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ABSTRACT

b-Ga2O3 has emerged as a promising candidate for electronic device applications because of its ultrawide bandgap, high breakdown electric
field, and large-area affordable substrates grown from the melt. However, its thermal conductivity is at least one order of magnitude lower
than that of other wide bandgap semiconductors such as SiC and GaN. Thermal dissipation in electronics made from b-Ga2O3 will be the
bottleneck for real-world applications, especially for high power and high frequency devices. Similar to AlGaN/GaN interfaces,
b-(AlxGa1!x)2O3/Ga2O3 heterogeneous structures have been used to form a high mobility two-dimensional electron gas where joule heating
is localized. The thermal properties of b-(AlxGa1!x)2O3/Ga2O3 are the key for heat dissipation in these devices, while they have not been
studied before. This work reports the temperature dependent thermal conductivity of b-(Al0.1Ga0.9)2O3/Ga2O3 superlattices from 80K to
480K. Its thermal conductivity is significantly reduced (5.7 times reduction) at room temperature compared to that of bulk Ga2O3.
Additionally, the thermal conductivity of bulk Ga2O3 with (010) orientation is measured and found to be consistent with literature values
regardless of Sn doping. We discuss the phonon scattering mechanism in these structures by calculating their inverse thermal diffusivity. By
comparing the estimated thermal boundary conductance (TBC) of b-(Al0.1Ga0.9)2O3/Ga2O3 interfaces and Ga2O3 maximum TBC, we reveal
that some phonons in the superlattices transmit through several interfaces before scattering with other phonons or structural imperfections.
This study is not only important for Ga2O3 electronics applications, especially for high power and high frequency applications, but also for
the fundamental thermal science of phonon transport across interfaces and in superlattices.
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As an emerging ultrawide bandgap semiconductor material,
b-Ga2O3 has shown promising properties for electronic device
applications, such as an ultrawide bandgap (4.8 eV) and high criti-
cal electric field (8MV/cm), which results in a Baliga figure of merit
that is 3214 times that of Si.1 However, the thermal conductivity of
bulk b-Ga2O3 (10–30 W/m-K, depending on crystal orientation) is
at least one order of magnitude lower than those of other wide
bandgap semiconductors such as GaN (230W/m-K), 4H-SiC
(490W/m-K), and diamond (>2000W/m-K).2,3 Thermal dissipa-
tion will be the bottleneck for real-world applications, especially for

high power and high frequency devices. Currently, compared to
demonstrations of Ga2O3 devices, a disproportionately smaller
number of thermal studies have been performed.4 Similar to
AlGaN/GaN interfaces, to demonstrate modulation-doped field
effect transistors (MODFETs), b-(AlxGa12x)2O3/Ga2O3 heteroge-
neous structures have been used to form a high mobility
two-dimensional electron gas (2DEG) where joule heating is
localized.5–9 The thermal properties of the b-(AlxGa12x)2O3/Ga2O3

structure are the key for heat dissipation in these devices; however,
they have not been studied before.
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In this work, we report the temperature dependent thermal con-
ductivity of b-(Al0.1Ga0.9)2O3/Ga2O3 superlattices epitaxially grown
on bulk (010) Ga2O3 substrates by molecular-beam epitaxy (MBE)
from 80K to 480K. Multifrequency time-domain thermoreflectance
(TDTR) is used to measure the thermal properties of both the
b-(Al0.1Ga0.9)2O3/Ga2O3 superlattices and the bulk Ga2O3 substrates
simultaneously. The phonon scattering mechanism in these structures
is discussed in detail. Additionally, we estimate the thermal boundary
conductance (TBC) of b-(Al0.1Ga0.9)2O3/Ga2O3 interfaces and
compare it with that of maximum Ga2O3 TBC. The mechanism of
phonons transmission through interfaces is discussed.

