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a b s t r a c t 

Beta-phase gallium oxide ( β-Ga 2 O 3 ), as an ultrawide bandgap semiconductor, is promising for next gen- 

eration power and radio frequency electronics. Its low thermal conductivity, however, poses a challenge 

to thermal management of devices composed of it, causing a reduced power performance as well as 

temperature-induced reliability problems. Several recent efforts have focused upon the impact of vari- 

ous device-level thermal management approaches, including integration with high-thermal-conductivity 

substrates (e.g., diamond and SiC) as a bottom-side passive heat extraction method, on the cooling perfor- 

mance of β-Ga 2 O 3 devices. These effort s, however, have been restricted to cases where the Ga 2 O 3 layer 

thicknesses are above 1 μm. Here, we address the fundamental conduction cooling limits for sub-1 μm β- 

Ga 2 O 3 devices integrated with diamond via finite element simulations. A semi-classical transport theory 

for phonons interacting with interfaces is employed to systematically calculate the thickness-dependent 

thermal conductivity of the β-Ga 2 O 3 layers with different crystallographic orientations for both cross- 

plane and in-plane directions. We find that the maximum power density of sub-1 μm β-Ga 2 O 3 devices 

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

–1 with a junction tem- 

perature limit of 200 °C, considering an optimal device orientation as well as best-case experimental 

Ga 2 O 3 /diamond thermal boundary conductance (TBC). As the Ga 2 O 3 /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 

–1 , which is comparable to those reported previously for costly aug- 

mented thermal management designs. Our findings suggest that the integration with diamond can fun- 

damentally enhance the device-level cooling performance of Ga 2 O 3 electronics, sub-1 μm devices in par- 

ticular, and has thereby the potential to significantly reduce system-level cooling costs and packaging 

challenges. 

© 2022 Elsevier Ltd. All rights reserved. 
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. Introduction 

Beta-phase gallium oxide ( β-Ga 2 O 3 ) has recently begun to gar- 

er considerable attention for next-generation power electronics 

pplications due to its outstanding electrical properties, such as an 

ltrawide bandgap ( ∼4.8 eV) and a high critical breakdown elec- 

ric field ( ∼8 MV cm 

–1 ) [1–3] . Because of these superior proper-

ies, β-Ga 2 O 3 has exceptionally higher figures of merit that are rel- 

vant to high-power and high-frequency applications, when com- 

ared to those of wide bandgap materials such as 4H-SiC and GaN 

1–3] . Baliga’s figure of merit (BFOM) of β-Ga 2 O 3 is a factor of

0 and 4 higher than those of 4H-SiC and GaN, respectively, ow- 

ng to the cubic power dependence of BFOM on the critical elec- 
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ric field [1–3] . Its Johnson’s figure of merit (JFOM), which repre- 

ents the power-frequency product for radio-frequency (RF) ampli- 

cation, is a factor of 3 higher than that of GaN [3] . These higher

gures of merit, combined with the commercial availability of low- 

ost large-size single-crystal native β-Ga 2 O 3 substrates synthesized 

sing melt-growth techniques [ 3 , 4 ], render β-Ga 2 O 3 a promising 

aterial for high voltage switching and RF electronics applications 

5–7] . 

However, the thermal conductivity of bulk β-Ga 2 O 3 (11–

7 W m 

–1 K 

–1 , depending on its crystallographic direction, at room 

emperature [ 8 , 9 ]) is one order of magnitude lower than those of

ide bandgap counterparts (e.g., ∼230 and ∼350 W m 

–1 K 

–1 for 

ulk GaN and 4H-SiC, respectively, at room temperature [10–12] ). 

ts lower intrinsic thermal conductivity can significantly exacerbate 

evice-level self-heating effects, resulting in even higher device 

unction temperatures when compared to those in wide bandgap 

ounterparts [13–16] . For example, a recent simulation work pre- 

https://doi.org/10.1016/j.ijheatmasstransfer.2022.122864
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
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icted an exceptionally high junction temperature rise of ∼1500 °C 

or a typical β-Ga 2 O 3 metal-oxide-semiconductor field-effect tran- 

istor (MOSFET)—whose device layer is homoepitaxially grown on 

 native substrate—at a power density of 10 W mm 

–1 [15] . Another 

ecent study on a similar β-Ga 2 O 3 MOSFET measured a thermal re- 

istance of 88 mm K W 

–1 at 1.87 W mm 

–1 power density (which 

an be converted to a junction temperature rise of ∼165 °C at this 

ower density), which is a factor of 6 larger than that of a multi- 

nger GaN high-electron-mobility transistor (HEMT) with similar 

ate dimensions on a SiC substrate [14] . The high device junction 

emperature can severely limit device performance and degrade 

evice reliability [ 6 , 7 ]. Since heat dissipation in β-Ga 2 O 3 -based de-

ices is a primary concern, increasing attention has recently been 

aid to their thermal characteristics and thermal management [13–

6] , although still much less explored than their electrical charac- 

eristics. 

The thermal management of β-Ga 2 O 3 devices can heavily ben- 

fit from a number of thermal management solutions that have 

een extensively developed for GaN HEMTs over the past decade 

 11 , 17 , 18 ]. These solutions can be grouped broadly into two cate-

ories: bottom-side and top-side cooling schemes. The former in- 

ludes the heterogeneous integration of GaN with high-thermal- 

onductivity diamond (as high as ∼20 0 0 W m 

–1 K 

–1 [19] ) near the

evice junction to form GaN-on-diamond [ 11 , 20–24 ] and the use 

f microchannel liquid cooling to enhance convective heat trans- 

er [ 17 , 18 , 25–28 ]. The latter includes the use of a heat-spreading

apping layer (e.g., nanocrystalline diamond) on top of the device 

ayers [ 29 , 30 ]. Among these approaches, the GaN-diamond integra- 

ion approach has been proven to fundamentally improve the near- 

unction conduction cooling of GaN HEMTs [ 11 , 18 , 31 ]. The key is to

ring the superior heat spreading capability of the diamond sub- 

trate in close proximity of the heat generating region of the de- 

ice (i.e., the device junction). 

Similar to the GaN-diamond integration approach, recent ef- 

orts have heterogeneously integrated β-Ga 2 O 3 thin films on high- 

hermal-conductivity substrates (diamond and SiC) for the purpose 

f improving the near-junction conduction cooling of β-Ga 2 O 3 de- 

ices [32–36] . These effort s can be classified into two groups. The 

rst approach involves transfer and bonding of β-Ga 2 O 3 thin films 

o high-thermal-conductivity substrates. For instance, Noh et al. 

32] mechanically exfoliated β-Ga 2 O 3 membranes with thicknesses 

rom 50 to 150 nm from a bulk single crystal, transferred them 

nto a single crystal diamond substrate, and demonstrated that β- 

a 2 O 3 devices on diamond exhibit ∼60% lower channel tempera- 

ure rise than a device on a sapphire substrate. Likewise, Cheng 

t al. [33] fabricated a mechanically exfoliated β-Ga 2 O 3 mem- 

rane with a thickness of 427 nm on a single crystal diamond 

nd showed by thermal simulation that the maximum tempera- 

ure rise of the β-Ga 2 O 3 device on diamond can be significantly 

ower than those of the devices on SiC and Si. Thin film β-Ga 2 O 3 

onded to SiC was also realized by Cheng et al. [34] , where ion-

utting and surface-activated bonding techniques were used to 

eterogeneously integrate wafer-scale single-crystalline β-Ga 2 O 3 

hin films (139–165 nm) onto 4H-SiC substrates. The second ap- 

roach involves direct growth of Ga 2 O 3 thin films on high-thermal- 

onductivity substrates [ 35 , 36 ]. One example is nanocrystalline β- 

a 2 O 3 thin films, with thicknesses ranging from 28 to 115 nm, 

rown by atomic layer deposition (ALD) directly on single crys- 

al diamond substrates [35] . Another example is an 81-nm-thick 

-Ga 2 O 3 thin film grown by molecular beam epitaxy on a 4H-SiC 

ubstrate [36] . 

