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The thermal conductivities of (100) y-Ga,03 films deposited on (100) MgAl,O4 substrates with various thicknesses
were measured using frequency-domain thermoreflectance (FDTR). The measured thermal conductivities of y-Ga, O3
films are lower than the thermal conductivities of (201) 3-GayO3 films of comparable thickness, which suggests that
7Y-phase inclusions in the doped or alloyed 3-phase may affect its thermal conductivity. The thermal conductivity of
7-Ga,03 increases from 2.3fg:2 W/m-K to 3.5+0.7 W/m-K for films with thicknesses of 75 nm to 404 nm, which
demonstrates a prominent size effect on thermal conductivity. The thermal conductivity of y-Ga,Oj3 also shows a slight
increase as temperature increases from 293 K to 400 K. This increase in thermal conductivity occurs when defect and
boundary scattering suppress signatures of temperature-dependent Umklapp scattering. y-Ga,Os3 has a cation-defective
spinel structure with at least two gallium vacancies in every unit cell, which are the likely source of defect scattering.

Gamma-gallium oxide (y-Gay03) has attracted significant
interest due to its intrinsic defects and its frequent appear-
ance as a secondary phase during the synthesis of 3-GayO3
thin films. Unlike the thermodynamically stable -GayO3
phase, y-Ga,O3 adopts a defective spinel crystal structure,
which intrinsically contains local distortions and disorder
due to the coexistence of tetrahedral and octahedral gal-
lium sites.'”” Despite its defect structure, y-Ga,O3 exhibits
distinct electronic and optical properties, including tunable
photoluminescence®'? and varying bandgaps,'""'> which po-
sition it as a promising material for emerging optoelectron-
ics applications. Additionally, its open structure offers am-
ple sites for active catalytic activities,'> highlighting its po-
tential for methanol steam reforming'* and photocatalytic
degradation of volatile organic compounds.'> y-Ga,O; fre-
quently forms as unintended inclusions during the synthesis
of doped or alloyed $-Ga,Os3 films and nanostructures under
non-equilibrium growth conditions such as pulsed laser depo-
sition (PLD),'®!7 chemical vapor deposition (CVD),>7!8 and
plasma-assisted molecular beam epitaxy (PAMBE).!®

The inclusion of y-Ga;0j3 in $-Ga; O3 thin films has raised
concerns regarding thermal management in high-power elec-
tronic devices. B-Ga;Os, with its ultrawide bandgap (~4.8
eV) and high breakdown electric field strength (8 MV/cm),?
has been widely studied as a next-generation semiconduc-
tor material for power electronics and deep-ultraviolet pho-
todetectors. However, -Ga,O3 has a low thermal conduc-
tivity (11-27 W/m-K)?! compared to other wide bandgap
semiconductors such as GaN (210 W/m-K) and 4H-SiC (270
W/m-K),”2 which poses a significant challenge for efficient
heat dissipation in devices. Given the frequent occurrence of
¥-Gay03 in -Ga O3 films, understanding the thermal behav-
ior of the y-phase is crucial for accurately predicting and opti-
mizing $-Ga,O3-based electronic device performance. More-
over, 7-GapOj3’s potential for catalytic applications further
underscores the need for detailed investigations of its ther-

mal transport properties, as thermal conductivity governs the
self-cooling (heating) of endothermic (exothermic) catalytic
reactions.?>?*

While the thermal properties of 3-Ga;O3 have been ex-
tensively studied, those of y-Ga;O3; remain largely unex-
plored. Single-crystal f-GaO3 exhibits anisotropic thermal
conductivity with reported values of 27.0 + 2.0 W/m-K along
the [010] direction and 10.9 £ 1.0 W/m-K along the [100]
direction.?! Thin films of B-Ga;03 show a reduced thermal
conductivity compared to bulk materials as phonon bound-
ary scattering dominates Umklapp scattering for sub-micron
thicknesses. For example, the thermal conductivity in f-
Ga, 03 thin films has been observed to increase progressively
from 6.3 = 0.6 W/mK to 10.8 £ 1.2 W/m-K with thick-
ness increasing from 164 nm to 2500 nm.? This suggests that
phonons with mean free paths (MFPs) greater than 1 um con-
tribute to the thermal conductivity of f-Ga,O3.

