub-1 μm β-

Ga2O3 devices integrated with diamond via finite element simulations [73]. A semi-

classical transport theory for phonons interacting with interfaces is employed to 

systematically calculate the thickness-dependent thermal conductivity of the β-Ga2O3 

layers with different crystallographic orientations as shown in Figure 15. Figure 16 (a) 
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shows the thermal resistance of the Ga2O3 layer monotonically decreases with decreasing 

Ga2O3 layer thickness as the influence of TBC increases. This trend is strongly associated 

with the inherently low thermal conductivity of the Ga2O3 layer. However, if the TBC is 

too low as 20 MW/m2-K, having a sub-1 μm β-Ga2O3 would not be affected as shown in  

Figure 16 (b). It was found that the maximum power density of sub-1 μm β-Ga2O3 devices 

on diamond, particularly that of the 0.1 μm device, can reach up to 7.7 W/mm with a 

junction temperature limit of 200 °C, considering an optimal device orientation as well as 

best-case experimental Ga2O3/diamond TBC. As the Ga2O3/diamond TBC approaches the 

limit predicted by the diffuse mismatch model, the fundamental limit to the maximum 

power density of these devices can reach up to 8.6 W/mm, which is comparable to those 

reported previously for costly augmented thermal management designs.  
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CHAPTER 3. EXPERIMENTAL METHODOLOGY OF 

TEMPERATURE MEASUREMENTS 

3.1 Introduction 

 Accurate temperature measurement with high spatial resolution when applied to 

ultra-wide bandgap devices is a challenging research topic. Measurements down to the 

submicron regime are desired in order to capture both lateral and vertical thermal gradients 

(static and transient) in the transistor channels, where conventional methods are not able to 

make measurements. The development of a nanoscale thermometer is not only a matter of 

controlling the spatial resolution of the measurement technique, but also the development 

and improvement in the application of techniques and understanding their limitations. 

There are several applications of techniques used to measure the operational temperature 

of ultra-wide bandgap transistors: Thermoreflectance Imaging, Infrared (IR) thermometry, 

and Raman Thermometry.  

 Thermoreflectance Imaging measures the reflected visible wavelength illumination 

to provide the surface temperature distribution with submicron spatial resolution. 

Thermoreflectance is typically used in a pump probe setup known as Time Domain 

Thermoreflectance (TDTR) in which thermal properties such as thermal conductivity and 

thermal boundary resistance of various materials are extracted. Replacing the photodiode 

detector with a charge coupled device (CCD), thermoreflectance can be used as a thermal 

imaging instrument to monitor the change in thermoreflectance of every pixel in the CCD. 

To estimate the surface temperature rise via Transient Thermoreflectance Imaging (TTI), 

the correct thermoreflectance coefficient must be applied to the thermally induced optical 

reflectivity variation detected. Therefore, the accuracy of this methodology is based on 
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how well the thermoreflectance coefficient of the surface is estimated. In addition, the 

procedure requires additional complex equipment and long acquisition times. 

 Infrared thermography is based on the physical phenomenon of radiative emission 

from an object of finite temperature. Similar to TTI, to determine the emissivity of a sample 

using infrared thermography, a calibration procedure is required. The emissivity calibration 

involves heating the sample to a known temperature and measuring the total emitted 

radiation. The emissivity of the object can then be determined as the ratio of the measured 

radiance to the expected radiance of a blackbody at the known temperature. The major 

advantage of infrared thermography is the rapid measurement capabilities offering 2D 

temperature mapping of the entire field of view. Infrared thermography is proven to be 

much faster than other thermal characterization techniques. The entire measurement 

procedure can be completed in several minutes. However, the quality of the emissivity 

calibration and the lateral signal averaging due to the limited spatial resolution (~ 3 μm) 

limit this practice to be beneficial only in a qualitative manner, specifically for recent 

generations of power electronics with submicron length scales. 

 Raman spectroscopy provides non-contact and fast means to locally analyze micro-

scale devices with sufficient high spatial resolutions of ~1 μm. Raman spectroscopy 

measures phonon frequency of semiconductor materials, which makes possible to measure 

both stress and temperature. Therefore, Raman spectroscopy can serve as an effective tool 

for examining operating devices since interference to the electrical performance of the 

device by photon irradiation can be minimized by utilizing a sub-band gap visible laser. 

However, in other words, the laser is transparent that will average the temperature of the 

ultra-wide bandgap semiconductor channel that will be limited to extract the exact peak 

channel temperature. 
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 This chapter will introduce the principle of IR thermometry and Raman 

thermometry as they are utilized in further section in Chapter 4 and Chapter 6.  

3.2 Infrared Thermography 

 Infrared (IR) thermography is based on the physical phenomenon of radiative 

emission from an object of finite temperature. A blackbody emits radiation as a function 

of wavelength (λ) and temperature (T) according to Planck’s distribution:  

 
𝑬𝑬𝒃𝒃(𝝀𝝀,𝑻𝑻) =

𝟐𝟐𝒉𝒉𝒄𝒄𝟐𝟐

𝝀𝝀𝟓𝟓 �𝒆𝒆𝒆𝒆𝒆𝒆 �𝒉𝒉𝒉𝒉 𝝀𝝀𝒌𝒌𝑩𝑩𝑻𝑻� � − 𝟏𝟏�
 (1) 

where Eb(λ, T) is the spectral radiance, h is Planck’s constant, c is the speed of light, and 

kB is the Boltzmann constant. Integrating Eq. 1 over the entire electromagnetic spectrum (0 

≤ λ ≤ ∞), the total radiance of a blackbody at a given temperature is determined and can be 

expressed through the Stefan-Boltzmann law:  

 𝑬𝑬𝒃𝒃(𝑻𝑻) = 𝝈𝝈𝑻𝑻𝟒𝟒 (2) 

where σ is the Stefan-Boltzmann constant. As the temperature of the object increases, the 

magnitude of radiance increases and the wavelength of maximum radiance decreases. So 

far, discussion has been limited to the blackbody, while the blackbody is a theoretical 

ideality and real objects are observed to emit less radiation than that of the blackbody. This 

observation leads to the introduction of the spectral emissivity coefficient (ελ) defined as a 

ratio of the actual spectral radiance of an object to that of the spectral radiance of a 

blackbody at the same temperature and wavelength:  
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 𝜺𝜺𝝀𝝀 = 𝑬𝑬(𝝀𝝀,𝑻𝑻)/𝑬𝑬𝒃𝒃(𝝀𝝀,𝑻𝑻) (3) 

 Integrating Eq. (3) over the entire electromagnetic spectrum and applying Eq. (2), 

the relationship between the temperature, total emissivity (ε), and total radiance (E) can be 

established:  

 𝑬𝑬(𝑻𝑻) = 𝜺𝜺𝜺𝜺𝑻𝑻𝟒𝟒 (4) 

 If the emissivity of the object is known and the total emitted radiation is measured, 

then the temperature of the object can be determined. This relationship demonstrates the 

importance of accurate determination of the emissivity for the material of interest to obtain 

thermal measurements with the highest possible accuracy. It should be noted that infrared 

cameras are designed to detect radiation over a specific spectral range; for example, 

medium-wavelength infrared cameras detect radiation over a range of 3-5 μm.  

 To determine the emissivity of a sample using infrared thermography, a calibration 

procedure is required. At its most basic, the emissivity calibration involves heating the 

sample to a known temperature and measuring the total emitted radiation. The emissivity 

of the object can then be determined as the ratio of the measured radiance to the expected 

radiance of a blackbody at the known temperature. The main limitation of this one-

temperature calibration procedure is its vulnerability to background radiation. To minimize 

the effects from the background radiation, a two-temperature emissivity calibration can be 

applied. However, background radiation can still be challenging for areas of low emissivity 

since the relative levels of radiative emission are similar. Moreover, the two-temperature 

calibration can result in misalignment of the acquired radiance images due to thermal 

expansion. This misalignment is disadvantageous as it can result in signal convolution 

around defining features of objects such as device edges [74]. These effects become 
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particularly significant and must be taken into consideration when characterizing devices 

with micron length scales. For example, GaN has a bandgap energy of 3.4 eV rendering it 

transparent to less energetic infrared radiation. This is detrimental to measurement 

accuracy because the measured radiation originates not only from the surface but also from 

underlying layers which may be significantly cooler. This can result in significant 

underestimation of the surface temperature.  

 The major advantage of infrared thermography is the rapid measurement 

capabilities offering 2-dimensional (2D) temperature mapping of the entire field of view. 

This can be extremely useful for the identification of hotspots which establishes 

significantly reduced regions of interest for further thermal probing. Infrared thermography 

is proven to be much faster than other thermal characterization techniques. The entire 

measurement procedure can be completed in several minutes. However, the quality of the 

emissivity calibration and the lateral signal averaging due to the limited spatial resolution 

(~3 μm) limit this technique to be useful only in a qualitative manner, especially for current 

generations of microelectronics with (sub)micron length scales. In this work, infrared 

thermal measurements were conducted on β-Ga2O3 MOSFETs using an InfraScope system 

(Quantum Focus Instruments). The system is equipped with a liquid nitrogen-cooled 512 

× 512 pixel InSb focal plane array camera for MWIR detection. The full-field thermal map 

of the β-Ga2O3 MOSFETs provides an excellent qualitative sampling of the regions of 

temperature maxima as shown in Figure 23 in Chapter 4. After locating the hotspots on the 

device, complementary thermometric techniques that offer much greater spatial resolution 

and measurement accuracy can be utilized. 

3.3  Raman Spectroscopy 

3.3.1 Theory 
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Raman spectroscopy is a spectroscopic technique based on the inelastic scattering 

of monochromatic light with a material, usually from a laser source. In this method, 

photons are scattered by the sample elastically (Rayleigh scattering) or inelastically 

(Raman scattering) which results in a frequency shift in photons. The Raman scattering is 

based on molecular deformations in an electric field determined by the material’s 

molecular polarizability. The photons can be considered as an oscillating electromagnetic 

wave with electrical vector. Upon interaction with the sample, it induces electric dipole 

moment, which interacts with the molecular vibrations.  

Monochromatic laser light with frequency υ0 excites molecules and transforms 

them into oscillating dipoles. Such oscillating dipoles emit light of three different 

frequencies (Figure 17) when: 

1. A molecule with no Raman-active modes absorbs a photon with the frequency υ0. 

The excited molecule returns back to the same basic vibrational state and emits light 

with the same frequency υ0 as an excitation source. This type if interaction is called an 

elastic Rayleigh scattering. 

2. A photon with frequency υ0 is absorbed by Raman-active molecule which at the 

time of interaction is in the basic vibrational state. Part of the photon’s energy is 

transferred to the Raman-active mode with frequency υm and the resulting frequency 

of scattered light is reduced to υ0 - υm. This Raman frequency is called Stokes 

frequency, or Stokes scattering. 

3. A photon with frequency υ0 is absorbed by a Raman-active molecule, which, at the 

time of interaction, is already in the excited vibrational state. Excessive energy of 
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excited Raman active mode is released, molecule returns to the basic vibrational state 

and the resulting frequency of scattered light goes up to υ0 + υm This Raman frequency 

is called Anti Stokes frequency, or just Anti-Stokes scattering. 

Since the energy loss or gained by the photons is directly related to the energy loss 

or gained by the phonon vibrational modes, this technique allows for the direct 

measurement of the vibrational energies of the zone centered phonons in the material.  

 

Figure 17. Energy level diagram for Rayleigh and Raman scattering processes 

About 99.999% of all incident photons in spontaneous Raman undergo elastic 

Rayleigh scattering. Only about 0.001% of the incident light produces inelastic Raman 

signal with frequencies υ0 ± υm. Therefore, lasers are used as a light source that is capable 

of irradiation on a sample with very high photon density. Spontaneous Raman scattering is 

very weak and special measures must be taken to distinguish it from the predominant 

Rayleigh scattering. Instruments such as notch filters, tunable filters, laser stop apertures, 
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double and triple spectrometric systems are used to reduce Rayleigh scattering and obtain 

high-quality Raman spectra. 

3.3.2 Raman Thermometry 

Raman thermometry is a thermal characterization technique which makes use of 

Raman scattering phenomena to determine the local temperature in microelectronics 

systems.  Any characteristics of the phonons, which vary with temperature, can be used to 

measure the thermal state of the system. For example, the change in Raman frequencies 

represents the change in temperature/stress states, and the change in line width of the peak, 

or full-width-half-maximum (FWHM), represents the change in temperature or quality of 

the crystal. Following Figure 18 shows the typical Raman spectrum of GaN, when it is 

heated or under tensile strain, the peaks show red-shifts, otherwise blue-shifts. For 180° 

back scattering geometry, GaN has E2(High) and A1(LO) Raman active modes. 

