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Abstract
Phonon transport in β-Ga2O3 thin films and metal-oxide field effect transistors (MESFETs)
are investigated using non-gray Boltzmann transport equations (BTEs) to decipher the effect
of ballistic-diffusive phonon transport. The effects of domain size, and energy dissipation to
various phonon modes and subsequent phonon–phonon energy exchange on the thermal
transport and temperature distribution is investigated using non-gray BTE. Our analysis
deciphered that domain size plays a major role in thermal transport in β-Ga2O3 but energy
dissipation to various phonon modes and subsequent phonon–phonon energy exchange does
not affect the temperature field significantly. Phonon transport in β-Ga2O3 MESFETs on
diamond substrate is investigated using coupled non-gray BTE and Fourier model. It is
established that the ballistic effects need to be considered for devices with β-Ga2O3 layer
thickness less than 1 μm. A non-gray phonon BTE model should be used near hotspot in the
thin β-Ga2O3 layer as the Fourier model may not give accurate temperature distribution. The
results from this work will help in understanding the mechanism of phonon transport in the
β-Ga2O3 thin films and energy efficient design of its FETs.

Keywords: non-gray Boltzmann transport equation (BTE), β-Ga2O3, phonon transport,
thermal transport, field effect transistors (FETs), wide bandgap materials

(Some figures may appear in colour only in the online journal)

1. Introduction

β-Ga2O3 is a promising candidate for next generation power
and RF electronics [1–3]. The wider bandgap of β-Ga2O3

(∼4.8 eV) helps it achieve significantly higher critical field
strength compared to silicon and other widely used wide
bandgap materials such as GaN and SiC. The superior electri-
cal properties will enable β-Ga2O3 devices to operate at higher
temperatures and voltages with higher efficiency [1–3]. It will
help make β-Ga2O3 based electronic systems more powerful
and efficient. The significant advantage of β-Ga2O3 in power
and RF electronics is also evident through various figures of
merit such as Baliga’s figure of merit, Johnson’s figure of merit
etc [1, 4]. In addition, high-quality bulk crystals of β-Ga2O3

∗ Author to whom any correspondence should be addressed.

can be produced at low cost using melt growth techniques,
which makes it very attractive for large-scale adaptation in
many technologies [1]. The aforementioned advantages have
significantly increased the interest of scientific community in
β-Ga2O3.

In recent years, several β-Ga2O3-based FETs have been
developed and a significant improvement in some of the
parameters such as breakdown voltage, cut-off frequency,
on/off ratio, contact resistance, maximum drain current, etc
have been reported [1, 5–8]. However, efficient heat removal is
still one of the biggest challenges for these devices due to low
thermal conductivity. Green et al [9] have observed temper-
ature induced catastrophic failure. The thermal conductivity
of β-Ga2O3 varies between 10 and 29 W mK−1 at room tem-
perature, depending upon the crystal direction [10–12]. It is
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significantly lower than that of GaN (150 W mK−1) [13] and
4H–SiC (370 W mK−1) [1]. The issue of efficient heat dissi-
pation should become even more critical in the future devices
with a further increase in power density. Since, electrical per-
formance of the device is dependent upon the temperature,
understanding of thermal characteristics of these devices is
important in realizing the full potential of β-Ga2O3.

One of the most important aspects of accurate prediction
of thermal behavior is appropriately considering the effect of
size and dimensions of the devices. At smaller length scales,
diffusive transport model may not predict the thermal trans-
port accurately [14]. Heat transport in β-Ga2O3 is dominated
by phonons [10, 11], which are quantized lattice vibrations. As
the dimension of the system approaches the same order as of
the phonon mean free path (mfp), ballistic transportation of the
phonons also need to be considered. The heat transport is no
longer purely diffusive, and Fourier’s law may give erroneous
results [15]. Therefore, a thermal transport model is needed,
which can account for ballistic effects at smaller length scales
and recover bulk diffusive behavior at larger length scales.
Several types of models and techniques have been developed
to study the thermal transport at smaller length scales such
as atomistic modeling using molecular dynamics, mesoscale
modeling using Boltzmann transport equation (BTE), etc
[16, 17]. The semi-classical BTE is applicable when phonon
wavelength is significantly smaller than characteristic lengths
of the device. The wave nature of the phonons can be
ignored, and phonons can be treated as semi-classical particles
[18, 19]. The semi-classical phonon BTE has been widely used
to describe the thermal transport in semiconductor devices
[20–22]. This approach can also be used for β-Ga2O3 devices.