In this study, systematic measurements were conducted on
¥-Ga, 05 films with different thicknesses across a temperature
range of 293 K to 400 K to reveal thermal transport proper-
ties of y-GapO3 and the size effects in the films. The results
are compared with 3-Ga, O3 thermal conductivity values from
the literature and with results from measurements taken using
the same experimental setup to highlight the difference in heat
transfer mechanisms between the two phases. This work pro-
vides experimental measurements of thermal conductivity for
7-Ga, O3 films, which is essential for both mitigating its im-
pact in -GayO3-based devices and leveraging its potential in
independent applications.

Five y-Ga;Oj3 films with thicknesses ranging from 70 to
404 nm were grown on (100) MgAl,O4 (spinel) substrates
at 743 K.7 Additionally, two B-Ga,03 films with thickness
of 175 nm and 355 nm were grown on (0001) Al,O3 (c-
plane sapphire) substrates at 1073 K enabling a direct com-
parison of the thermal conductivity between these two poly-
morphs. All seven films were grown using a vertical, low-
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FIG. 1: Room-temperature XRD 26-w scans for the (a)
five y-Ga,O; films on (100) spinel and (b) two 3-Ga,03
films on c-plane sapphire. The black circle and star
symbols represent reflections from the corresponding
substrates.

pressure, cold-wall metal-organic chemical vapor deposition
reactor. Detailed growth parameters are provided in Table I.

Triethylgallium (TEGa) and O, were used as the reactants,
with Ny serving as the carrier gas for the TEGa precursor.
The O/Ga (VI/III) ratios were maintained at 635 and 3364
for the growth of ¥-Ga, O3 and $-Ga;0s3, respectively. High-
resolution X-ray diffraction (HR-XRD) and X-ray reflectiv-
ity (XRR) measurements were acquired using a PANalytical
X’Pert Pro MPD X-ray diffractometer for phase identification
and thickness determination.

Figure 1(a) shows the out-of-plane 20-® scans of the five
Y-Ga, 03 films grown on a (100) spinel substrate. The peaks
located at 44.14° and 44.82° are attributed to (400) y-Ga;O3
and (400) spinel, indicating that the y-Ga,Os3 films were epi-
taxially stabilized on spinel substrate, as they share the same
crystal structure with an approximate lattice mismatch of
+1.9%. The intensity of the (400) y-Ga,O3 peak increases
with the film thickness, as thicker films provide more diffrac-
tion planes. Figure 1(b) shows the out-of-plane 26-® scans
of the two B-Ga,Oj3 films grown on c-plane sapphire. Two
peaks located at 18.91° and 38.33° are attributed to (201) and
(402) B-Gay03, respectively. No other peaks, aside from the
(0003) (26 =20.53°) and (0006) (26 = 41.72°) sapphire sub-
strate peaks, were observed, indicating that the §-Ga, O3 films
were highly (201) oriented. This orientation of B-Ga,03 has
a similar oxygen atomic arrangement as the (0001) plane of
sapphire.

TABLE I: Summary of the growth parameters of the seven Ga,0j3 films (5y +2f3) investigated in this study.

Exp. No. Substrate Growth Reactor TEGamolar  O; molar flow O/Ga  Growth Film  Observed
temperature  pressure flow rate rate (VI/II)  period thickness ~ phase
°C) (Torr) (mole/min) (mole/min) ratio (min) (nm)
Exp. 130 (100) spinel 470 20 7.02x 1075 2.23x 1072 635 60 404 b4
Exp. 164 (100) spinel 470 20 7.02x 107 2.23x1072 635 40 323 b4
Exp. 177 (100) spinel 470 20 7.02x 107 2.23x1072 635 17 110 b4
Exp. 172 (100) spinel 470 20 7.02x 107 2.23x1072 635 12 94 b4
Exp. 171 (100) spinel 470 20 7.02x 107 2.23x1072 635 7 70 b4
Exp. 166 (0001) sapphire 800 20 1.33%x 107> 223x1072 3364 90 355 B
Exp. 167 (0001) sapphire 800 20 133x107°  223x1072 3364 45 175 B