 

Figure 18. A schematic of a typical Raman spectrum of GaN showing with peak 
positions (ω) of two phonon modes (E2(High) mode of strain-free GaN : ~568 cm-1  
and A1(LO) mode of it: ~ 732 cm-1), and the line-width, or full width at half maximum 
(FWHM, Γ). 
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As the lattice is heated or cooled, the equilibrium positions of the atoms are 

displaced, resulting in a volumetric expansion or contraction of the lattice and a change in 

interatomic forces as a result of the anharmonicity of the bonds. These changes in the 

interatomic forces modify the phonon vibrational frequencies that results in the change of 

the Raman peak position. For example, the temperature dependent E2(High) phonon 

frequency shift of Stokes Raman of AlGaN/GaN HEMTs is utilized [75]. However, 

temperature is not the only one that affects the peak position. As the volumetric changes, 

which contribute to peak shifts, result from the change of distances between the atoms, the 

peak position is sensitive to the lattice strain as well. During the operation of AlGaN/GaN 

HEMTs, thermo-elastic stress that comes from self-heating effect and inverse piezoelectric 

stress that is related with the magnitude of the vertical component of the electric field in 

GaN layer are developed. Therefore, the shifts in phonon frequency include both 

temperature and stress effects. Utilizing peak shift method to obtain the operating 

temperature of AlGaN/GaN HEMTs underestimates it that it is necessary to consider not 

only the thermal effects but the other factors that could affect the Raman spectra. 

The linewidth of a Raman peak results from the lifetime of the phonon. The lifetime 

of the phonons can be determined from the Heisenberg uncertainty principle which states 

that the energy of the phonon can be measured only for a finite amount of time. The 

dominant contribution comes from the thermal expansion that the increase in interaction 

among optical phonons at high temperature causing increased phonon scattering and 

decreased phonon lifetime. Therefore rise in temperature accompanies phonon peak 

broadening since lifetime is decreased. Scattering of the phonon is dependent on a variety 

feature such as defects, material boundaries, and other phonons. Phonon-phonon scattering 
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is a dominant factor in broadening of line-width since the phonon population increases with 

elevation of lattice temperature, whereas other factors such as defects and grains are 

temperature independent. This increment in population reduces the phonon lifetime, and 

thus increasing the linewidth allowing temperature to be measured. 

The final spectral feature used for thermal analysis is the ratio of the anti-Stokes 

intensity to the Stokes intensity for a given phonon mode. The temperature dependence of 

the anti-Stokes/Stokes intensity ratio is a result of the temperature dependence of the 

phonon population. Qualitatively, as temperature increases, the phonon population 

increases and there are more excited vibrational states. Therefore, it is more likely for a 

photon incident upon the material to interact with one of these phonons and absorb its 

energy. The sample then emits a photon with greater energy than the incident one, or anti-

Stokes Raman scattering. Because of this, the anti-Stokes to Stokes intensity ratio is seen 

to increase with temperature. 

However, applying this Raman thermometry to β-Ga2O3-based devices, there is a 

major limitation for thermal analysis. For GaN HEMTs, the device structure typically 

consists of a relatively thin (~1 μm) GaN channel/buffer layer where the active 2DEG 

channel is. Therefore, Raman thermometry probes the GaN layer averaging through the 

thickness of GaN, which is on the order of a micron, when using visible wavelengths below 

the bandgap of GaN. However, β-Ga2O3 devices are fabricated on thin films 

homoepitaxially grown on thick (~650 μm) substrates that through thickness averaging 

become more considerable. In addition, β-Ga2O3 has much lower thermal conductivity than 

GaN that there will be much greater temperature gradients through the thickness of β-

Ga2O3. Averaging over these larger vertical temperature gradients will lead to greater 
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underestimation of the peak temperature rise in the channel, which is located near the 

device surface. In addition, if using Raman peak position-based methods for thermal 

analysis, the thermoelastic stresses induced by the large through-thickness temperature 

gradients need to be considered. 

3.3.3 Nanoparticle-assisted Raman Thermometry 

 The use of Raman active nanoparticles has preliminarily shown to be a fine 

candidate to solve this challenge [76], [77]. If Raman spectroscopy can identify the various 

materials that are present in the probing volume of a given sample of interest, then it is 

reasonable to assume that a particle deposited onto the sample surface will introduce 

additional characteristic peaks in the Raman spectra. Spectral analysis can then be 

performed to measure the temperature rise of the particle on the sample surface. With the 

independent Raman sensors on top of the device, a strain free surface temperature can be 

measured.  

 There are several aspects of nanoparticle-assisted Raman thermometry that can be 

utilized for thermal analysis of emerging microsystems. While Raman spectroscopy cannot 

be used to directly probe metals, nanoparticle-assisted Raman thermometry can be used to 

indirectly probe the temperatures of metals [78]. This is because nanoparticles will be 

deposited on the surface of the device to be used as temperature transducers. As follows, 

this adaptation of Raman thermometry can also be used to measure the surface temperature 

of semiconductors whose bandgaps are greater than the Raman laser energy, where depth 

averaging would occur. This is crucial for UWBG semiconductor devices whose heat 

generation occurs within tens of nanometers of the device surface. Moreover, the 

nanoparticles are assumed to be in thermal equilibrium with the device surface, not alter 

the intrinsic temperature distribution, and experience negligible thermal stress.  
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Figure 19. (a) Raman Spectrum of TiO2 at Room Temperature with Eg = 144 cm-1, (b) 
Raman temperature calibration of TiO2 (99.98% purity). 

 The TiO2 nanoparticles are applied by dropping a solution of isopropanol and the 

nanoparticles onto the device surface while it is heated on a temperature-controlled 

baseplate. The isopropanol is then allowed to evaporate by maintaining the temperature of 

the baseplate above the boiling point of isopropanol (~85 °C), leaving TiO2 on the device 

surface. After applying TiO2 to the device surface, the nanoparticles are allowed to reach 

thermal equilibrium with the device surface during operation and the Stokes Raman peak 

shift of the Eg phonon mode is used to evaluate the temperature response of the 

nanoparticles [79].  

3.3.4 Transient Raman Thermometry 

 Several thermal characterization techniques are commonly used to quantify self-

heating in electronics including infrared thermography, Raman thermometry, and 

thermoreflectance thermal imaging. While infrared thermography is the most common 

method employed, it has been shown to underestimate peak temperature rise in the 

transparent semiconductor channel. The temporal resolution of transient infrared 

thermography is limited to microsecond levels; therefore, it is not capable of capturing the 

thermal dynamics important in fast switching applications with high-power dissipation. 

Thermoreflectance thermal imaging is well-suited for steady-state and transient 
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microelectronics temperature assessment due to the abundance of metallization structures 

and two-dimensional mapping capabilities. However, due to low signal-to-noise ratios, it 

commonly employs an iterative lock-in measurement scheme, which forces 

synchronization of pulsed device operation and optical probing [80]. Improper use of this 

technique resulting from failure to fully understand the thermal dynamics of the system can 

result in reporting of quasi-steady state temperature rises in the device channel which can 

be significantly lower than the true steady-state value. In contrast, Raman thermometry is 

very effective as a point measurement technique to determine the temperature rise in the 

semiconductor channel under both steady-state and transient measurement conditions [81], 

[82].  

 

Figure 20. (a) Experimental setup used for transient Raman thermometry. (b) The 
synchronized pulsing scheme used to capture the transient thermal response of the β-
Ga2O3 MOSFET. 

 The experimental setup used for transient Raman thermometry experiments is 

illustrated in Figure 20 (a). This setup adopts a lock-in modulation scheme, in which the 

electrical and laser pulse trains are synchronized while the Raman signal accumulates over 
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many periods. Using this experimental setup, a temporal resolution of 15 ns was achieved 

and used in this study. Figure 20 (b) shows the synchronized pulsing scheme that allows 

control of the electrical pulse width (τon) of the applied drain-source voltage (VDS) and the 

laser pulse width (τlaser) that produces a Raman signal, which is collected by the detector of 

the Raman system. The time delay (τdelay) between the electrical and laser pulses is 

controlled by a digital delay generator which measures the full transient temperature rise 

of the device in response to a square electrical pulse. To initiate optical pulsing, the digital 

delay generator sends a signal to a fixed frequency driver which drives an acousto-optic 

modulator (AOM) for the Raman laser. To initiate electrical pulsing, the digital delay 

generator sends a signal to a function generator which modulates a switch in the biasing 

circuit of the device under test.  
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CHAPTER 4. THERMALLY-AWARE LAYOUT DESIGN OF 

LATERAL DEVICES: METAL-OXIDE SEMICONDUCTOR 

FIELD EFFECT TRANSISTOR (MOSFET) 

Content in the chapter (figures and text) adapted from:  

S. Kim, et al., “Thermally-Aware Layout Design of β-Ga₂O₃ Lateral MOSFETs,” in IEEE 

Transactions on Electron Devices, vol. 69, no. 3, pp. 1251-1257, March 2022 [38] 

4.1 Overview & Approach 

 Recently, several experimental and computational studies have reported self-

heating mitigation strategies for β-Ga2O3 transistors to reduce its’ high thermal resistance. 

The thermal conductivity of β-Ga2O3 fall in the range of 9 to 26 W/m-K at room 

temperature, which is one or two order magnitude lower than that of SiC and GaN. The 

effectiveness of bottom-side cooling methods (substrate engineering and microchannel 

cooling) and  top-side cooling methods (air-jet impingement cooling and flip-chip hetero-

integration) have been demonstrated [71]. In addition, the transfer of thin β-Ga2O3 

membranes onto a high thermal conductivity diamond substrate has been demonstrated 

[50], [83]. An improvement of both electrical and thermal performance by replacing the 

200-μm-thick β-Ga2O3 substrate with a 50-μm-thick Cu substrate has been proposed [84]. 

However, these studies were based on single or two-finger lateral devices without any 

impact of highly anisotropic thermal conductivity of β-Ga2O3 nor optimization of the 

device layout.  

 In contrast, this study investigates how the device layout design of a homoepitaxial 

β-Ga2O3 MOSFET itself could be optimized to enhance the device thermal performance 



 43 

without changing substrate. To be more specific, many device engineers are currently 

building their Ga2O3 devices based on device mask layouts they have been using for 

previous device development (e.g., GaN transistors), because guidelines for such 

thermally-aware device design is lacking in open literature. The orientation of β-Ga2O3 

substrate, the thermal boundary conductance (TBC) between metal and oxide layers, the 

gate-to-gate spacing of multi-finger device, the width of the channel, and the thickness of 

lateral MOSFET β-Ga2O3 substrate should affect the device thermal performance and need 

to be optimized thermally. Device engineers have been overlooking these design 

parameters and thermal engineers have not yet provided device developers with this 

knowledge. Moreover, no one has demonstrated the impact of these design parameters via 

experiments in a way that decouples the effect of each variable, which is not easy nor 

trivial. Therefore, this study will provide the optimized thermal design of single-finger 

device, and that of multi-finger device. 

 To understand the effect of the in-plane anisotropy of the thermal conductivity of 

(010)-oriented β-Ga2O3 substrates, single-finger MOSFETs with various channel 

orientations (rotated by 0/30/60/90°) were fabricated and characterized. Electro-thermal 

device simulation was performed to quantify the orientation-dependence of the device self-

heating behavior, isolated from effects from the metallization structure arrangement. After 

this, to exclusively study the cooling effect arising from the metallization layout, 

electrically-identical (identical heat source profile under a given bias condition) but 

thermally-different (different gate-to-drain contact spacing) devices were fabricated and 

tested via nanoparticle Raman thermometry and infrared (IR) thermography. Lastly, the 

effect of number of channels, the spacing of the channel, and the width of the channel will 

be investigated and optimized via computational study. 
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4.2 MOSFET Device 

4.2.1 Principle of MOSFET 

The MOSFET (Metal-oxide Semiconductor Field Effect Transistor) transistor is a 

semiconductor device that is widely used for switching purposes and for the amplification 

of electronic signals in electronic devices.  A MOSFET is either a core or integrated circuit 

where it is designed and fabricated in a single chip because the device is available in very 

small sizes. FETs can be majority-charge-carrier devices, in which the current is carried 

predominantly by majority carriers, or minority-charge-carrier devices, in which the 

current is mainly due to a flow of minority carriers. The device consists of an active channel 

through which charge carriers, electrons or holes, flow from the source to the drain. Source 

and drain terminal conductors are connected to the semiconductor through ohmic contacts. 