The b-(AlxGa12x)2O3/Ga2O3 superlattice used in this study was
homoepitaxy-grown on a Sn-doped (010) Ga2O3 substrate, with an
n-type doping concentration of 4" 1018 cm!3, using a Veeco Gen930
MBE system. The aluminum and gallium were provided by standard
effusion cells. The oxygen plasma was produced using a Veeco RF
plasma source. During the growth, the gallium and aluminum
beam equivalent pressures (BEPs) measured using an ion gauge were
1" 10!8 Torr and 1" 10!9 Torr, respectively. This led to an alumi-
num flux that is 9.1% of the total metal flux. The oxygen was flown
into the chamber at 0.7 sccm, and the RF plasma was struck using a
load power of 289W, which corresponded to a total chamber pressure
of 2.18" 10!5 Torr. The substrate temperature, measured using a
thermocouple, was 500 #C for the entire growth. The substrate was
mounted to a silicon carrier wafer using indium bonding. The sub-
strate was grown by edge-defined film-fed growth (EFG) purchased
from Novel Crystal Technology. The film has ten alternating periods
of a Ga2O3 layer followed by a (Al0.1Ga0.9)2O3 layer each grown for
30min.

A cross-sectional TEM specimen was prepared using an FEI
Strata 400 Focused Ion Beam (FIB) with a final milling step of 5 keV
to reduce surface damage. Atomic resolution high angle annular dark
field (HAADF) images were acquired on an aberration corrected
300 keV Themis Titan. The superlattice film thickness was determined
by scanning transmission electron microscopy (STEM) to be 114nm,
as shown in Fig. 1. For each period, the Ga2O3 layer is 6.5 nm
(60.2 nm) thick, while the (Al0.1Ga0.9)2O3 layer is 4.5 nm (60.1 nm)
thick. The interfaces in the superlattice structure are not very sharp. A
layer of Al ($ 80nm) was deposited on the surface as the TDTR trans-
ducer as demonstrated in several previous studies.10–14 A modulated
pump beam heats the sample surface periodically, while a delayed

probe beam detects the surface temperature variation via thermore-
flectance. The measured signal of temperature variation is fit with an
analytical heat transfer solution to infer unknown parameters. Here,
we measure one spot on the sample with two modulation frequencies,
i.e., 3.6MHz and 8.8MHz, at room temperature. The TDTR signal is
sensitive to the thermal conductivity of the bulk Ga2O3 substrate with
a modulation frequency of 3.6MHz, while it is sensitive to the thermal
conductivity of the superlattice with a modulation frequency of
8.8MHz. More details about multifrequency TDTR measurements
can be found in references and the supplementary material.10,15–17 The
estimate of volumetric heat capacity of the superlattice is shown in the
supplementary material. Additionally, we estimate the error bars here
to be 610%.

The temperature-dependent thermal conductivities of the bulk
(010) Ga2O3 substrate and the b-(Al0.1Ga0.9)2O3/Ga2O3 superlattice
are shown in Fig. 2(a). At room temperature, the thermal conductivity
of the superlattice is 5.7 times smaller than that of the bulk (010)
Ga2O3 substrate. This significantly reduced thermal conductivity fur-
ther impedes thermal dissipation, potentially creating additional chal-
lenges for gallium oxide electronics devices. Aggressive thermal
management techniques need to be applied for reliable device perfor-
mance, such as integrating high thermal conductivity materials close
to the regions where heat is being generated to aid in conducting and
spreading the heat away from the source location. For the bulk (010)
Ga2O3 substrate, its thermal conductivity decreases with increasing
temperature from 80K to 450K because of increased phonon-phonon
scattering. As temperature increases, the number of excited phonons
increases, resulting in increasingly extensive phonon-phonon scatter-
ing. For the superlattice, its thermal conductivity shows a peak at
380K. Below 380K, the thermal conductivity decreases with decreas-
ing temperature, while it decreases with increasing temperature above
380K. For temperatures below 380K, phonon-structural imperfection
scattering, such as alloy and boundary, dominates in impeding thermal
transport. The thermal conductivity of superlattices can be reduced to
be lower than their amorphous counterparts due to the large number
of thermal boundary resistances, especially when the boundaries are
composed of two dissimilar materials which have very low TBC.18 For
temperatures above 380K, phonon-phonon scattering dominates.
More about the scattering mechanisms will be discussed later.

The measured thermal conductivity of the bulk (010) Ga2O3 sub-
strate is compared with literature values as shown in Fig. 2(b). Our
measured values are consistent with most of the other experimentally

FIG. 1. HAADF-STEM images of the b-(Al0.1Ga0.9)2O3/Ga2O3 superlattice structure.

