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ABSTRACT

B-GayOs 1s an ultrawide-bandgap semiconductor with excellent potential for high-power and ultraviolet
optoelectronic device applications. The low thermal conductivity is one of the major obstacles to enable the
full performance of the f-Ga>Os-based devices. A promising solution for this problem is to integrate f-Ga>O3
with the diamond heat sink. However, the thermal properties of the f-Ga,0Os/diamond heterostructures after
the interfacial bonding have not been studied extensively, which are influenced by the crystal orientations and
the interfacial atoms for the $-Ga20O3 and diamond interfaces. In this work, the molecular dynamics simulations
based on the machine learning potential have been adopted to investigate the crystal-orientation-dependent
and interfacial-atom-dependent thermal boundary resistance (TBR) of the B-Ga>Os/diamond heterostructure
after the interfacial bonding. The differences in TBR at different interfaces are explained in detail through the
explorations of thermal conductivity value, thermal conductivity spectra, vibration density of states and
interfacial structures. Based on the above explorations, further understandings of the influence of different

crystal orientations and interfacial atoms on the f-Ga>Os/diamond heterostructure were conducted. Finally,
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the insightful optimization strategies have been proposed in the study which could pave the way for better
thermal design and management of B-Ga,Os/diamond heterostructures according to the guidance in the

selection of the crystal orientations and interfacial atoms of the $-Ga>O3 and diamond interfaces.

Keywords: -Ga>Os/diamond heterostructure, Interfacial heat transfer, Molecular dynamics, Machine

learning potential, Thermal boundary resistance

1. Introduction

B-Gax0; is regarded as a potential candidate for next-generation power devices due to the wide band gap
of ~4.9 eV and high breakdown electric field of 8 MV-cm™.!* The major barrier to the realization of high-
power B-Ga,Os devices lies in the low thermal conductivity of ~10-29 W-m™-K"!,>-¢ which usually results in
heat dissipation issues. An excellent solution is the integration of the high thermal conductivity materials with
the low ones to enhance the heat dissipation.’”!° Diamond is a well-recognized promising candidate (>2000
W-m-K-1)!""1 for the integration with B-Ga203. For example, Kim et al. adhered n-type B-Ga20s to p-type
diamond through van der Waals interactions and achieved a p-n junction photodiode, due to the most important
factor that diamond nearly boasts the greatest heat dissipation properties compared with other materials.!®> The
thermal conductivity of the B-Ga>Os/diamond van der Waals heterogeneous interface has been analyzed in
experiment, which could confirm that the heat dissipation performance of Ga,Os-devices could be
significantly improved via the integration of diamond heat sink.!® It is noteworthy that Matsumae et al.
achieved the B-Ga>Os/diamond heterostructure by low-temperature direct bonding of f-Ga,O3 and diamond
substrate under atmospheric conditions.!” ' Sittimart et al. reported that the electrical performance of
diamond/B-Ga>O3 p-n heterojunction diodes fabricated by the interfacial bonding was better than that prepared
by van der Waals.!"” In addition, Graham et al. reported that the thermal boundary resistance of B-
Gaz0s/diamond heterostructure adhered by van der Waals interactions is 10 times larger than that of interfacial
bonding.?® Therefore, the interfacial bonding of B-Ga>Os and diamond is extremely important, especially for
the thermal management.?! However, for the moment, there have been few explorations of the interfacial heat
transfer for the diamond/B-Ga,Os heterostructures after the interfacial bonding, especially for the consideration
of the influence of different crystal orientations and interfacial atoms at the B-Ga,0O3 and diamond interfaces.