The conductivity of the channel is a function of the potential applied across the gate and 

source terminals. The FET's three terminals are: Source (S), through which the carriers 

enter the channel. Drain (D), through which the carriers leave the channel. Conventionally, 

current entering the channel at D is designated by IDS. Drain-to-source voltage is VDS. And 

Gate (G), the terminal that modulates the channel conductivity. By applying voltage to 

Gate, one can control IDS [85]. 

 In an n-channel enhancement-mode device, a conductive channel does not exist 

naturally within the transistor, and a positive gate-to-source voltage is necessary to create 

one. The positive voltage attracts free-floating electrons within the body towards the gate, 

forming a conductive channel. But first, enough electrons must be attracted near the gate 

to counter the dopant ions added to the body of the FET; this forms a region with no mobile 

https://en.wikipedia.org/wiki/Electron_hole
https://en.wikipedia.org/wiki/Ohmic_contact
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carriers called a depletion region, and the voltage at which this occurs is referred to as 

the threshold voltage of the FET. Further gate-to-source voltage increase will attract even 

more electrons towards the gate which are able to active channel from source to drain. 

4.2.2 Device Preparation 

Figure 21 (a) shows the device cross-sectional schematic. A 65 nm thick Si-doped β-

Ga2O3 channel layer was grown on a 680 μm thick Fe-doped (010)-oriented β-Ga2O3 

substrate using metal organic vapor phase epitaxy (MOVPE). The device fabrication 

process started with depositing 200 nm of SiO2 by plasma-enhanced chemical vapor 

deposition (PECVD) which acted as the gate dielectric as well as an implant cap.  

 

Figure 21. (a) Schematic cross-section of the β-Ga2O3 MOSFET. (b) CCD image of 
four different rotational MOSFETs with different in-plane orientation. The top-left 
device is denoted as a 0-degree device. (Similarly, top-right device: 30-degree device, 
bottom-left: 60-degree device, bottom-right: 90-degree device.) (c) Enlarged CCD 
image of 0-degree device showing the gate, source, and drain electrodes. 

https://en.wikipedia.org/wiki/Depletion_region
https://en.wikipedia.org/wiki/Threshold_voltage
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A tungsten (W) refractory metal layer was sputtered and patterned with a chromium 

(Cr) hard mask to define a 2.5 μm W/Cr gate electrode using a SF6 reactive ion etch (RIE) 

chemistry. A refractory metal gate is crucial to the self-aligned process because an Au-

based gate metal stack would not survive at the required implant activation temperature of 

greater than 900 °C. Si-implant regions were then patterned with the source-side of the 

W/Cr gate (LG = 0.5 μm, WG = 100 μm) exposed to eliminate the gate-source region (LGS 

= 0 μm), while the gate–drain distance (e.g., LGD = 2 μm) remained. A shallow Si-implant 

profile was designed with 10 and 35 keV energies with a total dose of 1×1015 ions cm−2 to 

achieve a target doping concentration of 1×1020 cm−3. The Si-implant was activated at 

900°C for 120 s using rapid thermal annealing (RTA) in a N2 ambient. Ohmic contacts 

over the implanted regions were achieved with a Ti/Al/Ni/Au evaporated metal stack 

followed by a 470 °C RTA process for 1 min in a N2 ambient, after removing the implant 

cap via RIE. Electrical isolation was achieved using inductively coupled plasma/reactive 

ion etching. The Ti/Au gate and interconnect metals were added for device 

characterization. From transmission line measurements of the implanted material, the 

average sheet resistance across the sample was 1.9 kΩ/sq. From Hall measurements using 

a Van der Pauw structure consisting of the non-implanted epitaxial material, the sheet 

resistance of the channel was 11.3 kΩ/sq. The average contact resistance across the sample 

was 1.2 Ω-mm. More fabrication details, including the gate metal, implant conditions, and 

implant activation can be found in [86]. For the orientation dependence study, the gate and 

the interconnect metal were rotated by 30/60/90 degrees. To be more specific, the channel 

width of the baseline device (heretofore to be called as a 0-degree device; Figure 21 (c)) 

was oriented along a direction close to [100]. Three additional devices were fabricated with 
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the gate metal rotated counterclockwise by 30 degrees, as shown in Figure 21 (b). To study 

the cooling effect by metal contact arrangement, “electrically-identical but thermally-

different” devices were fabricated. Specifically, the length of the Si-implant region was 

kept at 2.5 μm for all devices (i.e., identical effective channel length for electron transport), 

while the distance between gate and drain metal contacts was varied from 1 μm to 11 μm.  

4.2.3 Electrical Characteristics 

 

Figure 22. (a) I-V characteristics of the baseline (0-degree) β-Ga2O3 MOSFET for VGS 
increasing from -8 to 4 V by 3 V steps. The simulated I-V curve for VGS = 4 V is also 
shown. (b) The transfer characteristics of the baseline MOSFET at VDS = 10 V. (c) 
IDS-VDS curves at VGS = 4 V (fully-open channel conditions) of the four devices with 
different orientations (0°, 30°, 60°, and 90°). (d) Simulated Joule heating profile of the 
“fully open” channel condition (VGS = 4 V) showing a relatively uniform heating 
profile throughout the entire channel. (e) Simulated Joule heating profile of the 
“partially open” channel condition (VGS = -4 V) showing concentrated heating under 
the gate. 
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DC I-V curves were generated for all devices at room temperature. Figure 22 (a) 

shows the measured and simulated I-V characteristics of the baseline (0-degree) device. 

The channel temperature of the devices with different channel orientation were measured 

under fully-open channel conditions (gate-source voltage, VGS = 4 V) as shown in Figure 

22 (b) and (c). Figure 22 (c) shows the identical IV characteristics of the four devices with 

different orientation under fully open channel conditions. The orientation-dependent 

difference in the current and on-resistance among these devices is negligible. These bias 

conditions were used to minimize alteration of the heat generation profile arising from 

different voltage bias conditions required to operate the devices at an identical power level 

[87]. Figure 22 (d) and (e) show how bias conditions can affect the Joule heating profile 

for an identical Pdis. Under a fully-open channel condition (VGS = 4 V, VDS = 6.5 V), a 

relatively uniform heat generation profile forms between source to drain, whereas localized 

Joule heating occurs near the gate under partially-open (or pinched-off) channel conditions 

(VGS = -4 V, VDS = 14 V).  

4.3 Effect of Anisotropic Thermal Behavior 

 Figure 23 (a) shows the temperature rise at the gate metallization of the four devices 

illustrated in Figure 21 (b), measured by nanoparticle-assisted Raman thermometry for two 

different power dissipation levels: 0.75 and 1 W/mm. Also shown are the modeling results 

of the gate surface temperature where the nanoparticles were located. IR thermography 

images are included as insets to qualitatively visualize the orientation-dependent self-

heating effect. The 0-degree and 30-degree devices exhibited lower channel temperatures 

among the four devices. The IR images also confirm these results. It should be noted that 

all of the device models used to derive results in Figure 23 (a) employed the geometry of 

the metallization structures for the 0-degree device. For this reason, there are discrepancies 



 49 

between the experimental and simulation results for the 30, 60, and 90-degree devices. In 

other words, the geometrical effect of the top metal structures on the device self-heating 

behavior was not isolated from the orientation-dependent effects. 

 

Figure 23. (a) The gate temperatures of MOSFETs with different orientation obtained 
by simulation and experiments. Results for two different power dissipation levels (Pdis 
= 0.75, 1 W/mm at VGS = 4 V) are shown. Also, IR images of the four MOSFETs are 
displayed (Pdis = 0.75 W/mm). (b) Simulated MOSFET channel temperatures as a 
function of channel orientation for Pdis = 1 W/mm at VGS = 4 V. This model does not 
include surface metallization structures to exclusively quantify the orientation-
dependence of the device self-heating. Modeling was performed for two different 
channel widths (Wch) of 50 μm and 100 μm.  

 Figure 23 (b) shows the simulated channel temperature rise as a function of 

different channel orientations. The simulation only accounts for the orientation-

dependence because other variables such as metallization structures are excluded from the 

device model. The 30-degree device exhibits a lowest channel temperature rise among all 

the possible channel orientations. This is because, the thermal conductivity along the 

channel length is the highest (this direction is close to the direction perpendicular to ⊥(2�01) 

direction as shown in Figure 5 (b)) while the thermal conductivity along the channel width 

is the lowest (this direction is close to [100]). In other words, the channel width direction 

is less effective in terms of spreading the heat generated within the channel than the 

direction along the channel length. In contrast, a 110-degree device is subject to an opposite 
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condition, resulting in the highest temperature rise among all orientations. In this case, the 

thermal conductivity along the channel length, which is close to the direction, is the lowest. 

It was found that the channel orientation itself can result in a ~10% difference in the 

channel temperature rise for Pdis = 1 W/mm at VGS = 4 V for MOSFETs fabricated on 

(010)-oriented β-Ga2O3 substrates. Also, devices with two different channel widths (50 and 

100 μm) were studied via modeling to understand whether the self-heating of narrow 

channel devices or wide channel MOSFETs would be more influenced by the anisotropic 

thermal conductivity of β-Ga2O3. As plotted in Figure 23 (b), when the device width 

decreases from 100 μm to 50 μm (for a power dissipation level of 0.75 W/mm), the 

differences between minimum and maximum temperature decreases by ~10%, meaning a 

weaker anisotropic effect. 

 A previous report  suggests a targeted power density of 10 W/mm for Ga2O3 

MOSFETs, which is twice the operational power density of GaN power amplifiers [88]–

[90]. However, this study [71] also states that the operating junction temperature should be 

kept below 200°C, which is based on studies on legacy GaN RF applications [88]–[90]. 

Using the calibrated electro-thermal device model and assuming a base temperature 

condition of 25°C, the 110-degree device (with the lowest in-plane thermal conductivity 

along the channel length direction) is able to operate up to a power density of ~2.1 W/mm 

at a channel temperature below 200°C. On the other hand, a 30-degree device (with the 

highest cross-plane thermal conductivity along the channel length direction) can operate 

up to ~2.4 W/mm. This equates to a ~14% increase in the power density by implementing 

the thermally-aware design. Augmenting the optimized device layout (30-degree device) 

with device- and package-level thermal management solutions will allow to achieve 

maximum power densities, while keeping the channel temperature below the safe operation 

limit. 
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4.4 Effect of Metal Dimension and Spacing 

 The discrepancy between the mean values of the experimental data and the 

modeling results in Figure 23 (a) indicates that the metal structure geometry may impact 

the device self-heating behavior. To quantify this effect, simulation was performed where 

the width (Whp) of the interconnect between the drain electrode and the metal bond pad 

(where heat is extracted through the needle probes or wire bonds; in this work, we used 

needle probes to operate the devices) was varied from 10 μm to 100 μm, as shown in Figure 

24 (a). While the area of the heat extraction region (bond pad) was kept invariant, the width 

of the heat pathway (interconnect), Whp, was varied to mimic the different shape of the 

metallization structures for the devices with different channel orientations (Figure 21 (b)).  

 

Figure 24. (a) Schematic of the drain metal contact: to consider the differences in the 
metal contact shape, the width of the heat path of the metal contact (i.e., interconnect), 
Whp varies while the area of heat extraction region is fixed. (b) The temperature rise 
with reduced Whp is normalized with respect to the 0-degree model (Whp = 100 μm) 
results. It should be noted that Whp is 10 μm for the 90-degree MOSFET.  

 As shown in Figure 24 (b), when Whp decreases to 10% of the original width, the 

channel temperature rise increases by ~8%. Therefore, the geometry of the metallization 

structures near the device active region play an important role in dissipating heat away 

from the channel region. The relatively large difference between the thermal conductivities 

of the metal layers and the β-Ga2O3 is responsible for the observed geometrical effect of 
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the metallization structures on the device self-heating. In contrast, this effect is negligible 

for upright-configured devices based on SiC and GaN, because of the relatively high 

thermal conductivity of the semiconductor base materials. 

 

Figure 25. (a) Pulsed I-V curves for VGS = -2, 1, 4 V, for the three “electrically-
identical” devices with different LGD. (b) Temperatures of the source – gate – drain 
electrodes along the centerline of the devices operating under Pdis = 0.8 W/mm at VGS 
= 4 V. The length of the drain and the source electrodes are 16 μm and nanoparticles 
were measured near the center of the electrodes. (c) Heat flux profiles for the three 
gate-drain spacings at a power density of 0.75 W/mm. The two end points in the x-
axis correspond to both ends of the channel region. In other words, the low resistance 
n++ regions outside the channel terminate at both ends. 

