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ABSTRACT

Ga203 is an ultrawide-bandgap semiconductor with a variety of crystal configurations, which
has the potential for a variety of applications, especially in power electronics and ultraviolet
optoelectronics. However, there has been no single interatomic potential reported for Gax0Os3
polymorphs in terms of molecular dynamics prediction of thermal conductivity. Here, one interatomic
potential has been developed based on neural networks, which has the clear advantages of consuming
less computational power than density functional theory and has high accuracy in predicting the
thermal conductivity of the three polymorphs of Gax0Os. Using the neuroevolution potential, the
thermal conductivity values at 300 K have been predicted. Hence, the K[average-a) Was 67.2% that of 8-
Ga203, and the Kaverage-c] Was only 26.4% that of f-Ga20s. The possible reasons for the discrepancies
in thermal conductivity values in various crystal types and orientations have been explored. As a
result, it could be shown that the contribution of low-frequency phonons to thermal conductivity was

very significant in Ga203, and a unit cell with low symmetry and high atomic number would
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negatively impact the thermal conductivity of the material. In this work, a scheme has been proposed
for accurately predicting the thermal conductivity of Ga2Os3 and a relatively accurate value of the
thermal conductivity of e-Ga203 has been achieved, which could also provide an atomic-scale

perspective for the insight into the thermal conductivity differences among a, 3, and e-Ga20s.

Emerging as an ultrawide-bandgap semiconductor (UWBG), Ga20s has received much attention
from the scientific community based on its large bandgap and high breakdown voltage.! Compared
with traditional semiconductor materials such as Si, GaN, and SiC, Ga203 has a bandgap that exceeds
4.5 eV and a high breakdown electric field of ~9 MV-cm™!.%* Gax0s is widely regarded as a promising
semiconductor that can withstand large voltages, making it attractive for high-power devices.’
However, due to the excessive heat generated with high power, there have been significant challenges
in maintaining the stability of high-power devices made of Ga203.° The thermal conductivity of
Ga203 is very low, such as Kfaverage-p) of ~15 W-m™'-K!.7 Ga20s3 has five polymorphs: a, B, v, 5, and
&(k).® The formation energy of these phases is in the order of p < & < o < § <v,” among which p-
Ga20;3 is the stable phase and e-Ga203 and a-Ga203 are metastable phases. All the three stable and
metastable phases are widely used in high-power devices.'*!? Therefore, the investigation of the
thermal conductivity of the Ga203 polymorphs, especially for the a, B, and e-Ga203 phases, is in
urgent need to optimize the performances of these polymorphs in device applications.

In the previous studies, the thermal conductivity measurements of Ga20O3 have primarily focused
on the B phase, using the 20 and 3w methods and the time-domain thermoreflectance (TDTR)
measurements.'>!"7 More recently, Raman thermometry has also been utilized to study the thermal
conductivity of B-Ga203 nanofilms and thin films.'® '* However, there are few specific reports
regarding thermal conductivity measurements of the a and e-phases. At present, numerical simulation
studies have concentrated on two methods for the calculation of thermal conductivity. One is based

on the density functional theory (DFT),2-22

and the other uses the molecular dynamics (MD)
simulations with empirical potentials.>>>> Nevertheless, due to the large time and length scales
required for heat transport processes, DFT methods require extensive computational resources, thus
posing an application bottleneck for simulating the heat transport characteristics. Vilquin et al.,?®
Santia et al.,?* and Zhou et al.?’ applied the DFT method to calculate the thermal conductivity of o, B

and &-Ga203, respectively. However, the results have yet to be verified. Simple empirical potential
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simulation is orders of magnitude faster than the DFT approach,?® but the desired level of precision
for Ga203 is considerably higher than that provided using simple empirical potentials. Additionally,
constructing such an empirical potential is a challenging task that requires considerable time and
effort.2’ Thus, for the moment, there is no conventional potential for Ga203 that can be used to predict
the thermal conductivity.