Along with these integration effort s, increasing attempts have 

een made to measure the thermal conductivity of β-Ga 2 O 3 in 

oth bulk and thin film forms [ 8 , 9 , 33–37 ], as well as the ther-

al boundary resistance (TBR), which is the inverse of the thermal 

oundary conductance (TBC), between β-Ga 2 O 3 and high-thermal- 
2 
onductivity substrates [33–36] . Utilizing the thermal properties 

btained from these measurements, several previous works us- 

ng thermal simulation have investigated the heat dissipation per- 

ormance of β-Ga 2 O 3 devices on high-thermal-conductivity sub- 

trates, in particular, that of β-Ga 2 O 3 -on-diamond devices [ 15 , 16 ].

hatterjee et al. [15] examined the heat dissipation performance 

f β-Ga 2 O 3 devices (on native Ga 2 O 3 substrates thinned down to 

0 and 100 μm) integrated with a diamond substrate, and showed 

hat the thermal resistance of the 10 μm device is ∼5 × lower 

han that of the 100 μm device. A similar study was performed 

y Yuan et al. [16] , where a factor of 5 reduction in the de-

ice thermal resistance was reported with decreasing Ga 2 O 3 thick- 

ess from 100 to 1 μm. Despite these simulation results, the cool- 

ng performance of sub-1 μm Ga 2 O 3 devices integrated with dia- 

ond has not been systematically studied yet. In the aforemen- 

ioned integration approaches with high-thermal-conductivity sub- 

trates, the Ga 2 O 3 layer thicknesses are less than 1 μm (down to 

100 nm), where the phonon mean free paths become compara- 

le to the layer thickness [38] . The size effect is thus expected to 

e prominent as a consequence of phonon-boundary scattering. It 

s therefore essential to consider the thermal conductivity of the 

a 2 O 3 layer as a function of layer thickness for both cross-plane 

nd in-plane directions when accurately assessing the device-level 

eat dissipation performance of sub-1 μm Ga 2 O 3 devices. However, 

ost previous simulation works considered the Ga 2 O 3 layer thick- 

esses above 1 μm and assumed the bulk Ga 2 O 3 thermal conduc- 

ivity [ 7 , 14–16 , 39 ]. 

In this work, we explore the fundamental conduction cooling 

imits for sub-1 μm β-Ga 2 O 3 devices integrated with diamond. By 

mploying a semi-classical phonon transport model, we system- 

tically calculate the thickness-dependent thermal conductivity of 

he β-Ga 2 O 3 layers with different crystallographic orientations for 

oth cross-plane and in-plane directions. Exploiting these calcu- 

ations together with finite element simulations, we examine the 

onduction cooling performance of sub-1 μm β-Ga 2 O 3 devices on 

iamond and assess their peak power density that may be feasible 

ith a junction temperature limit of 200 °C. Our simulation results 

ndicate that sub-1 μm β-Ga 2 O 3 devices on diamond, particularly 

he 0.1 μm device, can achieve a maximum power density as high 

s 7.7 W mm 

–1 , assuming an optimal device orientation as well 

s best-case experimental Ga 2 O 3 /diamond TBC. The fundamental 

imit to the maximum power density of these devices can reach 

p to 8.6 W mm 

–1 as the Ga 2 O 3 /diamond TBC approaches the up- 

er limit predicted by the diffuse mismatch model. The outcomes 

f this work suggest that the integration of sub-1 μm β-Ga 2 O 3 de- 

ices with diamond has the potential to fundamentally increase 

he device power handling capability without requiring additional 

ooling components and complexity associated with costly aug- 

ented thermal management designs. 

. Simulation methodology 

.1. Finite-element thermal model 

Conduction cooling of β-Ga 2 O 3 devices on diamond is investi- 

ated by performing finite element analysis using COMSOL Mul- 

iphysics. As depicted in Fig. 1 , we construct a 3D finite element 

evice thermal model, the geometry and dimensions of which are 

ostly adopted from Ref. [16] , and determine steady-state temper- 

ture fields of the model by solving the steady-state heat diffu- 

ion equation. The Ga 2 O 3 -on-diamond device structure employed 

n this work consists of a Ga 2 O 3 layer with varying thickness ( d) 

rom 0.1 to 1 μm on a 2-mm-thick diamond substrate ( Fig. 1 (a)). In

rder to evaluate the conduction cooling performance of sub-1 μm 

a 2 O 3 devices on diamond, thicker Ga 2 O 3 layer thicknesses of 2, 5, 

nd 10 μm are also considered in our simulation for comparison. 
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Fig. 1. (a) Cross-sectional schematic of the β-Ga 2 O 3 -on-diamond device thermal model employed in our current study (not drawn to scale). A heat generation region in 

single-gate and multi-finger devices is modeled by a single surface heater and an array of multiple surface heaters, respectively. (b) 3D Schematic of the multi-finger β- 

Ga 2 O 3 -on-diamond device model with 20 fingers and 10–40 μm gate pitch (not drawn to scale). The length and width of each heater are 1 and 50 μm, respectively. In-plane 

(both along the heater length and width) and cross-plane directions are presented in reference to the model. (c) Seven possible crystallographic orientations of the β-Ga 2 O 3 
layer considered in our model, depending on whether the [010] direction with the highest thermal conductivity is oriented along the cross-plane or in-plane direction. (d) 

Representative finite element mesh and (e) 3D steady-state temperature profile for the multi-finger β-Ga 2 O 3 -on-diamond model geometry shown in (a) and (b). The finest 

mesh elements are placed near the heat sources where Joule heating is concentrated. Quarter-symmetry is exploited here to reduce the computational expense. 
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s a heat source, single-gate and multi-finger device models uti- 

ize a single heater and an array of multiple heaters, respectively, 

n top of the Ga 2 O 3 layer ( Fig. 1 (a)). For the latter, we consider 20

ngers and 10–40 μm gate pitch. 

We also vary the crystallographic orientation of the β-Ga 2 O 3 

ayer in the model and examine its impact on the cooling perfor- 

ance of β-Ga 2 O 3 devices on diamond. Fig. 1 (b) illustrates the two 

n-plane directions (along the heater length and width), as well as 

he cross-plane direction of the model. We consider seven possi- 

le cases, as seen in Fig. 1 (c), depending on whether the crystal 

irection of β-Ga 2 O 3 with the highest thermal conductivity, i.e., 

he [010] direction, is oriented along the cross-plane or in-plane 

irection. For Case 1, the [010] direction is aligned along the cross- 

lane direction with [001] and [100] directions along the in-plane 

irections (the directions of heater length and width, respectively). 

ase 2 also assumes [010] along the cross-plane direction but the 

ateral plane is rotated by 90 ° with respect to that in Case 1. Cases 

 and 4 assume the [010] direction along the heater length and 

idth, respectively, with [100] being aligned along the cross-plane 

irection. Likewise, the [010] direction is oriented along the heater 

ength and width for Cases 5 and 6, respectively, while the [001] 
3 
irection is assumed along the cross-plane direction for both cases. 

or Case 7, the [ 2 01 ] direction is aligned along the cross-plane di- 

ection and the [010] direction is assumed along both the heater 

ength and width directions, setting an upper performance limit of 

 2 01 )-oriented β-Ga 2 O 3 devices. 

It is of note that a majority of lateral β-Ga 2 O 3 field-effect 

ransistors (FETs) have been fabricated on (010)-oriented Ga 2 O 3 

ubstrates with the [001] direction aligned along the gate length 

 7 , 13 , 14 , 16 ], corresponding to Case 1. Cases 3 and 4 correspond

o the orientation of recently demonstrated β-Ga 2 O 3 FETs on di- 

mond [ 32 , 33 ], where (100)-oriented Ga 2 O 3 nanomembranes were 

echanically exfoliated and then adhered to single crystal dia- 

ond. Case 5 is directly taken from Ref. [40] , where vertical MOS- 

ETs were implemented on (001)-oriented Ga 2 O 3 substrates. Case 

 is the configuration from Ref. [15] , where a lateral Ga 2 O 3 MOS-

ET was constructed on a ( 2 01 )-oriented Ga 2 O 3 substrate. 

As a benchmark, we also consider β-Ga 2 O 3 devices on SiC by 

eplacing the diamond substrate in the model with SiC. The crys- 

allographic orientation of the β-Ga 2 O 3 layer is assumed to be 

hose of Cases 1 and 7. These are based on recent Ga 2 O 3 -SiC in-

egration practices [ 34 , 36 , 39 , 41 ]. One approach has used a fusion
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onding technique to fabricate a Ga 2 O 3 /4H-SiC composite wafer by 

ntegrating a (010)-oriented β-Ga 2 O 3 wafer with a 4H-SiC wafer 

 39 , 41 ]. Other approaches have demonstrated ( 2 01 ) β-Ga 2 O 3 thin

lms bonded to 4H-SiC [34] , as well as a ( 2 01 ) β-Ga 2 O 3 thin film

pitaxially grown on 4H-SiC [36] . 