 Another important aspect related to the device layout that may impact the device 

thermal performance is the gate-to-drain distance, which is typically controlled to achieve 

a targeted device breakdown voltage. For this reason, “electrically-identical but thermally-
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different” devices were fabricated and investigated. Figure 25 (a) shows the pulsed 

electrical output characteristics of the three devices with different gate-to-drain electrode 

distances (LGD=1, 6, 11 μm) under three VGS conditions, demonstrating the electrically-

identical behavior, which is expected due to the low resistance of the n++ region. In other 

words, despite the metal electrode distances are different, the effective electron channel 

lengths are identical, which results in the identical electrical output characteristics. 

Accordingly, for identical bias conditions, the three devices will exhibit an identical heat 

generation profile. This is shown in Figure 25 (c) as line-plots of the integrated heat flux 

within the channel region. Therefore, the sole effect of the distance between the heat source 

(located near the drain side corner of the gate [87], [91]) and drain metal electrode on the 

device self-heating behavior can be evaluated. Utilizing nanoparticle- assisted Raman 

thermometry, the temperatures of the source, gate, and drain electrodes were measured 

under a fully-open channel condition (VGS = 4 V, dissipated power = 0.8 W/mm), as plotted 

in Figure 25 (b). Since nanoparticle deposition (i.e., positioning individual particles) is not 

a fully controllable process, it was not possible to measure temperatures at the center of the 

device channels. Instead, temperatures at the drain side corner of the gate were measured 

using the nanoparticle-assisted Raman thermometry method. Although all three transistors 

were operating with identical heat generation profiles, the temperatures of the gate metal 

electrode show a large discrepancy. For the device with LGD = 1 μm, the temperature rise 

of the gate electrode is the lowest since the drain electrode, which is acting as a heat sink, 

is closest to the heat source. Accordingly, a larger temperature rise at the drain electrode is 

observed, as compared to other devices with longer LGD. When the drain metal electrode 

is further shifted by 10 μm away from the gate electrode (LGD = 11 μm), a ~35% increase 
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in the gate temperature rise occurs. For the case of LGD = 6 μm, the gate temperature rise 

increases by about 15%, as compared to the case of LGD = 1 μm. The temperature rise of 

the drain electrode of the MOSFET with LGD = 1 μm is ~10% higher than that for of the 

device with LGD = 6 μm MOSFET and ~20% higher than that of the MOSFET with LGD = 

11 μm. There is a minor difference in the source electrode temperature among the three 

device structures. These results demonstrate the trade-off between increasing the device 

breakdown voltage and improving the device thermal performance by adjusting LGD for 

homoepitaxial lateral transistors based on β-Ga2O3. 

4.5 Optimal Design for Multi-finger Device 

 Based on previous studies, now this study expands to optimize multi-finger device 

structure as it will be the design for real application. As shown in Figure 26, various number 

of channels (from 2-finger to 20-finger), channel width (from 50 µm to 200 µm), gate-to-

drain spacing (LGD; from 1 µm to 20 µm), and the orientation of channel/substrate will be 

investigated and optimized. To reduce the computational loads, ¼ symmetry was applied 

so that thermal insulation boundary condition is applied to the symmetry surface. 

 

Figure 26. Quarter symmetry of top-view of the multi-finger device.  
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Figure 27. Total thermal resistance for various number of channels, gate-to-drain 
spacing (LGD), and gate width. 

Table 3. Selective thermal resistance (K-mm/W) from Figure 27. 

 

  

L
GD

 1 µm 20 µm 

Gate width 50 µm 200 µm 50 µm 200 µm 

2-finger 62 72 29 41 

20-finger 102 148 38 62 
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 First of all, similar to Figure 23 (b), as gate width decreases, the temperature rise 

decreases for the same number of channels and same gate-to-drain spacing as shown in 

Figure 27. However, the decrease rates are different for number of channels and gate-to-

drain spacing. For example, for two-finger device with 1 µm LGD, the thermal resistance 

drops from 72 K-mm/W to 62 K-mm/W, 14% drop, from 200 µm gate width to 50 µm gate 

width. While for 20-finger device with 1 µm LGD, the thermal resistance drops from 148 

K-mm/W to 102 K-mm/W, 31% drop, from 200 µm gate width to 50 µm gate width. For 

20 µm LGD 2-finger devices, the thermal resistance drops from 41 K-mm/W to 29 K-

mm/W, 29% drop, and for 20-finger device with same spacing, the thermal resistance drops 

from 62 K-mm/W to 38 K-mm/W, 39% drop. Therefore, the thermal resistance decreases 

more with longer spacing of LGD for more channels, since as the channels are closer to each 

other, there would be more thermal cross-talk resulting in less decreasing rate of thermal 

resistance. 

 When LGD = 20 µm, number of channels does not affect the channel temperature 

rise after 6-finger device indicating that there is no thermal cross-talk for all three gate 

widths structures. However, as the LGD decreases to 1 µm, the channel temperature 

increases as the number of channels increases for all three different gate widths. Changing 

the number of channels from 2-finger to 20-finger device induces thermal resistance 

increase of 64.5% (from 62 to 102 K-mm/W), 86.8% (from 68 to 127 K-mm/W), 105.5% 

(from 72 to 148 K-mm/W) for 50 µm, 100 µm, 200 µm gate width, respectively. For the 

widest gate, the thermal resistance increases more than 2 × changing from 2-finger to 20-

finger configuration that one should note the effect of thermal cross-talk when designing 

multi-finger device. 

 For fixed gate width, as number of channels increases the temperature, or thermal 

resistance of the device, clearly increases. Also, as gate-to-drain spacing, or LGD, decreases, 

thermal cross-talk will increase so the thermal resistance increases. Comparing the effect 
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of LGD, two-finger device shows less changes compared to 20-finger in terms of percentage. 

For 50 µm gate width, the thermal resistance drops from 62 K-mm/W to 29 K-mm/W, 53% 

drop for 2-finger device, and 102 K-mm/W to 38 K-mm/W, 63% drop for 20-finger device. 

After 6-finger device, the thermal resistance barely increases for 20 µm of gate-to-drain 

spacing, but the resistance of 1 µm gate-to-drain spacing keep increasing. 

 

Figure 28. Schematic of multi-finger device structure with inset of in-plane thermal 
conductivity of (010)-oriented β-Ga2O3. Four different investigated orientation for 
multi-finger device. “a” orientation is based on 0-degree device from Chapter 4.3 

 So far, all the simulations were studied assuming (010)-orientation is the cross-

plane, [100]* is oriented along with the channel width, and [001] is oriented along with the 

channel length. Please note that since [100] orientation is not perpendicular to [001] 

orientation as shown in Figure 5 (a), * is added to [100]. To investigate the effect of 
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anisotropic behavior of multi-finger device structure, four different possible orientation is 

studied as shown in Figure 28. Since [010] orientation has the highest thermal conductivity 

and [100]* orientation has the lowest thermal conductivity, both should affect the thermal 

cross-talk for in-plane and cross-plane for how they are placed. 

 

Figure 29. Thermal resistance of (a) 2-finger device and (b) 20-finger device for 
different orientation of β-Ga2O3 for various LGD. 

 Figure 29 compares 2-finger device and 12-finger device for various LGD with four 

different possible crystal orientation. “a” orientation from Figure 28 shows the lowest 

thermal resistance, while “d” orientation shows the highest thermal resistance. Orientation 

of “a” is the same orientation as 0-degree device from Chapter 4.3, and it still shows the 

lowest thermal resistance. As there are multiple metal including source, drain, gate, and the 

pads on top of the β-Ga2O3 channel layer, it is beneficial to align the higher thermal 

conductivity direction along the cross-plane direction for the purpose of facilitating 

efficient heat transfer from the active device region. If [010] orientation, the highest 

thermal conductivity direction, is aligned with the channel width, and the lowest thermal 

conductivity direction, [100]*, is aligned with the cross-plane direction, then the device 
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will suffer from the highest thermal resistance. If the orientation is not considered during 

design stage, the thermal resistance could increase up to 40% from “a” orientation to “d” 

orientation for 2-finger device with LGD = 1 µm. When LGD increased to 20 µm, the thermal 

resistance would decrease, but still the thermal resistance will increase ~35% if “d” 

configuration is utilized for the device instead of “a” orientation. When the number of 

channels increased to 12-finger, the differences increase more that the increase ratio 

becomes ~58% for both LGD of 1 µm and 20 µm. 

These results show corresponsive trend with Figure 27 that thermal resistance 

decreases with increased gate-to-drain spacing. Changing LGD from 1 µm to 20 µm for 2-

finger device, the thermal resistance will drop ~55% and ~53% for “a” and “d” 

configuration, respectively. For 12-finger device, the thermal resistance will drop ~43% 

for both “a” and “d” orientation. Similar to the results from Figure 27, as the number of 

channels of device increases, there is less chance to be affected by other design parameters 

that the drop rate is lower for the device with a greater number of channels. 

In summary, from a thermal perspective, longer gate-to-drain spacing, small 

number of channels, narrow gate width with highest thermal conductivity aligned with 

cross-plane is desirable to have low thermal resistance. However, one should consider the 

changes in electrical characteristics as those geometrical parameters’ changes. As shown 

in Figure 30 (a), as gate-to-drain spacing increases, the on-resistance between the channel 

increases resulting in higher breakdown voltage. Figure 30 (b) shows that a smaller drain-

to-source spacing, Lsd, is better for characteristics of current and transconductance (gm). 

Therefore, device engineers working in the promising field of the β-Ga2O3 device 
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technology should employ device layout co-design practices that account for both electrical 

and thermal effects. 

 

Figure 30. (a) Relationship between breakdown voltage and gate-drain spacing for 
the AlGaN/GaN HEMT device, LGD [92]. (b) IV-characteristics and Gm 
characteristics for the AlGaN/GaN HEMT devices with different drain-source 
spacing, Lds [93]. 

4.6 Conclusion 

 Previous studies have focused on the design of active and passive cooling solutions 

that add upon or alter the homoepitaxial configuration of β-Ga2O3 transistors. In contrast, 

this work has focused on how to optimize the device layout to mitigate self-heating, prior 

to implementing such engineering solutions. It was found that the channel orientation, 

distance between the gate and drain metal electrodes, and the geometry of the interconnects 

that link the metal electrodes and the bond pads can play a significant role in the dissipation 

of heat away from the device active region. These effects are pronounced in β-Ga2O3 

devices as compared to GaN and SiC electronics, due to the relatively low and anisotropic 

thermal conductivity of the base material. It was found that aligning the gate/channel length 

along the orientation with the highest thermal conductivity is favorable for lateral devices 

built on (010)-oriented β-Ga2O3 substrates. While a longer gate-to-drain distance is 
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favorable in terms of increasing the device breakdown voltage, this is achieved at a price 

of sacrificing the device thermal performance. From a thermal standpoint, it is also 

recommended to use wide metal interconnects between the device metal electrodes and 

bond pads to enhance heat extraction by the bond wires. This work demonstrates that 

device engineers working in the emerging field of the β-Ga2O3 device technology should 

implement device layout co-design practices that account for both electrical and thermal 

effects. 
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CHAPTER 5. THERMALLY-AWARE DESIGN PROCESSES 

FOR VERTICAL DEVICES: CURRENT APERTURE VERTICAL 

ELECTRON TRANSISTORS (CAVET)  

Content in the chapter (figures and text) adapted from:  

S. Kim, et al., “Thermal Management of β-Ga₂O₃ Current Aperture Vertical Electron 

Transistors,” in IEEE Transactions on Components, Packaging and Manufacturing 

Technology, vol. 11, no. 8, pp. 1171-1176, Aug. 2021 [94]  

5.1 Overview & Approach 

Even though fail-safe operation and simplified designs are primarily engineered as 

lateral devices, many high-power infrastructures (e.g., electrical power transmission, rail 

tracking, electric vehicle converter) demand voltages over 1 kV in combination with 

currents over 100 A as shown in Figure 1. Lateral devices are not ideal for those 

applications owing to a necessity for sizeable chip areas and potential reliability concerns 

arising from surface instabilities [48]. For applications demanding high voltage and high 

power levels, vertical transistors are required since they allow for superior field termination 

and current drive at the device-level while enabling fail-safe operation and simplified 

designs at the system level [18], [19], [47], [95], [96]. The average off-state breakdown 

voltage of lateral devices is ~ 600 V, while highest reported value is 2.32 kV [97], whereas 

the average breakdown voltage of vertical devices exceeds 1 kV [26], [27], [46], [98]. Most 

of the recently developed vertical devices are current aperture vertical electron transistors 

(CAVET), which were motivated by the commercially successful SiC double-implanted 
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MOSFET and modeled after the advanced GaN CAVET [99]–[103]. Several thermal 

management techniques for lateral structures were introduced in previous section, but most 

of them cannot be applied to the vertical structures. For example, a temperature reduction 

of 75% was demonstrated by reducing the thickness of β-Ga2O3 substrate [104]. In vertical 

architectures, on the other hand, the β-Ga2O3 substrate cannot be substituted and reducing 

the thickness of β-Ga2O3 will change the electrical performance that the breakdown voltage 

of vertical transistors scales with the drift layer thickness. Therefore, the options for 

thermal management in vertical devices are limited compared to thermal management of 

lateral devices. 