Recent research efforts have focused on machine learning (ML) to predict thermal
conductivity.3® In this approach, the ab initio potential energy surface is reconstructed via ML to
obtain a highly precise interatomic potential, especially for the neuroevolution potential (NEP).3!
Utilizing the ML potential, other groups have recently confirmed the thermal conductivity of Si,*?
Zr,%3 graphene,** and MoS2*® at a computational speed comparable to or even faster than classical MD
simulations and with an accuracy comparable to that of DFT. Some have used ML-potential (MLP)
to calculate the thermal conductivity of B-Ga203. However, to date, few have used this approach to
calculate the thermal conductivity of the o and € phases nor compared the three phases.

In this work, the ability of the NEP based on ML has been demonstrated for the accurate
prediction of lattice thermal conductivity of 0-Ga203, f-Ga203, and €-Ga203. Furthermore, a detailed
analysis of the thermal conductivity differences among different phases of Ga203 has been conducted.
As a result, it has been proven that the proposed approach based on ML-NEP is not only faster than
that involving DFT calculations but with comparable accuracy, and could effectively address the
issues of the lack of related potential functions in calculating the thermal conductivity of Ga203 via
MD. Furthermore, a more accurate and reliable value of the thermal conductivity for e-Ga203 has
been achieved. In general, the great potential of the proposed ML-NEP strategy has been shown in
predicting the thermal conductivity of Ga203 polymorphs in this work, potentially paving the way for
a further understanding of the thermal properties of different Ga203 phases.

The ab initio molecular dynamics (AIMD) was used to obtain the a-Ga203, f-Ga203, and -
Gax03 MD trajectories via the Vienna Ab Initio Simulation Package (VASP).3% 37 Training data were
constructed from these trajectories that were then applied to generate the MLP-NEP using Graphics
Processing Units Molecular Dynamics code (GPUMD).*¥4 Finally, the generated NEP was used to
calculate the lattice thermal conductivity of a-Ga203, B-Ga203, and e-Ga203 based on the equilibrium
molecular dynamics (EMD) method.

As shown in Fig. 1, Corundum structure a-Ga203 has a R3¢ crystal symmetry,*! in which each
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conventional unit cell contains 18 gallium atoms and 12 oxygen atoms. Monoclinic structure f-Ga203
has a C2/m crystal symmetry,*” and each conventional unit cell includes 8 gallium atoms and 12
oxygen atoms. The orthorhombic structure &-Ga2Os has a Pna2l crystal symmetry, and each
conventional unit cell has 16 gallium atoms and 24 oxygen atoms. (In this work, cell structures all
have been visualized utilizing VESTA software.*?). In the training database, 0-Ga203, B-Ga203, and
£-Ga203 comprised with 360, 320, and 320 atoms, respectively. A time step of 1 fs was used and the
temperature was fixed at 600 K. As the training data that included structures at high temperatures
could accurately predict the thermal properties at low temperatures,* the temperature gradient was

not set in the training data in order to minimize the computational resources.
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Fig. 1 Conventional unit cell of (a) a-Ga,03, (b) f-Ga03, and (c) e-Ga,0s3 crystals, and primitive cell of (d) a-
Gay03, (e) B-Ga203, and (f) e-Ga 03 crystals, respectively.

The NEP has three layers: the input layer, the hidden layer, and the output layer, which could be
seen in Fig. S1 in the supporting information. The potential energy surface function U; for atom i in
the NEP model is derived from the descriptor vector g, which can be determined by the following

formula®!> 4346

Nneu Nges

U; = Z a),(f) tanh Z wﬁ?,)q,i, - b,io) - bW ¢}
‘u=1 v=1

where tanh(x)is the activation function of the hidden layer, Nzesis the number of components of the

descriptor vector, Nneu is the number of neurons, w(® is the matrix of connection weights from the
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input layer to the hidden layer, & is the vector of connection weights from the hidden layer to the
output layer node Uj, b(® is the bias vector of the hidden layer, and & is the bias of the output layer
node Ui. Compared to other machine learning algorithms, the NEP boasts high computational
accuracy and efficiency in atomistic simulations and application to heat transport*, which could
greatly reduce the time cost and the dependence on large amounts of computational resources.

EMD simulations were used to evaluate the thermal conductivity based on the Green—Kubo
approach.*”* The Green—Kubo formula relates the instantaneous fluctuations in heat current to

thermal conductivity based on the autocorrelation function, as follows:>

1
ke = oy fo

where, k, represents the thermal conductivity in the a direction, kg is the Boltzmann constant, V is

t

"< Ja(O)a() > dt @

the volume of the model cell, T is the temperature, t, is the integral upper limit, which should
theoretically be infinite, J, is the component of heat current / in the a direction, and <>
represents the ensemble average.