Our thermal model seeks to consider a generic case for lateral 

a 2 O 3 devices and therefore make three simplifying assumptions. 

irst, we ignore the existence of the gate, source, and drain elec- 

rodes, as well as the channel and barrier layers, for the sake of 

implicity. As we discuss in Sec. S2(c) of Supplementary Material, 

he influence of this assumption on the maximum device temper- 

ture is not significant, suggesting that the majority of the heat 

enerated in the device active region propagates downwards into 

he Ga 2 O 3 layer, Ga 2 O 3 /diamond interface, and diamond substrate. 

s quantified in Fig. S9 of Supplementary Material, the addition 

f the metal electrodes as well as the channel and barrier layers 

an result in an ∼10% difference in the maximum device temper- 

ture, when compared to our current simplified model, which can 

e attributed to additional heat dissipation pathways formed by 

he high-thermal-conductivity metal electrodes. Our quantification 

s consistent with that made previously by Pomeroy et al. [14] , 

here a 14% increase in device thermal resistance was predicted 

y removing gold electrodes in their finite element thermal model 

or β-Ga 2 O 3 MOSFETs. Second, a surface heat source is applied as 

ither a single rectangular strip or an array of rectangular strips 

 Figs. 1 (a) and (b)), which represents the heat generation region of 

ingle-gate and multi-finger devices, respectively, as previously as- 

umed for lateral GaN and Ga 2 O 3 devices by a number of works 

 11 , 18 , 22 , 31 , 33 , 42 , 43 ]. The length and width of each heater are as-

umed to be 1 and 50 μm, respectively, taken from Ref. [16] , which

epresent the dimensions of an actual hotspot of each gate finger. 

e note that the heat generation in lateral Ga 2 O 3 devices is typi- 

ally volumetric and concentrated near the drain side edge of the 

ate [ 15 , 16 ]. It is also of note that several factors, including de-

ice geometry and bias conditions, can influence the internal heat 

eneration profile [ 39 , 44 ]. Third, the spreading and heat sink be-

eath the substrate (diamond or SiC) is assumed to operate ideally, 

nd thereby the bottom of the substrate is set to a fixed temper- 

ture of 22 °C, as in several previous studies for lateral GaN and 

a 2 O 3 devices [ 16 , 22 , 31 , 33 , 42 ]. While this may represent fairly ag-

ressive system-level and packaging requirements [ 15 , 16 , 18 ], one 

f our current goals is to understand the general trends in device- 

evel heat dissipation of sub-1 μm Ga 2 O 3 devices on diamond. 

Given the symmetric nature of the device structure, a quarter- 

ymmetry model ( Figs. 1 (d) and (e)) is utilized here with adiabatic 

oundary conditions imposed on its inner surfaces to reduce the 

omputational load. Except the bottom surface of the substrate (di- 

mond or SiC), all other exterior surfaces are subjected to natural 

onvection with the heat transfer coefficient of 10 W m 

–2 K 

–1 and 

he ambient temperature of 22 °C [16] . The dissipated power den- 

ity ( P ) is set to 1.8 W mm 

–1 as a baseline value and then varied

o match the maximum device temperature of 200 °C, which has 

een previously established by Refs. [ 15 , 16 ] as a safe junction tem-

erature limit for the reliable long-term operation of devices. 

A progressive tetrahedral mesh is implemented to discretize the 

imulation domain, as sketched in Fig. 1 (d). The finest and high- 

st density mesh elements are located in the close vicinity of the 

eat generation region, with minimum mesh sizes of 25, 40, and 

0 nm for the Ga 2 O 3 layer thicknesses of 0.1, 1, and 10 μm, respec-

ively, to accurately capture large temperature gradients around the 

eat sources. The density of mesh elements is gradually decreased 

ith increasing distance from the heat generation region in both 

he cross-plane and in-plane directions. Our simulation employs 

8 to 25 million mesh elements, which depend on the thick- 

ess of the Ga 2 O 3 layer. Mesh convergence tests are performed 

o ensure the convergence of the finite element calculations. A 
4 
epresentative mesh convergence plot for the single-gate Ga 2 O 3 - 

n-diamond device model is provided in Fig. S8 of Supplemen- 

ary Material. A representative 3D steady-state temperature profile 

f the multi-finger Ga 2 O 3 -on-diamond device model is shown in 

ig. 1 (e), where the Ga 2 O 3 layer thickness is 1 μm, the gate pitch

s 10 μm, the Ga 2 O 3 /diamond thermal boundary conductance is 

0 MW m 

–2 K 

–1 , and the crystal orientation corresponds to Case 

. An inset of Fig. 1 (e) clearly shows that the temperature drop is 

ignificant within the Ga 2 O 3 layer, while that within the diamond 

ubstrate is negligible. 

Heterogeneous integration of sub-micrometer-thick β-Ga 2 O 3 

evices with diamond substrates has been barely realized, to our 

nowledge. This makes it tricky to compare our simulation re- 

ults, particularly focusing on sub-micrometer β-Ga 2 O 3 devices 

n diamond, with experimental results available in the literature. 

nstead, we choose to validate our finite element device ther- 

al model using temperature measurements performed on ho- 

oepitaxial β-Ga 2 O 3 devices, where the device layer is homoepi- 

axially grown on a native substrate. We take an example of 

n (Al 0.19 Ga 0.81 ) 2 O 3 /Ga 2 O 3 modulation-doped field effect transis- 

or (MODFET) [39] and compare experimentally measured surface 

emperature rises of this device, taken from Ref. [39] , with predic- 

ions of our model. Greater details of this comparison can be found 

n Sec. S2(a) of Supplementary Material. 

.2. Thermal properties 

The thermal properties of both Ga 2 O 3 -on-diamond and Ga 2 O 3 - 

n-SiC device structures are given as inputs to our finite element 

evice thermal model. These encompass the thermal conductiv- 

ty of the β-Ga 2 O 3 layer ( k G a 2 O 3 ), the thermal boundary conduc- 

ance (TBC) between the β-Ga 2 O 3 layer and the diamond sub- 

trate and between the β-Ga 2 O 3 layer and the SiC substrate, and 

he thermal conductivity of the diamond and SiC substrates ( k Diam 

nd k SiC , respectively). As discussed later in greater details in 

ection 2.3 , we systematically calculate cross-plane and in-plane 

 G a 2 O 3 
as a function of Ga 2 O 3 layer thickness and temperature for 

ll cases ( Fig. 1 (c)) described in Section 2.1 . The values of the

a 2 O 3 /diamond and Ga 2 O 3 /SiC TBCs, as well as k Diam 

and k SiC , are

aken from previous reports in the literature [ 10 , 33–36 , 43 ], as dis-

ussed below. 

Among a wealth of literature on the thermal conductivity of 

iamond in both bulk and thin film forms [ 19 , 43 , 45 , 46 ], k Diam 

s assumed to be 2158 W m 

–1 K 

–1 at room temperature with 

ts temperature dependence of T −1 , directly taken from a pre- 

ious measurement on high-purity single-crystal bulk diamond 

43] , since state-of-the-art Ga 2 O 3 -on-diamond integration prac- 

ices [ 32 , 33 , 35 ] have integrated Ga 2 O 3 thin films onto single crys-

al diamond. Although there exist a few experimental reports on 

he Ga 2 O 3 /diamond TBC [ 33 , 35 ], these prior findings indicate a

ange of experimental values from 17 to 179 MW m 

–2 K 

–1 . Us- 

ng time-domain thermoreflectance (TDTR), Cheng et al. [33] mea- 

ured the room-temperature TBC to be 17 MW m 

–2 K 

–1 for a 

a 2 O 3 nanomembrane adhered to single crystal diamond via van 

er Waals interactions. Another TDTR study [35] determined the 

BC to be 136–179 MW m 

–2 K 

–1 at room temperature for atomic- 

ayer-deposited Ga 2 O 3 films on single crystal diamond. Based on 

hese previous experimental reports, a range of TBC values from 

0 to 180 MW m 

–2 K 

–1 is assumed as the Ga 2 O 3 /diamond TBC in

ur Ga 2 O 3 -on-diamond device model. 

The thermal conductivity of the SiC substrate ( k SiC ) is assumed 

o be anisotropic with 330 ( T / 300 ) −1 . 49 and 50 0 ( T / 30 0 ) −1 . 49 W 

 

–1 K 

–1 along the cross-plane and in-plane directions, respectively, 

aken from Ref. [10] . A few experimental reports on the Ga 2 O 3 /SiC

BC exist with values ranging from 67 to 142 MW m 

–2 K 

–1 [ 34 , 36 ].

 previous TDTR measurement [34] reported the Ga O /SiC TBC 
2 3 
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×  
o be approximately 67–99 MW m 

–2 K 

–1 at room temperature for 

–Ga 2 O 3 thin films (139–165 nm) bonded to 4H-SiC. Nepal et al. 

36] also used TDTR and reported the Ga 2 O 3 /SiC TBC of 142 MW

 

–2 K 

–1 at room temperature for a β–Ga 2 O 3 thin film (81 nm) epi-

axially grown on 4H-SiC. Based on these previous measurements, 

 range of TBC values from 70 to 140 MW m 

–2 K 

–1 is assumed as

he Ga 2 O 3 /SiC TBC in our Ga 2 O 3 -on-SiC device model. 