Molecular dynamics (MD) simulations have been widely applied to investigate the interfacial thermal
transport properties of the heterostructures.??>* One of the obvious disadvantages for MD simulations is that

it relies heavily on the accurate interatomic potentials. Unfortunately, the high-accuracy empirical potential of



Gay0; is currently lacking, which is difficult to be obtained.?® It is particularly challenging to obtain an
empirical potential that can accurately describe Ga;O3 and diamond at the same time, such as the f-
Gay0s/diamond heterostructure. Although Xin et al. have explored the interfacial heat transfer of graphene/p3-
Ga, 03 based on its self-consistent interatomic potential,?® whether it can be accurately applied to the interfacial
heat transfer of B-Ga,Os/diamond remains to be verified.?’

Recent research efforts have been taken in the thermal transport investigation based on machine learning
(ML).2% 2% In this approach, the ab initio potential energy surface was reconstructed via ML to obtain an
accurate interatomic potential. Utilizing the ML potential, other groups have recently discussed the thermal
properties of graphene/borophene,®® Ge/GaAs,’! and so on. Compared with other ML algorithms, the
neuroevolution potential (NEP) obtained through Graphics Processing Units Molecular Dynamics code
(GPUMD)??34 has high accuracy and low cost in atomistic simulations and heat transport applications.*

In this work, the TBR of the B-Ga>Os/diamond interfaces were investigated. The effects of crystal
orientations and interfacial atoms of B-GaOs/diamond interfaces were studied from the perspectives of
thermal conductivity value, thermal conductivity spectra, vibration density of states and interfacial structures,
which could thus provide insightful optimization strategies and pave the way for better thermal design and
management of B-GaOs/diamond heterostructures according to the guidance in the selection of the crystal
orientations and interfacial atoms of the B-Ga,Oz and diamond interfaces. The software used to train the

machine learning potentials and perform the molecular dynamics simulations was GPUMD-3.6.

2. Computational methods and models

2.1 Brief introduction to the NEP method

The NEP model is a machine learning potential (MLP) based on a single neural network, which is trained

using a separable natural evolution strategy.>® The NEP model derives the potential energy surface function

U; for atom i by modeling the descriptor vector g, which can be determined by the following formula®% 37

38.
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where Ndes is the number of components of the descriptor vector, Npeu is the number of neurons, tanh(x) is
the activation function of the hidden layer, w(©® is the matrix of connection weights from the input layer to the

hidden layer, w( is the vector of connection weights from the hidden layer to the output layer node U, 5O is



the bias vector of the hidden layer, and A1 is the bias of the output layer node U. As depicted in Fig. 1(a),

NEP has three layers: the input, the hidden, and the output layers. The hidden layer in this study has 60 neurons.
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Figure 1. (a) Simplified schematic representation of the NEP framework. (b) Evolution of loss functions during the training
process. L1 and L2 are regularizations. (¢)—(e) Comparison between the NEP predictions and DFT reference values of energy,

force, and virial for the training and test sets.

2.2 Details of training data and mechanical behavior

To investigate the heat transfer across the B-Ga,Os/diamond interface, a training dataset consisting of f3-
Ga03, diamond, and their heterostructures was constructed. The interfacial bonding of f-Ga>0O; and diamond
for the B-GaxOs/diamond heterostructure is relatively complex. In order to be more consistent with the
situation in the experiment, the (100), (010) and (001) planes of B-Ga>Os; and the (100), (111) planes of
diamond were mainly considered. At the same time, the O-C or Ga-C bonding at the f-Ga,0Os/diamond initial
interface was also considered. Hence, there were 10 types of heterostructures in the training data. Ab initio
MD simulations were used to obtain the MD trajectories using the Vienna Ab Initio Simulation Package
(VASP).3% %% Finally, 1200, 1200, and 9000 ab initio configurations were obtained for pristine B-GaO3,
pristine diamond, and their heterostructures, respectively, among which 2/3 were included in the training
dataset and 1/3 were included in the test dataset. It was worth noting that the element diffusion phenomenon
at the ideal interface of the heterogeneous structures was not considered in this work, which might occur at
the B-GaxOs/diamond interface and was important for the practical applications of the heterogeneous
structures.*!- 42

