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ABSTRACT: Heteroepitaxy of B-phase gallium oxide ($-Ga,Os3) thin films on foreign substrates gives promise to the development
of next-generation deep-ultraviolet (DUV) solar blind photodetectors and power electronic devices. In this work, the influences of
the film thickness and crystallinity on the thermal conductivity of (201)-oriented B-Ga,O; heteroepitaxial thin films were investigated.
Unintentionally doped (UID) B-Ga,Os thin films were grown on c-plane sapphire substrates with off-axis angles of 0° and 6° towards
< 1120 > via metalorganic vapor phase epitaxy (MOVPE) and low-pressure chemical vapor deposition (LPCVD). The surface
morphology and crystal quality of the B-Ga,Os thin films were characterized using scanning electron microscopy (SEM), X-ray
diffraction (XRD), and Raman spectroscopy. The thermal conductivities of the -Ga,O; films were measured via time-domain
thermoreflectance (TDTR). The interface quality was studied using scanning transmission electron microscopy (STEM). The
measured thermal conductivities of the sub-micron thick -Ga;Os thin films were relatively low as compared to the intrinsic bulk
value. The measured thin film thermal conductivities were compared with the Debye-Callaway model incorporating phononic
parameters derived from first-principles calculations. The comparison suggests that the reduction in the thin film thermal conductivity
can be partially attributed to the enhanced phonon-boundary scattering when the film thickness decreases. They were found to be a
strong function of not only the layer thickness but also the film quality, resulting from growth on substrates with different offcut
angles. Growth of B-Ga,Oj; films on 6° offcut sapphire substrates was found to result in higher crystallinity and thermal conductivity
than films grown on on-axis c-plane sapphire. However, the f-Ga,O; films grown on 6° offcut sapphire exhibit a lower thermal
boundary conductance at the B-Ga;Os/sapphire heterointerface. In addition, the thermal conductivity of MOVPE-grown (201)-
oriented B-(AliGai)>03 thin films with Al compositions ranging from 2% to 43% were characterized. Because of phonon-alloy
disorder scattering, the B-(AliGa,«)>0s films exhibit lower thermal conductivities (2.8-4.7 W/m-K) than the f-Ga,Oj3 thin films. The
dominance of the alloy disorder scattering in B-(AlyGai«)20sis further evidenced by the weak temperature dependence of the thermal
conductivity. This work provides fundamental insight into the physical interactions that govern phonon transport within
heteroepitaxially grown B-phase Ga,Os and (AlxGa,«).O; thin films and lays the groundwork for the thermal modeling and design of
B-GayOs electronic and optoelectronic devices.
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INTRODUCTION

B-phase gallium oxide (B-Ga,Os3) is an emerging ultra-wide bandgap (UWBG) semiconductor which promises generational
improvements in the performance and manufacturing cost of deep-ultraviolet (DUV) solar blind photodetectors' and power electronic
devices®. The ultra-wide bandgap of B-Ga,0; (Ec~4.8 e¢V?) renders the material to be transparent from visible to ultraviolet (UV)
wavelengths. Moreover, alloying with Al,Os, i.e., forming a B-phase solid solution (AlyGa;),03 (where x is the Al composition),
allows bandgap engineering which makes the material suitable for DUV optoelectronic applications.* The large bandgap energy also
translates into a high critical electric field of ~8 MV/cm?, which gives promise to the development of compact power switches with
kV-class breakdown voltages that are superior to wide bandgap semiconductor devices based on GaN and SiC. Another attractive
attribute of B-Ga,O; is that low cost substrates with high crystalline quality can be manufactured using melt-growth techniques, similar
to the case of silicon wafers.?

Extensive efforts are being made on the heteroepitaxy of f-phase Ga,Os and (AliGa;.x)20; films on non-native substrates to realize
B-Ga,Os-on-sapphire DUV detectors with backside illumination capabilities and also heterojunction devices such as B-(AliGa,.
«203/Ga;,03; modulation-doped field effect transistors (MODFETSs)’. Heteroepitaxy of B-Ga,Os; on high thermal conductivity
substrates is also drawing significant attention as a potential solution for device overheating®®, stemming from the poor intrinsic
thermal conductivity of bulk B-Ga,O; (10.9-27 W/m-K'®!"). Among diverse growth techniques, metalorganic vapor phase epitaxy
(MOVPE) and low-pressure chemical vapor deposition (LPCVD) provide means to produce homogeneous, large-area, and
optoelectronic/electronic-grade -Ga,Os and B-(AliGai«).Os epitaxial layers.

The key advantages of MOVPE growth of B-phase Ga,O; and (Al,Ga; )05 films include the high growth rate (~10 pm/hr)!2, large
growth process window '3, ability to handle large-area wafers, and low density of electronic defects'. N-type conductivity has been
achieved for a wide range of carrier densities (10'°— 10% ¢cm™ ) using Si as a dopant'®. In addition, films with mobility values close
to the theoretical limit of ~200 cm?/Vs have been realized.!> These are the highest mobility values reported so far for doped and
undoped B-Ga,0s. By using N>O as an oxygen precursor, the background doping in the films can be reduced to ~10'* cm3.!® By
reducing the acceptor densities to 2 x 10"3cm?, a record high low temperature hall mobility of 23,000 cm?/Vs has been achieved.!”
The combination of high room temperature and low temperature mobilities confirm the high-quality of MOVPE-grown -Ga,Os3 thin
films. In addition, significant progress has been made in the growth of (010) oriented B-(AlyGaj.x),05'32°. N-type doping was realized
for a wide range of Si doping for Al compositions up to x=0.33 !3!° The Al composition can be further increased to x~0.5 by growing
on (-201) and (100) bulk substrates.?!-*?