.3. Ga 2 O 3 thermal conductivity 

The thermal conductivity of β-Ga 2 O 3 is highly anisotropic, de- 

ending on its crystallographic direction, due to its monoclinic lat- 

ice structure and low crystal symmetry [ 8 , 9 ]. We calculate the

nisotropic thermal conductivity of β-Ga 2 O 3 along principal crys- 

allographic directions (i.e., [100], [010], [001], and [ 2 01 ] direc- 

ions) by using a semi-classical phonon transport model [ 21 , 47–

9 ]. In this approach, the thermal conductivity is written as 

 = 

1 

6 π2 

∑ 

j 

∫ 
q 

� 
2 ω 

2 
j ( q ) 

k B T 2 

exp 

[ 
� ω j ( q ) 

k B T 

] 
(

exp 

[ 
� ω j ( q ) 

k B T 

] 
− 1 

)2 
v 2 g, j ( q ) τ j ( q, T ) q 2 dq , (1) 

here q is the wavevector, h̄ is the reduced Planck’s constant, k B is 

he Boltzmann constant, and ω , v g = ∂ω /∂q , and τ are the angu-

ar frequency, group velocity, and scattering time of phonons, re- 

pectively, at temperature T . The subscript j denotes the acous- 

ic phonon branch. We model the dispersion of the three acoustic 

honon branches for each crystallographic direction with the Born- 

on Karman dispersion [ 21 , 22 , 47 , 48 ], where ω j = ω 0 , j sin ( πq/ 2 q 0 ) .

ere, q 0 = ( 6 π2 η) 1 / 3 is the Debye cutoff wavevector with η= 9.58 

10 27 m 

–3 [50] being the number density of primitive cells. ω 0 , j = 

 v s, j q 0 /π is the highest phonon frequency at the first Brillouin 

one edge and v s, j is the sound velocity of each branch, taken from 

ef. [8] . 

Our analytical model considers the Umklapp phonon-phonon 

cattering process, τ−1 
U, j 

= BT ω j 
2 (q ) exp ( −C/T ) , the phonon- 

mpurity scattering process, τ−1 
I, j 

∼ �ω j 
4 (q ) , and the phonon- 

oundary scattering process, τ−1 
B, j 

= v g, j (q ) /L . Here, � is the 

arameter to describe the phonon scattering strength due to point 

efects and L is the characteristic dimension of the sample. These 

hree scattering mechanisms are combined via Matthiessen’s 

ule to yield the total scattering rate: τ−1 
j 

= τ−1 
U, j 

+ τ−1 
I, j 

+ τ−1 
B, j 

. 

o treat the phonon-impurity scattering, we focus on the scat- 

ering strength arising from Sn, a typical dopant for β-Ga 2 O 3 

 1 , 8 , 40 , 51 , 52 ]. It is worth noting that the parameter � also

ncludes scattering effects from isotopes of each constituent 

lement; i.e., mass disorder introduced by isotopes can scatter 

honons and thus impede heat transfer [ 12 , 53 ]. The strength of

he phonon-isotope scattering in β-Ga 2 O 3 is calculated to be 2.76 

10 –4 , consistent with that reported previously by Tran et al. 

51] . Further details on our treatment of the phonon-impurity 

cattering are provided in Sec. S1(a) of Supplementary Material. 

hoosing B and C as adjustable parameters, we fit the thermal 

onductivity model to the temperature-dependent thermal con- 

uctivity data of bulk β-Ga 2 O 3 for each crystallographic direction 

n the temperature range of 220–500 K [8] . This yields B = 12.64 ×
0 –19 s K 

–1 , C = 74.7 K for the [100] direction, B = 6.59 × 10 –19 s

 

–1 , C = 134.2 K for the [010] direction, B = 9.78 × 10 –19 s K 

–1 ,

= 76.8 K for the [001] direction, and B = 11.28 × 10 –19 s K 

–1 ,

= 77.3 K for the [ 2 01 ] direction. Further discussions on the 

mklapp scattering parameters and relaxation times for the four 

ifferent crystallographic directions are provided in Sec. S1(b) of 

upplementary Material. 
5 
Our objective here is to predict the lattice thermal conductiv- 

ty of β-Ga 2 O 3 thin films with different crystallographic orienta- 

ions as a function of film thickness for both cross-plane and in- 

lane directions. It was previously estimated using first-principles 

alculations that the mean free paths of phonons in bulk β-Ga 2 O 3 

ange from several nanometers to several micrometers [38] . Sub- 

icrometer-thick Ga 2 O 3 films thus possess lower thermal con- 

uctivity than bulk Ga 2 O 3 due to the size effect stemming from 

honon-boundary scattering. Moreover, even for an isotropic crys- 

al, phonons traveling perpendicular to the film can be scattered 

ore frequently by the film boundaries than those moving par- 

llel to the film [54] . To capture these aspects, we implement a 

eat flux suppression function S on the bulk phonon scattering rate 

erm, rather than using the aforementioned boundary scattering 

xpression, for both cross-plane and in-plane directions; i.e., τ j = 

 τbulk, j , where τ−1 
bulk, j 

= τ−1 
U, j 

+ τ−1 
I, j 

. These suppression functions are 

ased on solutions to the Boltzmann transport equation for cross- 

lane and in-plane heat flow in a thin film, respectively. We use 

he Fuchs-Sondheimer formula [ 55 , 56 ] as the suppression function 

or in-plane heat conduction. This theory has been extended to the 

ases of spectral-dependent phonon-boundary scattering [49] , and 

he suppression function for the in-plane thermal conductivity, S IP , 

an be expressed as 

 IP ( Kn ) = 1 − 3 

8 

Kn 

[
1 − 4 E 3 

(
K n 

−1 
)

+ 4 E 5 
(
K n 

−1 
)]

, (2) 

nder the assumption that phonon-boundary scattering is purely 

iffuse. Here, Kn ( q, T ) = 	bulk /d is the Knudsen number, where 

bulk, j = τbulk, j v g, j is the bulk phonon mean free path and d is the 

lm thickness. E n (x ) is the n th-order exponential integral function 

57] , written as 

 n ( x ) = 

∫ 1 

0 

μn −2 exp 

(
− x 

μ

)
dμ. (3) 

In order to predict the cross-plane thermal conductivity, we in- 

roduce the simplified suppression function proposed by Hua et al. 

57] into our model, which is given by 

 CP ( Kn ) = 1 + 3 Kn 

[ 
E 5 

(
K n 

−1 
)

− 1 

4 

] 
. (4) 

. Results and discussion 

Fig. 2 shows the cross-plane thermal conductivity of (010)- 

nd ( 2 01 )-oriented β-Ga 2 O 3 thin films versus film thickness ( d) 

t room temperature, incorporating the predictions of our model 

 Eqs. (1) and (4) ], represented by green and black solid slides, 

espectively, as well as the best available data from the lit- 

rature. The latter are from Ref. [41] (triangles), where 10.1–

9.0 W m 

–1 K 

–1 were measured using TDTR for 2.7–6.5 μm (010) 

-Ga 2 O 3 films that were thinned from a Ga 2 O 3 /4H-SiC compos- 

te wafer, Ref. [34] (red diamonds), where 2.9–6.1 W m 

–1 K 

–1 

ere measured using TDTR for 139–165 nm ( ̄2 01 ) β-Ga 2 O 3 films 

onded to 4H-SiC, Ref. [36] (blue squares), where 3.1–3.2 W m 

–1 

 

–1 were measured using TDTR for 81–120 nm ( ̄2 01 ) β-Ga 2 O 3 

lms grown by molecular beam epitaxy on 4H-SiC and c-plane 

apphire, and Ref. [51] (yellow circles), where 2.5–5.4 W m 

–1 K 

–1 

ere measured using nanosecond transient thermoreflectance for 

45–255 nm ( ̄2 01 ) β-Ga 2 O 3 films grown by pulsed laser deposition 

n c-plane sapphire. It is clearly seen that the thermal conductiv- 

ty of β-Ga 2 O 3 thin films strongly depends on film thickness up to 

everal micrometers, which can be mainly attributed to strong size 

ffects associated with phonon-boundary scattering. 