The bulk of the 0-Ga203, B-Ga203, and &-Ga203 included 9720, 9600, and 9000 atoms (at least
4.5 nm long in each crystallographic direction and at least 9000 atoms in each bulk). The model size
of this work was more than 120% that of the previous similar works.’!: 3 Therefore, the convergence
of the size is not proven again here. To reduce the calculation errors, 50 independent MD runs were

performed to obtain the average « values at 200~600 K.
Table 1 The NEP training hyperparameters.

Keywords Parameters
type 2GaO
cutoff 6 4
n_max 10 8

basis_size 10 8
1_max 4 2
neuron 60
lambda 1 0.05
lambda_2 0.05
lambda_e 1.0
lambda_f 1.0
lambda_v 0.1
batch 3000

generation 180000

The training hyperparameters could be shown in Table 1. The loss terms for energy, force, and



virial relations in the test and training sets presented great convergence after 180,000 generations [Fig.
2(a)]. Parity plots of the energies, atomic forces, and atomic virial relations predicted from the NEP
have been given in Fig. 2(b—d), showing good correlations. The root-mean-squared-error (RMSE) of
the predictions for each plot has also been reported. Generally, the RMSE values of each trained MLP
fell in the range of several meV/atom in energy and several hundred meV/A in force, thus indicating

satisfactory training.”
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Fig. 2 (a) Loss function of energy, force, and virial for the training and test sets. (b)—(d) Comparison between the
NEP predictions and DFT reference values of energy, force, and virial for the training and test sets, respectively.

Figure 3(a) shows the average integral of heat flow autocorrelation functions along the three
crystallographic directions for a-Ga203, B-Ga203, and e-Ga203 at 300 K. The temperature dependence
of k values of B-Ga203 has been plotted [Fig. 3(b)], together with the TDTR measurement ** and DFT-

BTE calculation 2° results. The predictions from other ML potentials based on DeepMD (DP-MD)
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have also been included for comparison.’! The k values calculated by the NEP were in great
agreement with the experimental results and DP-MD predictions in all three directions. However, all
of the values were lower than those calculated based on BTE. As a possible reason why the NEP/DP-
MD prediction results were both lower than the first-principles calculation results, the BTE method
usually truncated the anharmonic force constants to the third order,™ whereas NEP/DP-MD
simulations naturally included higher-order anharmonic force constants,>! which could thus consider
force constants more comprehensively than the BTE method. As mentioned by R. Li et al.,’! it was
really challenging to obtain the thermal conductivity value of B-Ga203 via BTE method due to the
complexity of the f-Ga203 unit cell and the uncertainties of the convergence process for different
parameters. Moreover, it could be found that the k values of f-Ga20s3 calculated by BTE in the [010]
and [001] directions in the previous work were nearly the same®®, which were distinct from the
experimental results™, DeepMD results®!, and our results. In summary, it could be found that the
previously reported thermal conductivity of B-Ga203 predicted by the BTE method? is slightly higher
than the predicted values by the NEP method in our work, which we believe is due to the ignorance
of the fourth-order or even higher-order force anharmonic constants in BTE method. Notably, as our
calculated values were already in good agreement with the experimental values, the quantum effects
have not been taken into account in our calculations. Besides, compared with the quantum statistics,
the classical statistics could give a larger modal heat capacities at high frequencies, but smaller
phonon scattering times at low frequencies,> and in addition, the quantum correction was still

controversial in terms of explaining quantum effects.
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Fig. 3 (a) Thermal conductivity of a-Ga;03, B-Ga,03, and £-Ga,0;3 along different crystal orientations at 300K as
a function of correlation time using the Green—Kubo method with the NEP, each of which is the average of 50

independent simulations. (b) Temperature-dependent thermal conductivity calculated from NEP- EMD for the

different crystal directions of B-Ga,Os (solid circle), compared with the reported experimental values >* (solid
inverted triangle), DFT 2 (solid lines), and DP-MD *' (hollow triangle). (c) Temperature-dependent thermal
conductivity calculated from NEP-EMD for £-Ga,O; (solid pentagram) and a-Ga,Os (solid circle) compared with
the reported DFT 2° (solid lines)