Low pressure chemical vapor deposition (LPCVD) is a scalable and low-cost film growth technique that has been demonstrated to
produce high-quality p-Ga,Os with a wide range of growth rates (~0.5-10 um/h). High purity metallic gallium and oxygen are used
as precursors. Argon is used as the carrier gas. Both homo- and heteroepitaxy of B-Ga,Os with controllable n-type doping have been
demonstrated by LPCVD.?%¢ (201)-oriented p-Ga,O; films grown on c-plane sapphire substrates were shown to exhibit a relatively
high dislocation density due to the large lattice mismatch.?*?*?” However, it was demonstrated that the B-Ga,Os crystalline quality
and electronic transport properties can be significantly improved by growing on vicinal sapphire substrates, i.e., off-axis towards <11-
20>.% The in-plane rotational domains were significantly suppressed via the use of off-axis sapphire substrates. Growth parameters
of LPCVD B-Ga,0s including growth temperature, chamber pressure, substrate preparation, and precursor flow rates have been
comprehensively studied.?*

Monoclinic-structured f-Ga,Os exhibits a relatively low and anisotropic thermal conductivity. For example, the [010] direction shows
a bulk thermal conductivity of 21.5-27.0 W/m-K, which is about two times higher than that along the [100] direction (9.5-16.3
W/m-K).'%"30 The thermal conductivity along the direction perpendicular to the (201) plane, which is most relevant to the current
study, was reported to be 13.2-14.9 W/m-K.!%!13% As compared to bulk substrates, there are phonon scattering mechanisms that
become prominent in thin films. First, when the thickness of a crystalline solid becomes comparable to the phonon mean free paths,
incoherent phonon-boundary scattering reduces the thermal conductivity.3!*2 Figure 1 shows the thermal conductivity accumulation
function of bulk B-Ga,O; in the direction perpendicular to the (201) plane, obtained from first principles calculation. The calculation
results indicate the contribution of the acoustic phonon branches (that are the dominant heat carriers) to the bulk thermal conductivity;
it was shown that low-frequency optical phonon modes with non-negligible group velocities would also contribution to the bulk
thermal conductivity of B-Ga,03.>* Results indicate that the intrinsic mean free path of the acoustic phonons of B-Ga,O; ranges from
several nm to ~1 um.*® Therefore, B-Ga,Os films with a thickness on the order of (and less than) ~1 pm would exhibit a strong film
thickness dependence for their thermal conductivities. Second, the B-Ga,O; films formed via heteroepitaxy typically possess higher
concentrations of point and extended defects (including dislocations and rotational grains), as compared to melt-grown bulk
substrates. Therefore, the thermal conductivity of heteroepitaxial f-Ga,Os thin films can be considerably lower than that of a bulk
substrate due to phonon-defect and phonon-grain boundary scattering effects.’’*? The impact of Ga and O vacancies on the
suppression of the thermal conductivity of p-Ga,O3 has been studied via first-principles density functional theory (DFT) calculation.
A weak doping dependence (phonon-impurity scattering) of the thermal conductivity of bulk substrates has been experimentally
demonstrated.!® To this end, experimental studies on how the crystallinity of B-Ga;O; thin films (along with the film thickness)
impacts the thermal conductivity have yet to be reported.
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Figure 1. The thermal conductivity accumulation function for the acoustic branches of bulk $-Gaz03 in the direction perpendicular to the
(201) plane (at room temperature), derived from first principles calculations®. LA and TA are the abbreviations for longitudinal acoustic
and transverse acoustic, respectively. The total thermal conductivity is obtained from the Debye-Callaway model!'. Details can be found in
the THEORETICAL CALCULATIONS section.

The film size effect on the thermal conductivity of polycrystalline GaOs thin films grown via open atmosphere annealing of a GaN
surface has been reported;* the measured thermal conductivities of films with a thickness range from 12.5 nm to 895 nm increased
from 0.34 W/m-K to 8.85 W/m-K. Polycrystalline Ga,Oj3 thin films grown onto single crystalline diamond substrates via atomic layer
deposition (ALD) were shown to exhibit a very low thermal conductivity of 1.5-1.76 W/m-K for film thicknesses range of 28-115
nm.* This was found to be caused by the nanocrystalline nature of the films with an average grain size of 10-20 nm. It should be
noted that the materials used in the aforementioned studies lack information regarding the film orientation due to the polycrystalline
nature, and do not meet requirements (e.g., electronic transport characteristics) for optoelectronic/electronic-grade materials. The film
thickness dependence of the thermal conductivity of single crystalline -Ga,Os has been studied using (100)-oriented films prepared
via mechanical exfoliation from a bulk substrate.*® The thermal conductivity in the [100] direction was shown to increase from 4.7 to
11.5 W/m-K when the film thickness increased from 206 to 768 nm, approaching the bulk value of 13 W/m-K. Similarly, the thermal
conductivity of a 427-nm-thick (100)-oriented B-Ga,Os exfoliated film transferred onto diamond was shown to exhibit a thermal
conductivity of 8.4 W/m-K, which is 35% lower than that of a bulk crystal.>” Exfoliated films offer an opportunity to exclusively
study the phonon-boundary scattering effects (i.e., the film thickness dependence of the $-Ga,O; thermal conductivity), due to their
high crystal quality. However, mechanical exfoliation and transfer of Ga,0Oj3 are not scalable approaches for the mass production of
commercial devices. Thermal transport across (201)-oriented p-Ga,O; thin films heterogeneously integrated with 4H-SiC substrates
via ion-cutting and surface activation bonding techniques has been demonstrated.*® The thermal conductivity of unintentionally doped
(245 nm thick; 5.35 W/m-K) and Sn-doped (255 nm thick; 2.53 W/m-K) (201)-oriented p-Ga,Os epitaxial films grown on sapphire
via pulsed laser deposition (PLD) has been studied.** PLD is a popular film growth technique in laboratory research settings because
thin films with high crystal quality can be produced. However, the high cost, low throughput, and very limited area of uniform
deposition are major limitations of PLD for mass production of devices. On the other hand, MOVPE and LPCVD methods offer
scalable precision growth capabilities that are necessary to construct electronic and photonic devices. For this reason, MOVPE and
LPCVD have attracted much attention in both fundamental and industrial perspectives. However, the resulting thermal conductivity
of B-Ga,0s thin films heteroepitaxially grown via MOVPE and LPCVD remain unexplored.

In addition, the thermal conductivity data of B-(AlxGai«)203, which is a solid solution of monoclinic 3-Ga,Os3 and corundum o-Al,O3,
are scarce in open literature. Only one data point at x=0.18 has been reported to date® while this information is critical for the electro-
thermal co-design of f-Ga,O; based electronic devices. For example, in a B-Ga,O3; modulation-doped field-effect transistor
(MODFET)’, a B-(AlGai+)203/Ga;Os heterostructure is formed to create a two-dimensional electron gas (2DEG)* with electron
mobility (potentially greater than 500 cm?/V -s*') higher than that for bulk B-Ga,O3 (<100 cm?/V -s?). High-power B-Ga,Os electronics
are known to suffer from overheating due to the extremely high operational heat flux and the poor thermal conductivity of the base
material.® Flip-chip heterointegration has been proposed to be a viable solution to overcome the intense device self-heating in B-
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(AlyGay 4)203/Ga;0; MODFETSs.%’ For this device configuration, the thermal resistance associated with the B-(AlGa;x),O; barrier
layer must be understood to optimize the thermal design.