 For this study, we investigate to find the best way to reduce the junction-to-package 

thermal resistance and optimize for the vertical device, especially for CAVET structure by 

adding external solution since there is limitation of engineering the device layout. CAVET 

is a type of planar-gate vertical transistor capitalizes on deep-acceptor doping for junction 

formation with an adjoining n-type drift layer to establish a potential barrier for voltage 

blocking [26], [46], [48]. We investigated thermal management approaches for β-Ga2O3 

CAVET to set out thermal guidelines when designing these devices and provide the optimal 

thermal design for CAVET structure. We developed CAVET by 2D Silvaco TCAD to 

obtain Joule heat profile, then imported the heating profile into 3D COMSOL thermal 

model making it one-way electro-thermo coupled model. From the baseline device, we are 

targeting to decrease the total thermal resistance less than 15 mm∙°C/W, which is the 

resistance of current state-of-the-art GaN-on-Si HEMTs. In this work, we investigated 

bottom-sided cooling, top-sided cooling, and double-side cooling strategies for the CAVET 

structure, then provide the optimal cooling design for the CAVET.  
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5.2 Device Simulation 

5.2.1 Principle of CAVET  

The CAVET device design in β-Ga2O3 is likely to be inspired by the GaN and SiC 

CAVET design as shown in Figure 31. Due to the absence of p-type doping, the current 

blocking layer (CBL) in CAVET can be obtained by ion implantation. The role of the CBL 

in the CAVET is to block the flow of electrons from source to drain in both on state as well 

as off state and guide the electrons to the aperture of the device [48]. Since CBL can be 

achieved through ion implantation, the fabrication of the device can be relatively 

simplified. Also, the formation of the aperture without etching the material alleviates the 

etching issues impacting electrical properties such as new trap generation, leakage current, 

etc. The n-type layer on top of the CBL can be achieved either via ion implantation or by 

regrowth on top of the implanted CBL. The first CAVET was fabricated on bulk n-type β- 

Ga2O3 substrates with Mg as the CBL [105]. The Mg ion implantation in β-Ga2O3 has been  

 

Figure 31. Structure and operation of a current aperture vertical Ga2O3 MOSFET 
(CAVET) [105] 
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shown to produce semi-insulating behavior as the fermi level is pinned relatively closer to 

the valence band (about 0.6–1 eV) [106]. The n-type β-Ga2O3 layer on top of the CBL and 

the n-type aperture region was achieved by Si ion implantation. This method avoided any 

regrowth and relied on ion implantations and thermal anneals to obtain the desired 

structure. The first reported CAVETs demonstrated current–voltage modulation but also 

exhibited significant leakage current in these devices. The high leakage current in these 

devices was attributed to the loss of Mg from the CBL during the ion implantation anneal 

process. This resulted in the background n-type carrier concentration to be higher than the 

Mg concentration leading to a high leakage current. Therefore, alternate species were 

sought to serve as the CBL in β-Ga2O3 CAVETs. Researchers demonstrated that nitrogen 

can be utilized instead of Mg as nitrogen can easily substitute on an oxygen site and also 

compensate for the n-type doping [107], [108]. The low energy requirement for nitrogen 

to occupy the oxygen site makes it thermodynamically favorable. The nitrogen was also 

significantly more resilient (in terms of diffusion) to high annealing temperatures compared 

to Mg, thereby, making it a better candidate for the CBL. Using nitrogen as the CBL, first, 

enhancement-mode β-Ga2O3 CAVET was demonstrated [48]. In this device, the n-type 

doping above the CBL and the aperture were carefully tailored to achieve a normally off 

device. A low doped region was maintained above the aperture and additional ion 

implantations were performed to obtain the heavily doped access and source regions.  
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5.2.2 Electrical Simulation 

 

Figure 32. (a) (Not to scale) Schematic cross-section of β-Ga2O3 current aperture 
vertical electron transistor for 2-D device finite element simulation, (b) Joule heat 
power distribution of 2-D drift diffusion model using Silvaco ATLAS at bias condition 
of VGS = 1 V and VDS = 20 V. 

The transistor structure we studied is shown in Figure 32 (a) with geometric details. 

The width of the device is 100 µm and the width of Ga2O3 substrate and drain are 200 µm. 

A 2-D drift diffusion model developed with Silvaco ATLAS was used to model the Joule 

heat power profile, then adapted to a 3-D thermal model using COMSOL Multiphysics. 

The electrical modeling scheme employed temperature dependent parameters such as 

electron mobility, electronic bandgap, and Schottky barrier height to accurately capture the 

negative differential resistance in the DC I-V characteristics. Also, device bias conditions 

and device geometry details should be known to calculate the heat generation distribution. 

Figure 32 (b) shows the calculated Joule heating profile, representing the heat dissipated 

due to the on-state resistance of the device, for the studied device under bias with a source-

to-gate voltage of VGS = 1 V and a source-to-drain voltage of VDS = 20 V. Concentrated 
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heating exists at the edge of the current blocking layer (CBL) due to the electric field 

spreading through the structure. Using the map of the heat generation as a generalized guide 

to heating trends within the device, the channel region was chosen to act as a volumetric 

heat source within the device.  

5.2.3 Thermal Simulation 

The dissipated power density is on the order of 10 W/mm (or volumetric heat 

generation of 1x1016 W/m3). For simplicity in the 3-D finite-element model we assumed a 

uniform heat generation, with the heating profile corresponding to that calculated by the 

Silvaco ATLAS simulation that was modeled as one slab concentrated between two current 

block layers. For various power dissipation densities we assumed that the channel is fully 

open and that there is no bias-dependence [87] which would affect the geometry of the 

Joule-heating region. Temperature dependent anisotropic thermal conductivity was 

adapted for β-Ga2O3, where kz = 23.4×(300/T)1.27, ky = 10.7× (300/T)1.21, and kx = 

13.7×(300/T)1.12 W/m-K in the [010], [100], and [001] crystallographic directions, 

respectively, as illustrated in Figure 32 (a) [109]. Since the effects of doping on the thermal 

conductivity of β-Ga2O3 is negligible [110], the channel, drift region, CBL, and substrate 

layers were lumped to have same thermal properties as bulk β-Ga2O3. 
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Figure 33. (a) Schematic of CAVET for 3D thermal simulation with two different 
boundary conditions for bottom-sided cooling, (b) Schematic for double-sided 
cooling, using the interconnection structure that the source, gate, and drain contact 
pads are connected onto a high-thermal-conductivity dielectric heat spreader using 
die attach material with a polymer-based underfill material for encapsulation.  

 Figure 33 (a) shows the bottom-sided cooling strategy that integrates the drain 

electrode with a high thermal conductivity die attach, which is in turn connected to a heat 

spreader that has a fixed temperature (isothermal boundary) or convective boundary 

condition applied to the bottom surface. The thickness of the die attach is 50 µm, that of 

the heat spreader is 2 mm, while the length and the width of the heat spreader are both 1 

mm, respectively. For the isothermal boundary condition, the temperature of the heat 

spreader was fixed to be 22 °C, and a convective heat transfer coefficient (HTC) of 10 

W/m2-K was applied at all other surfaces exposed to ambient conditions to represent 

natural convection. For all modeling studies, ambient temperature was set to be 22 °C. To 

reduce computational complexity, a thin layer of Al2O3 (20 nm) and n++ Ga2O3 layer (200 

nm) were neglected from the calculations and were instead modeled as β-Ga2O3 channel 

layer.  



 69 

 We first conducted the parametric studies for die attach and heat spreader thermal 

conductivities for the bottom-sided cooling with the isothermal boundary condition. For 

the die attach material, the thermal conductivity of sintered silver is about 200 W/m-K, 

which can also be modulated by the sintering temperature and particle size [111]. Solder 

could be used for die attach material, however it usually has a lower thermal conductivity 

than sintered silver that ranges from 10 to 60 W/m-K for a range of solders [112]. Thus, 

we set 10 W/m-K - 200 W/m-K as the range investigated in the parametric studies. As for 

the heat spreader, a thermal conductivity range from 100 W/m-K to 2,000 W/m-K was 

investigated, covering most of the heat dissipation substrate (such as Si, SiC, AlN, AlSiC, 

Cu, and diamond). For further study, we chose the baseline value for the thermal 

conductivity of the die attach and heat spreader: 130 W/m-K and 400 W/m-K, respectively, 

referred to [113].   

Next, we changed the boundary condition from the isothermal boundary condition 

to a convective cooling boundary condition, to study convective cooling effects. A wide 

range of heat transfer coefficients (HTC) from 10 W/m2-K to 100,000 W/m2-K, were 

applied to the heat spreader uniformly, with a fluid temperature at 22 °C. The range of HTC 

covers the typical HTC values of moderate speed flow of air, active single-phase, and two-

phase cooling methods.  

Lastly, as shown in Figure 33 (b), along with the bottom-sided cooling, we added a 

top-sided cooling scheme where the source and the gate pads were connected to a high-

thermal-conductivity dielectric heat spreader using die attach material with a polymer-

based underfill material for encapsulation and insulation.  The gate was insulated from the 

source by the polymer underfill, and we assumed metal connections were on the dielectric 
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heat spreader. With this setup, the heat can also be extracted from the top-side of the device 

into the higher thermal conductivity interconnects and further into the heat spreader and 

the heat sink. This top-sided cooling approach is attractive since the low-thermal-

conductivity β-Ga2O3 layers have high thermal resistance hindering the heat dissipation 

through the bottom-side of the device. Here, we applied thermal conductivity of 200 and 1 

W/m-k to the die attach material and polymer underfill, respectively. 

5.3 Results and Discussion 

5.3.1 Bottom-sided Cooling 

 

Figure 34. Bottom-sided cooling results: Modeling results of CAVET device with 
isothermal boundary condition, Tbottom = 22 °C, applying two different joule heating, 
5 and 10 W/mm (or volumetric heat generation of 0.5×1016, 1×1016 W/m3) (a) 
Maximum channel temperature rise versus thermal conductivity of die attach 
(Thermal conductivity of heat spreader is fixed to 400 W/m-K), (b) Maximum channel 
temperature rise versus thermal conductivity of heat spreader (Thermal conductivity 
of die attach is fixed to 130 W/m-K). 

 To compare the effectiveness of changing the material for bottom-sided cooling for 

isothermal boundary condition, various thermal conductivity of die attach material and heat 

spreader were studied as shown in Figure 34 (a). When sintered silver was utilized for the 
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die attach material, k = 200 W/m-K the maximum temperature drops ~15% compared to 

using Au/Sn solder, k = 57 W/m-K. This demonstrates the importance of the die attach 

material in dissipating heat, particularly if the thermal conductivity of die attach is similar 

to temperature does not decrease as much once the thermal conductivity or lower than β-

Ga2O3. Also, note that the maximum channel of die attach has increased to more than 130 

W/m-K. This is because while the thermal resistance decreases in the die attach material 

with increased thermal conductivity, the high thermal resistance of low-thermal-

conductivity β-Ga2O3 obstructs the flow of heat into the bottom-side.  

 Figure 34 (b) shows the maximum temperature as a function of the thermal 

conductivity of the heat spreader. The channel temperature showed little dependence on 

the thermal conductivity of the heat spreader, since 10-μm-thick β-Ga2O3 is acting as a 

thermal barrier with high thermal resistance. These results convey that rather than utilizing 

expensive high thermal conductivity material such as diamond (1000-2000 W/m-K), using 

common materials, such as Cu, AlN, or AlSiC (300-550 W/m-K), would be sufficient for 

bottom-sided cooling. For the concern of the thermal stresses, AlN and AlSiC have 

reasonable thermal expansion match to β-Ga2O3 compare to Cu, where the coefficients of 

thermal expansion (CTE) of AlN and AlSiC are 4.5 × 10-6 °C-1 and 6.5 × 10-6 °C-1, 

respectively, and the range of the CTE of β-Ga2O3 is from 3.8 to 7.8 × 10-6 °C-1, while Cu 

has high CTE with 16 × 10-6 °C-1 [113],  [114]. 