Fig. 2 also examines the β-Ga 2 O 3 thermal conductivity de- 

endence on Sn doping concentration, N Sn , and displays that the 

odel predictions with N Sn ranging from 0 (i.e., no doping) to 1 

10 21 cm 

–3 are consistent with the literature data [ 34 , 36 , 41 , 51 ]



T. Kim, S.I. Park, C. Song et al. International Journal of Heat and Mass Transfer 191 (2022) 122864 

Fig. 2. Cross-plane thermal conductivity of (a) (010)- and (b) ( 2 01 )-oriented β-Ga 2 O 3 thin films as a function of film thickness at room temperature. The predictions of our 

model [ Eqs. (1) and (4) ] with varying Sn doping concentration N Sn (green and black solid lines, respectively) are compared with the literature data (symbols). Legend: (a) 

triangles [41] ; (b) red diamonds [34] , blue squares [36] , and yellow circles [51] . 
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or both [010] and [ ̄2 01 ] directions. Although our modeling ap- 

roach focuses on dopant scattering as well as isotope scattering, 

ur approach can be extended to take into account phonon scat- 

ering on other imperfections, such as dislocations, stacking faults 

nd grain boundaries, by employing appropriate expressions. We 

lso compare the predictions of our cross-plane thermal conduc- 

ivity model with those of other theoretical models based on the 

ebye-Callaway formalism [ 9 , 51 ] for both [010] and [ ̄2 01 ] direc-

ions. This comparison is provided in Fig. S3 of Supplementary Ma- 

erial, which shows that our model predictions are in reasonable 

greement with those of the Debye-Callaway models. We note that, 

owever, the exact shape of the thin-film thermal conductivity ver- 

us thickness curve slightly differs between the models, which can 

e attributed to the fact that each model is based on different as- 

umptions regarding phonon dispersion as well as on different for- 

ulas to treat phonon-boundary scattering. 

As depicted in Fig. S1 of Supplementary Material, our model 

alculations exhibit that the thermal conductivity of ( 2 01 )-oriented 

-Ga 2 O 3 in both bulk and thin film forms shows no significant de- 

endence on Sn doping concentrations up to approximately 1 ×
0 19 cm 

–3 . This agrees with a prior estimation of the threshold Sn 

oncentration of 1 × 10 19 cm 

–3 , above which the thermal conduc- 

ivity begins to decrease with doping, for ( ̄2 01 )-oriented β-Ga 2 O 3 

hin films [51] . This is also in agreement with previous experimen- 

al observations that the Sn doping does not significantly reduce 

he thermal conductivity of β-Ga 2 O 3 crystals with doping levels 

elow 1 × 10 19 cm 

–3 [ 37 , 58 ]. Given that typical doping levels in

-Ga 2 O 3 devices are less than 1 × 10 19 cm 

–3 (except the level at 

ource and drain contacts) [ 1 , 7 , 14 , 15 , 32 , 52 ], the effect of doping on

he thermal conductivity of β-Ga 2 O 3 can be neglected in our fi- 

ite element device thermal model. We thus assume N Sn = 0 (i.e., 

o doping) and do not consider any effects associated with dop- 

ng. Since the purpose of this work is to evaluate the limits of the 

eat dissipation performance of sub-micrometer β-Ga 2 O 3 devices 

n diamond, we also assume that the β-Ga 2 O 3 layer approaches 

ear crystalline perfection and thereby do not take into account 

ny effects associated with external defects. We do consider, how- 

ver, phonon scattering on isotopes; the isotope scattering strength 

of 2.76 × 10 –4 yields the cross-plane thermal conductivities of 

.5, 8.8, and 11.0 W m 

–1 K 

–1 at the ( ̄2 01 ) β-Ga 2 O 3 film thicknesses

f 0.1, 1, and 10 μm, respectively. 

Figs. 3 (a) and (b) show the cross-plane and in-plane thermal 

onductivity of β-Ga 2 O 3 thin films, respectively, as a function 

f film thickness at room temperature, predicted by our model 

 Eqs. (1) and (4) and Eqs. (1) and (2) for cross-plane and in-plane

eat flow, respectively]. To generate the results shown in Figs. 3 (a) 

nd (b), each crystallographic direction of β-Ga 2 O 3 is assumed to 

e oriented along the cross-plane and in-plane directions of the 
6 
lm, respectively. Note again that we do not consider any effects 

ssociated with doping and external defects, while we consider the 

sotope scattering to treat �. As illustrated in Figs. 3 (a) and (b), 

he thermal conductivity along the [010] direction is higher than 

hose along the other three directions, consistent with the trend 

bserved previously for bulk β-Ga 2 O 3 [8] . Figs. 3 (a) and (b) also 

learly show that the thermal conductivity of β-Ga 2 O 3 thin films 

ith sub-micrometer thicknesses is significantly reduced for both 

ross-plane and in-plane directions, as compared to that of their 

ulk counterparts, suggesting that such size effects should be con- 

idered in the device thermal simulation. The results of our ther- 

al conductivity calculations, as displayed in Fig. 3 as well as in 

igs. S4 and S5 of Supplementary Material, are used as inputs to 

ur finite element device thermal model. 

Fig. 4 plots the maximum device temperature ( T max ) as a func- 

ion of β-Ga 2 O 3 layer thickness ( d), ranging from 0.1 to 10 μm, 

or seven possible crystallographic orientations of the β-Ga 2 O 3 

ayer—from Case 1 to Case 7, as described in Section 2.1—in our 

ingle-gate Ga 2 O 3 -on-diamond device thermal model at a dissi- 

ated power density of 1.8 W mm 

–1 . As a Ga 2 O 3 /diamond TBC, we

onsider 20 and 180 MW m 

–2 K 

–1 (as discussed in Section 2.2 ), 

hich are close to the lower and upper ends of a range of ex- 

erimental values reported in the literature (from 17 to 179 MW 

 

–2 K 

–1 [ 33 , 35 ]), respectively. A general trend of decreasing T max 

ith decreasing d is observed for all the cases considered here, 

redominantly owing to the high thermal resistance of the Ga 2 O 3 

ayer associated with its inherent low thermal conductivity. For ex- 

mple, when the TBC is 180 MW m 

–2 K 

–1 , reducing d from 10 to 

.1 μm results in approximately 141 and 282 °C (70 and 79%) re- 

uctions in T max for Cases 1 and 4, respectively. When the TBC is 

et to be 20 MW m 

–2 K 

–1 , the corresponding reductions are ap- 

roximately 70 and 208 °C (34 and 57%) for Cases 1 and 4, re- 

pectively. Comparing the 0.1 μm and 1 μm Ga 2 O 3 devices, par- 

icularly when the TBC is 180 MW m 

–2 K 

–1 , the values of T max in

he 0.1 μm device are approximately 53 and 108 °C (47 and 59%) 

ower than those in the 1 μm devices for Cases 1 and 4, respec- 

ively. These observations highlight that the key to maximizing the 

evice-level cooling performance of β-Ga 2 O 3 devices is to mini- 

ize the thermal resistance between the near-surface active de- 

ice region (where heat generation occurs) and the high-thermal- 

onductivity substrate. In other words, to enhance the heat dissi- 

ation performance of β-Ga 2 O 3 devices, it is important to locate 

he high-thermal-conductivity substrate as close as possible to the 

ctive device region. 

We find that T max becomes lower for Cases 1 and 2, where the 

010] direction with the highest thermal conductivity is oriented 

long the cross-plane direction, as compared to other cases. It is 

lso seen that Case 5 (Case 6), where the [001] direction is placed 
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Fig. 3. (a) Cross-plane and (b) in-plane thermal conductivity of β-Ga 2 O 3 thin films versus film thickness at room temperature, predicted by our model [ Eqs. (1) and (4) and 

Eqs. (1) and (2) for cross-plane and in-plane heat flow, respectively]. Each crystallographic direction of β-Ga 2 O 3 is assumed to be oriented along the (a) cross-plane and (b) 

in-plane directions of the film. To generate the results in (a) and (b), our analytical model assumes N Sn = 0 (i.e., no doping) and considers phonon scattering on isotopes, 

yielding � = 2.76 × 10 –4 . 

Fig. 4. Variation of maximum device temperature ( T max ) with respect to β-Ga 2 O 3 layer thickness for seven possible crystallographic orientations of the β-Ga 2 O 3 layer—

from Case 1 to Case 7—in our single-gate Ga 2 O 3 -on-diamond device thermal model, where Ga 2 O 3 /diamond TBCs are assumed to be (a) 20 and (b) 180 MW m 

–2 K –1 and a 

dissipated power density is assumed to be 1.8 W mm 

–1 . 
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n parallel to the cross-plane direction, has lower T max than Case 3 

Case 4) with [100] in parallel to the cross-plane direction. T max for 

ase 7, where the [ 2 01 ] direction is placed along the cross-plane 

irection and the [010] direction is assumed along both the heater 

ength and width directions, projects to be between those for Cases 

 and 6, while it projects to be lower than those for Cases 3 and

. Given that k [ 010 ] > k [ 001 ] > k [ ̄2 01 ] > k [ 100 ] , these observations 

ndicate that it is beneficial to align the higher k direction along 

he cross-plane direction for the purpose of facilitating efficient 

eat transfer from the active device region to the high-thermal- 

onductivity substrate. 