In this work, the cross-plane thermal conductivities of MOVPE and LPCVD grown B-phase Ga,0Os and (AlyGa,),03 heteroepitaxial
thin films have been measured using time-domain thermoreflectance (TDTR). The crystal quality of the films, resulting from growth
on on-axis/off-axis c-plane sapphire substrates, was evaluated via X-ray diffraction and Raman spectroscopy. The measured data
were compared with the Debye-Callaway model predictions to elucidate the fractional contributions of film thickness and the
crystallinity to the reduction of the thermal conductivity of the thin films as compared to the intrinsic bulk value. Interfacial thermal
transport was studied via frequency-domain thermoreflectance (FDTR) measurements and scanning transmission electron microscopy
(STEM).

RESULTS AND DISCUSSION

Unintentionally doped (UID) B-Ga,Os thin films with a large film thickness range of 160-4350 nm were heteroepitaxially grown on
sapphire substrates with chemical and crystallographic compatibility, via LPCVD and MOVPE. Growth was performed on c-plane
sapphire substrates with off-axis angles of 0° and 6° toward <1120>. This is because p-Ga,Os films grown via halide vapor phase
epitaxy (HVPE)* and LPCVD?* on 6° off-angled c-plane sapphire substrates were shown to possess improved crystallinity, mainly
because of the promotion of step flow growth and enhancement in the in-plane orientation. Details of the MOVPE and LPCVD
growth procedures can be found in the EXPERIMENTAL METHODS section.

Representative top-side 50kx scanning electron microscopy (SEM) images of the MOVPE and LPCVD grown films are shown in
Figure 2. The LPCVD films grown on sapphire substrates with 0° off-axis angle show pseudo hexagonal rotational domains (Figure
2 (d)). In contrast, improvement in the surface morphology is observed in the films grown on 6° off-cut substrates as evidenced by
the domains aligned along the direction of the off-cut (Figure 2 (e)). MOVPE-grown films also show an improvement in the surface
morphology; however, in a less conceivable manner (Figure 2 (b) and (c)). For comparison, SEM was also performed on a 650 um
thick commercial Fe-doped (201)-oriented bulk substrate (Figure 2 (a)).

Cross-sectional 20kx SEM images were taken on all samples to determine the -Ga,Oj3 layer thickness (Figure 2 (f)-(i)). The average
thicknesses of the B-Ga,0; layers were calculated from six locations across each sample. The thickness of the Au metal transducers
deposited on all samples for the TDTR measurements was measured to be §1.3+2 nm for all samples. These results were confirmed
through both cross-sectional SEM and X-Ray reflectometry (XRR) analyses.

FDTR and TDTR measurements require a smooth sample surface to acquire reliable data.3! Typically, a root-mean-square (RMS)
surface roughness less than ~30 nm is necessary. The atomic force microscopy (AFM) image of a representative sample (LPCVD-
grown B-Ga,O; on 6° offcut sapphire; Figure 2 (j)) shows an RMS surface roughness of 14 nm. Only samples with an RMS surface
roughness comparable to this sample, that would exhibit a similar reflected signal strength, were included in this study.

49.5 nm

-41.6 nm

Figure 2. Representative top-view 50kx SEM images of (a) a commercial bulk substrate, MOVPE-grown films on (b) an on-axis c-plane
sapphire substrate and (c) 6°off-cut sapphire substrate. LPCVD-grown films on (d) 0° and (e) 6°off-cut substrates. Also shown are cross-
sectional 20kx SEM images of (f) MOVPE-grown films on 0° and (g) 6°off-cut sapphire substrates, (h) LPCVD-grown films on 0° and (i)
6°off-cut substrates. (j) AFM image and RMS surface roughness of an LPCVD-grown -Ga2O; film on a 6° offcut substrate.



X-ray diffraction (XRD) 20 scans for the Fe-doped commercial substrate as well as the MOVPE and LPCVD-grown samples are
shown in Figure 3. XRD 20 scans for the bulk substrate shows the (201) orientation of the B-Ga,Os material, as expected, with minor
out-of-plane reflections (observable only on a logarithmic scale). The 26 scans of the MOVPE and LPCVD-grown films reveal their

(201) orientation accompanied by the (0006) sapphire substrate peak.
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Figure 3. Representative XRD 20 scans of (a) the (201)-orientated f-Ga203 substrate, (b) a MOVPE-grown film on a sapphire substrate,
and (c) a LPCVD-grown film on a sapphire substrate.

In addition to determining the phase and orientation, the crystalline quality of the B-Ga,O; films was evaluated by XRD rocking curve
measurements. Figure 4 shows the XRD rocking curves of symmetric (402) reflection peaks of the p-Ga,Os films and the bulk
substrate. The XRD rocking curve ® scan of the commercial substrate (Figure 4 (a)) shows a sharp narrow peak with a full-width-
at-half-maximum (FWHM) of 0.018° (64.8 arcsec). The FWHM of the XRD rocking curves of the films grown on 6° off-cut substrates
(while being significantly broader than the FWHM of the bulk B-Ga,0;) consistently exhibited lower values than those grown on 0°
off-cut substrates, which could indicate lower screw and edge dislocation density.****
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Figure 4. Representative XRD rocking curves, i.e., the symmetric (402) reflection peaks of (a) the (-201) oriented B-Ga203 bulk substrate,
(b) on-axis vs. 6°off-axis MOVPE grown films, and (c) on-axis vs. 6°off-axis LPCVD grown films.

Additional qualitative assessment of the crystal quality of the films was made by performing Raman spectroscopy measurements. To
assess the crystalline quality of the p-Ga,Os thin films, the FWHM of the A, Raman peak* near 199.7 cm™ was analyzed and also
compared to the linewidth of the A, peak of the bulk substrate (Figure. 5 (a)). According to the energy-time uncertainty relation,
as the crystalline quality increases, the linewidth of the phonon mode will decrease because the phonon lifetime increases.*® For the
Fe-doped bulk sample, an average FWHM of 1.62 cm™ was calculated. As shown in Figure 5 (b), The MOVPE 6° off-axis samples
exhibited narrower FWHM values than on-axis grown samples, suggesting superior crystalline quality. Similar observations were
found in the LPCVD-grown films, i.e., the 6° off-axis grown films would exhibit narrower A,®> Raman peaks, as compared to the
on-axis grown films, indicating better crystallinity (Figure 5 (c)). The Raman measurement results are consistent with the FWHM
analysis performed via XRD rocking curve measurements.