Based on the specific NEP and EMD, the thermal conductivity of the a-Ga20O3 and ¢- Ga203 has

been calculated. The thermal conductivity of 0-Ga20s3 in three directions at 300 K was (100 = 8.55,

ko101 = 8.16 , and Kpoo11= 12.04 W-m K}, respectively [Fig. 3 (a)]. These values were basically

consistent with kpi001= 11.61, ko107= 9.38, and ko017= 8.94 W-m -K"! calculated by Vilquin et al. 2

[Fig. 3(c)], while the crystallographic orientation was different. Our calculated values were consistent
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in the [100] and [010] directions. Notably, Vilquin's group acquired the same values in the [010] and
[001] directions. The unit cell of a-Ga203 essentially had the same structure in the [100] and [010]
directions, whereas in the [001] direction the structure was obviously different [Fig. 1(a)]. Therefore,
it could be believed that our calculation results were reliable. One possible reason for the
discrepancies between our results and those of Vilquin's group was that they used primitive cells for
the calculations, whereas we used conventional unit cells that probably led to differences in the crystal
orientation.

The thermal conductivities of -Ga203 in three directions at 300 K were k[1001=4.39, kjo10;= 3.15,
and o1 = 3.73 W-m -K!, respectively [Fig. 3(a)]. It could be observed that the thermal
conductivity of e-Ga203 was significantly lower than that of the a and B phases. The average thermal
conductivity [« average=(k100+%010+k001)/3] of £-Ga203 at 300 K was 3.76 W-m™'-K™!, which was 26.4%
that of B-Ga203 (Kfaverage-p] = 14.25 W-m™'-K'"). Zhou et al. also calculated the thermal conductivity
of &-Ga203,%” and claimed that the calculated value they obtained was too large. The thermal
conductivity of B-Ga20s3 and &-Ga203 at 300 K was as high as 41 and 12 W-m™"-K™!, respectively.
Interestingly, the calculated thermal conductivity of e-Ga203 was about 29% that of B-Ga203, which
was consistent with our value of 26.4%. Therefore, it could be indicated that the thermal conductivity
value for e-Ga203 in our research was probably more accurate. It could also be observed that the
anisotropy of e-Ga2O3 was not obvious above 300 K. However, at 200 K, the « value in the [100]
direction was significantly higher than those in the other two crystal directions [Fig. 3(c)].

To evaluate the accuracy of the harmonic force constants for NEP, the phonon dispersion
relations along the selected high-symmetry paths and the vibration density of states (VDOS) have
been calculated using the primitive cells of each phase [Fig. 1(d-f)]. As e-Ga203 has central inversion
asymmetry, and the conventional unit cell is also the primitive cell.

The phonon dispersion and VDOS of a-Ga203, B-Ga203, and -Ga203 calculated by NEP were
in good agreement with the results calculated using the DFT method [Fig. 4]. It could be indicated
that the NEP could accurately predict the thermal conductivity of Ga20s3. Considering the low
symmetry and high anisotropy of Ga20s, it was reasonable that the phonon dispersion in this material

was more complicated than that in other UWBG materials, such as GaN or diamond.?* 3¢
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respectively.

At 300 K, the average thermal conductivities of a-Ga203, B-Ga203, and &-Ga203 were 9.58,

14.25, and 3.76 W-m ‘K", respectively. Among them, Kaverage-a] Was 67.2% that of p-Ga203 and

Klaverage-c] Was only 26.4% that of f-Ga20s. The large difference between them was worth exploring.