FIG. 2. (a) Temperature-dependent thermal conductivity of the bulk Ga2O3
substrate and b-(Al0.1Ga0.9)2O3/Ga2O3 superlattices. (b) Summary of temperature-
dependent thermal conductivity of bulk (010) b-Ga2O3 in this work and the
literature.3,19,20

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 115, 092105 (2019); doi: 10.1063/1.5108757 115, 092105-2

Published under license by AIP Publishing

https://doi.org/10.1063/1.5108757#suppl
https://doi.org/10.1063/1.5108757#suppl
https://scitation.org/journal/apl


measured values and first-principles calculated values in the literature.
This indicates that the Sn doping and unintentional doping do not
affect the thermal conductivity significantly. The other samples mea-
sured in the literature have different levels of doping as well. It is still
an open question as to how high doping concentrations impact the
thermal conductivity in b-Ga2O3.

To better understand the phonon scattering mechanism in
the superlattice and bulk Ga2O3, we calculate the inverse thermal
diffusivity of both the superlattice and bulk Ga2O3, as shown in
Fig. 3(a). The formula of inverse thermal diffusivity is shown as
follows:
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Here, Cv is the volumetric heat capacity, k is the thermal conductivity,
T is the temperature, n is the number of phonon branches, xD is the
Debye frequency, g(x) is the phonon density of states, kB is the
Boltzmann constant, !h is the reduced Planck constant, x is the pho-
non frequency, vx is the phonon group velocity, sph is the relaxation
time for phonon-phonon scattering, and sstruc is the relaxation time
for phonon-structural imperfection scattering. To the first-order
approximation, the inverse thermal diffusivity can be used to estimate
the relative contribution of scattering sources.21–23 The temperature-
dependent thermal conductivities of the superlattice and bulk Ga2O3

have different trends from temperature. The strong temperature
dependence of heat capacity makes it difficult to compare the contri-
bution of phonon-phonon scattering and phonon-structural imperfec-
tion scattering according to the thermal conductivity data. After
removing the effect of heat capacity, the inverse thermal diffusivity
represents the relative contributions of phonon scattering sources
qualitatively. As shown in Fig. 3(a), the inverse thermal diffusivity
decreases with decreasing temperature because of reduced scattering
intensity of phonon-phonon scattering. As temperature reaches zero,
phonon-phonon scattering diminishes and only structural imperfec-
tion scattering remains. Then, Eq. (1) can be simplified as

Cv

k
T ! 0Kð Þ ) 3

v20sstruc
¼ 3

v0l0
: (2)

Here, v0 is the average phonon group velocity and l0 is the scattering
length arising from structural imperfections. For the bulk Ga2O3, the
structural imperfection is negligible, and so nearly zero residual value
is observed at low temperatures. However, a large residual value is
observed at low temperatures for the superlattice, indicating strong
structural imperfection scattering, such as alloy scattering, boundary
scattering, and point defect scattering. We estimate the average acous-
tic phonon group velocity to be 2420 m/s.20 Based on the residual
inverse thermal diffusivity (40 s/cm2), the structural scattering length
l0 is found to be 3.1nm, which is close to the layer thickness of the
superlattice by considering additional alloy scattering. The rough
interfaces in the superlattice may reduce the effective thermal conduc-
tivity because the roughness at the interfaces may induce additional
phonon scattering.24

To understand the mechanism of phonon transmission through
(Al0.1Ga0.9)2O3/Ga2O3 interfaces, we estimate the TBC as follows:

R0 þ
n

TBC
¼ 114 nm

kmeasured
: (3)