A 5 nm adhesion layer of Cr capped with an 80 nm Au
transducer layer was deposited on top of Ga;O3 films using
a Kurt Lesker PVD 75 Electron Beam Evaporator for ther-
mal conductivity measurements. The Cr layer provides strong
adhesion between the Au transducer and the film, which en-
hances the thermal boundary conductance.?® The true thick-
nesses of the Au transducer and Cr adhesion layer were mea-
sured using XRR. The composite electrical conductivity of
the Au/Cr transducer was measured with the four-point probe
(4PP) method. The Wiedemann-Franz law was used to deter-
mine the Au/Cr thermal conductivity from the electrical con-
ductivity.

The thermal conductivity of y-Ga;O3 was measured using
frequency domain thermoreflectance (FDTR). FDTR is a non-
contact optical technique where continuous wave pump and
probe lasers are used to heat a sample and measure its ther-

mal response. The pump laser beam (488 nm) is intensity-
modulated by an electro-optic modulator (EOM) with sinu-
soidal modulation. When focused onto the sample, it acts
as a temporally periodic, spatially gaussian heat source. The
pump laser is absorbed by the Au transducer thereby induc-
ing a temperature response that exhibits phase lag relative to
heating that depends on the thermal properties of the sample.
The phase lag is monitored by the co-aligned probe laser beam
(532 nm), based on the thermoreflectance of Au, across mul-
tiple modulation frequencies. The phase data is fitted with an
analytical solution of the heat diffusion equation for periodic
heating of a layered solid to extract unknown thermal proper-
ties - in this case, the thin film thermal conductivity k.’

To minimize uncertainty in the fitted value ky.Ga,0;, other
input parameters to the analytical model were pre-determined.
The thickness of y-GayO3, Ly.Ga,0,, Was measured using X-
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ray reflectometry (XRR) analysis, with an estimated uncer-
tainty of +5%. The specific heat ¢y.Ga,0, is 480+ 5 J/kg'K
at 300 K23 and is converted to the volumetric heat capac-
ity by multiplying with the literature-reported density (5760.7
kg/m3).? The laser spot radius (3.5 0.2 um) was measured
using a reference sample (Au on fused silica), and it was used
as a fixed parameter for the fitting algorithm. FDTR was
used to measure the thermal conductivity of the spinel sub-
strate (Kspinel = 19 =3 W/m-K) in advance. The remaining
unknown parameters are then ky.Ga,0, and the thermal bound-
ary conductances at the Cr/y-Ga, O3 interface (G12) and the at
7-Ga, O3/spinel interface (Go3).

To extract ky.Ga,0;, G12 and Gy3 need to be concurrently
fitted, leaving three fitting parameters for each sample, which
can lead to high uncertainties. To address this, we imple-
mented a multi-fit iteration algorithm to enable the simultane-
ous extraction of more than two fitting parameters over mul-
tiple samples with reduced uncertainty. The workflow of this
iteration algorithm is shown in Fig. 2 (a). The key assump-
tion behind this algorithm is that G and G»3 are uniform for
all five samples, as the samples were prepared with identical
growth and deposition methods. The goal of this algorithm is
to find five datasets (one from each sample) with the lowest
combined mean-squared error (MSE) of fit relative to phase
data when using G, and G»3 as shared variables.

To start, 25 (5x5 square grid with 10 yum increments) FDTR
measurements were performed on each sample, as shown in
Fig. 2(b). The algorithm randomly chooses one dataset for
each sample. From the five datasets, G2 and G»3 are ex-
tracted as shared variables using the non-linear fitting rou-
tine. This fitting algorithm finds the values of G and Ga3
that yield the minimum MSE between the data set and the
heat diffusion model. Once G, and G»3 are extracted, the
thermal conductivity and the MSE of the entire 125 datasets
(25 measurements x 5 samples) were computed using G, and
G»3 as fixed parameters. From the filtered list, we chose the
dataset with the lowest MSE from each sample. With five cho-
sen datasets, we used the non-linear fitting algorithm again to
extract new G, and Go3 as shared variables and new ky.Ga,0,
for each dataset. We repeated this routine until the currently
chosen datasets matched the previous set and recorded the ex-
tracted TBCs and the thermal conductivity of five samples.
The Monte Carlo method was used to quantify the uncer-
tainty of the FDTR measurement. Figure 3 shows the exper-
imental thermal conductivity of both y-Ga,03 and $-Ga,0s3.
The thermal conductivity of y-Ga,O3 increases from 2.3f8:g
W/m-Kto 3.54+0.7 W/m-K for films varying in thickness from
75 nm to 404 nm. A similar relationship between the thermal
conductivity and film thickness was observed for 3-GaO3.

