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Phonon mode contributions to thermal
conductivity of pristine and defective p-Ga, Oz

Zhequan Yan 2 and Satish Kumar*

B-Ga,Os3 is emerging as a promising semiconductor for high-power high-frequency electronics. The low
thermal conductivity of pristine B-Ga,Os and the presence of defects, which can further suppress the
thermal conductivity, will result in critical challenges for the performance and reliability of p-Gay,Osz-
based devices. We use first-principles density functional theory (DFT) along with the Boltzmann
transport equation (BTE) to predict the phonon transport properties of pristine and defective B-Ga,Os.
Our predictions of anisotropic thermal conductivity are in good agreement with the experimental
results. We find that the low-frequency optical phonon modes make a significant contribution to the
thermal conductivity compared to the acoustic modes, especially in the [010] direction because of
the non-negligible group velocities of the low-frequency optical branches. To better understand
the influence of defects on the phonon transport mechanism, we investigate the thermal conductivity of
B-Ga O3 with 1-2% oxygen or gallium vacancies considering the defect-induced phonon scatterings.
We observe that the Ga vacancies lead to a larger suppression in the thermal conductivity than in those
with O vacancies. Furthermore, we find that the vacancies have more influence on the optical modes
than on acoustic modes, which suppress the contribution of optical modes to the thermal conductivity.
The results from this work will help us understand the mechanism of phonon transport considering the
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|. Introduction

Because of the large bandgap and the resultant large electrical
breakdown strength, B-Ga,O; emerged as a promising semi-
conductor which can sustain large voltages, making it attractive
for high-power devices.! In contrast to the band gap of ~3.4 eV
of GaN,>” the B-Ga,0; exhibits a larger bandgap of ~4.8 eV.*
The larger breakdown voltage and the larger breakdown field
(~8 MV cm™')° than GaN make the Baliga’s figure of merit
(FOM) of B-Ga,0; (3200) four times larger than that of GaN
(860).> The unique electronic/optical properties and the lower
cost of manufacturing of bulk crystals of f-Ga,0; than those of
GaN and SiC make it a promising candidate for high-power
high-frequency devices, such as solar blind UV photodetectors,®
power rectifiers,” gas sensors,"® as well as power MOSFETSs and
MESFETs.” ™!

High power dissipation in -Ga,O; devices can cause critical
challenges, e.g., it can significantly affect the performance and
reliability of these devices."* The relatively low thermal con-
ductivity of B-Ga,O; (one-tenth of GaN'*'*) can lead to excess
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influence of defects and provide insights for the future design of B-Ga,Oz-based electronic devices.

self-heating that must be mitigated in order to utilize p-Ga,03
in high-frequency devices."”” Various thermal management
approaches need to be investigated for the B-Ga,O; devices,
similar to but probably more innovative compared to what
has been done with the GaN power devices to enable effective
heat removal during high power operation.'®™'® Therefore, it is
necessary to understand the thermal transport in B-Ga,0O; to
better control the hot spot temperature in its active devices
and for the design of packaging and thermal solutions. A few
studies have focused on the prediction and the measurement of
the thermal conductivity of B-Ga,0;. A recent computational
study reported a thermal conductivity of 16.06 W mK ',
21.54 W mK ™%, and 21.15 W mK " in the directions of [100],
[010], and [001], respectively, at room temperature by solving
the linearized Boltzmann transport equation.'® However, these
results were not in great agreement with the experimental
results.>* > And the mechanism of the phonon transport in
B-Ga,0; is not well understood yet.

Due to the imperfection of growth processes, point vacancies
may exist in -Ga,O; which can provide promising opportunities for
tailoring its electrical properties such as the band structure,
conductivity,”***® and optical properties® such as the lumines-
cence spectrum®” for various device applications. However, the
point defects like oxygen and gallium vacancies could suppress
the thermal transport, reduce thermal conductivity and make
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the thermal management even more challenging.*** No study
has focused on exploring the effect of point vacancies on the
thermal transport in bulk B-Ga,0;. The understanding of how
oxygen and gallium vacancies suppress the thermal transport
in bulk -Ga,0; is far from being completed.