The optimal cooling performance of β-Ga 2 O 3 devices is found 

o be achieved with Case 1, where the [010] direction is along the 

ross-plane direction and the [0 01] and [10 0] directions are along 

he heater length and width, respectively. Case 2, where [100] and 

001] are the respective directions along the heater length and 

idth with [010] along the cross-plane direction, yields the second 

owest T max . Given that k [ 001 ] > k [ 100 ] , this suggests that the higher 

 along the heater length direction is more effective at dissipating 

eat laterally within the β-Ga 2 O 3 layer than the higher k along 

he heater width direction. A comparison between Cases 3 and 4, 

s well as between Cases 5 and 6 also reveals that the configura- 

ion with [010] along the heater length direction exhibits improved 

eat dissipation performance than that with [010] along the heater 

idth direction. It is also of note that even with its lower cross- 

lane thermal conductivity, T max of Case 5 is comparable to that 

f Case 2, particularly when the TBC is low (see Fig. 4 (a)). This

an be ascribed to enhanced lateral spreading of heat in the Ga 2 O 3 

ayer for Case 5 (with [010] as the heater length direction) as com- 
7 
ared to Case 2 (with [100] as the heater length direction). Com- 

aring Cases 5 and 7, Case 7 has higher T max than Case 5 primarily 

ue to its lower cross-plane thermal conductivity. However, despite 

ts lower cross-plane thermal conductivity, Case 7 has lower T max 

han Case 6, which can be attributed to the effect associated with 

010] and [100] being aligned along the heater length direction for 

ases 7 and 6, respectively. All these findings confirm that more 

ffective lateral heat dissipation channel is oriented along the gate 

ength rather than the gate width in β-Ga 2 O 3 devices with highly 

nisotropic k . 

We also note that the difference in T max between Case 1 and 

ase 4 (which yields the lowest and highest T max , respectively, 

cross all thicknesses considered here) decreases as the Ga 2 O 3 

ayer thickness decreases. This difference is approximately 157, 70, 

nd 19 °C (158, 72, and 17 °C) at the Ga 2 O 3 thicknesses of 10, 1,

nd 0.1 μm, respectively, when the TBC is 20 MW m 

–2 K 

–1 (180 

W m 

–2 K 

–1 ). This implies that the impact of the crystallographic 

rientation of the Ga 2 O 3 layer on T max becomes smaller as the 

a 2 O 3 layer becomes thinner, which can be ascribed to the de- 

reasing contribution of the Ga 2 O 3 layer to T max with decreasing 

a 2 O 3 thickness (as evident from Fig. 5 ). This also implies that ap-

roximately 43, 33, and 12% (44, 39, and 22%) reductions in T max 

an be attained by switching from Case 4 to Case 1 at the Ga 2 O 3 

hicknesses of 10, 1, and 0.1 μm, respectively, when the TBC is 

0 MW m 

–2 K 

–1 (180 MW m 

–2 K 

–1 ). 

To gain further insight into the impact of the Ga 2 O 3 layer thick- 

ess on T max , we decompose the contribution of each layer of 

he Ga 2 O 3 -on-diamond structure to the device thermal resistance—

hich is defined as the maximum temperature rise of the device 
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Fig. 5. Maximum device temperature rise, with the reference of a bottom boundary temperature of 22 °C, as a function of Ga 2 O 3 layer thickness for (a,b) Case 1, (c,d) Case 

3, and (e,f) Case 4. Relative temperature rises across each layer beneath the peak temperature position of our single-gate Ga 2 O 3 -on-diamond device model are evaluated at 

1.8 W mm 

–1 power dissipation. The Ga 2 O 3 /diamond TBC assumed in (a), (c), and (e) is 20 MW m 

–2 K –1 , while that in (b), (d), and (f) is 180 MW m 

–2 K –1 . 
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relative to a bottom boundary temperature of 22 °C) divided by 

ts dissipated power. Fig. 5 plots relative temperature rises across 

he Ga 2 O 3 layer, Ga 2 O 3 /diamond interface, and diamond substrate 

or Cases 1, 3, and 4, obtained from the vertical temperature-depth 

rofiles beneath the peak temperature position of the single-gate 

a 2 O 3 -on-diamond device model. Dividing their respective tem- 

erature rises by the dissipated power density (1.8 W mm 

–1 ), we 

uantify their respective contributions to the device thermal resis- 

ance. As clearly seen in Fig. 5 , the thermal resistance of the Ga 2 O 3 

ayer ( R G a 2 O 3 ) monotonically decreases with decreasing Ga 2 O 3 layer 

hickness for all three cases. This trend is, as discussed above, 

trongly associated with the inherently low thermal conductivity 

f the Ga 2 O 3 layer. For example, the values of R G a 2 O 3 for Case 1 

re around 99, 47, and 16 mm °C W 

–1 (99, 47, and 14 mm °C
 

–1 ) at the Ga 2 O 3 thicknesses of 10, 1, and 0.1 μm, respectively,

hen the Ga 2 O 3 /diamond TBC is 20 MW m 

–2 K 

–1 (180 MW m 

–2 

 

–1 ). The values of R G a 2 O 3 for Case 3 (Case 4) are approximately 

41, 74, and 26 mm °C W 

–1 (187, 89, and 27 mm °C W 

–1 ) at the

a 2 O 3 thicknesses of 10, 1, and 0.1 μm, respectively, for the TBC 

f 20 MW m 

–2 K 

–1 , while for the TBC of 180 MW m 

–2 K 

–1 those

or Case 3 (Case 4) are approximately 141, 73, and 24 mm °C W 

–1 

187, 87, and 24 mm °C W 

–1 ) at the Ga 2 O 3 thicknesses of 10, 1,

nd 0.1 μm, respectively. The higher R G a 2 O 3 values for Case 4 than 

hose for Case 3 are mainly owing to the lower k direction (i.e., 

001]) aligned along the heater length for Case 4, as compared to 

he higher k direction (i.e., [010]) along the heater length for Case 

. 

Due to its intrinsic high thermal resistance, the Ga 2 O 3 layer is a 

ominant contributor to the device thermal resistance, particularly 

hen the TBC is high (the TBR is low); see Figs. 5 (b), (d) and (f).

aking Case 1 as an example, when the TBC is 180 MW m 

–2 K 

–1 ,

he Ga 2 O 3 layer accounts for approximately 99, 93, and 69% of the 

evice thermal resistance at its thicknesses of 10, 1, and 0.1 μm, 
8 
espectively. For Case 4, this contribution is about > 99, 97, and 79% 

t the Ga 2 O 3 thicknesses of 10, 1, and 0.1 μm, respectively. When 

he TBC is low (i.e., 20 MW m 

–2 K 

–1 ), around 97, 71, and 25% of the

evice thermal resistance of Case 1 are attributable to the Ga 2 O 3 

ayer of thicknesses 10, 1, and 0.1 μm, respectively. For Case 4, this 

ontribution is about 99, 84, and 36% at the Ga 2 O 3 thicknesses of 

0, 1, and 0.1 μm, respectively. 

Another point to note in Fig. 5 is that the Ga 2 O 3 /diamond in-

erface contributes greater to the device thermal resistance as the 

a 2 O 3 layer becomes thinner. The lower the TBC (the higher the 

BR), the more pronounced this trend is; compare Figs. 5 (a), (c), 

nd (e) with Figs. 5 (b), (d), and (f). For instance, the interface 

ccounts for around 3, 28 and 73% of the device thermal resis- 

ance for Case 1 at the Ga 2 O 3 thicknesses of 10, 1, and 0.1 μm,

espectively, for the TBC of 20 MW m 

–2 K 

–1 , while for the TBC of

80 MW m 

–2 K 

–1 the corresponding contributions of the interface 

re around < 1, 5 and 27% at the Ga 2 O 3 thicknesses of 10, 1, and

.1 μm, respectively. As the Ga 2 O 3 layer becomes thinner, a de- 

reasing fraction of the heat generated in the active device region 

s diffused laterally within the Ga 2 O 3 layer, owing to i) the smaller 

olume and ii) the reduced thermal conductivity associated with 

he size effect. This means that an increasing fraction of the heat 

s dissipated at the interface, leading to its increasing contribution 

o the device thermal resistance. This also explains an increase in 

he substrate thermal resistance with decreasing Ga 2 O 3 layer thick- 

ess (i.e., more heat dissipation occurs in the substrate for thinner 

a 2 O 3 layers), although the substrate thermal resistances remain 

o be very low ( < 1.5 mm °C W 

–1 ) for all the Ga 2 O 3 thicknesses

due to the intrinsic high thermal conductivity of diamond). 

We then compare the heat dissipation performance of single- 

ate Ga 2 O 3 devices on diamond and SiC. Fig. 6 shows T max ver- 

us Ga 2 O 3 layer thickness for both device models at 1.8 W mm 

–1 

ower density. Taken from experimental values obtained from the 
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Fig. 6. Maximum device temperature ( T max ) as a function of Ga 2 O 3 layer thickness for single-gate Ga 2 O 3 devices on diamond and SiC at a power density of 1.8 W mm 

–1 . 