Here, R0 is the superlattice thermal resistance of (Al0.1Ga0.9)2O3/
Ga2O3 interfaces and n is the number of (Al0.1Ga0.9)2O3/Ga2O3 inter-
faces in the sample.25 TBC in this case refers to the TBC of the
(Al0.1Ga0.9)2O3/Ga2O3 interface. kmeasured is the measured effective
thermal conductivity of the superlattice. R0 is supposed to be higher
than the thermal resistance of pure Ga2O3 with the same thick-
ness.10,26,27 Here, we only consider the size effect resulting from the
total superlattice thickness (114 nm). The thermal conductivity of
Ga2O3 reduces to 45% according to first-principles calculations.20 As a
result, the minimum TBC of the (Al0.1Ga0.9)2O3/Ga2O3 interface could
be estimated by assuming R0 as the thermal resistance of a 114-nm-
thick pure Ga2O3 layer. To compare with this estimated TBC, we also
calculate the max TBC of any heterogeneous interfaces which involve
Ga2O3. This max TBC is calculated by assuming the phonon transmis-
sion coefficient across the interface as unity (all phonons from Ga2O3

could transmit through the interface). The definition of TBC can be
described as follows:28,29

G ¼ 1
4

X

j

ð
vwcwtwdwj: (4)

Here, vw, cw, and tw are the phonon group velocity, heat capacity per
frequency, and transmission probability on one side of the interface
for polarization j.29 Max TBC is the value of G when tw is unity. As
shown in Fig. 3(b), the estimated minimum TBC is larger than the
max TBC of Ga2O3 interfaces, especially at high temperatures. At
450K, the minimum TBC is almost three times larger than the max
Ga2O3 TBC. This means that some phonons transmit through several
interfaces before scattering with other phonons or structural imperfec-
tions. At low temperatures, the minimum TBC should be much larger
than the max TBC because phonon mean free paths at low tempera-
tures are much larger than that at room temperature. Phonons could
transmit through more interfaces without scatterings. But we overesti-
mate the thermal conductivity of the superlattice at low temperatures
significantly, resulting in a small minimum TBC. Here, the estimated
TBC is the thermal energy transmitted across the interface for a certain

FIG. 3. (a) Temperature-dependent inverse thermal diffusivity of bulk (010) Ga2O3
and b-(Al0.1Ga0.9)2O3/Ga2O3 superlattices. (b) Temperature dependence of esti-
mated minimum TBC (lower bound) of b-(Al0.1Ga0.9)2O3 and Ga2O3 interfaces and
maximum TBC of Ga2O3.
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temperature difference per unit area. Because the period of the super-
lattice is very small compared to some long mean free path phonons,
some phonons could transmit across several interfaces without scatter-
ing with other phonons and structural imperfections. The energies of
these phonons are accounted repeatedly several times, resulting in a
very large effective TBC, even larger than the max TBC that Ga2O3

heterointerfaces could achieve. This nonlocal and nonequilibrium
phonon transport across interfaces is one of the challenges to define
local temperature and understand thermal transport across interfaces.
A similar phenomenon was observed in AlN-GaN superlattices
before.30 Our work is important since it may be necessary to design
the superlattices not only for the creation of the channel 2DEG but
also for more efficient phonon dissipation through the structure. This
electrothermal codesign is truly an important feature for future wide
bandgap devices which require enhancements in heat dissipation
within the devices.

In summary, this work reports the temperature-dependent mea-
surement on thermal conductivity of b-(Al0.1Ga0.9)2O3/Ga2O3 super-
lattices from 80K to 480K. We observed significantly reduced thermal
conductivity (5.7 times reduction) at room temperature compared to
bulk Ga2O3. The thermal conductivity of bulk (010) Ga2O3 is mea-
sured and found to be consistent with literature values. By calculating
the inverse thermal diffusivity of both the superlattice and bulk Ga2O3,
we qualitatively identify the relative contribution of scattering intensity
of phonon-phonon scattering and phonon-structural imperfection
scattering. We estimated the scattering length to be 3.1 nm, which is
close to the layer thickness of the superlattice by considering additional
alloy scattering. The estimated minimum TBC of b-(Al0.1Ga0.9)2O3/
Ga2O3 interfaces is found to be larger than the Ga2O3 maximum TBC.
This result shows that some phonons could transmit through several
interfaces before scattering with other phonons or structural imperfec-
tions. This study is not only important for Ga2O3 electronics applica-
tions, especially for high power and high frequency applications, but
also for the fundamental thermal science of phonon transport across
interfaces and in superlattices.

See the supplementary material for the TDTR data fitting process
and the estimate of superlattice heat capacity.
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