The loss terms for energy, force, and virial relations in the test and training datasets showed very good



convergence after 230000 generations as depicted in Fig. 1(b). Parity plots of the energies, atomic forces, and
atomic virial relations predicted from the NEP and DFT are shown in Fig. 1(c—¢), showing good correlations.
The root-mean-squared error (RMSE) of the predictions has also been presented. Generally, the RMSE values
of each trained MLP model fell in the range of several meV/atom in terms of energy and several hundred
meV/A in terms of force, indicating satisfactory training.*> The bond lengths of different bonds in the system
were predicted using DFT and NEP method. As shown in Table 1, the bond lengths predicted by DFT and
NEP were in good agreement, further confirming the good performance of the training. The training
hyperparameters have been shown in Table 2. Further verification of the NEP accuracy for the interfacial bond
formation including the comparison of the binding energies, the energies of the heterostructures at different
interfacial distances and the energy differences before and after relaxation at different heterogeneous interfaces
predicted from the NEP and DFT calculations can be found in the supporting information.

Table 1. The bond lengths predicted by DFT and NEP.

C-C C-Ga C-0 Ga-O
DFT 1.55A 2.03 A 1.43 A 1.93 A
NEP 153A 2.01 A 1.39 A 1.89 A

Table2. NEP training hyperparameters.

Parameter Value Parameter Value
¢ 8 A ré 4A
nﬁlRax 8 Tl;;}lax 8
Nbasis 8 Nbasis 8

l?r?ax 4 lf;{’ax 2

type 3GaOC A 0.05

A, 0.05 Ae 1.0

A 1.0 A 0.1
Nneuron 60 Npatch 2300
Npopulatian 50 Ngene‘ration 230000

2.3 Equilibrium molecular dynamics (EMD) method and models

Based on the Green-Kubo approach, EMD simulations were utilized to assess the thermal conductivity**
46 The Green-Kubo formula connects fluctuations in heat current to thermal conductivity through the use of

the autocorrelation function, as follows*’:
1 to
() = g | <JaO)a(®) > e @
where k, represents the thermal conductivity in the a direction, kg is the Boltzmann constant, V' is 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 < J,(0)],(t) > represents the

ensemble average.



As shown in Fig. 2, B-Ga,0s has a C2/m crystal symmetry,*® and each conventional unit cell includes 8
gallium atoms and 12 oxygen atoms. Diamond has an Fd-3m crystal symmetry, and each conventional unit
cell contains 8 carbon atoms. In EMD simulation, the bulk of the B-Ga;Os system, consisting of 4 x 15 x 8§
conventional unit cells, includes 9600 atoms, and the bulk of the diamond system, consisting of 10 x 10 x 10
conventional unit cells, includes 8000 atoms. In this work, cell structures were visualized using VESTA
software.*” The model in this study was more than 130% larger than that in similar previous work.!'"> 2% 3
Furthermore, the convergence tests on the model size were conducted, and the detailed information could be
found in the supporting information. As a result, it could be shown that the size convergence was very good
for the diamond and B-Ga;O3 model. Periodic boundary conditions were applied in all three directions. To

reduce calculation errors, 50 independent MD runs were performed to obtain the average k values with time

steps of 1 fs at 200, 300, 400, 500, and 600 K.

o O (a)B-Ga,O5-supercell (b) B-Ga,0, (¢) B-Ga,O;-primitive cell
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Figure 2. Supercell of (a) B-Ga>03 and (d) diamond crystals, the conventional unit cell of (b) f-Ga>Os; and (e) diamond
crystals, and primitive cell of (¢) B-Ga>O3 and (f) diamond crystals.