In this study, we use first-principles density functional
theory (DFT) along with the Boltzmann transport equations
(BTE) to predict the phonon transport properties of pristine
and defective B-Ga,O;. The thermal conductivities of bulk
B-Ga,0O; along three crystal directions are calculated based on
the iterative solution of the BTE. Our predictions of thermal
conductivity using the conventional unit cell are in good
agreement with the experimental results.>*>* To better
understand the influence of defects on the phonon transport
mechanism, we further investigate the thermal conductivity with
1-2% oxygen and gallium vacancies, respectively. The model for
estimating the effect of point vacancies on phonon properties is
developed by considering contributions of the defect-induced
phonon scattering, which is caused by the missing mass of the
oxygen or gallium atoms. The Phonon modes’ contribution to
the thermal conductivity is studied along with the influence of
the point vacancies. We find that in the pristine p-Ga,O3, optical
phonon modes make a significant contribution to the thermal
conductivity compared to the acoustic modes. Furthermore, the
point vacancies have more influence on the optical modes than
on acoustic modes, which suppress the contribution of optical
modes to the thermal conductivity.

Il. Models and computational methods

B-Ga,0O; is a monoclinic crystal with the space group C2/m
containing 20 atoms per conventional unit cell. Although
recent work®® reported that the ambiguity in defining the
Brillouin zone for transferring the conventional monoclinic
unit cell to a reduced primitive cell has been resolved, we still
use the 20-atom conventional unit cell (Fig. 1) instead of the
10-atom unit cell in order to exclude the potential risk of
the Brillouin zone shape variations.***> Considering this, the
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Fig. 1 The conventional unit cell of the bulk B-Ga,Os. The blue and red
spheres represent gallium atoms and oxygen atoms, respectively.
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conventional unit cell will provide the anisotropic thermal
conductivity along three crystallographic directions directly.
We perform first-principles DFT simulation to calculate the
total energy of the bulk f-Ga,0; using Vienna ab initio simula-
tion package (VASP).>® A plane-wave basis set and the projector
augmented-wave (PAW) method are used with the Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional.*”~*°
A 500 eV kinetic energy cutoff is used to perform the structure
optimization and calculate the second-order harmonic and
third-order anharmonic interatomic force constants (IFCs).
The system energy convergence criterion is set to be 107° eV.
The force convergence criterion is set to be —0.001 eV A™*. The
unit cell of B-Ga,O; with 20 atoms shown in Fig. 1 is optimized
with a 4 x 16 x 8 grid for Brillouin zone sampling. The
optimized lattice parameters are a = 12.45 A, b = 3.08 A, and
¢ = 5.86 A with f = 103.76°, which are in good agreement
with the computational'® and experimental results.*’ Using
these optimized lattice parameters, the 1 x 4 x 2 supercell of
the 20-atom unit cell is assembled for the calculation of IFCs.
The second-order harmonic IFCs and third-order anharmonic
IFCs are calculated using the finite difference method in the
Phonopy package.*' The displacement length of each atom from
its equilibrium position is 0.01 A. The interactions between
atoms up to the 4th nearest neighboring shell are taken into
account for the third-order IFC calculation. Using the second-
order and third-order IFCs obtained from the first-principles
calculations, the phonon relaxation times and the anisotropic
thermal conductivities of bulk -Ga,0; along various directions
are calculated using Fermi’s Golden rule®® with the iterative
solution of the Boltzmann transport equation.**** For solving
the BTE, a 5 x 17 x 9 k-space sampling mesh was used for
Brillouin zone sampling over temperatures ranging from 150 K
to 500 K. Furthermore, the effects of oxygen or gallium vacancies
in the bulk B-Ga,O; on the phonon scattering rate and thermal
conductivity are also considered by adding the defect-induced
phonon scattering to the anharmonic phonon scattering rate:

1/t = Utapn + 1/1y »

where 1/t,,, is the intrinsic anharmonic phonon scattering
rate. 1/ty is the defect-induced phonon scattering rate which is
caused by the missing of oxygen or gallium atoms in the crystal.
It can be expressed as,*>™*8

ey = (A0 o) 78] @)

where x is the density of vacancies, M is the average mass
per atom, My is the mass of the missing atom, g(w) is the
phonon density of states (DOSs), and G is the number of atoms
in the crystal.