Phonon BTE is solved in both physical space of the geom-
etry and wave-vector space of the phonons. The complex
inter-phonon scattering terms need to be computed over the
entire wave-vector space, which makes solving it very expen-
sive and time-consuming for microscale geometries. A widely
used approximation for the complex full scattering term is
single mode relaxation time approximation (SMRTA), which
allows implementation of phonon BTE for complex geome-
tries with heat source and different boundary conditions.
The main limitation of this approximation is that it cannot
account for momentum conserving scattering (normal pro-
cesses). However, these processes are only important at sig-
nificantly lower temperatures than room temperatures. The
effect of normal processes is negligible at room temperature
and SMRTA agrees well with the experiments. Several stud-
ies have employed SMRTA successfully to study heat trans-
port in the semiconductor devices including wide bandgap
devices [18, 20, 21, 23]. Several other simplifications are also
proposed such as gray BTE, and semi-gray BTE. Gray and
semi-gray models incorporate single group velocity and relax-
ation time [24]. They can account for the ballistic effects and
boundary scattering. However, they cannot predict tempera-
ture accurately because all the polarizations and full phonon
dispersion are not considered. Narumanchi et al [25] compared
gray and semi-gray BTE models against non-gray BTE model
with full phonon dispersion and showed these models give
erroneous results. Several other studies have solved BTE,

where dispersion and polarization effects are considered [20,
26, 27].

However, non-gray BTE model with full phonon dispersion
involves solving for all the phonon modes in each physical
cell. It requires solving a large number of equations simulta-
neously and makes the non-gray BTE modeling computation-
ally expensive. In the conventional solution approach, known
as sequential method, a phonon mode is chosen and solved
over entire physical domain before moving to the next phonon
mode. However, this method suffers from slow convergence
at low Knudsen numbers (Kn = phonon mfp/characteristic
length) because of the increased amount of phonon scattering
can tightly couple the discrete equations [18]. Loy et al [22]
developed an alternative method, known as coupled ordinates
method (COMET). In the COMET, the process is reversed, and
all the phonon modes are solved in a cell before moving to the
next cell. COMET is the better approach to solve the non-gray
BTE for β-Ga2O3 devices, where most of the phonon modes
have mfps smaller than the device characteristics lengths.

Non-gray BTE has been used to study thermal transport in
GaN FETs, but it has not been used to study thermal trans-
port in β-Ga2O3 FETs yet. For GaN FETs, it has been shown
that Fourier’s law may not be able to accurately predict the
temperature distribution [20, 28]. In all the previous works,
diffusive thermal transport models have been used to study
thermal transport in β-Ga2O3 FETs [29–31]. Even though a
few studies [12, 32] have employed non-gray BTE to predict
phonon properties and bulk thermal conductivity, the effect of
size on thermal transport in β-Ga2O3 films and FETs is not
known. It is important to study thermal transport in β-Ga2O3

films and FETs using non-gray BTE and estimate the accuracy
of Fourier model in predicting temperature for various device
dimensions.

In this work, non-gray BTE is solved for β-Ga2O3 thin
films and its FETs to investigate its thermal characteristics.
First, the effect of film thickness on the β-Ga2O3 thermal con-
ductivity is investigated at room temperature. It is shown that
thermal conductivity increases sharply as the film thickness
increases up to around 1 μm film thickness and then it asymp-
totically approaches the bulk thermal conductivity value. Next,
the effect of domain size and mechanism of the energy dissipa-
tion to various phonon modes on the temperature distribution
in the domain is studied. The difference in the hotspot tem-
peratures predicted using Fourier’s law and non-gray BTE are
compared for three different domain sizes. We demonstrate
that domain size plays an important role in thermal transport in
β-Ga2O3 but energy dissipation to various phonon modes and
subsequent phonon–phonon energy exchange does not affect
the temperature field significantly. Finally, thermal transport
in β-Ga2O3 metal-oxide field effect transistor (MESFET) inte-
grated with a high thermal conductivity diamond substrate is
studied. The ballistic-diffusive thermal transport and its depen-
dence on the β-Ga2O3 layer thickness is explored. The error in
the temperature prediction using Fourier’s law in these devices
is estimated for different thicknesses of β-Ga2O3 layer. The
Fourier model may not give accurate temperature distribu-
tion and non-gray phonon BTE model should be used near
hotspot in the β-Ga2O3 layers of thickness less than 1 μm. The

2



J. Phys.: Condens. Matter 34 (2022) 105603 N Kumar et al

Figure 1. Flowchart of non-gray BTE simulations.

importance of solving non-gray phonon BTE model in β-
Ga2O3 layer to predict accurate temperature profile in these
devices is highlighted.