5.3.2 Top-sided Cooling 
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Figure 35. Top-sided cooling results: (a) Maximum channel temperature rise versus 
thermal conductivity of die attach material (Thermal conductivity of heat spreader is 
fixed to 400 W/m-K), (b) Maximum channel temperature rise versus thermal 
conductivity of heat spreader (Thermal conductivity of die attach is fixed to 130 W/m-
K). (c) Maximum channel temperature rise versus thermal conductivity of polymer 
underfill for two different die attach material (k = 50 and 200 W/m-K), 

To understand the effect of top-sided cooling scheme, a heat spreader is attached to 

the CAVET structure with polymer underfill to prevent any electrical shorts and die attach 

material that could provide an electrical pathway to gate and source. As heat source is close 

to the top-side of the device, maximum channel temperature rise decreases compared to 

bottom-sided cooling scheme. In addition, as it is closer to the heat source, the effects of 

thermal conductivity of die attach material and heat spreader of top-sided cooling are much 

more crucial than bottom-sided cooling. When sintered silver was utilized for the die attach 
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material, k = 200 W/m-K the maximum temperature drops ~46% compared to using Au/Sn 

solder, more than 3 ×  decreases compared to bottom-sided cooling (15% decrease). 

Moreover, changing the heat spreader from AlN or AlSiC to high thermal conductivity 

diamond, will decrease the maximum channel temperature to ~22%, which is significant 

compared to bottom-sided cooling.  

Figure 35 (c) shows the maximum channel temperature rise as a function of 

underfill thermal conductivity (0.1-100 W/m-K). Polymer underfill materials such as 

epoxy resins and silicone gels typically have very poor thermal conductivities (~0.2 W/m-

K). Thus, much effort has been made to increase their thermal conductivities, loading them 

with high thermal conductivity but electrically insulating particles, such as hexagonal 

boron nitride (hBN) or AlN [115]–[117]. Thermal conductivities up to 11 W/m-K have 

been achieved for hBN nanosheets/polybutylene terephthalate composites materials [118]. 

However, with this thermal conductivity value, 11 W/m-K, there is no change in maximum 

channel temperature. If we have poor die attach material with k = 50 W/m-K, then we could 

get a thermal pathway with a polymer underfill with thermal conductivity higher than 50 

W/m-K. In this scenario, the temperature will drop ~12%. However, it is more plausible to 

have higher thermal conductive die attach material that with 200 W/m-K (utilizing sintered 

silver), the temperature rise would not be affected by the thermal property of polymer 

underfill. 

5.3.3 Double-sided Cooling 

 Double-sided cooling scheme were explored by adding a heat spreader to the top-

side of the device to allow for an additional pathway for heat dissipation. Applying 
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convective cooling boundary conditions to both the bottom- and top-side, the maximum 

channel temperature drastically dropped, as shown in Figure 36 (b).  

 

Figure 36. Modeling results of CAVET device with convective cooling boundary 
condition by applying heat transfer coefficient. (a) Bottom-sided cooling, (b) Double-
sided cooling (dotted lines represent the data calculated with isothermal boundary 
condition with the baseline value for the thermal conductivity of the die attach and 
heat spreader: 130 W/m-K and 400 W/m-K, respectively). 

 Compared to bottom-sided cooling with a convective boundary condition, the 

temperature of double-sided cooling decreased about 50% for each HTC value as shown 

in Figure 36 (a). In addition, compared to bottom-sided cooling with isothermal boundary 

conditions, the maximum channel temperature of double-sided cooling with convective 

boundary condition was 45-60% lower than that of bottom-sided cooling, when we apply 

HTC between 1,000 and 10,000 W/m2-K. When we pushed HTC to be 100,000 W/m2-K, 

the maximum channel temperature dropped even more that the temperature approaches to 

the temperature of applying isothermal boundary condition to top- and bottom-side of the 

heat spreaders.  
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Figure 37. Double-sided cooling results: (a) Maximum channel temperature rise 
versus thermal conductivity of die attach material. (b) Maximum channel 
temperature rise versus thermal conductivity of heat spreader (Thermal conductivity 
of die attach is fixed to 130 W/m-K). (c) Maximum channel temperature rise versus 
thermal conductivity of polymer underfill for two different die attach material (k = 
50 and 200 W/m-K), (d) Maximum channel temperature versus power density, 
showing that best cooling approach can increase power 5× higher than the baseline 
study for the same channel temperature. 

 The effect of die attach and underfill thermal conductivity were studied for the 

double-sided cooling structure. Die attach and underfill thermal conductivities were swept 

from 10 to 200 W/m-K, and from 0.1 to 100 W/m-K, respectively. Similar to the bottom-

sided cooling, we found the thermal conductivity of die attach will significantly affect the 

heat flow on the top-side of the device. Figure 37 (a) plots the maximum channel 

temperature as a function of die attach thermal conductivity, when thermal conductivity of 

the underfill was fixed to 10 W/m-K. If we choose to use 10 W/m-K for the die-attach 
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material on the gate and source pads, then the temperature will only drop ~25% compared 

to bottom-sided cooling with HTC of 1,000 W/m2-K. However, if we use a material with 

a thermal conductivity higher than 50 W/m-K, the maximum channel temperature will drop 

65-75% when compared to bottom-sided cooling with HTC = 1,000 W/m2-K as shown in 

Figure 37 (a).  

 Unlike bottom-sided cooling, but similar to top-sided cooling, Figure 37 (b) shows 

that thermal conductivity of heat spreader affects the maximum channel temperature rise 

of double-sided cooling. Changing the heat spreader from AlN or AlSiC (thermal 

conductivity of 200~320 W/m-K) to high thermal conductivity diamond (thermal 

conductivity of 2000 W/m-K), the maximum channel temperature will decrease down to 

~20%, which is significant compared to bottom-sided cooling 

 Figure 37 (c) shows the maximum channel temperature rise as a function of 

underfill thermal conductivity (0.1-100 W/m-K), when the thermal conductivity of die 

attach was fixed to 200 W/m-K (utilizing sintered silver). Similar to top-sided cooling, 

Figure 37 (c) shows less than 5% difference in the maximum channel temperature for using 

polymer with thermal conductivity of 0.1 W/m-K and that of 100 W/m-K when using k = 

200 W/m-K for die attach material. When the thermal conductivity of die attach is 50 W/m-

K, then polymer with a thermal conductivity higher than 10 W/m-K must be used if we are 

to see a more than 10% decreases on the channel temperature.  

 Lastly, we studied the ideal case of using optimal thermal properties on a CAVET 

device with double-sided cooling, which is compared with multiple cases of bottom-sided 

and top-sided scheme. This ideal case was intended to determine what the expected limits 

of the double-sided cooling approach were. Thermal conductivity of 200 W/m-K and that 

of 10 W/m-K for the die attach material and polymer underfill, respectively, were utilized 

and the results are shown in Figure 37 (d). Comparing to the worst-case bottom-sided 
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cooling case, optimized bottom-sided cooling scheme shows 60% decrease in the device 

thermal resistance, while top-sided and double-sided cooling scheme show 84%, 89% 

decrease, respectively.  For the same maximum channel temperature, not only the device 

power density increased up to a factor of 9 higher than the baseline structure, but the device 

thermal resistance decreased from 40.2 mm∙°C/W to 4.42 mm∙°C/W, 89% decrease in the 

channel temperature, beating the resistance of current state-of-the-art GaN-on-Si and GaN-

on-SiC HEMTs, 15 mm∙°C/W and 5 mm∙°C/W, respectively. Because of the low thermal 

conductivity and highly anisotropic thermal conductivity of β-Ga2O3, heat could hardly be 

mitigated through the stack of the device. As such, it is strongly recommended to have 

double-sided cooling scheme to mitigate heat from the vertical device. 

5.3.3.1 Anisotropic effect study 

 Similar to lateral device from previous chapter, the anisotropic effect on thermal 

resistance was studied that as the orientation of substrate changes, thermal resistance would 

change due to anisotropic thermal conductivity. As shown in Figure 38, various 

orientational options were investigated for the baseline material properties compared to the 

best-case scenario showed in Figure 39 (b). a-orientation in Figure 38 (b) is the preferrable 

orientation that was obtained from previous study that highest thermal conductivity in 

cross-plane (010) orientation, and for in-plane, having higher thermal conductivity toward 

y-orientation shows the lowest temperature rise as shown in Figure 39 (b). When the lowest 

thermal conductivity of (100) orientation is aligned with the substrate cross-plane, d-

orientation, then the maximum temperature rise increases ~45% for baseline case, and 

~60% for best-case. Therefore as we also learned from previous chapter, it is important to 

align highest thermal conductivity with the cross-plane.  
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Figure 38. (a) Extracted from Figure 33 (b), (b) Studied orientation of β-Ga2O3 
substrate. 

 

 

Figure 39. (a) Material properties used in this anisotropic effect study for baseline-
case and best-case scenario, (b) Maximum temperature rise of two cases when 5 
W/mm (or volumetric heat generation of 0.5×1016 W/m3) is applied. 
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5.3.3.2 Error estimation from the assumption 

 So far, the study was based on a uniform heat generation that was modeled as one 

slab concentrated between two CBLs. And the 300 nm-thick channel and 200 nm-thick 

substrate layers were lumped to have same thermal properties as bulk β-Ga2O3. However, 

as shown in Figure 32 (b), highest Joule heat power occurs as the edge of the CBL. For the 

lateral FETs, gate controls the current flow from the source to drain, and there is a 

bottleneck of hot electrons at the gate edge on the drain side. Similarly, as current is blocked 

by the CBLs and the current flows from the source to the drain, the bottleneck occurs at 

the corner of the CBL. Thus, few cases were investigated to estimate the difference from 

the studied cases. In addition, thermal conductivity of thin film β-Ga2O3 is much lower 

than that of bulk β-Ga2O3, ~5 W/m-K for 200 nm-thick β-Ga2O3 film.  

Figure 40 shows the maximum temperature rise for the assumed conditions 

(utilizing thermal conductivity of bulk β-Ga2O3 and applying heat flux between the CBL), 

when channel and substrate thermal conductivities are thickness dependent, when the 

maximum Joule heat flux is applied at the corner of the CBL, and considering the both. 

Also, Figure 40 shows the impact of the orientation that a- and d-orientation are studied as 

illustrated in Figure 38 (b), and the impact of the material properties considering two cases 

based on Figure 39 (a).  

For a-orientation, which is preferrable orientation, shows ~5% increase in 

temperature for baseline device, when thickness dependent thermal conductivity is utilized. 

When better materials are utilized (green bar chart in Figure 40), even though the absolute 

difference remains the same, ~3 °C, as the maximum temperature drops, the error increases 

to ~9%. When the substrate is oriented as d-orientation, the difference increases more up 

to 13%. When the heat flux is applied at the edge of the current blocking layer (CBL), the 

temperature rise of a-orientation increases ~7%, while that of d-orientation increases 
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~14%. Therefore, when you utilize the right orientation, the error of the assumption of this 

study would be less than 10%, while the anisotropic behavior could impact the temperature 

rise up to 60%.  

 

Figure 40. Comparing maximum temperature rise for different assumption 
conditions. a- and d- orientation are considered with two cases of Figure 39. 

5.4 Conclusion 

 In summary, this work presents the comparative thermal modeling results for 

recently reported vertical β-Ga2O3 structures. It has been frequently pointed out that to fully 

achieve the high potential of β-Ga2O3 for power electronics applications, we have to 

thermally engineer the device architectures to counteract the effects of the low thermal 

conductivity of β-Ga2O3. The key issue is that the thermal resistance of the entire heat 

dissipation path and thermal conductivity of the β-Ga2O3 is only one factor that plays a role 
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in this limit. Thus, by using the appropriate materials and device architectures for CAVET 

devices, it is possible to improve the thermal performance of devices. Bottom-, top-, and 

double-sided cooling results show that the device temperature can be decreased by 

increasing the thermal conductivity of heat spreader, die attach material, and heat transfer 

coefficient. In addition, the model demonstrates the importance of top-sided cooling to 

alleviate the heat from the top-side of the vertical CAVET, which is closer to where joule 

heating occurs. Ultimately, architectures that utilize cooling from both sides of the device 

will perform best, enabling an 89% reduction in device temperature or 9× increased 

operational power at the same temperature limits. 
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CHAPTER 6. OPTIMIZATION OF DEVICE-LEVEL THERMAL 

SOLUTION CONSIDERING BOTH STEADY-STATE AND 

TRANSIENT REGIME 

Content in the chapter (figures and text) adapted from:  

S. Kim, et al., “Device-level Transient Cooling of β-Ga₂O₃ MOSFETs,” 2021 20th IEEE 

Intersociety Conference on Thermal and Thermomechanical Phenomena in Electronic 

Systems (iTherm), June. 2021  

6.1 Overview & Approach 

 Package- and system-level thermal management solutions, which are designed 

based on steady-state operation, were shown to be ineffective for applications that operate 

under transient thermal loading, potentially leading to overdesigned cooling systems [49]. 