Circles and triangles represent the Ga 2 O 3 -on-diamond and Ga 2 O 3 -on-SiC devices, respectively. Solid and dotted lines correspond to the upper and lower bounds (i.e., the 

best-case and worst-case values) of a range of experimental TBC values reported in the literature, respectively. This range is 20–180 MW m 

–2 K –1 for the Ga 2 O 3 -on-diamond 

and 70–140 MW m 

–2 K –1 for the Ga 2 O 3 -on-SiC. The crystallographic orientation of the Ga 2 O 3 layer is assumed to be that of (a) Case 1 and (b) Case 7. 
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–2 

 

–1 are assumed as the Ga 2 O 3 /diamond and Ga 2 O 3 /SiC TBCs, re-

pectively. The lower and upper bounds of each range represent 

he worst-case and best-case values of the corresponding TBC, re- 

pectively. To make a fair comparison, the crystallographic orienta- 

ion of the Ga 2 O 3 layer is assumed to be the same for both device

odels. We first consider Case 1, which yields the device’s best 

ooling performance as compared to others. As illustrated by red 

nd blue solid lines in Fig. 6 (a), assuming their respective best-case 

BC values, the Ga 2 O 3 -on-diamond exhibits lower T max values than 

he Ga 2 O 3 -on-SiC across all the Ga 2 O 3 layer thicknesses studied 

ere. This shows that the optimum heat dissipation performance of 

a 2 O 3 devices on diamond exceeds that of Ga 2 O 3 devices on SiC. 

ssuming their respective worst-case TBC values, however, T max for 

he Ga 2 O 3 -on-diamond is higher than that for the Ga 2 O 3 -on-SiC 

see red and blue dotted lines in Fig. 6 (a)). A comparison between 

he Ga 2 O 3 -on-diamond and Ga 2 O 3 -on-SiC devices for Case 7 is also

rovided in Fig. 6 (b). Although the modeled T max values of Case 7 

re higher than those of Case 1, mainly due to its lower cross-plane 

hermal conductivity, similar trends are observed as in Case 1. 

It is worth noting that the benefit of using the diamond sub- 

trate becomes more noticeable as the Ga 2 O 3 layer becomes thin- 

er. As explained above, as the Ga 2 O 3 layer thickness decreases, 

n increasing fraction of the heat is dissipated in the substrate, as 

ell as at the interface, and thereby the substrate increasingly con- 

ributes to T max . Taking Case 1 as an example, as quantified from 

ig. 6 (a), around 14, 8, 6, and 2% reductions in T max can be obtained

t the Ga 2 O 3 thicknesses of 0.1, 0.5, 1, and 10 μm, respectively, by 

witching from the SiC substrate to diamond under 1.8 W mm 

–1 

ower density. Also, as depicted later in Fig. 7 (a), this improve- 

ent in heat dissipation becomes more pronounced with increas- 

ng power density. Taking the 0.1 μm Ga 2 O 3 device on diamond as 

n example, approximately 18 and 21% reductions in T max can be 

chieved at 4 and 10 W mm 

–1 , respectively, as compared to that 

n SiC. This indicates that the integration with diamond can be an 

ffective approach to improve heat dissipation particularly for sub- 

 μm Ga 2 O 3 devices and also for higher output power applications. 

As a next step, we evaluate the power handling capability limits 

f Ga 2 O 3 devices on diamond—i.e., the maximum possible power 

ensity ( P max ) that these devices can reach under a safe junction 

emperature limit of 200 °C (as previously established by Refs. 

 15 , 16 ]). Fig. 7 shows the modeled T max as a function of dissipated

ower density for the Ga 2 O 3 devices on both diamond and SiC, 

here the Ga 2 O 3 layer thicknesses range from 0.1 to 10 μm. In or-

er to explore the upper limits of P max for both Ga 2 O 3 -on-diamond 

nd Ga 2 O 3 -on-SiC devices, their respective best-case scenarios are 
9 
onsidered, assuming their respective best-case TBC values as well 

s Case 1 as the crystallographic orientation of the Ga 2 O 3 layer. We 

rst observe that the device thermal resistance—which is defined 

s the ratio of the device peak temperature rise to the dissipated 

ower density—decreases with decreasing Ga 2 O 3 layer thickness, 

s can be deduced from the slopes of the T max versus P plot in 

ig. 7 . Consistent with findings in Figs. 4–6 , this trend can be again

ttributed to the low thermal conductivity of the Ga 2 O 3 layer. It 

s also observed in Fig. 7 that the device thermal resistance grad- 

ally increases (i.e., the slope gradually increases) with increasing 

ower density, due to the 1/ T temperature dependence of the ther- 

al conductivity of Ga 2 O 3 and substrate materials. 

Considering power density up to 1.8 W mm 

–1 , the device ther- 

al resistances are estimated to be ∼96.3, 80.6, 49.7, 38.6, and 

0.7 mm °C W 

–1 at the Ga 2 O 3 thicknesses of 10, 5, 1, 0.5, and

.1 μm, respectively, for the Ga 2 O 3 -on-diamond. It is notable that 

he thermal resistances of the 0.1 and 0.5 μm devices on diamond 

an be ∼3–5 × lower than that of the 10 μm device on diamond. 

hese resistances for the Ga 2 O 3 -on-SiC are found to be higher than 

hose for the Ga 2 O 3 -on-diamond, with ∼98.6, 83.5, 53.8, 43.2, and 

6.0 mm °C W 

–1 estimated for the Ga 2 O 3 thicknesses of 10, 5, 1, 

.5, and 0.1 μm, respectively. This translates into ∼2.3, 3.5, 7.6, 10.7, 

nd 20.4% reductions in the device thermal resistance at the Ga 2 O 3 

hicknesses of 10, 5, 1, 0.5, and 0.1 μm, respectively, when the SiC 

ubstrate is replaced by diamond. 

We proceed to find P max for each device configuration with the 

arget junction temperature of 200 °C. For Ga 2 O 3 devices on dia- 

ond, P max is found to be 1.80, 2.07, 3.15, 4.00, and 7.67 W mm 

–1 

t the Ga 2 O 3 thicknesses of 10, 5, 1, 0.5, and 0.1 μm, respectively.

t should be noted that P max of the 0.1 μm device is ∼4.3 times 

igher than that of the 10 μm device. Lower P max values of 1.76, 

.01, 2.94, 3.62, and 6.17 W mm 

–1 are estimated for Ga 2 O 3 devices 

n SiC with the Ga 2 O 3 thicknesses of 10, 5, 1, 0.5, and 0.1 μm, re-

pectively. This indicates ∼7, 11, and 24% increases in P max with the 

iC substrate replaced by diamond for the 1, 0.5, and 0.1 μm de- 

ices, respectively. In other words, P max of sub-1 μm Ga 2 O 3 devices 

n diamond can be up to ∼24% higher than that of Ga 2 O 3 -on-SiC

t the same Ga 2 O 3 layer thickness. For the 5 and 10 μm devices,

he corresponding increases in P max are less than 3%. These obser- 

ations again demonstrate the utility of employing the diamond 

ubstrate, particularly for sub-1 μm Ga 2 O 3 devices, as an effective 

ottom-side passive cooling solution. Thicker Ga 2 O 3 devices ( d > 

 μm) on diamond and SiC may have similar performance in heat 

issipation, consistent with past observations [ 16 , 39 ]. 

Our ultimate aim is to assess the theoretical maximum power 

ensity for sub-1 μm Ga 2 O 3 devices on diamond, which sets the 
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Fig. 7. Maximum device temperature ( T max ) as a function of dissipated power density for single-gate Ga 2 O 3 devices, where the thickness of the Ga 2 O 3 layer ranges from 

0.1 to 10 μm and its crystallographic orientation is assumed to be that of Case 1. With 200 °C assumed as a safe junction temperature limit (as previously established by 

Refs. [ 15 , 16 ]), the maximum possible power density ( P max ) is obtained for the Ga 2 O 3 devices on both diamond and SiC. (a) The Ga 2 O 3 devices on diamond (filled circles) 

are compared with those on SiC (filled triangles), assuming their respective best-case TBC values (i.e., 180 and 140 MW m 

–2 K –1 , respectively). (b) The Ga 2 O 3 -on-diamond 

devices with the best-case TBC of 180 MW m 

–2 K –1 (filled circles) are compared to those with a theoretical upper limit of 312 MW m 

–2 K –1 for the TBC (open circles). 
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undamental upper limit of P max for these devices. We attempt to 

valuate this limit by considering a theoretical upper limit of the 

BC for a perfect β-Ga 2 O 3 /diamond interface, as well as Case 1 as

he crystallographic orientation of the Ga 2 O 3 layer. The former is 

dapted from Ref. [33] , where the TBC between β-Ga 2 O 3 and di- 

mond was predicted to be 312 MW m 

–2 K 

–1 by utilizing a Lan- 

auer approach with phonon transmission probability estimated 

rom the diffuse mismatch model (DMM) [59] . The DMM is com- 

only used for describing phonon-dominated interfacial thermal 

ransport and assumes that all phonons are diffusely and elasti- 

ally scattered at the interface [59] . The DMM essentially assumes 

hat interfacial phonon transport is dictated by the inherent mis- 

atch in the phonon density of states between two contacting 

aterials, not by any extrinsic effects such as near-interfacial de- 

ects [ 10 , 21 ]. This model thereby sets a fundamental upper limit

or the TBC. With these considerations, P max for the 0.1 μm Ga 2 O 3 

evice on diamond further increases up to ∼8.6 W mm 

–1 , which 

ranslates into an ∼12% increase in P max when compared to that 

7.67 W mm 

–1 ) for the same device with the best-case experimen- 

al TBC being considered. This increase becomes increasingly negli- 

ible as the Ga 2 O 3 layer becomes thicker, as seen in Fig. 7 (b), due

o the diminishing impact of the interface with increasing Ga 2 O 3 

hickness (as also evident in Fig. 5 ). For example, this increase is 

4 and 2% for the 0.5 and 1 μm devices, respectively, and no in-

rease is observed for the thicker devices ( d > 1 μm). Section S2(d) 

f Supplementary Material provides further insight into the impact 

f the TBC on the device power handling capability. 