2. Methodology

2.1. Non-gray phonon BTE simulations

The steady-state non-gray BTE of a phonon mode under
single-mode relaxation time approximation (SMRTA) [19] is
given by equation (1). It is discretized using finite volume
method as shown in equation (2)

v · ∇e′ =
e0 − e′′

τeff
+ S′′′

vol. (1)

Equation (1) is integrated over both physical and k-space
control volumes. Then, divergence theorem is applied, and
discretization is done to obtain equation (2)

∫∫ [
v · ∇e′′ =

e0 − e′′

τeff
+ S′′′

vol

]
dV d3K.

∑
f

e
′′
f v · ∇Af =

e0
c − e′′c
τeff

ΔV + Svol (2)

e0 = h̄ω =
h̄ω

exp
(

h̄ω
KBT

)
− 1

(3)

As phonon scattering process is redistributive, integral of
scattering term over entire k-space, including all polarizations,
in a given cell should be zero. It represents energy conservation
in each physical cell [22] and given by equation (4)

∫
e0 − e′′

τeff
d3K = 0. (4)

Equation (5) is obtained after discretization. It can be solved
for a lattice temperature in a physical cell to satisfy energy

conservation
∑ e0

c

τeff
Δ3K −

∑ e′′c
τeff

Δ3K = 0. (5)

Here, subscript c and f denote that value is calculated at
centroid and face of a cell, respectively. The e′′ is the energy
density of the phonon mode, v is the phonon group velocity,
∇A is the area vector associated with a face in the physical
domain, and e0 is the equilibrium energy density, τ eff is the
effective phonon relaxation time, which accounts for contribu-
tion from different scattering mechanisms,ω is the phonon fre-
quency, ΔV represents the volume of a cell in physical space,
S
′′′
vol is external volumetric heat source and Svolis the exter-

nal heat source in a physical cell ΔV , h̄ is reduced Planck’s
constant, KB is Boltzmann constant and N is the equilibrium
Bose–Einstein distribution for a phonon mode of frequency
ω, and polarization p at temperature T. Direct coupling of
all these BTEs is extremely expensive to solve. RTA is used
to simplify the scattering term on the right-hand side of the
BTE. Two different types of boundary conditions are consid-
ered in this work: (1) constant temperature and (2) specular
reflection (adiabatic). The details of implementation of these
boundary conditions are available in [22, 33]. In the current
study, the BTE will be solved iteratively using COMET. Then,
all the phonon modes are directly solved together in a cell
before moving to the next cell in physical space. This process
is repeated until convergence is achieved. This method is par-
allelized such that physical mesh is divided into sub-meshes,
which are solved by different processors to reduce calculation
time. A flowchart of the COMET algorithm is presented in
figure 1. The additional details on the solution of BTE using
COMET algorithm are available in [22, 33].

The parameters such as, v and τ eff are different for differ-
ent phonon modes. The phonon properties needed for non-gray
BTE such as τ eff, v and ω for β-Ga2O3, are obtained from
density function theory (DFT) following the approach used in
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Figure 2. A schematic of thin film with the applied boundary
conditions.