—
—

d
3 FWHM (cm™): 1.62
]
> |
0
§ Ag(3)
£
®
E ;.__—_‘J)\..__M______
2 o] 100 200 300 400 500 600 700 800 9200
Wavenumber (cm)
( ) FWHM (cm1): — 0-deg off-axis
] 0-deg: 2.78 — 6-deg off-axis
6-deg: 2.32

Normalized Intensity (a.u.) o

195 196 197 198 198 200 201 202 203 204 205
Wavenumber (cm-)

FWHM (cm™): — 0-deg off-axis
0-deg: 2.34
6-deg: 1.93

— 6-deg off-axis

Normalized Intensity (a.u.) )

195 196 197 198 199 200 201 202 203 204 205
Wavenumber (cm)

Figure 5. (a) Raman spectrum of the (201)-orientated p-Ga20s substrate. (b) Representative FWHM comparison of the Raman A¢® mode
for on-axis vs. 6°off-axis MOVPE grown films. (c) A similar comparison for representative LPCVD grown films.

Cross-plane thermal conductivity measurements of (201)-orientated MOVPE and LPCVD grown B-Ga,O; films, with a thickness
range of 164 — 4,350 nm, were performed using time-domain thermoreflectance (TDTR)*. Half of the samples were grown on off-
axis c-plane sapphire substrates and the rest were grown on sapphire substrates with an off-axis angle of 6° toward <1120>, as labeled
in Figure 6. For this thickness range, TDTR measurement results show a noticeable thickness dependence of the thermal conductivity
of the B-Ga,Os films; specifically, the thermal conductivity reaches the bulk value for a film thickness of 4,350 nm and monotonically
reduces with decreasing the thickness. The measurement results in Figure 6 indicate that phonons with mean free paths on the order
of ~1 um carry a significant fraction of the heat in this crystalline system, which is consistent with first principles calculation results
shown in Figure 1. As the thickness of the films drops below ~1 um, these phonons begin to scatter at the boundaries®'*2, leading to
a continuing reduction in the thermal conductivity as the thickness decreases further. Cheng et al.*® has reported the thermal
conductivity of (201)-orientated thin films prepared via ion-cutting, and the data for high temperature annealed films relieved from
the implantation-induced strain are included in Figure 6. Likewise, a strong film thickness dependence of the thermal conductivity
of B-Ga,O; at room temperature for the [100] direction has been reported in literature. 3%’

The film thickness is a main design parameter to achieve the desired thermal performance of 3-Ga,Os electronic devices integrated
with high thermal conductivity substrates.®” Therefore, the results in Figure 6 suggest that device engineers should account for the
film thickness effect on the thermal conductivity of B-Ga,O3 when creating device thermal models to be used for design optimization.
Figure 6 also plots the thin film thermal conductivities of f-Ga,O; obtained from Debye-Callaway model predictions (dashed lines).
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Based on the Debye-Callaway model, the phonon-boundary scattering rate is dominant over impurity and Umklapp scattering rates,
leading to the increasing trend of thermal conductivity versus film thickness. As can be seen from Figure 6, both model predictions
and measurement data capture the overall increasing trend of the thin film thermal conductivity when the film thickness increases;
however, the predicted values are higher than those obtained from measurements for films with thicknesses ranging from 180 to 2500
nm. The discrepancies can be attributed to the crystallinity quality of the epitaxial films, which is not comparable to that of pure
single crystals as assumed in the model predictions. The size effect of the B-Ga,O3 thermal conductivity is more notable for (100)-
oriented films exfoliated from a single crystal B-Ga,O; wafer due to the consistency in the crystalline quality of the films.*

The B-Ga,O; films MOVPE-grown over 6° off-axis substrates exhibit a 10-30% higher thermal conductivity as compared to the films
grown on on-axis c-plane sapphire substrates with comparable thickness. This aligns with the SEM, XRD, and Raman characterization
results, showing improvement in the surface morphology and crystal quality for films grown on sapphire substrates with a 6° off-cut
angle for both MOVPE and LPCVD-grown B-Ga,0s thin films. It should be noted that the atomic steps provided by the off-cut
substrates regulate the nucleation of the growth, which improves the crystalline quality. In other words, the off-cut surface steps
terminate the interface defects more effectively.
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Figure 6. The measured cross-plane thermal conductivities of the (201)-orientated p-Ga20s thin films and the bulk substrate. Predictive
modeling results that estimate the thickness dependence of the $-Ga203 thermal conductivity in a direction perpendicular to the (201) plane
are shown for comparison. Also shown are two data points for (201)-orientated thin films prepared via ion-cutting from Cheng et al.®

Heteroepitaxy of f-Ga,O3; on high thermal conductivity substrates is a potential thermal management solution for B-Ga,O; based
devices; therefore, understanding thermal transport across the B-Ga,Os/substrate interface is important. Frequency-domain
thermoreflectance (FDTR)*® was used to measure the thermal boundary conductance (TBC) at the B-Ga,Os/sapphire interface of the
heteroepitaxial films. The interface TBC measurements were performed on a 164 nm thick MOVPE-grown B-Ga,Oj3 film on c-plane
sapphire and a 202 nm thick MOVPE-grown B-Ga,Os layer on off-cut sapphire. These samples offered higher measurement sensitivity
to the TBC as compared to the thicker films. FDTR was used for TBC measurement because TDTR would not offer sufficient
measurement sensitivity to this parameter due to the shallower probing depth, owing to the higher pump modulation frequency. The
cross-plane thermal conductivity of the films was treated as a known parameter based on the TDTR measurement results listed in
Figure 6. For comparison, the TBC at the (201) B-Ga,Os/sapphire substrate interfaces were calculated using the acoustic mismatch
model (AMM) and diffusive mismatch model (DMM). The AMM and DMM; were calculated following the implementation
presented by Bellis et al.* As shown in Figure 7, the B-Ga,O3 grown on the c-plane sapphire substrate has a higher TBC than the -
Ga03 grown on the sapphire substrate with an off-axis angle. It is important to note that even for the thinnest film (164 nm thick),
FDTR does not offer high enough measurement sensitivity to quantify the TBC with low uncertainty. Nevertheless, the results still
provide a qualitative assessment of the relative magnitude of the TBCs associated with the heterointerfaces of f-Ga,Os films grown
on c-plane and offcut sapphire substrates. The upper range of the TBC for the -GaOs film grown on c-plane sapphire is difficult to
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determine because FDTR loses sensitivity to the TBC when its value is high; therefore, its upper bound was chosen to be the AMM
predicted value. Also shown in Figure 7 is the DMM result calculated by Cheng et al.*® for the TBC between (201) B-Ga,Os and c-
plane sapphire (listed as DMM,). Their model is based on the Landauer formula accounting for temperature-dependent phonon
properties. The measured TBC results indicate that while growing B-Ga,Oj; on a substrate with an offcut angle improves the crystalline
quality due to the promoted step flow growth,?® the interfacial phonon transport is restricted as compared to films grown on on-axis
c-plane sapphire.
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Figure 7. The measured thermal boundary conductance of f-Ga203 grown on 0° and 6° off-axis c-plane sapphire substrates (open circles
with error bars). Due to the lack of sensitivity, the upper limit for the 6° sample cannot be experimentally determined; therefore, it is
artificially bounded by the AMM predictions. The AMM and DMM; are calculated following the methodology presented by Bellis et al.*’
The DMM; was adopted from Cheng et al.?®