The thermal conductivity of a non-metal where phonons
dominate heat transport is defined as

3/c W(@)A(®)do )

where C(®) is the volumetric heat capacity at phonon fre-
quency @ [J/m’K], v(®) is the average phonon group veloc-
ity at phonon frequency ® [m/s], and A(®) is the phonon

®
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FIG. 2: (a) Workflow of the multi-fit iteration algo-

rithm. (b) Schematic of a 5x5 square grid FDTR scan.

(c) Schematic of temperature-dependent FDTR measure-
ment.
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mean free path (MFP) at phonon frequency @ [m]. The ef-
fective phonon MFP at a specific ® can be determined by the
Matthiessen rule,

1 1 1 1
— = 4 2
A@) " Ao(@)  Ap(@) T A @

where Ay (w) is the phonon MFP from phonon-phonon
(Umklapp) scattering, Ay, (@) is the phonon MFP from im-
purity (defect) scattering, and A is the phonon MFP from
boundary scattering. Size effects in thermal conductivity oc-
cur when Aj, becomes comparable to or smaller than Ay (@)
and Ajup(®). Due to the complex unit cell of y-Ga;Os,
there are 3 acoustic branches and 117 optical branches in the
phonon dispersion based on the conventional unit cell of the
spinel structure.! We have thus chosen not to use a simple
analytical model based only on acoustic phonon modes for
quantitative comparison with our data.

ky-Ga,0, Was compared 10 kg_gy,0, from the literature®? and
our own experiments. Szwejkowski er al. reports the effective
thermal conductivity of -GayO3, which includes the intrin-
sic thermal conductivity of $-Ga,O3 and the thermal bound-
ary conductance at the 3-Ga,03/GaN interface, as the films in
that study were grown on GaN. For our FDTR measurements,
we separated the thermal boundary conductances from the
thermal conductivity, so we report the intrinsic thermal con-
ductivity of both 3-Ga,03 and y-Ga, 03 films. Our measure-
ments indicate that y-Ga,O3 has a lower thermal conductivity
than $-Ga, O3 at comparable thickness. Cr/y-Ga, O3 thermal
boundary conductance (]75:{?9 MW/m2K) and Cr/B-Gay03
thermal boundary conductance (168f;§2 MW/m?K) are com-
parable but lower than the literature-reported Cr/f3-Ga,O3
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thermal boundary conductance (451 MW/m?K), which was
taken on single crystal B-Ga,03.33 Although the transducer
deposition method (electron-beam evaporator) was identical,
the transducer in Ref. 31 was deposited at a higher level of
vacuum (2 x 1079 torr vs. 5 x 1077 torr), which could have
contributed to reduced impurities at the interface and higher
Cr/B-Ga;O3 TBC. Notably, the ky.ga,0, Values are insensi-
tive to the thermal boundary conductance in this range. When
Cr/B-Ga;O3 TBC from the literature is used as a fixed pa-
rameter, ky.Ga,0, changes by approximately 6%. The TBC of
the y-Ga,Os/spinel interface has no comparable literature ref-
erence. The temperature-dependent thermal conductivity of
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FIG. 3: Thermal conductivity of 8- and y-Ga,0Oj3 as a func-
tion of thickness at 293 K.