[12, 32]. Density functional theory (DFT) calculations are per-
formed using the Vienna ab initio simulation package [34, 35].
A plane-wave basis set and the projector augmented-wave
method [36, 37] are used with the Perdew–Burke–Ernzerhof
exchange–correlation functional [38]. All DFT computations
are performed using a plane-wave basis cutoff energy of
520 eV and a convergencecriterion for the energy and forces of
10−9 eV and 10−6 eV Å−1, respectively. The ten-atom prim-
itive cell structure is optimized using a 16 × 16 × 8 grid of
k-points. The second-order harmonic and third-order anhar-
monic interatomic force constants (IFCs) are both calculated
via the finite displacement method [39] using the 3 × 3 × 3
supercell with a 2 × 2 × 2 grid of k-points. The finite displace-
ment distance is 0.01 Å and a 4th nearest neighbor cutoff is
used for computing the third order IFCs. The phonon proper-
ties are computed using Fermi’s golden rule [40] with the iter-
ative solution to the BTE [41–43]. A 9 × 7 × 5 mesh is used
for sampling the Brillouin zone. The dielectric tensor and Born

effective charges are calculated from density functional pertur-
bation theory and included in the BTE calculations to account
for the longitudinal and transverse optical phonon splitting at
the Γ point.

2.2. Multiscale electrothermal simulations

The size of β-Ga2O3 MESFETs can be significantly larger as
substrate thickness are typically of the order of a few hundreds
of microns. Therefore, it is impractical and computationally
very expensive to solve the phonon BTE in the entire MESFET.
The Joule heating occurs only in the semiconducting β-Ga2O3

layer in the MESFETs. The thermal transport becomes diffu-
sive away from the heat source. Therefore, the BTE needs to
be solved only in the semiconducting β-Ga2O3 layer, where
ballistic-diffusive effects are significant. Fourier’s law should
be applicable away from the heat source in the substrate, where
thermal transport is diffusive. The two models are coupled
together to predict temperature distribution in the entire device.

3. Results and discussion

3.1. Effect of film thickness on thermal conductivity

The non-gray phonon BTE is employed to estimate the effect
of film thickness on thermal conductivity of β-Ga2O3. A
schematic of the β-Ga2O3 film is shown in figure 2. The ther-
mal conductivity is measured at room temperature. Therefore,
305 K and 295 K are applied at left and right edge of the film.
The top and the bottom edge are insulated, where the specu-
lar reflection boundary condition is applied to simulate infinite
thickness in vertical (y-axis) direction. The thermal conduc-
tivity is computed in two crystal direction—(100) and (010).
These two directions are perpendicular to each other in the
crystal. Even thoughβ-Ga2O3 has anisotropic thermal conduc-
tivity, it can be approximated to be bi-directional because con-
ductivity in all directions in the plane perpendicular to (010)
are very close [10]. Therefore, (100) direction is considered
to be representative of all these directions. The conductivity
in each crystal direction is calculated by aligning that direc-
tion along x-axis and the other direction along y-axis in the
simulations.

Figure 3 shows thermal conductivity of the β-Ga2O3 thin
films as a function of film thickness. It can be observed that
thermal conductivity increases as the film thickness increases
and asymptotically approaches the bulk conductivity. The bulk
thermal conductivity predicted in this study is in good agree-
ment with the experimentally measured bulk values in both
the crystal directions as shown in table 1. Thin film conductiv-
ity is less than bulk conductivity because some of the phonon
modes with mfps larger than film thickness have their con-
tribution to conductivity restricted. In other words, the mfps
of these modes is reduced to film thickness and, therefore,
thermal conductivity is reduced. The largest phonon mfp for
β-Ga2O3 is around 0.5 μm. The initial sharp change in thermal
conductivity up to around 1 μm is due to significant ballistic
transport in the films with thickness less than 1 μm. Beyond
1μm thickness, thermal conductivity gradually approaches the
bulk value.
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Figure 3. (a) Effect of film thickness on β-Ga2O3 thermal conductivity. (b) A close-up view of figure 3(a).

Table 1. Comparison of bulk thermal conductivity predicted in this
study with the measured values in the literature.

Crystal
direction

Experiments
(W mK−1)

This study
(W mK−1)

100 10.9 ± 1 [10]; 13 ± 1 [47] 14.5
010 27 ± 2 [10]; 29.21 [11] 29.2

Figure 4. Energy exchange pathway for semiconductors during
Joule heating.