I1l. Results and discussion

The results indicate that f-Ga,0; has significant anisotropy
of the thermal conductivity along the three directions of basis
vectors of the conventional unit cell, see Fig. 2. The largest
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Fig. 2 Temperature-dependent thermal conductivity of the bulk B-Ga,Oz and GaN compared to the experimental measurements.

Table 1 Thermal conductivity of the bulk B-Ga O3 at 300 K

Crystallographic

orientation This study  Experiment Simulation™®
[100] 12.73 10.9 + 0.7,2° 13 £ 1**  16.06

[010] 20.00 27.1 +2,2° 21** 21.54

[001] 17.80 14.7 + 1.4*° 21.15

thermal conductivity of B-Ga,O; is observed in the direction
of [010] with the value of 20.00 W mK " at room temperature.
Our observation is in good agreement with the experimental
results®*>* and the previous theoretical study," especially in
the directions of [100] and [001], as shown in Table 1. We also
fit the thermal conductivity of the bulk B-Ga,O; to the func-
tional form of k(T) = AT ™ in the range of 150-500 K. The fitting
value of each parameter in the equation is listed in Table 2. We
compare the temperature dependent thermal conductivity of
bulk B-Ga,O; with bulk GaN in the range of 150-300 K. The
thermal conductivity of bulk B-Ga,O; is much lower than
that of GaN, which can be explained by the phonon lifetime
shown in Fig. 3(a). B-Ga,0; has a much shorter phonon lifetime
than GaN in the entire frequency domain. This is supported by
the three-phonon scattering phase space in Fig. 3(b) which
indicates the volume of phase space available for three-phonon
scattering. This could be a consequence of a smaller band-gap
or absence of a band-gap between the acoustic and optical
phonon bands of B-Ga,O; in different crystallographic direc-
tions (see Fig. 5(a)). The three-phonon scattering phase space is
another way to indicate the likelihood of phonons being
scattered. This shows that the phase space of f-Ga,O; is larger

29238 | Phys. Chem. Chem. Phys., 2018, 20, 29236-29242

Table 2 The thermal conductivity of the bulk B-Ga,Os is fitted to a
functional form of x(T) = AT (T > 200 K). The fitting value of each
parameter in the equation is listed in the table

. This study Experiment®’ Simulation™®
Crystallographic
orientation A(x10%) m A(x10%) m A(x10%) m
[100] 1.35 1.22  1.06 1.21  1.99 1.13
[010] 2.01 1.21  3.28 1.27 247 1.27
[001] 1.78 1.20 0.814 112 3.5 1.26

than that of GaN, which means GaN has fewer channels for
three-phonon scatterings leading to the longer phonon lifetime
and larger thermal conductivity.

To better understand the mechanism of phonon transport
in B-Ga,03, we calculate the phonon modes’ contribution to the
thermal conductivity along the three directions, which is shown
in Fig. 4. We find that the optical modes (<10 THz) play a
critical role in the thermal transport of -Ga,0;, especially in
the [010] direction, which is also supported by Fig. S1 (ESIf).
However, this observation indicates that the contributions
of the low-frequency optical modes to the thermal conductivity
are not negligible compared to the acoustic modes, which is a
different characteristic compared to some 2-D semiconductors
such as graphene and MoS,.*>*° To further understand it, we
calculate the phonon dispersions along three basis vectors of
the conventional unit cell which is shown in Fig. 5(a). One of
the explanations for the high contribution of optical modes
is that the group velocities of the optical modes cannot be
neglected (Fig. 5(a) and Fig. S2, ESIT). The smaller band-gap
between the acoustic and optical phonon bands and hence the
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Fig. 3 (a) Angular frequency dependent phonon lifetime of the bulk -Ga,O3z and GaN at 300 K. (b) Three-phonon scattering phase space of the bulk B-