The structural quality of the film interfaces between the -Ga,O; and both the on-axis and 6° off-axis substrates were investigated
using cross-sectional scanning transmission electron microscopy (STEM) imaging. The representative images from both samples are
shown in Figure 8. The images indicate that the interface of the on-axis grown sample (Figure 8 (a)) shows a smooth interface with
a low density of structural defects. On the other hand, the 6° off-axis grown sample (Figure 8(b)) shows a relatively higher degree
of defects at the interface with more structural distortion and apparent strain field around the defective regions. The defective interface
likely impedes the heat flow, which leads to the lower TBC measured from the 6° off-axis grown samples (Figure 7).



Figure 8. Atomic scale STEM images representing -Ga203 films grown on (a) 0° and (b) 6° off-axis c-plane sapphire substrates.

TDTR measurements were performed on MOVPE-grown (201)-oriented B-(AlyGaj):0; films with various Al compositions (x =
0.08 — 0.43). The thickness of the films ranged 184 — 752 nm, where the films with lower x were thicker. For example, the thicknesses
of the x=0.08, 0.27, and 0.43 films were 752 nm, 505 nm, and 184 nm, respectively. The measured cross-plane thermal conductivities
for films with different Al compositions (x) are summarized in Figure 9. The thermal conductivity of the B-(AlcGa,«)>O; films ranged
2.8 —5.6 W/m-K, which is ~50% lower than those for f-Ga,Os; films of similar thickness. This large discrepancy between the thermal
conductivity of p-Ga,O; and B-(AlxGaix),O; films is mainly attributed to phonon-alloy disorder scattering®®, which is known to
severely restrict the mean free path of phonons. Similarly, the thermal conductivity of AlyGa;«N was reported to be an order of
magnitude lower than those for the constituent base crystals, GaN and AIN.%! While the B-Ga,O; films exhibited a strong thickness
dependence of their thermal conductivities, the B-(AlyGai«)203 thermal conductivity values are relatively invariant with respect to
the film thickness. This may indicate vibrational modes with considerably shorter mean free paths than -Ga,Os; dominate thermal
transport within the alloy.> On the other hand, the B-(AlxGai«)>0s films that were grown on 6° off-axis substrates still exhibit a higher
thermal conductivity than films grown on on-axis sapphire substrates. Despite phonon scattering caused by compositional disorder
dominates the thermal conductivity of B-(AlyGa,.<)03, phonon scattering with point/extended defects and rotational grain boundaries
still impacts the overall thermal transport within the solid solution.
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Figure 9. The compositional dependence of the thermal conductivity of B-(AlxGaix)203 thin films. The numbers in the parentheses are the
corresponding B-(AlxGaix)20s film thicknesses in nanometers. The 366 nm and the 379 nm films have identical Al compositions of 18%;
however, their Al compositions have been offset for an illustrative purpose.

Temperature-dependent thermal conductivity measurements were performed on -Ga,O3 (521 nm) and B-(Alo27Gag.73)203 (505 nm)
films with a similar thickness using TDTR from room temperature up to 600 °C (Figure 10). As the temperature increases, the thermal
conductivity of the B-Ga,Oj; film monotonically decreases due to the increased Umklapp scattering rate; the temperature-dependent
thermal conductivity of bulk B-Ga,Os shows a similar trend and has been reported in literature®*. In contrast, the thermal conductivity
of the B-(Alp27Gag.73).0; film is relatively invariant across this temperature range. A similar trend was previously observed in solid
solutions Al;xGaxN°! and AlScixN**. The tested temperature range reaches up to the Debye temperatures of the two constitutive
materials (a-ALO;* and B-Ga,03>%). The relatively constant thermal conductivity of B-(AlyGa;«),0; within this temperature range
suggests that phonon-phonon scattering is not the dominating scattering mechanism, in contrast to the case of B-Ga,O;. Instead,
phonon-alloy disorder scattering dominates the thermal conductivity of the B-(AliGa;x).05 solid solution. It is interesting to note that
the temperature-dependent thermal conductivity of B-(AlyGaix),03/Ga,O; superlattices has also been reported®; the thermal
conductivity increases with temperature up to 380K, due to phonon-structural imperfection scattering effects associated with the large
number of boundaries. It is imperative to understand the dominant phonon scattering mechanisms associated with different p-Ga,O;
and B-(AliGai«),0; material platforms to understand the self-heating behavior of devices based on them.
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Figure 10. The temperature dependence of the thermal conductivity of ~500 nm thick B-Ga20s and B-(AlxGaix)20s3 thin films.

Raman spectroscopy measurements were performed on the B-(AlGa;«),0; films as a function of Al composition. Figure 11 presents
the Raman spectra of B-(AlyGa;«)20; films grown on sapphire, and the Raman spectrum of a bare sapphire substrate. Raman peaks
of the Ga,0; (x = 0) film are marked in Figure 11. The incorporation of Al atoms causes a blueshift in the Raman peak positions and
reduces the peak intensity. At x = 0.40, the A, peak flattens and cannot be identified. The peak position (P [cm™]) of the A,®) Raman
peak can be roughly correlated to the Al composition (x) up to 27% as P[cm™1] = 201.382 + 0.107 x; however, it should be noted
that not only the Al composition but also the strain in the films will influence the Raman peak position.
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Figure 11. Raman spectra of the B-(AlxGaix)20s films as a function of Al composition (x) and the Raman spectrum of the sapphire substrate.
The dashed line qualitatively shows the blueshift of the Ag® mode as x increases.