3.2. Temperature distribution in β-Ga2O3 with Joule heating

Next, we investigate the effect of β-Ga2O3 domain size and
energy dissipation to various phonon modes on thermal trans-
port and temperature distribution using non-gray BTE model.
We compared the temperature distribution obtained from the
Fourier’s law and non-gray BTE simulations. In semiconduc-
tor devices, high electric field leads to hot carriers (hole or
electrons) that have attained very high kinetic energy. These
hot carriers interact with lattice and transfer energy to the

Figure 5. A schematic of β-Ga2O3 domain, heat source and the
applied boundary conditions.

vibrational modes, i.e., phonons. Most of the energy is trans-
ferred to the optical phonons during these interactions [28, 44],
which may lead to non-equilibrium in the temperatures of dif-
ferent phonon modes near heat source, where electron–phonon
interactions take place. These optical phonons then interact
with acoustic phonons and the energy is conducted to the heat
sink primarily by these phonons. Figure 4 depicts a typical
energy exchange pathway in semiconductor devices in case of
Joule heating. In addition to complex phonon interactions, size
of the domain can also affect the thermal transport. We have
already observed in the last section that thermal conductivity
of β-Ga2O3 is significantly affected by the film thickness.

A β-Ga2O3 domain with a heat source and applied bound-
ary conditions is chosen as shown in figure 5. The top and right
edge are insulated where specular reflection boundary condi-
tion is applied. Isothermal boundary condition is applied at the
bottom and left edge and temperature is set at 300 K. A heat
source of size 0.1 μm × 0.1 μm was chosen. In β-Ga2O3, the
electron–phonon scattering is dominated by high frequency
optical phonons. Optical phonons near Γ -point in Brillouin
zone and with frequency of 235 cm−1 (29 meV) or greater are
determined to be strongly coupled with electrons [45]. Since,
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Table 2. Comparison of peak temperatures depending upon model employed. The error is calculated with respect to NG BTE-20 model.

Model Description Peak temperature (K) % Error

NG BTE-30 Heat source is applied to all 30 modes equally 587.0 0.9
NG BTE-20 Heat source is applied to top 20 modes equally 589.7 —
NG BTE-1 Heat source is applied to 30th mode only 589.6 <0.01
Fourier-bulk Conductivity is chosen from 5 μm film 578.2 4.0
Fourier-1 Conductivity is chosen from 1 μm film 587.2 0.8

Table 3. Comparison of peak temperatures predicted using Fourier’s law and non-gray BTE for different domain size.

Domain size Peak temperature (K) using Fourier-bulk Peak temperature (K) using NG BTE-20 % Error in peak temperature

1.1 μm × 1.1 μm 578.2 589.7 4.0
0.6 μm × 0.6 μm 506.4 522.4 7.2
0.2 μm × 0.2 μm 392.7 415.7 19.8

Figure 6. Schematic of a β-Ga2O3 FET on diamond substrate.

Figure 7. A flowchart of the procedure of multiscale modeling. Non-gray BTE model is used for β-Ga2O3 layer and Fourier model is used
for the diamond substrate.

the exact distribution of hot electron energy to all the optical
phonon modes is not available in the literature. Therefore, in
the first case (referred as NG BTE-20), Joule heat is equally
distributed in the top 20 phonon modes with largest frequency
out of total 30 modes, at the nearest k-points to Γ -point in each
direction. These 20 modes are all optical modes and have fre-
quency greater than or equal to ∼235 cm−1. In second case
(referred as NG BTE-1), we applied heat source to the mode
with highest frequency near Γ -point. In third case, (referred

as NG BTE-30), we applied heat source to all the 30 modes
equally near Γ -point. Initially, a non-gray BTE domain of size
1.1 μm × 1.1 μm was chosen as size effects are expected to
be small. Table 2 shows comparison between peak tempera-
ture predicted using Fourier’s law and non-gray BTE models.
First, if we compare the three cases of non-gray BTE model,
where heat source is applied to different modes, there is neg-
ligible difference in the peak temperature predicted by them.
Especially, when heat source is applied only to optical modes

6
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Figure 8. Temperature field predicted (a) using non-gray BTE (NG BTE-20) and Fourier coupled model, and (b) using Fourier model only.
(c) Contour plot of the temperature difference predicted from the NG BTE-20 and Fourier model (TBTE – TFOURIER). (d) Comparison of
temperature profiles predicted using non-gray BTE (NG BTE-20) and Fourier model along the horizontal dotted line (Y ∼ 0.0375 μm) and
(e) the vertical dotted line (X ∼ 4.81 μm).
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Figure 9. Error in the Fourier predicted peak temperature as a
function of non-gray BTE predicted peak temperature.