2.4 Non-equilibrium molecular dynamics (NEMD) method and models

The NEMD method follows Fourier’s law and divides the system into three distinct parts: a heat source
that continuously supplies energy to the system, a heat sink that continuously releases energy from the system,
and an effective part for measuring thermal conductivity. The law of energy conservation must be strictly
observed during the NEMD simulation process. If the interatomic potential is not sufficiently accurate, it will

be difficult to maintain consistent energy flow out of the heat source and into the heat sink. Therefore, NEMD



simulations could be considered as a measure of stability for NEP. If the accuracy of the NEP is insufficient,
the system will collapse during the NEMD simulation.’!' Figure 3(b) shows that the energy values of the heat
source flowing into the system and the heat sink flowing out of the system are highly symmetrical about E =
0, which satisfies the law of energy conservation. It could also be confirmed that the accuracy of our NEP was

sufficient. The heat flux Jp generated in the NEMD process can be defined as:

dQ/d
]Qzﬂ# (3)

where 4 and |dQ/dt| represent the area of the simulation box perpendicular to the heat fluent and the energy
exchange rate, respectively. To reduce the impact of interface area division, the interface area of the model
was set to a uniform size. The temperature difference AT was obtained from the temperature distribution in
the abovementioned interface region. The thermal boundary resistance (TBR) could be considered analogous

to the thermal conductivity and be calculated as the formula®?:
AT

TBR = — (4)
Jo

A time step of 0.5 fs was chosen. The 0.1 ns heat bath was first used to stabilize the system temperature

at 300 K, and the 0.5 ns equilibration was then performed to stabilize the heat flow with the Langevin
thermostat. Finally, the temperature profile was obtained by running the system for 2 ns. The relevant data
were sampled after every 1000 time steps and averaged after every 50 data points before being recorded. The
above process was repeated 80 times, and the final temperature profile was obtained after averaging.
Considering the actual situation in industrial applications, a heat source (Tsource = 325 K) and heat sink (Tsink
=275 K) were placed at the end of B-Ga>O3 and diamond, respectively, and the heat flow was from -Ga,Os
to diamond. During the simulation, the outermost layers of about 3 A in the z direction on each side were fixed
to maintain close contact with each other. The middle part of the model used for heat transfer was divided into
about 60 slices along the z direction. The thickness of each slice was about 5 A. The temperature of each slice
was calculated to obtain the temperature profile. Periodic boundary conditions were used in the x and y
directions. The model size exceeded 5 x 5 x 30 nm’, including more than 100000 atoms (varying slightly
depending on the crystal orientation), as shown in Fig. 3(a). In the heterogeneous structures composed of
different crystal orientations, the mismatch between -Ga>O3 and diamond in the x-y plane were all less than
1.5%. The equilibrium lattice constants of B-Ga>O3 and diamond as well as the detailed information for their
lattice mismatch could be found in the supporting information. Furthermore, the interface structures within
the heterogeneous system could be proven to be of a high level of stability throughout the relaxation and

NEMD simulation processes, as all the simulations could be successfully completed.
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Figure 3. (a) Schematic diagram of NEMD simulation. (b) The cumulative energy of the heat source domain and heat sink
domain varying as a function of the simulation time.

3. Results and discussion

3.1 Bulk thermal properties

The bulk thermal properties of B-Ga,0O3; and diamond were predicted for verifying the accuracy of the
trained NEP, which was proven to be sufficiently high for the prediction of the interfacial heat transfer
properties of the B-Ga>Os/diamond heterostructure. The phonon dispersion is regarded as one of the most
important thermal properties, which is also commonly used for the evaluation of the interatomic potentials.
As shown in Fig. 4(a, b), the phonon dispersion of f-Ga,0O3 and diamond calculated by NEP were in good
agreement with the results calculated using the DFT (density functional theory) method. In this work, the
primitive cell of the crystal was used to calculate the phonon dispersion as depicted in Fig. 2(c, f). The NEP
was shown to enable accurate prediction for the thermal properties of f-Ga,O3 and diamond. Considering the
low symmetry and high anisotropy of B-GaOs, it is reasonable and reliable that the phonon dispersion of [3-
Ga,O3 was more complex than that of diamond.® >3 At 200600 K, the thermal conductivity values of diamond
and B-Ga;0O; predicted by NEP exhibited excellent agreement with the reported experimental and
computational values, as depicted in Fig. 4(c, d) The above observations could show that our NEP could
accurately predict the thermal properties of f-Ga2O3 and diamond, which could thus be used to investigate the