CONCLUSIONS

Heteroepitaxial growth of B-Ga,O3 via LPCVD and MOVPE has significant technological importance in terms of the mass production
of optoelectronic/electronic-grade f-Ga,Os and B-(AlxGa;«)20; thin films. This work investigated physical mechanisms that govern
the thermal transport across -Ga,Os and B-(AliGai.)20s thin films grown on foreign substrates. First, a strong thickness dependence
of the thermal conductivity was observed in B-Ga;Os films with submicrometer thickness. The thermal conductivity would
monotonically increase with the thickness where-in a 4,350 nm-thick film would exhibit the bulk thermal conductivity. This thickness
dependence was confirmed by a Debye-Callaway model, which indicates that phonon-boundary scattering is dominant over other
scattering mechanisms (at room temperature), leading to the observed thickness-dependent thermal conductivity. Second, the
crystallinity of the samples impacts thermal transport within the B-Ga,Os films. The f-Ga,Os films grown on 6° off-axis sapphire
substrates exhibited a 10 —30% higher thermal conductivity as compared to films grown on on-axis c-plane sapphire substrates with
a comparable thickness. The higher thermal conductivity of films grown on offcut substrates is attributed to the higher crystalline
quality of the films, confirmed by SEM, XRD, and Raman measurements. The interface quality of the films grown on the 0° and 6°
off-axis sapphire substrates was evaluated using atomic scale STEM imaging. Data reveals that the interface quality of the samples
grown on 6° off-axis substrates is inferior to the on-axis grown samples, which leads to a higher TBC. In addition, the thermal
conductivity of MOVPE-grown B-(AlxGa,«),0; films with various Al compositions (x = 0.08 — 0.43) was measured. A significant
reduction (>50%) in the thermal conductivity was observed for the B-(AliGa;«)20; films as compared to -Ga,Os3 films with similar
thicknesses. This reduction is attributed to phonon-alloy disorder scattering, which also results in weak film thickness and temperature
dependences of the B-(AliGai«),0s3 thermal conductivity. B-(AlkGa;«),0; films grown on 6° off-axis sapphire substrates exhibit
higher thermal conductivities than the films grown on on-axis sapphire substrates, showing that the crystallinity still impacts thermal
transport within the solid solution.

The outcomes of this study highlight the key thermal design considerations for DUV optoelectronic and power electronics applications
based on heteroepitaxial B-phase Ga,Os and (AlyGa,;«),0; thin films. From a thermal engineering standpoint, the thickness of the
epitaxial layers should be carefully chosen to minimize the overall device thermal resistance. From the material growth perspective,
heteroepitaxy on foreign substrates with an offcut angle could improve the crystalline quality, which in turn improves the thermal
and electrical performance. However, growing films on substrates with an offcut angle was shown to limit the interfacial thermal
transport due to the formation of structural defects and extra strain at the interface. This design tradeoff between the enhancement in
the thermal conductivity and reduction in the TBC by substrate offcut angle should be carefully balanced based on the application
specifics. Finally, a remarkable reduction in the thermal conductivity caused by alloying should not be overlooked during device
design phase of DUV optoelectronics and power electronics based on the f-GaOs.

EXPERIMENTAL METHODS

Metalorganic vapor phase epitaxy (MOVPE) growth of Ga:0s; and (AlxGa1):0s thin films

MOVPE growth of UID B-phase Ga,O3 and (AliGai),03 films was performed using an Agnitron Agilis MOVPE reactor
with triethyl gallium (TEGa), trimethyl aluminum (TMAL), and O, as precursors. MOVPE growth of f-Ga,O3 and B-(AliGa;.
203 films was performed on on-axis and 6° offcut (with respect to the a-plane) c-plane sapphire wafers. The substrates were
first cleaned with acetone, isopropyl alcohol, and DI water before loading into the chamber. The growth temperature for all
films was kept between 800°C — 880°C. The typical growth conditions used for the MOVPE growth are: TEGa 22 — 105 scem,
0, 250 — 800 scem, and pressure 15 — 60 Torr. The growth time was varied between 30 mins — 2.5 hours to obtain films of the
required thickness. Growth of B-(AliGai«),Os3 films was achieved by using a combination of TEGa and TMAI precursors. The
Al composition was increased by increasing the [Al]/[Ga]+[Al] precursor molar ratio.

MOVPE-grown (010) B-Ga>Os films with mobility close to the theoretical limit have been reported.’” However, direct growth
on other orientations ((100), (201), (001)) has led to films with lower mobility due to the higher density of structural defects.*>>’
It has been shown that high-quality (100)-oriented f-Ga>Os thin films can be grown by choosing a f-Ga>Os substrate with the
correct offcut orientation, which suppresses the formation of structural defects.®® Similar defects have been observed in
MOVPE-grown (201) homoepitaxial B-Ga,Os films.>® Therefore, both low and high quality (201)-oriented heteroepitaxial B-
Gay0s films were grown in this work using 0° and 6° off-angled c-plane sapphire substrates, respectively.

Low pressure chemical vapor deposition (LPCVD) growth of Ga:0; thin films

Unintentionally-doped (UID) heteroepitaxial B-Ga,Os films were grown on both on-axis and off-axis (6° towards <1120>)
c-plane sapphire substrates in a custom-built LPCVD system. Details of setup for film deposition can be found in our previous
work?®. B-Ga,Oj5 thin films prepared in this paper were grown at a growth temperature of 900 °C and a chamber pressure of 2
Torr.

Typical LPCVD grown UID heteroepitaxial B-Ga,Os films on sapphire substrates were found to be electrically insulating
due to possible compensation effects. Si-doped films grown under similar growth conditions (900 °C) have shown controllable
n-type doping with a wide doping range. Typical room temperature mobilities measured from LPCVD heteroepitaxial B-Ga>O3
thin films ranged between 40 ~ 60 cm?/Vs when grown on on-axis c-plane sapphire, and 60 ~ 110 cm?/ Vs when grown on 6°
off-cut sapphire, for a typical doping concentration of 10"7cm™ ~ 108 ¢m3,23.28.29
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Scanning electron microscopy (SEM)

Scanning electron microscope (SEM) images of the surface of the -Ga203 films were collected at varying magnifications
to characterize the surface morphology and grain structure. Cross-sectional images were also obtained to measure the
thicknesses of the films. The samples were cleaved to obtain these cross-sectional measurements of the fracture surface. For
samples that were too small to physically cleave, a cross-section was prepared by focused ion beam (FIB) with an
approximately 2 um thick carbon cap. All SEM images were collected at 5 kV in a Mira TESCAN3 system with the exception
for the FIB sections, which were prepared and imaged in a FEI Scios II system at a 52° tilt (accounted for during
measurements).