two ¥-GayO3 films were measured as a function of tempera-
ture from 293 K to 400 K. Figure 2(c) shows the schematic of
the temperature-dependent FDTR setup. The sample is placed
inside an optically accessible cryostat, which was pumped
down to a pressure of 1.2 x 10> torr. We used a PID tem-
perature controller (Oxford Instruments, ITC 503S) to main-
tain the desired temperature during the measurement. In or-
der to simplify the data analysis, the thermal conductivity of
the Au/Cr layer was assumed to be constant at all measured
temperatures,34 as were the Gi, and Ga3 values.’® The ex-
tracted thermal conductivities of the y-Ga, O3 films are insen-
sitive to these parameters. Based on the sensitivity contour
plot, ky.Ga,0, is relatively insensitive to increasing G2 and
G»y3 with temperature. A 20% increase in Gi, and Gy3 in-
creases the extracted ky.Ga,0, by 1.5%.

Figure 4 shows the temperature-dependent thermal conduc-
tivity of y-Ga, 03 from 293 K to 400 K for the samples with
thicknesses of 110 nm and 404 nm. In both cases, the ther-
mal conductivity shows a slight increase as temperature rises.
This trend deviates from temperature-dependent thermal con-
ductivity of B-Ga,Oj3 films, as shown in our measurement on
175 nm B-Ga, O3 and in data from the literature.?"> The ther-
mal conductivity of $-Ga;O3 monotonically decreases with
increasing temperature due to increased Umklapp scattering.
As the thickness decreases, the temperature-dependence of the

thermal conductivity of f-Ga,O3 becomes less prominent, as
shown by our measurements of 175 nm -Ga,O3. This is due
to increased phonon boundary scattering, where Ay is inde-
pendent of the temperature. In the case of y-GapO3, which
has a defective spinel structure, we hypothesize that gallium
and oxygen vacancies in y-Ga; O3 crystals cause the impurity
scattering to be a significant scattering mechanism between
293 K and 400 K. The phonon MFPs set by impurity scat-
tering and boundary scattering are temperature-independent,
while heat capacity constantly increases at elevated temper-
atures. The heat capacity of y-Ga,Os increases as tempera-
ture increases by nearly 10% from 293 K to 400 K.2® Thus,
the temperature-dependence of the thermal conductivity of y-
Gay03 between 293 K and 400 K is caused by temperature-
insensitive phonon scattering with increasing heat capacity.
The increase in thermal conductivity with temperature could
instead be explained by the contribution of wavelike modes,
diffusing via a Zener-like tunneling between quasi-degenerate
vibrational eigenstates as can be described by the Wigner
Transport Equation.>® While beyond the scope of this work,
low temperature measurements may be able to distinguish the
phonon scattering and wavelike tunneling pictures of thermal
transport in y-Ga;03. At higher temperatures, we anticipate
that Umklapp scattering will become the dominant scattering
mechanism, reducing the average phonon mean free path and
potentially causing a decreasing trend in thermal conductivity.

3-Ga,0, (bulk) ( Guo et al.)
/-Ga,0, (500nm) (Song et al.)
/-Ga,0, (175nm)
-Ga,0, (404nm)
++Ga,0, (110nm)
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FIG. 4: Temperature-dependent thermal conductivity of
B- and y-Ga,Oj3 thin films.

In summary, the thermal conductivities of y-GayO3 films
were measured using FDTR. We find that the thermal con-
ductivities of y-Ga, O3 films are lower than the thermal con-
ductivities of B-GayO3 films at comparable thickness. This
discrepancy suggests that y-phase inclusions in doped or al-
loyed B-phase films could potentially reduce the overall ther-
mal conductivity of the films. y-Ga;O3; shows a similar
size dependence as f3-Ga;O3, where the thermal conductiv-
ity increases with increasing film thickness. The temperature-
dependent thermal conductivity of y-Ga;O3z shows a moder-
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ate increase with increasing temperature from 293 K to 400 K.
This trend contrasts with that shown in 3-Ga; O3, possibly due
to temperature-insensitive phonon-defect scattering caused by
gallium and oxygen vacancies in the y-Ga, O3 lattice. This
work underscores the importance of removing y-GayO3 in-
clusions from $-Ga, O3 films for high power applications, as
Y-Gay03’s reduced thermal conductivity may impact thermal
management and device performance.
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