Here, the phonon mean free path, the thermal conductivity versus frequency and the participation

ratio could be referred to and analyzed in Fig. 5. Overall, the phonon mean free path of B-Ga203 was

the highest among the three phases while the phonon mean free path of e-Ga203 was the lowest. We
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think this was one of the possible reasons for the Kjaverage-p] > Klaverage-a] > Kaverage-c]. As shown in Fig.
5b, the thermal conductivity of Ga203 was mainly affected by phonons below 10 THz. It could be
seen that when the phonon frequency was below 10 THz, the values of participation ratio for Ga20O3
phases was in the order of B-Ga203 > a-Ga203 > &-Ga20s [Fig. Sc], which we think could be another
reason for the difference in their thermal conductivities. The [010] direction of B-Ga203 had the
largest coverage of high thermal conductivity contribution phonons (HTCPs) from 0-10 THz [Fig.
5b]. This might lead to the fact that the [010] direction of B-Ga203 had the highest thermal
conductivity. Although the thermal conductivity in [001] direction of a-Ga203 was not as large as that
in the [010] direction of B-Ga20s3, it had the highest peak value in the thermal conductivity spectra,

which might explain why it could also exhibit excellent thermal conductivity.
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Fig. 5 (a) Spectra phonon mean free path. (b) Thermal conductivity spectra. (c) Participation ratio of a-GaOs3, B-

Gay0s3, and &-GaxO3 at 300 K.

At the same time, if the entire conventional unit cell was regarded as a particle that could transmit

vibration and heat (all phase blocks were composed of this particle in the same arrangement), it could

be inferred that the greater mass of the particle might mean the more energy loss during the
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transmitting process, leading to the lower thermal conductivity. The order of the relative atomic mass
of the conventional unit cell was as follows: f-Ga203 < 0-Ga203 < e-Ga203. This might also be one
of the reasons for Kiaverage-c] < Klaverage-u] < Klaverage-p]. Especially, €-Ga2O3; had central inversion
asymmetry; thus, the symmetry of the unit cell was complicated, which might hinder the heat flow in
the unit cell.

In summary, one interatomic potential for Ga203 polymorphs has been developed using neural
networks. The NEP has been trained with ab initio energies and forces so that it can generate phonon
dispersion and VDOS in good agreement with the DFT results. Based on this NEP, the lattice thermal
conductivity of a-Ga203, B-Ga203, and &-Ga20s at different temperatures has been predicted using
EMD. The predicted thermal conductivity values of $-Ga203 in this work have been proven to be in
great agreement with the experimental results as well as the calculated results derived from DP
potential. In addition, the predicted thermal conductivity values of a-Ga203 are also in good
agreement with those calculated by other research groups. Thus, on the whole, the accuracy of the
proposed NEP in this work can be demonstrated for the prediction of thermal properties of a, B, and
£-Ga203. On this basis, the thermal conductivity of e-Ga203 has been predicted and a reliable value
has been achieved, which has not been reported with such high accuracy yet. At 300 K, the predicted
values are shown as follows: Kfa-100]= 8.55, K[e-0101= 8.16, and Kje-0017= 12.04 W-m "K'; kp-100] =
9.44, wp-o10; = 21.46, and Kip-o017= 11.86 W-m™-K™'; and «(e-100] = 4.39, K[s-010)= 3.15, and K[e-001] =
3.73 W-m'-K . In addition, it can be found that Kaverage-o] is 67.2% that of B-Ga203, and Kfaverage-¢] is
only 26.4% that of f-Ga203. By analyzing the phonon dispersion, VDOS, phonon mean free path
spectra, participation ratio and thermal conductivity spectra, the reasons for the different thermal
conductivities of a-Ga20s3, B-Ga203, and e-Ga203 have been explored. Firstly, the narrower HTCPs,
lower phonon mean free path and lower participation ratio could indicate that there are fewer phonons
effectively contributing to the heat transfer. Secondly, the poor symmetry could be another important
factor which may hinder the heat flow in the lattice. Thirdly, the larger number of atoms in the unit
cell may also be the reason, which could lead to more energy loss during the cell-to-cell heat transport.
In conclusion, a scheme has been proposed in our work for accurately predicting the thermal
conductivity of Ga20s and a relatively accurate value of the thermal conductivity of e-Ga203 has been
achieved, which could also provide an atomic-scale perspective for the insight into the thermal

conductivity differences among o, B, and e-Ga203 and further facilitate the development of Ga20s-
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based semiconductor devices, especially for the high-power applications.

Supplementary Material

The supporting information mentioned in this work has been presented in the Supplementary
Material, including the schematic presentation of the NEP framework, the details of the training data
and the equilibrium molecular dynamics simulation, and the details of the DFT-BTE and DFT-NEP-

MD method for the thermal conductivity calculation.
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