To confirm the film thickness of the specimens, additional SEM images were collected on a Zeiss Supra55 VP at 20 kV with
an aperture size of 120 mm in high current mode. The working distance for all images was 10 mm (+0.1 mm). Copper tape
was used on samples to dissipate charge, but there was still noticeable charging in some regions which limited the spatial
resolution. A backscattered electron detector was used for most imaging as it made phase and z contrast more prominent.
Samples were cleaved and then mounted onto a cross-sectional stub for imaging.

X-ray diffraction (XRD)

X-ray diffraction (XRD) was used to confirm the phase and orientation, and to assess the crystalline quality of the films.
First, 2-Theta (26) scans were obtained using a Malvern Panalytical Empyrean system with Cu Ka,=1.54 A radiation in the
Bragg-Brentano geometry. These scans were collected over a wide range (10-70° 20) to verify the phase and identify the film
and substrate peaks (when applicable). Within this range, (201)-oriented B-Ga,O; is anticipated to exhibit diffraction peaks at
18.964°, 38.404°, and 59.236° 20 corresponding to the (201), (402), and (603) symmetric reflections, respectively (ICSD 04-
008-8217). The (0006) peak of the c-plane Al,O3 substrate is also observed at 41.680° 20 (ICSD 01-074-1081). Next, high
resolution scans were collected using a Malvern Materials Research Diffractometer (MRD) system in line focus mode with Cu
Kay=1.54 A radiation. This system is equipped with a five-axis goniometer, 2xGe (220) hybrid monochromator, and PIXcel
detector with a fixed anti-scatter slit. All XRD characterization was completed at room temperature in this study.

The general procedure for collecting these scans begins by finding the coarse substrate offcut angle/tilt direction with a Laue
diffractometer (for sample pieces without a flat). The sample is then loaded into the MRD system and fine calibration offsets
were applied. For a c-plane Al,Os substrate, the sample is initially aligned using the (0006) substrate peak. Then, a coupled -
20 scan is obtained over a wide range of 10-70° 20. From this scan, a film peak (e.g., (201)) is selected for an XRD rocking
curve measurement. Before obtaining this measurement, the sample is aligned to the film peak by completing successive omega
(o) and chi (y) scans over progressively narrow ranges to optimize the sample tilt by maximizing intensity. Additionally, X
and Y line scans are completed to select the measurement location based on maximum intensity. Finally, to obtain the rocking
curve, an ® scan was collected over a range of 6° with a 0.01° step size and dwell time of 0.1 s. In this study, rocking curves
were obtained for both the (201) and (402) symmetric reflections. For the bulk p-Ga,O; substrate a narrower range of 1.0° was
utilized with a smaller step size of 0.001° to ensure a sufficient number of data points over the breadth of the peak. The full-
width-at-half-maximum (FWHM) was calculated for each rocking curve, where a lower value implies superior crystalline
quality.

Raman spectroscopy

B-Ga,0s has 15 Raman-active phonon modes.*> Among these, the A¢(3) phonon mode near 199.7 cm™ was used in this
study due to its relatively large intensity. The room temperature Raman spectra were obtained using a Horiba LabRAM HR
Evolution spectrometer equipped with a 532 nm laser and a 1800 grooves/mm grating. A long working distance 50% objective
(NA = 0.45) was used to probe the samples. Since the laser excitation energy (2.33 eV) is smaller than the bandgap energy
of B-Ga,Os (4.8 V) and the sapphire substrate (8.8 eV), the laser heating was assumed to be negligible; therefore, a high laser
power of ~20 mW was used. The results were based on five repeated measurements at three random locations on each sample.
According to the energy-time uncertainty principle, as the crystalline quality decreases, the linewidth of the A,4(3) phonon
mode will increase as a result of decreased phonon lifetime. Therefore, the linewidth was used to qualitatively compare the
crystalline quality of the B-Ga,O3 samples.

Time-domain thermoreflectance (TDTR)

TDTR is an optical pump-probe technique that allows to measure the thermo-physical properties of thin films based on heat
diffusion from ultrafast femtosecond laser pulses.*’ Details of the setup for TDTR measurements used in this study can be
found in our previous work>*. The radii of the focused pump and probe beams were characterized using a scanning-slit optical
beam profiler (Thorlabs BP209-VIS) and were 7.0 um and 4.5 um, respectively. It should be noted that TDTR and FDTR
measurements require a relatively smooth sample surface 3!; in this study, only samples with a reflected probe signal intensity
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greater than 40% of that for a smooth Au/Si calibration sample were included, which is expected to have a RMS surface
roughness less than 30 nm. Literature values were used for the thermal conductivity of Au as well as volumetric heat capacities
(cv) of Au®!, B-Ga,05%? and a-Al,Os* where the value of Cy for B-(AlxGai~)O3 was approximated as a weighted average of
the constitutive materials based on the alloy composition. The temperature dependent thermal properties for the Au
transducer®, sapphire substrate®, and p-Ga,0;° were taken from literature. The thermal boundary conductance (TBC) between
the metal transducer and the B-Ga>O; films was fitted simultaneously with the B-Ga,Os3 thermal conductivity. Due to the
exclusive high sensitivity (as shown in Figure 12), TDTR fits the B-Ga>O; thermal conductivity accurately without being
affected by the assumption for the TBC between the B-Ga,Os films and the substrate. The uncertainty was calculated based on
95% confidence bounds from the random spots and £2 nm uncertainty associated with the transducer thickness.