interfacial heat transfer properties of the f-Ga,Osz/diamond heterostructure.
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Figure 4. Phonon dispersion of (a) diamond, and (b)B-Ga>Os. (c) Temperature-dependent thermal conductivity calculated
from NEP-EMD of diamond (solid circles) compared with the reported experimental values'? (solid crosses) and
computational values'® (hollow triangles). (d) Temperature-dependent thermal conductivity calculated from NEP-EMD for
different crystal orientations of B-GaxOs (solid circles) compared with the reported experimental values>* (solid crosses) and
computational values® (hollow triangles). Each of the thermal conductivity values is the average of 50 independent
simulations.

3.2 Heat transfer of p-Ga203/diamond interfaces

The interfacial heat transfer of B-Ga>Os/diamond heterostructures was further studied through NEMD
simulations based on NEP. The stable temperature distribution of the B-Ga;Os/diamond heterostructures
composed of different interfaces between -Ga,03; and diamond could be shown in Fig. 5(a—j). There was an
obvious temperature jump (AT) at the B-Ga>Os/diamond interface, implying a finite TBR between B-GaxO3
and diamond. The experimentally measured thermal boundary conductance (TBC) of the f-Ga,0Os/diamond
heterostructure by interfacial bonding was about 179 MW-m?2-K'! (TBR: 5.6 m*>-K-GW 1),?° which agreed
very well with the predicted TBR values in the range of 2.5 to 4.5 m*-K-GW! in this work. It could be found
that our calculated TBR was an order of magnitude lower than the that of the B-Ga,O3z/diamond heterostructure

16, 27

by van der Waals interactions, which was also similar to the reported experimental results by Graham et

al.?% This was because the bonding force for the interface bonding was much larger than the van der Waals
force. In the B-GaxOs/diamond heterostructure, the heat transfer primarily relied on lattice vibrations, and the
strength of interface bonding was crucial for the efficiency of lattice vibration transmission at the interface. If
the interface bonding was too weak, it would be very difficult to transmit the lattice vibrations. Therefore, to
some extent, strengthening the interface bonding could be beneficial for the transmission of lattice vibrations,
eventually reducing the thermal boundary resistance. By exploring the influence of the crystal orientations of
B-Gaz0s3, it could be found that 1/TBRp-Ga203 (010) > 1/TBRp-Ga203 (001) > 1/TBRp-Ga203 (100), which was consistent
with Kp-Ga203 (010) > Kp-Ga203 (001) > Kp-Ga203 (100). It could be indicated that the trend of 1/TBR for the (-

Gaz0s/diamond heterostructure was highly similar to that of thermal conductivity for the corresponding crystal

orientations of f-Ga>Os. As shown in Fig. 6(a, b), the VDOS for different crystal orientations of diamond



varied in a similar fashion and showed nearly no significant difference, while for -Ga,03, distinct differences
in VDOS could be observed among different crystal orientations. It was probably one of the main reasons why
the trend of 1/TBR aligned with the trend of thermal conductivity of different crystal orientations of -Ga,Os.
Furthermore, the thermal conductivity value of diamond (111) was approximately 80% of the thermal
conductivity value of diamond (100). The thermal conductivity values of B-Ga>O3 (100) and B-Ga>0O3 (001)
were approximately 45% and 55% of the thermal conductivity of B-Ga,Os3 (010), respectively. Therefore,
compared to the differences in thermal conductivity values of various crystal orientations of B-GayOs, the
differences in thermal conductivity values between diamond (100) and diamond (111) were not very obvious.
From Equation (4), it could be observed that the change in temperature AT could have a significant impact
on the TBR when the Jp was constant. One of the main factors influencing AT was the thermal conductivity
of the materials in the heterogeneous structure. Therefore, compared to diamond, the changes of thermal
conductivity would be more obvious when the crystal orientation of B-Ga>O3 varied, leading to a noticeable
change in AT, which in turn affected the TBR. It was probably another main reason why the trend of 1/TBR
aligned with the trend of the corresponding crystal orientations of B-Ga,03.The (010) crystal orientation of -
GaxO; was the best choice for integration with diamond when considering the interfacial heat transfer.
Actually, the (100) and (001) planes of P-GaxO; were also widely used in B-GaxOs-based devices.>>>®
Therefore, it was also very meaningful to explore the interfacial heat transfer of heterostructures composed of
B-GaxO3 (100/001) and diamond. From the perspective of the interfacial heat transfer efficiency of the