The device thermal time constant [71], [119], [120] (τ; the rise time for a device to reach 

~63.21% of its steady-state temperature) [121] is inversely proportional to the thermal 

diffusivity. Since the thermal conductivity of β-Ga2O3 is an order of magnitude lower than 

those for GaN and SiC, the thermal diffusivity is also an order of magnitude lower. This 

renders β-Ga2O3 transistors to possess a significantly longer thermal time constant than 

those for GaN and SiC devices. Because of this relatively long thermal time constant, the 

heat diffusion length in β-Ga2O3 is limited for fast transient thermal loading. Therefore, 

this work highlights key considerations for the design of transient cooling solutions for 

high power β-Ga2O3 electronic devices using transient thermal modeling. Furthermore, this 

work will prove that traditional thermal solutions, such as those developed for relatively 

high thermal conductivity systems [122], are unsuitable to β-Ga2O3. 
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6.2 Device Model and Validation 

Table 4. Thermo-physical properties of Ga2O3 and other semiconductor materials 

Material Property β-Ga2O3 [41] Diamond [123], [124] GaN [125] 4H-SiC 
[68] 

Density (g/m3) 6.44 3.5 6.15 3.21 
Specific heat (J/kg-K) 490 520 490 670 

kx (W/m-K) 13.7 × (300/T)1.12 
[001] direction 

For 2 µm thick (First 500 nm: 85, 
Second 500 nm: 175, Third 1 µm: 

309) 
Bulk: 2158 180  

(4 µm thick) 490 
ky (W/m-K) 10.7 × (300/T)1.21 

[100] direction 

kz (W/m-K) 23.4 × (300/T)1.27 
[010] direction 

For 2 µm thick (First 500 nm: 142, 
Second 500 nm: 310, Third 1 µm: 

510) 
Bulk: 2158 

Thermal Boundary  
Resistance at 300 K  

(m2-K/GW) 

7.3[83], [126], 30.2 [68], 47.1 [54]  4.35 [127] 

- 7.3 [126]  

 

Figure 41. (a) Schematic of the base β-Ga2O3 MOSFET, (b) Top-sided cooling scheme: 
267 nm thick diamond heat spreader was grown on β-Ga2O3, (c) Bottom-sided cooling 
scheme: Diamond heat spreader was bonded to thinned β-Ga2O3, (d) Double-sided 
cooling scheme: Various thickness options of top-side diamond and β-Ga2O3 were 
considered. 

A transient device thermal model was created based on previous study, Chapter 4, 

Figure 21 (a). This model was then extended to investigate a hypothetical β-Ga2O3 device 

that employs a polycrystalline diamond passivation layer grown on top of the β-Ga2O3 
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channel (Figure 21 (b): top-sided cooling scheme), fabricated on a β-Ga2O3/diamond 

composite substrate (Figure 21 (c): bottom-sided cooling scheme), and lastly, adding both 

top and bottom heat spreader (Figure 21 (d): double-sided cooling scheme). For top-sided 

cooling, it is assumed that 267 nm thick polycrystalline diamond is grown on β-Ga2O3 

(similar to the work [68]) with thermal conductivity of 110 W/m-K, with TBR of β-Ga2O3-

diamond interface of 30.2 m2-K/GW [68]. For bottom-sided cooling, the β-Ga2O3/diamond 

composite wafer is assumed to be constructed by bonding a 6.5 μm thick β-Ga2O3 layer 

thinned from the host substrate (similar to our previous work [54]) onto a polycrystalline 

diamond substrate with a thickness of 350 μm with TBR of 47.1 m2-K/GW [54]. 

Throughout this study, as shown in Figure 21 (d), the thickness of top-side diamond heat 

spreader and the thickness of β-Ga2O3 layer will be optimized that may offer the thermal 

performance of β-Ga2O3 MOSFETs comparable to that for commercial GaN-on-Si and/or 

GaN-on- SiC technologies. For these simulated device structures, the device geometries 

(gate-to-source distance, gate length, gate-to-drain distance) were kept identical to the 

homoepitaxial MOSFET. 

 

Figure 42. (a) Heat flux obtained from 2D electrical model (Synopsys Sentaurus 
TCAD software) for 1 W/mm, and corresponding constant heat flux, (b) 
Experimental results compared with 2D heat flux and constant heat flux. 
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In the  previous work, 3D coupled electro-thermal modeling was performed by 

coupling a 2D electrical model (Synopsys Sentaurus TCAD software) [128], [129] with a 

3D finite element thermal model with a detailed solid geometry that represents that of a 

real device (COMSOL Multiphysics) [38]. However, to reduce the computational loads for 

transient modeling study, the constant heat flux is applied to the fully-open channel [130] 

from source to drain, instead of applying the obtained 2D heat flux from the 2D electrical 

model, as shown in Figure 39 (a). Figure 39 (b) shows strong agreement between the 

experimental data and simulation results of both the 2D heat flux and constant heat flux. 

Throughout the remainder of this study, a constant heat flux corresponding to a power 

density of 1 W/mm was selected for use in the 3D thermal model due to the great agreement 

between the experiments, imported heat flux, and the constant heat flux.  

6.3 Effect of Various Cooling Solutions 

6.3.1 Transient thermal response of base device structures 

Figure 40 (a) shows the normalized transient temperature rise with respect to their 

steady-state temperature rise of both the homoepitaxial β-Ga2O3 MOSFET and the GaN-

on-Si HEMT under 1 W/mm and 1.6 W/mm power dissipation levels, respectively. Under 

steady-state, the β-Ga2O3 MOSFET exhibits a 2.7 × higher temperature rise than the GaN 

HEMT despite the β-Ga2O3 MOSFET is operating under a ~38% lower power density. The 

corresponding device-to-package thermal resistances of the β-Ga2O3 MOSFET and the 

GaN HEMT are 65 K-mm/W and 15 K-mm/W, respectively. The GaN device clearly 

exhibits a shorter thermal time constant than the homoepitaxial β-Ga2O3 MOSFET as 
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indicated with the green line in Figure 40 (a), which means its channel temperature reaches 

the steady-state value much faster than the β-Ga2O3 device. 

 

Figure 43. (a) Normalized temperature rises of the β-Ga2O3 MOSFET and GaN-on-
Si HEMT with respect to their steady-state temperature rise. The steady-state 
temperature rise of the β-Ga2O3 MOSFET is 65°C for a power dissipation level of 1 
W/mm [38]. The steady state temperature rise of the GaN-on-Si HEMT is 24°C for a 
power dissipation level of 1.6 W/mm [131]. (b) Transient temperature rise under a 
power density of 4 W/mm for a homoepitaxial β-Ga2O3 MOSFET (Figure 38 (a): 
Ga2O3-only), a diamond passivation layer on a β-Ga2O3 MOSFET (Figure 38 (b): 
Top-sided), a β-Ga2O3 MOSFET fabricated on the composite substrate (Figure 38 (c): 
Bottom-sided), a β-Ga2O3-on-diamond MOSFET further augmented by diamond 
passivation (Figure 38 (d): Double-sided), and a GaN-on-SiC HEMT. 

To estimate the channel temperature rise in the four device architectures from 

Figure 38 under a realistic power dissipation level, device simulation was performed at a 

power dissipation level of 4 W/mm, and results are plotted in Figure 40 (b). For further 

study, current state-of-the-art of GaN-on-SiC HEMT is compared instead of a GaN-on-Si 

device. Today’s GaN devices typically operate under 5–6 W/mm to ensure that the 

operating temperature does not exceed the safe allowable range for reliable operation [122]. 

Without any cooling solution applied, the steady-state channel temperature rise of the 

homoepitaxial β-Ga2O3 MOSFET (Figure 38 (a)) is 278°C (i.e., the channel temperature is 
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298°C while the base temperature is 20°C), which exceeds typical operational safety limits 

(e.g., 175°C for GaN and 125°C for Si devices) [71]. Because of the low thermal 

conductivity of β-Ga2O3, replacing the β-Ga2O3 substrate with diamond (Figure 38 (c)) 

reduces the steady-state temperature rise by ~64% (dropping from 278°C to 100°C). For 

high frequency power switching applications operating beyond the ~102 kHz range 

(elapsed time < ~10-5 s), however, employing a composite substrate (i.e., bottom-sided 

cooling) does not improve the transient thermal response (i.e., self-heating) of the device 

as shown in red and blue curves in Figure 40 (b). The channel temperature rises for both 

device structures are identical up to ~3×10-6 s, which corresponds to transient thermal 

loading under ~300 kHz. Therefore, solely relying on a bottom-sided cooling strategy (i.e., 

employing a composite substrate similar to the case of GaN-on-diamond devices)[122] is 

insufficient for the thermal management of pulse-powered β-Ga2O3 MOSFETs. The 

addition of a top-sided heat spreader (i.e., diamond passivation, Figure 38 (b)) reduces the 

steady-state temperature rise by ~28% (decreasing from 278°C to 198°C), and slightly 

reduces the transient temperature rise during short transient conditions (e.g., elapsed time 

< ~10-5 s). However, it is still not comparable to a GaN-on-SiC HEMT for bottom-sided 

and top-sided cooling scheme so that we configure a double-sided cooling scheme, as 

shown in Figure 38 (d). Utilizing double-sided cooling scheme would drop the steady-state 

temperature by ~75%, compared to the homoepitaxial β-Ga2O3 MOSFET, with the slight 

decrease in the short transient regime.  

6.3.2 Top-sided Cooling 

Recently, polycrystalline diamond was first epitaxially grown on β-Ga2O3 with 

thicknesses of 267 nm and 960 nm [68]. For this parametric study, the thickness of the 
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diamond was increased up to 2 µm and the corresponding thermal properties were adapted 

from Table 3. Figure 41 shows the impact of the thickness of the top-side diamond 

passivation layer. As the thickness was increased, not only the thermal conductivity of 

diamond increases, but also the ability to spread heat increases that both steady-state and 

transient channel temperature decrease due to the proximity to the heat source. Figure 41 

also includes the effect of TBR. It was found that the TBR is negligible for the 267 nm 

thick diamond, but there would be ~8% and ~18% differences in the steady-state 

temperature rise between the lowest and the highest TBR for 1µm and 2 µm thick diamond 

(i.e., for Figure 41 (c), temperature rise with TBR of 47 m2-K/GW is 71°C, while that of 

7.3 m2-K/GW is 58°C), respectively. The transient temperature rise also decreases with an 

increased thickness of the top-side diamond, but the time constant for all three thicknesses 

was found to be ~10-4 s, which corresponds to the time constant of the base device as shown 

in Figure 40 (a). 

 

Figure 44. Top-sided cooling scheme with various diamond heat spreader thickness: 
(a) 267 nm thick, (b) 1 µm thick, (c) 2 µm thick 

6.3.3 Bottom-sided Cooling 
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Figure 45. Bottom-sided cooling scheme with various β-Ga2O3 thickness: (a) 6.5 µm 
thick, (b) 2.0 µm thick, (c) 0.8 µm thick, (d) 0.2 µm thick.  

In order to further enhance the cooling performance, the addition of a diamond 

composite wafer on the bottom surface of the β-Ga2O3 was investigated. In particular, the 

effect of the β-Ga2O3 thickness with various TBR values was studied in detail as shown in 

Figure 42. As the β-Ga2O3 was thinned from 6.5 µm to 0.2 µm thick, the steady-state 

temperature rise dropped by ~77% from 103°C to 23°C for a TBR of 47 m2-K/GW. If the 

TBR of the bonded interface of the β-Ga2O3-diamond could be reduced to 7.3 m2-K/GW, 

then by reducing the thickness of the β-Ga2O3 from 6.5 µm to 0.2 µm, the steady-state 

temperature rise will drop ~90% from 96°C to 9.3°C. Additionally, the thermal time 

constants as well as the transient temperatures decrease as the thickness of the β-Ga2O3 
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decreases. Moreover, as the TBR of the interface of β-Ga2O3-diamond decreases, the time 

constant decreases as well. For a TBR of 47 m2-K/GW, the time constant of the 6.5 µm 

thick β-Ga2O3 was found to be ~1.5 × 10-6 s, while that of 0.2 µm thick β-Ga2O3 was found 

to be ~4 ×10-8 s, decreased by two orders of magnitude. For TBR of 7.3 m2-K/GW, the 

time constant of 6.5 µm thick β-Ga2O3 is 1.25 × 10-6 s, while that of 0.2 µm thick β-Ga2O3 

is ~9.5 × 10-9 s. Therefore, the time constant of bottom-sided cooling scheme decreases 

with decreased thickness of β-Ga2O3, while the time constant of top-sided cooling scheme 

is not affected by the thickness of the diamond layer. 