Ga,O3z and GaN.
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Fig. 4 Phonon mode contribution to the thermal conductivity of pristine

bulk B-Ga,Os3 along three basis vectors of the conventional unit cell at
room temperature.

larger three-phonon scattering phase space are also attributed
to the lower conductivity. However, this cannot explain the
observation of the largest thermal conductivity of f-Ga,0; in
the direction of [010] in both simulations and experiments
considering the fact that no band-gap is observed along the [010]

direction, while gaps exist in the [100] and [001] directions; this was
also mentioned by Santia." In Fig. 4, we find the optical modes
have 53.45% contribution to the thermal conductivity in [010],
which does not have an optical phonon band-gap, but 36.98% and
39.18% in [100] and [001], respectively, which have the gaps.
Compared to [010], relatively flat optical phonon branches which
have smaller phonon group velocities can be observed in the [100]
and [001] directions (shown in Fig. S2, ESIt), which suggests a
lower thermal conductivity. A strong contribution of optical modes
to thermal conductivity has been found in other semiconducting
materials such as GaN," Ca,N,*" and graphyne.>

In addition, between the transverse acoustic (TA) modes, the
TA2 mode has the largest contribution in the [100] and [010]
directions. The TA1 mode has the largest contribution in the
[001] direction. This can be explained by the flattening of
the longitudinal acoustic (LA) modes which may be caused by
the hybridization between the low energy optical modes and LA
modes. As a result, the lower group velocities of LA phonons
result in a lower thermal conductivity. The hybridization is also
another reason for the strong optical phonon contributions.

In order to understand how the phonon transport and
mode contributions are influenced by the defects, we plot the
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Fig. 5 (a) Phonon dispersions of the bulk B-Ga,Osz with the conventional unit cell. (b) Phonon partial density of states (PDOS) of the bulk B-Ga,Os,

gallium atoms and oxygen atoms.
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Fig. 6 (a) Angular frequency dependent anharmonic and defect-induced phonon scattering rates of the bulk B-Ga,Os with 2% oxygen vacancies and

gallium vacancies at 300 K, respectively. (b—d) Temperature-dependent thermal conductivity of the defective B-Ga,Oz with oxygen and gallium

vacancies along the directions of (b) [100], (c) [010], and (d) [001].

anharmonic and defect-induced phonon scattering rates of
B-Ga,O; in Fig. 6(a), the thermal conductivity of bulk B-Ga,Os
with 1-2% oxygen and gallium vacancies along three crystallo-
graphic directions in Fig. 6(b-d), and phonon mode contribution
to the thermal conductivity under the influence of oxygen vacan-
cies in Fig. 7. The results indicate that at room temperature,
1% and 2% oxygen vacancies decrease the thermal conductivity
by 8.5% and 14.3% in the [100] direction, 14.9% and 24.1% in
the [010] direction, and 10.7% and 17.4% in the [001] direction,
respectively. 1% and 2% Ga vacancies decrease the thermal
conductivity by 16.6% and 25.3% in the [100] direction, 27.6%
and 39.4% in the [010] direction, and 20.4% and 29.9% in the

60%
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Defective[010]

[001] direction, respectively. A drastic reduction in the thermal
conductivity of graphene and CNT due to vacancies has been
reported by Fthenakis et al.,>® which is much larger than that of
B-Ga,0; for similar vacancy percentages. This can be explained
by the fact that under the influence of the defect-induced
phonon scattering, the decrease in the phonon mean-free path
(MFP) of graphene is much larger than that of B-Ga,O; due to
the much larger MFP of pristine graphene. For future conve-
nience in device modeling, the thermal conductivities of the
defective bulk B-Ga,O; with the O and Ga vacancies are also
fitted to the functional form of x(T) = AT ™. The fitting value of
A and m in the equation can be found in Table 3. Based on our

Optical

m[001] m Defective[001]