It should be noted that the fundamental upper limit of P max 

or sub-1 μm Ga 2 O 3 devices on diamond (up to 8.6 W mm 

–1 ) is

omparable to a range of P max from 7.3 to 16 W mm 

–1 simulated 

reviously with an augmented device-level thermal management 

cheme—i.e., a double-side cooling (i.e., both top-side and bottom- 

ide cooling) design combined with an active region heat spreader, 

s previously presented as a limiting case for the maximum ther- 

al performance of Ga 2 O 3 lateral transistors [16] . This suggests 

hat the integration with diamond can fundamentally enhance the 

evice-level cooling performance of Ga 2 O 3 electronics, sub-1 μm 

evices in particular, without requiring additional cooling compo- 

ents and complexity associated with costly augmented thermal 

anagement designs that may negatively impact the system size, 

eight and power (SWaP). 

Considerable effort s are being made to realize a scal- 

ble β-Ga 2 O 3 /diamond heterostructure for energy-efficient, high- 

erformance power semiconductor devices. For example, one re- 

ent effort [32] fabricated devices based on mechanically exfoli- 

ted β-Ga 2 O 3 nanomembranes (50–150 nm) that were transferred 
10 
n single crystal diamond substrates via van der Waals bonding, 

nd achieved a record high drain current of 980 mA mm 

–1 . How- 

ver, these exfoliated devices have limited scaling capability and 

annot be supported by wafer-scale manufacturing. Another recent 

ffort [60] demonstrated the direct bonding of β-Ga 2 O 3 wafers 

nd single-crystal diamond wafers at a relatively low temperature 

250 °C), but the β-Ga 2 O 3 wafers were not thinned down to thin- 

lm forms. In addition to these bonding approaches, direct growth 

f β-Ga 2 O 3 thin films on single crystal diamond has been pur- 

ued [ 35 , 61 ]. One example is nanocrystalline β-Ga 2 O 3 thin films

28–115 nm) grown by ALD on single crystal diamond substrates 

35] . These films, however, are not of device-grade quality with a 

ow thermal conductivity of ∼1.5 W m 

–1 K 

–1 , predominantly due 

o their small grain sizes ( ∼10 nm) and the potential existence of 

hase impurities. All of these suggest that a scalable approach for 

eterogeneously integrating high-quality sub-micrometer β-Ga 2 O 3 

lms onto diamond substrates is still lacking, which is essential 

or the commercialization of sub-micrometer β-Ga 2 O 3 devices on 

iamond. Such a scalable heterointegration approach must not ad- 

ersely affect the electrical performance of devices. It should be 

lso noted that any implementation of β-Ga 2 O 3 -diamond heteroin- 

egration must manage the strain induced by the mismatch in 

attice constants and thermal expansion coefficients between β- 

a 2 O 3 and diamond, such that the heterointerface stays intact un- 

er high temperature conditions associated with film growth or 

ubsequent device-processing steps. 

Finally, a multi-finger device model (20 fingers and 10–40 μm 

ate pitch ( s )) is considered to evaluate the potential of sub-1 μm 

a 2 O 3 devices on diamond for higher output power applications. 

ig. 8 shows lateral surface temperature profiles of the symmet- 

ic quarter of the multi-finger Ga 2 O 3 -on-diamond device model 

ith the gate pitches of 10 and 40 μm and the Ga 2 O 3 /diamond

BCs of 20 and 180 MW m 

–2 K 

–1 at 1.8 W mm 

–1 power density.

he maximum device temperature occurs at the central finger, the 

osition of which is indicated by the leftmost temperature peak. 

hen the Ga 2 O 3 layer thickness is 10 μm ( Fig. 8 (a)), a thermal

rosstalk between individual fingers is evident on the 10 μm-pitch 

ulti-finger device, and the maximum device temperatures are in- 

reased by ∼55 and 45 °C, as compared to the single-gate device, 

or the TBCs of 20 and 180 MW m 

–2 K 

–1 , respectively. The corre- 

ponding increases with the 40 μm gate pitch are 1.8 and 1.7 °C for 

he TBCs of 20 and 180 MW m 

–2 K 

–1 , respectively, clearly showing 

hat the thermal crosstalk effect becomes less significant with in- 

reasing gate pitch. When the Ga 2 O 3 layer is 1 μm ( Fig. 8 (b)), this

ncrease for the 10 μm (40 μm)-pitch device is reduced to 4.2 °C 

1.2 °C) for both TBC values, while when the Ga 2 O 3 layer is 0.1 μm
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Fig. 8. Lateral surface temperature profiles of the symmetric quarter of a multi-finger Ga 2 O 3 -on-diamond device model (20 fingers and 10–40 μm gate pitch ( s )) with 

Ga 2 O 3 /diamond TBCs of 20 and 180 MW m 

–2 K –1 at 1.8 W mm 

–1 power density. The maximum device temperature occurs at the central finger, the position of which is 

indicated by the leftmost temperature peak. The crystallographic orientation of the Ga 2 O 3 layer is taken to be that of Case 1 and its thickness is assumed to be (a) 10 μm, 

(b) 1 μm, and (c) 0.1 μm. 
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 Fig. 8 (c)), that for the 10 μm (40 μm)-pitch device is further re-

uced to 3.3 °C (1.0 °C) for both TBC values. These observations 

mply that the thermal crosstalk effect becomes almost negligible 

s the Ga 2 O 3 layer thickness is reduced to below 1 μm, predom- 

nantly owing to the dominant impact of the diamond substrate 

n the heat dissipation of sub-1 μm Ga 2 O 3 devices on diamond. 

hese findings also clearly demonstrate the potential benefits of 

ub-1 μm multi-finger Ga 2 O 3 transistors on diamond for higher 

utput power applications. 

. Conclusions 

This work assesses via finite element simulations the funda- 

ental limits to device-level conduction cooling of sub-1 μm β- 

a 2 O 3 devices integrated with diamond. A semi-classical phonon 

ransport model is employed here to systematically calculate the 

hickness-dependent thermal conductivity of the β-Ga 2 O 3 layers 

ith different crystallographic orientations for both cross-plane 

nd in-plane directions. We find that the optimal cooling per- 

ormance of β-Ga 2 O 3 devices is achieved when the [010] direc- 

ion with the highest thermal conductivity is oriented along the 

ross-plane direction. It is also found that aligning the higher 

hermal conductivity direction along the gate length is more ef- 

ective at dissipating heat laterally than along the gate width in 

hese devices. Considering the optimal device orientation as well 

s best-case experimental Ga 2 O 3 /diamond TBC, our simulation re- 

ults exhibit that sub-1 μm Ga 2 O 3 devices on diamond, partic- 

larly the 0.1 μm device, can handle a maximum power den- 

ity as high as 7.7 W mm 

–1 with a junction temperature limit 

f 200 °C, which is ∼4.3 times higher than that of the 10 μm 

evice. It is also simulated that the maximum power density of 

ub-1 μm Ga 2 O 3 devices on diamond can be up to ∼24% higher 

han that of Ga 2 O 3 -on-SiC at the same Ga 2 O 3 layer thickness. As

he Ga 2 O 3 /diamond TBC approaches the upper limit predicted by 

he DMM, the power handling capability of these devices can be 

ncreased up to 8.6 W mm 

–1 , which is comparable to those re- 

orted previously for costly augmented thermal management de- 

igns (e.g., double-side cooling with additional active region heat 

preader). The findings of this work suggest that the integration 

ith diamond, as a bottom-side passive cooling method, can fun- 

amentally increase the power handling capability of sub-1 μm 

a 2 O 3 devices and potentially reduce system-level cooling costs 

nd packaging challenges. 
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