(NG BTE-20 and NG BTE-1), the temperatures are same.
However, when the heat source is applied to all the modes
including acoustic modes (NG BTE-30), there is a drop of 2 K
in peak temperature compared to NG BTE-20 and NG BTE-1.
This trend was expected because acoustic modes have longer
mfps than optical modes, but the effect is less as most of the
modes are optical modes (∼27 out of 30 modes). From these
three cases, we can conclude that the distribution of energy
transfer to various phonon modes and phonon–phonon energy
exchange do not play any significant role in the temperature
prediction.

Next, we calculated peak temperature using Fourier’s law
with two different thermal conductivities. In the first case
(referred as Fourier-bulk), we use thermal conductivity cor-
responding to 5 μm film, where bulk conductivity has been
recovered and there are negligible ballistic transport effects. In
second case (referred as Fourier-1), we use thermal conductiv-
ity corresponding to 1 μm film. We can observe from table 2
that there is difference between peak temperatures predicted
using Fourier-bulk and Fourier-1 due to ballistic thermal trans-
port in Fourier-1 but it is small (<4%). However, the thermal
transport in domains larger than 1 μm is primarily diffusive. In
addition, if we compare the peak temperature predicted using
Fourier’s law models and non-gray models, we observe that
the difference is not significant. Therefore, ballistic effects due
to the size of the domain, when domain size is around 1 μm
or larger, are not important in prediction of temperature field.
Retrospectively, it could have been also anticipated from thin
film thickness versus conductivity trend of figure 3 as conduc-
tivity nearly attains bulk conductivity value for film thickness
of 1 μm or larger, given that phonon–phonon non-equilibrium
effects do not affect the peak temperature.

However, as the domain size is reduced below 1 μm,
the ballistic effects starts playing bigger role in the thermal
transport and Fourier’s law will not give accurate results.
Three different domain sizes—0.2 μm × 0.2 μm, 0.6 μm ×
0.6 μm and 1.1 μm × 1.1 μm—of β-Ga2O3 were chosen.
As the domain size is decreased from 1.1 μm × 1.1 μm to

0.6 μm × 0.6 μm and then to 0.2 μm × 0.2 μm, we observed
that the Fourier’s law starts underpredicting the peak tem-
perature as ballistic transport of phonons becomes impor-
tant. Fourier-bulk does not account for the size of the domain
because bulk thermal conductivity is used for all three domains
with different sizes. On the other hand, non-gray BTE model
accounts for size effects. The phonons with mfp larger than
domain size travel ballistically and scatter at the boundary.
Thus, the effective thermal conductivity of the domain is
reduced in non-gray BTE model, as discussed in section 3.1,
and peak temperature predicted by non-gray BTE model is
higher than that by Fourier model. Table 3 compares the peak
temperatures predicted using Fourier-bulk and NG BTE-20.
We can observe that % error in temperature prediction for the
three domains—1.1 μm × 1.1 μm, 0.6 μm × 0.6 μm and
0.2 μm × 0.2 μm are 4.0%, 7.2% and 19.8%, respectively. The
error is increasing as the domain size decreases, which implies
that ballistic effects become more important as the domain size
decreases.

4. Multiscale modeling of β-Ga2O3 FETs

Finally, we investigate whether phonon ballistic transport
play a role in heat dissipation in β-Ga2O3 devices. Dia-
mond is a promising candidate to be used as a substrate for
β-Ga2O3 devices due to its high thermal conductivity. How-
ever, β-Ga2O3 and diamond heterointerface can be source
of phonon scattering, which can affect the efficient heat dis-
sipation from the hotspot. A β-Ga2O3 device on a high
conductivity diamond substrate is studied using a coupled
BTE-Fourier model. We investigate the effect of thickness of
semiconducting β-Ga2O3 layer on ballistic diffusive transport
near the hotspot in the device.