Fig. 7 Phonon mode contribution to the thermal conductivity of defective bulk B-Ga,Os under the influence of 1% oxygen vacancies along three

crystallographic orientations at room temperature.
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Table 3 The thermal conductivity of the bulk B-Ga,Os under the influence of oxygen vacancies and gallium vacancies is fitted to a functional form of
k(T) = AT (T > 200 K). The fitting value of each parameter in the equation is listed in the table

O vacancy (1%)

O vacancy (2%)

Ga vacancy (1%) Ga vacancy (2%)

Crystallographic orientation A (x10%) M A (x10%) m A (x10%) m A (x10%) m

[100] 8.92 1.16 6.26 1.11 5.42 1.09 3.32 1.03
[010] 6.27 1.04 3.23 0.96 2.84 0.93 1.43 0.84
[001] 9.94 1.13 6.67 1.07 5.71 1.05 3.44 0.98

defect model (eqn (1) and (2)), the missing atom at a vacancy
site results in a mass difference (compared to the average mass
of the cell), which results in the kinetic energy and potential
energy change. The defect-induced phonon scatterings result in
the suppression of the thermal conductivity. Due to the heavier
mass of the gallium atom than that of the oxygen atom, the
gallium point vacancies could result in a larger kinetic energy
and potential energy change than oxygen vacancies, which leads
to a larger defect-induced phonon scattering and suppression in
the thermal conductivity. Furthermore, the oxygen vacancies
have more influence on the optical modes than on the acoustic
modes, which leads to a larger suppression in the contribution
of optical modes to the thermal conductivity. In other words,
under the influence of defects, the percentage of acoustic modes’
contribution to the thermal conductivity increases, although the
absolute value of thermal conductivity contribution is decreased.
To illustrate why the introduced oxygen vacancies suppress the
contribution of the optical phonon modes to the thermal con-
ductivity, we investigate the phonon partial density of states
(PDOS) of the bulk B-Ga,03, shown in Fig. 5(b). We find that the
DOSs of the optical modes are larger than those of acoustic
modes. In addition, oxygen atoms in the bulk f-Ga,0O; make the
highest contribution to the optical energy. Due to the correlation
between the phonon DOSs and the defect-induced phonon
scattering rate as shown in eqn (2), the defect-induced phonon
scatterings for optical modes would have higher impact on the
thermal conductivity than that of acoustic modes. The gallium
vacancies have similar effects and trends on the mode contribu-
tions to the thermal conductivity.

V. Conclusions

In conclusion, we investigate the thermal conductivity and phonon
mode contributions of pristine and defective B-Ga,O; via first-
principles calculation and the phonon Boltzmann transport equa-
tion. For the pristine -Ga,0;, we report a thermal conductivity of
12.73 W mK %, 20.00 W mK ', and 17.80 W mK " in the direction
of [100], [010], and [001], respectively, which are in good agreement
with the experimental results. We also find that the optical phonon
modes make a significant contribution to the thermal conductivity
compared to the acoustic modes, especially in the [010] direction
because of the non-negligible group velocities of the low-frequency
optical branches and the hybridization between the low energy
optical modes and LA modes. For the bulk B-Ga,O; with oxygen
vacancies, we find that 1% and 2% oxygen vacancies decrease the
thermal conductivity by 8.5% and 14.3% in the [100] direction,
14.9% and 24.1% in the [010] direction, and 10.7% and 17.4% in the

This journal is © the Owner Societies 2018

[001] direction, respectively, at room temperature. 1% and 2% Ga
vacancies decrease the thermal conductivity by 16.6% and 25.3% in
the [100] direction, 27.6% and 39.4% in the [010] direction, and
20.4% and 29.9% in the [001] direction, respectively, due to
the larger defect-induced phonon scatterings. Furthermore, the
vacancies have more influence on the optical modes than on
acoustic modes, which leads to a larger suppression of the
contribution of optical modes to the thermal conductivity. The
results from this work will help us understand the mechanism
of phonon transport considering the influence of defects and
provide insights for the future design of f-Ga,0;-based electronic
devices.
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