Frequency-domain thermoreflectance (FDTR)

FDTR is an optical pump-probe technique that extracts the thermal properties of thin films from the phase response of a
thermal wave over a range of modulation frequencies*®. Details of the FDTR setup used in this study can be found in our
previous work>*. The radii of the focused pump and probe beams were 13.4 um and 13.1 um, respectively. Material properties
used in the FDTR fitting model were identical to those used in the TDTR model. To extract the thermal boundary conductance
of the MOVPE-grown samples, the thermal conductivities of the films were adopted from the TDTR measurement results to
reduce the number of fitting parameters. The FDTR has a relatively low sensitivity to the TBC between the B-Ga,O3 films and
the substrate (G2) as shown in Figure 12; therefore, a qualitative assessment of the TBCs were made based other parameters
determined by TDTR. The upper and lower bounds of G2 were determined based on the 95% confidence bounds for the thermal
conductivity of B-Ga,Os films and the substrates. Representative fitting for TDTR and FDTR is shown in Figure 13.
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Figure 12. The sensitivity plot for 164 nm thick MOVPE-grown B-Gaz0Os3 film on c-plane sapphire measured by a) TDTR, and b) FDTR. In
the legend, k2 is the cross-plane thermal conductivity of the B-Ga2Os film. k3 is the thermal conductivity of the sapphire substrate. G1 and
G2 are the thermal boundary conductance of the transducer- B-Ga203 and B-Ga2Os-substrate interfaces, respectively.
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Figure 13. The data fitting for 164 nm thick MOVPE-grown -Ga20s3 film on c-plane sapphire measured by a) TDTR, and b) FDTR.

Scanning transmission electron microscopy (STEM)

Cross-sectional TEM samples were prepared using focused ion beam. To identify the crystalline quality at the atomic scale
in the interface regions, thin and clean TEM foils were obtained using a low-energy (500 e¢V) ion milling (Fischione Nanomill).
High-resolution STEM high angle annular dark filed (HAADF) imaging was performed using a probe corrected Thermo Fisher
Scientific Themis Z STEM mode (Cs3=0.002 mm, Css=1.0 mm) with probe convergence half angles of 17.9 mrad at an
accelerating voltage of 200 kV. Since HAADF-STEM image contrast is approximately proportional to the square of atomic
number, contrast patterns resulted from the different crystal structures of the Ga,Os; and the Al,Os; were atomically
differentiated.

THEORETICAL CALCULATIONS

First principles calculations

First-principles calculations of the phonon structure as well as the anharmonic phonon coupling were performed with the
ShengBTE software package®’. Density Functional Theory (DFT) total energy calculations were utilized for the computation
of interatomic force constants (IFCs) using the QuantumEspresso package®. For anharmonic as well as harmonic force
constants, single atoms were displaced in a supercell for various configurations based on the symmetry of the crystal. Total
energy calculations from the various displaced supercells allow forces, and subsequently IFCs, to be computed. In this work,
a 2x2x2 supercell containing 80 atoms was utilized with a 2x2x2 k-point sampling grid for subsequent self-consistent total
energy calculations in computing the force-constant matrix as well as the phonon-phonon coupling matrix elements. These
phonon-phonon coupling matrix elements were used to determine the scattering rates necessary for a single-mode relaxation
time approximation of the phonon Boltzmann transport equation. Full details of the Boltzmann transport equation solution for

thermal conductivity can be found in reference *°.

Thermal conductivity modeling

The Debye-Callaway model was applied to obtain the thickness-dependent thermal conductivity of f-Ga,Oj3 single crystals
along the L (201) direction."" The phonon-phonon Umklapp scattering, phonon-impurity scattering, and phonon-boundary
scattering are included in the resistive phonon scattering processes of the model. The scattering rates of the three scattering
mechanisms are expressed as

-1 kByf 9
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where kg is the Boltzmann constant, T is the temperature, # is the reduced Planck’s constant, 8is the Debye temperature, v
is the phonon velocity, subscript *j”” denotes the branch in the phonon dispersion spectrum, and x = hw/kgT with @ being the
angular frequency. For B-Ga;Os, ¥ = 1.0587 x 10% m?*/atom and M = 6.2231 x 102 kg/atom. The Griineisen parameters, .
and yr, are treated as two fitting parameters and are obtained by fitting the temperature-dependent thermal conductivity from
100 to 700 K to the first-principles calculations along the L (201) direction of bulk B-Ga,O;. The parameters that were used
in the model calculation are listed in Table 1. These parameters were derived from the aforementioned first principles
calculations, which are in good agreement with values reported in literature'®. Parameters associated with other crystallographic
directions of B-Ga,Os can be found in open literature!%7.

Table 1. Zone-boundary frequencies f, r and phonon velocities v, r of longitudinal and transverse phonons for p-Ga:0; along
the L (201) direction from the first-principles calculations. 0,7 are the Debye temperatures calculated from these cutoff

frequencies following 6 = Zzﬂ 7.t are the Griineisen parameters.
B
. . fL f Tl f T2 VL vri vr2 o O O
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1 (201) 39 2.5 2.3 6656 3206 2385 187 120 110 1.1 0.78

AMM and DMM

The TBC for the B-Ga,Os/sapphire interface was analytically calculated by implementing the Landauer formalism with the
acoustic mismatch (AMM) and diffusive mismatch (DMM) models. The general Landauer formula for the TBC can be
expressed as follows:

wq /2
G = Z %fo J; D;(w) % hwvy (w)T1,(6, w) cos() sin(8) dfdw (4)
P

where D represents the phonon density of states (DOS), fse is the Bose-Einstein distribution function of phonons, # is the
reduced Planck constant, w represents the angular frequency, wq represents the cutoff frequency, v is the phonon group, 71 is
the transmission coefficient from the medium 1 to 2, 6 is the angle of incidence, and the index p indicates the phonon branch.
For the AMM, the transmission coefficient can be expressed as

Z, cos(6,)

Z, cos(6,)

(B8

5)

T1,2,AMM(9: w) =

Alternatively, since the transmission function for DMM does not depend on the angle of incidence, the integration over 6 is
not needed, and the transmission coefficient adopts the following form

Zp M 2 ((1)) ( 6)
Xp My () + 3y M, (w)
where Z is the acoustic impedance and M is the phonon number of modes of mediums 1 and 2. The formulations of the
AMM and DMM presented by Bellis et al. *° were adopted in the present study, and the model input parameters are listed in
Table 2.

T1,2,DMM(CU) =

Table 2. Parameters implemented for the calculations of the thermal boundary conductance (G) using the AMM and DMM
formulations.

. . Speed of sound [m/s] vL,vT Mass density [kg/m’] Gamm Gomm
Medium A Medium B Medium A Medium B Medium A  Medium B [MWm“2K'] [MWm2K]
B-GayO; Sapphire 10 11260,
201] o-plane 6600, 2750 6467670 5880 3980 522.8069 72.65426
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