6.3.4 Double-sided Cooling 

 

Figure 46. Transient channel temperature rises of double-sided cooling scheme 
compared to GaN-on-SiC HEMT. 

Based on previous studies, the four different possible double-sided cooling solutions 

were compared, including a 267 nm or 2 µm thick top-side diamond heat spreader and 6.5 

or 0.2 µm thick β-Ga2O3, as shown in Figure 43. For the top-side interface, a TBR of 30 
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m2-K/GW was used, and for bottom-side interface, a TBR of 47 m2-K/GW was used. 

Understandably, the combination that includes the thickest top-side diamond and the 

thinnest β-Ga2O3 shows the lowest temperature rise. This reduced temperature is 

comparable to GaN-on-SiC device, and by increasing the interface quality, it can be 

possible to reduce the temperature even further. The diamond passivation layer with a 

moderately high thermal conductivity effectively reduces the device temperature not only 

under steady-state conditions, but also under the high frequency operating regime, since it 

is located in proximity (i.e., less than several tens of nanometers) to the β-Ga2O3 devices 

active region where the Joule heating occurs. Therefore, device-level thermal management 

of β-Ga2O3 MOSFETs requires the combined use of a composite wafer and a top-side heat 

spreader in order to handle the thermal loading that occurs during both direct current (DC; 

steady-state) and pulsed (transient) operating conditions. 

6.4 Effect of Base Temperature 

 

Figure 47. (a) Effect of base temperature on the channel temperature rise for double-
sided cooling scheme of: (a) 2 µm thick diamond / 0.2 µm thick β-Ga2O3, and (b) 267 
nm thick diamond / 6.5 µm thick β-Ga2O3. 
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 The previous studies in this report were based on the base temperature of 20°C. 

However, in reality, many applications often result in different environment temperatures, 

thus changing the channel temperature. For example, a base temperature of 85°C is 

common for industrial applications, while a temperature of 300°C can be expected for 

space applications [5], [132]. Here, the best- and worst-case scenarios were compared for 

a device using the double-sided cooling from Figure 43. For the best-case scenario with 

the shorter time constant (~4×10-8 s), no effects in the channel temperature rise are 

observed as the base temperature increases, as shown in Figure 44 (a). However, as shown 

in Figure 44 (b), with a lack of enough cooling power (or the system has the long time 

constant), the steady-state temperature can increase up to 50% (from 71°C to 104°C) if the 

base temperature increases from 20°C to 300°C, while the temperature rise in transient 

regime can increase up to 25% from 10-8 to 10-6 s (1-100 MHz regime). 

6.5 Effect of Multi-pulses 

 Lastly, the effect of multi-pulses was investigated. Since the system has a relatively 

long time constant, the channel temperature may not be cooled down to the base 

temperature, resulting in higher peak temperature rise for the next pulse. For this study, a 

20% duty cycle was applied for five different pulse periods, and the temperature rise for 

first six pulses of each pulse periods was investigated. As discussed in previous section, 

the time constant of the double-sided cooling scheme with 2 µm thick diamond / 0.2 µm 

thick β-Ga2O3 device is ~4 × 10-8 s, thus, the peak temperatures do not increase when the 

period is longer than 10-7 s. In contrast, even though the time constant of homoepitaxial β-

Ga2O3 is ~10-4 s, the peak temperature slightly increases for the period of 10-3 s, so that the 

peak temperature difference is ~5% between the temperature of the first peak and the sixth 

peak as shown in Figure 45 (d). This result indicates that not only the time constant matters 

for the cooling time, but the magnitude of the pulse’s peak temperature is also important, 

since the temperature is not able to reach the base temperature. 
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Figure 48. (a)-(e) Effect of multi-pulses for various time periods (or frequencies). 267 
nm thick diamond was simulated for top-sided cooling with TBR of 30 m2-K/GW, 6.5 
µm thick β-Ga2O3 was used for bottom-sided cooling with TBR of 47 m2-K/GW, and 
2 µm thick diamond / 0.2 µm thick β-Ga2O3 were utilized for double-sided cooling. 

6.6 Conclusion 

 In this study, we investigated the steady-state and transient self-heating behavior of 

a homoepitaxial β-Ga2O3 MOSFET and various cooling options of the MOSFET. The 

effectiveness of top-sided, bottom-sided, and double-sided cooling schemes using a 

polycrystalline diamond substrate and a diamond passivation layer were studied via 

transient thermal modeling with realistic parameters. Because of the low thermal 

diffusivity of β-Ga2O3, the use of a β-Ga2O3 composite substrate (bottom-sided cooling) 

must be augmented by a diamond passivation layer (top-sided cooling) to effectively cool 

the device active region under both steady-state and transient operating conditions. 

Replacing the substrate with polycrystalline diamond (under a 6.5 μm-thick β-Ga2O3 layer) 

could reduce the steady-state temperature rise by 64% compared to that for a homoepitaxial 
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β-Ga2O3 MOSFET. However, for high frequency power switching applications beyond the 

~102 kHz range, bottom-side cooling (integration with a high thermal conductivity 

substrate) does not improve the transient thermal response of the device. Adding a diamond 

passivation over layer diamond not only suppresses the steady-state temperature rise, but 

also drastically reduces the transient temperature rise under high frequency operating 

conditions. Both steady-state and transient temperatures could be reduced more with better 

interface of β-Ga2O3-diamond and having short time constant will be less affected to the 

multi-pulses. 
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CHAPTER 7. SUMMARY AND CONCLUSIONS 

7.1 Summary of Contributions 

 Considering the range of WBG materials being studied for power electronics 

devices, beta-Gallium Oxide (β-Ga2O3) is a promising semiconductor material because of 

its unique combination of material properties – properties that make it excellent for power 

electronics applications: (i) low on-resistance (Ron), (ii) low off-state leakage current, (iii) 

large breakdown voltage (VBr), and (iv) high-temperature operation. While the 

development of high power electronics continues to expand swiftly, it is becoming more 

apparent that Si based technologies are approaching or have reached the theoretical limit 

of the materials capabilities. However, heat generation under high-power operation cannot 

be avoided that overheating is a critical challenge for the reliability of these state-of-the-

art device technologies. A smaller device footprint combined with a greater power handling 

capability means substantially increased power densities for individual devices. 

 A major drawback of β-Ga2O3 arises from its poor thermal conductivity, which 

results in devices with unacceptably high junction-to-package thermal resistance. While 

there is considerable promise for future devices made from UWBG materials, their 

adoption as a technology will hinge upon novel approaches to address heat dissipation at 

the die level which will enable high power density operation. Thus, this thesis provides 

valuable insight to the device community on how GaN based electronics are thermally 

impacted at the most basic device level. 

 The purpose and contribution of this work was to deliver the reader with a sufficient 

motivation on the current and potential uses of β-Ga2O3 based electronics through a 

summary of the current state of the technology. This was followed by a more in-depth 

discussion of β-Ga2O3 devices by looking specifically at the β-Ga2O3 lateral MOSFETs 
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and a vertical CAVET structure. The significance of β-Ga2O3 as used in a power electronics 

is emphasized in this work. A major emphasis of this work stems from the fact that typical 

thermal management techniques for WBG electronics such as integrating high thermal 

conductive substrate at the bottom of β-Ga2O3 substrate would not be sufficient for β-

Ga2O3 devices due to very low thermal conductivity or highly resistive thermal layer.  

 Previous studies have focused on the design of active and passive cooling solutions 

that add upon or alter the homoepitaxial configuration of β-Ga2O3 transistors. In contrast, 

this work has focused on how to optimize the device layout to mitigate self-heating, prior 

to implementing such engineering solutions. For lateral β-Ga2O3 MOSFETs, the layout 

configuration was investigated including the anisotropic behavior of β-Ga2O3 substrate, 

spacing and geometry of metal contacts, and number of channels for multi-finger devices. 

The key finding is that due to the highly anisotropic thermal conductivity, it is important 

that the highest thermal conductivity orientation should be aligned with the cross-plane of 

β-Ga2O3 substrate. In addition, for the in-plane orientation, highest thermal conductivity 

should be aligned with the channel length so that the heat can be dissipated easily towards 

the metal contacts. These results were confirmed with single-finger MOSFET by 

experiment and simulation, and with multi-finger MOSFET by simulation. 

One way to reduce the thermal resistance is to reduce the thickness of β-Ga2O3, 

thus the thermal resistivity of the device will be decrease. In vertical architectures, on the 

other hand, the β-Ga2O3 substrate cannot be substituted and reducing the thickness of β-

Ga2O3 since it will change the electrical performance that the breakdown voltage of vertical 

transistors scales with the drift layer thickness. Therefore, the options for thermal 

management in vertical devices are limited compared to thermal management of lateral 

devices. In this work, several cooling scheme options were investigated to find the best 

way to reduce the junction-to-package thermal resistance and optimize for the vertical 
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device, especially for CAVET structure by adding external solution since there is limitation 

of engineering the device layout. Bottom-, top-, and double-sided cooling results show that 

the device temperature can be decreased by increasing the thermal conductivity of heat 

spreader, die attach material, and heat transfer coefficient. In addition, the model 

demonstrates the importance of top-sided cooling to alleviate the heat from the top-side of 

the vertical CAVET, which is closer to where joule heating occurs. Ultimately, 

architectures that utilize cooling from both sides of the device will perform best, enabling 

an 89% reduction in device temperature or 9× increased operational power at the same 

temperature limits. 

 Lastly, package- and system-level thermal management solutions, which are 

designed based on steady-state operation, were shown to be ineffective for applications 

that operate under transient thermal loading, potentially leading to overdesigned cooling 

systems. Especially due to low thermal conductivity of β-Ga2O3, low thermal diffusivity 

will cause much longer time constant compared to WBG materials. Therefore, thermal 

management transient-state operation should be differed from WBG power electronics. 

This work showed that for high frequency power switching applications beyond the ~102 

kHz range, bottom-side cooling (integration with a high thermal conductivity substrate) 

does not improve the transient thermal response of the device. Adding a diamond 

passivation over layer diamond not only suppresses the steady-state temperature rise, but 

also drastically reduces the transient temperature rise under high frequency operating 

conditions. Both steady-state and transient temperatures could be reduced more with better 

interface of β-Ga2O3-diamond and having short time constant will be less affected to the 

multi-pulses. 
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7.2 Future Works 

 The β-Ga2O3 materials system presents promising aspects in terms of creating next-

generation power electronic devices (i.e., low-cost substrate manufacturability and 

outstanding electronic properties). The material’s low thermal conductivity resulting in 

overheating has become a major bottleneck to maximize the performance of β-Ga2O3 

device technologies. A paradigm shift in the device design process, i.e., electro-thermal co-

design, is essential to conquer the thermal obstructions. To implement such co-design 

techniques, the development of novel thermal characterization and multi-physics, multi-

scale device modeling schemes are necessary. These innovations in convergent research 

will allow the full exploitation of the favorable benefits of the ultra-wide bandgap material. 

 With the success of integration of β-Ga2O3 on to high thermal conductivity diamond 

by either growth of diamond on β-Ga2O3, or low-temperature bonding of β-Ga2O3 to 

diamond, it is necessary to fabricate the β-Ga2O3 device with that configuration. Similar to 

DARPA NJTT program (i.e., comparison of GaN-on-SiC HEMT and GaN-on-diamond 

HEMT), as electro-thermal co-design of β-Ga2O3 approaches are available by this work, 

the experimental study will provide us a new perspective in terms of thermal management 

of UWBG power electronics. 

 Additional methods to cool high-power β-Ga2O3 devices will likely involve active 

cooling strategies. While air cooling is desired for low cost and high reliability strategies, 

active liquid cooling methods are expected to significantly enhance the operational power 

densities achieved by these devices and may find their position in high performance 

applications. 

 Lastly, regardless of all the cooling solutions, the importance of design and 

experimental study of β-Ga2O3 devices in transient-state cannot be emphasized enough as 

they are intended to be utilized for power switching applications. All the cooling solutions 
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should be verified its cooling ability during the high frequency application regime so that 

the solutions are not over-/under-designed for their demand. The applications of β-Ga2O3 

electronics are not limited to power switching. From the perspective of device functionality, 

other prospective applications for β-Ga2O3 include high-temperature signal processing, 

harsh-environment electronics, and wireless communication devices/circuits. With respect 

to high-temperature and/or harsh-environment operation, it is important that β-Ga2O3 

devices would be survivable under such conditions that proper thermal management is 

crucial. 
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