A typical β-Ga2O3-on-diamond device structure is con-
sidered in this study. A schematic of the device is shown in
figure 6, where all the relevant dimensions are shown. A silicon
delta-doping layer acts as a channel and most of the Joule heat-
ing occurs in this channel when the device is on. Electrother-
mal device modeling was performed using TCAD Sentaurus
to obtain the Joule heat generation profile of the device at
Vds = 10 V, Vgs = 2 V and power ∼ 2 W mm−1 as described
in [29, 30]. This profile is given as input in non-gray BTE and
Fourier model simulations. The size of the device is large, so
solving non-gray BTE model in the entire domain is imprac-
ticable. In addition, given the size of substrate, the thermal
transport will be diffusive in it. Therefore, Fourier’s law can be
used in the substrate to study thermal transport. On the other
hand, the β-Ga2O3 layer thickness is significantly smaller
than the substrate, so ballistic transport may occur. There-
fore, non-gray BTE model is used in the β-Ga2O3 layer. The
diffuse scattering is assumed at the β-Ga2O3-diamond inter-
face and the thermal boundary resistance is considered to be
5.59 × 10−9 m2 W K−1 [46]. Specular reflection boundary
condition is assumed at the remaining surfaces of the β-Ga2O3

layer (see BTE domain in figure 6). The bottom of the sub-
strate is set to 300 K and rest of the surfaces are considered to
be adiabatic in Fourier model. The thermal conductivity of the
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Table 4. Comparison of peak temperatures predicted using Fourier-bulk model in Ansys and coupled BTE-Fourier model for different
device thickness.

Device thickness
(μm)

Power
(W mm−1)

Peak temperature (K) using
NG BTE-20 and Fourier coupled

Peak temperature (K)
using Fourier model only

% Error in peak
temperature

0.1 20.4 381 370.3 13.2
0.1 40.8 466.6 445.8 12.4
0.1 61.2 556.2 526.0 11.8
0.5 10.2 384.8 379.0 6.8
0.5 20.4 482.4 471.8 5.8
0.5 30.6 592.5 578.1 4.9
1 10.2 437.4 432.7 3.5
1 20.4 607.6 602.8 1.6

diamond is considered to be 2169 W mK−1 [46] for the Fourier
model.

Figure 7 presents a flowchart of the procedure to run non-
gray BTE in β-Ga2O3 layer and Fourier model in diamond
substrate. First, Fourier model is run in the entire device with
Joule heat generation profile obtained from TCAD Sentau-
rus as an input. The thickness and temperature dependence
thermal conductivity of β-Ga2O3 layer is considered as well
in this simulation. It provides the temperature distribution
in the substrate and at the β-Ga2O3-diamond interface. The
interface temperature is applied as a boundary condition and
Joule heat generation profile obtained from TCAD Sentau-
rus as an input to the non-gray BTE simulations (NG BTE-
20 case from section 3.2) to obtain the temperature field in
β-Ga2O3 layer. In addition, the Fourier model is also solved
in the entire domain with temperature dependent bulk thermal
conductivity of β-Ga2O3 to compare the predictions with the
BTE model (Fourier-bulk case from section 3.2). This model
does not account for β-Ga2O3 layer thickness effects and is
purely diffusive.

Three different device structures with thicknesses of
β-Ga2O3 layer—0.1 μm (device-1), 0.5 μm (device-2) and
1 μm (device-3), are studied. These devices are operated at var-
ious power settings, which are applied by scaling the TCAD
Sentaurus Joule heat profile obtained at Vds = 10 V and
Vgs = 2 V to match the desired power setting. Figures 8(a)–(e)
shows comparison between the temperature field obtained
using non-gray BTE and Fourier model for device-1 at power
dissipation = 61.2 W mm−1. Figures 8(a) and (b) shows
the temperature profiles predicted using non-gray BTE and
Fourier model, respectively. We can observe that location of
peak temperature (hotspot) is predicted in the same region
by both models. The peak temperature is located, toward the
drain-side gate edge, where Joule heating density is high. The
high Joule heating near the drain-side gate edge has also been
shown in the previous studies [29, 30]. Even though tem-
perature profiles predicted using the two models are qualita-
tively similar, there is quantitative difference between the two
profiles. The Fourier model underpredicts the temperature as
it cannot account for ballistic phonon transport. Figure 8(c)
shows the spatial variation in the difference in temperature pre-
dicted by non-gray BTE and Fourier models. The largest error
in the temperature is near the hotspot. In figures 8(d) and (e),
the non-gray BTE and Fourier temperature are plotted along x

and y axes, respectively, on a line passing through the hotspot.
In figure 8(d), temperature profiles follow Joule heat profile on
the x-axis line. As shown in figure 8(e), the temperature plotted
along the vertical line passing through hot spot remains con-
stant up to 45 nm from top (y∼ 0) and then it decreases linearly
till the Ga2O3-diamond interface. This is because heat source
is located between 35 � y � 45 nm and the top surface is adi-
abatic. The Joule heat dissipates through the interface into the
substrate, and there is a temperature drop at the interface due to
thermal boundary resistance. The temperature varies linearly
along y-axis line in the diamond substrate as well, but the slope
is significantly lower compared to the Ga2O3 layer because
the conductivity of the diamond is significantly higher than the
Ga2O3.

Figure 9 shows error in the Fourier predicted peak temper-
ature as a function of non-gray BTE predicted peak tempera-
ture for different film thicknesses. Table 4 compares the peak
temperature obtained using non-gray BTE and Fourier cou-
pled model against Fourier model for different power settings
and device structures with different β-Ga2O3 layer thickness.
It is evident from table 4 that % error in peak temperature
predicted using Fourier’s law increases as the layer thickness
decreases. For example, at power= 20.4 W mm−1, the % error
in peak temperatures predicted by Fourier model are 13.2%,
5.8% and 1.6% for 0.1 μm, 0.5 μm and 1 μm thick β-Ga2O3

layers, respectively. Because Fourier model does not consider
the ballistic phonon transport effects, these effects become
more prominent as the layer thickness decreases as we dis-
cussed in section 3.1. For layer thickness around 1 μm, the
Fourier model can predict the temperature field with reason-
able accuracy. It implies the ballistic transport is no longer
significant and diffusive transport dominates for film thickness
around 1 μm and greater. However, for a given layer thick-
ness, the % error in the peak temperature decreases as power
increases. For a layer thickness of 0.1 μm, % errors are 13.2%,
12.4% and 11.8% for powers 20.4 W mm−1, 40.8 W mm−1

and 61.2 W mm−1, respectively. This slight decrease can be
attributed to decrease in the mfps of phonons as tempera-
ture increases with increase in power. Since, mfp is prod-
uct of phonon velocity and relaxation time, as temperature
increases the relaxation time decreases due to increased scat-
tering, which leads to decrease in mfp. For a given domain
size, as the mfps decrease, the ballistic transport becomes less
significant and diffusive transport becomes more important.
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Therefore, the % error in temperatures predicted by Fourier
model decreases as power increases for a given domain.

5. Conclusion

Non-gray BTE is used to study phonon transport in β-Ga2O3

thin films and MESFETs. 1D thermal transport in β-Ga2O3

thin films is studied and the dependence of the β-Ga2O3 ther-
mal conductivity on the film thickness is determined at room
temperature. The thickness dependence of the thermal con-
ductivity in thin films is attributed to the ballistic phonon
transport. As the film thickness increases from 50 nm to
10 μm, the thermal conductivity also increases in both crys-
tal directions—(100) and (010), and gradually approaches the
bulk thermal conductivity value as film thickness increases
beyond 1 μm. Thermal transport in a 2D domain of the
β-Ga2O3 with a heat source is studied using non-gray BTE.
The effect of domain size and, the energy distribution to vari-
ous phonon modes and subsequent phonon–phonon scattering
(energy exchange) on thermal transport and temperature dis-
tribution is studied. The peak temperatures predicted using a
Fourier model and non-gray BTE models where heat source
is applied in different phonon modes are compared for dif-
ferent domain sizes. It is observed that the distribution of
energy transfer to different optical phonon modes does not
lead to any significant error in the temperature prediction.
However, Fourier’s law does not account for ballistic trans-
port, so for domain with characteristics length smaller than
1 μm, Fourier’s law may not accurately predict the temper-
ature distribution. Finally, thermal transport in β-Ga2O3-on-
diamond MESFETs at various power dissipation settings is
studied using coupled non-gray BTE and Fourier model. The
Fourier model alone cannot predict the temperature distribu-
tion accurately when the thickness of β-Ga2O3 layer is less
than 1 μm as the thermal transport will be ballistic-diffusive
in β-Ga2O3 layer. Therefore, non-gray phonon BTE should be
solved in the thin β-Ga2O3 region of the device for accurate
temperature predictions.

Data availability statement

The data that support the findings of this study are available
upon reasonable request from the authors.
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