heterostructure, B-Ga203 (001) was the alternative option, followed by $-Ga203 (100).
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Figure 5. Corresponding temperature profiles of (a) f-Ga,03 (100)-O-diamond (100), (b) B-Ga>03 (100)-Ga-diamond (100),
(c) B-Ga,03 (100)-O-diamond (111), (d) B-Ga203 (100)-Ga-diamond (111), (e) p-Ga20;3 (010)-O/Ga-diamond (100), (f) B-
Gay03 (010)-O/Ga-diamond (111), (g) B-Ga203 (001)-O-diamond (100), (h) B-Ga20; (001)-Ga-diamond (100), (i) B-Ga20s3
(001)-O-diamond (111), and (j) B-Ga>0;3 (001)-Ga-diamond (111). The bonding at the interface in the figure is in the state
before relaxation. Only the structure of the initial state is shown.
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Figure 6. The vibration density of states (VDOS) of (a) B-Ga>O3 (100/010/001), (b) diamond (100/111), and (c¢) B-Ga>Os-
Ga/O and diamond-C.

The differences in TBR were discussed based on the crystal orientations of diamond. It could be found
that TBRdiamond (111) < TBR diamond (100 When diamond was integrated with -Ga2O3 (100), and TBR giamond (100) <
TBR diamond (111) When diamond was integrated with -Ga20O3 (010) and B-Ga203 (001). The above phenomena
were complicated, so that the distribution of thermal conductivity vs phonon frequency was calculated, as
depicted in Fig. 7(a, b). To better present the frequency range of high thermal conductivity contributions of 3
Gax03, the part of thermal conductivity spectra greater than 15% of the peak value was defined as the effective
part. The black, red, and blue dashed lines in Fig. 7(a) were the dividing lines of the effective parts of -Ga>O3
(100), (010), and (001), respectively. The part of thermal conductivity spectra above the dividing line was the
effective part. The effective cutoff frequency of the phonon contribution to the thermal conductivity was thus
obtained, which was defined as the effective part cutoft frequency (EPCF). The black, red, and blue dotted
lines in Fig. 7(a) were the EPCF of B-GaOs3 (100), (010), and (001), respectively. To facilitate a better
comparison of the high thermal conductivity contribution frequency for f-Ga,O; and diamond, the EPCFs of
the three crystal orientations of f-Ga>O3 were also plotted in the thermal conductivity spectra of diamond
(100) and (111) using the auxiliary lines. The horizontal coordinate axis (Frequency) of the thermal
conductivity spectra for f-Ga>O3 and diamond were also aligned to make it easier for the comparison of the
thermal conductivity spectra. The effective frequency portions of f-Ga,O3 (100), (010) and (001) were shaded
in black, red, and blue, respectively. From Fig. 7(b), it could be clearly observed that the TBR of (-
Gay0s/diamond was mainly affected by low-frequency phonons of diamond. The main difference between the
diamond (100) orientation and the diamond (111) orientation was the first peak of the thermal conductivity
spectra. The first peak of diamond (100) is in the range of 2.5-5 THz, and that of the diamond (111) is in the
range of 1.5-3.5 THz. The EPCFp.Ga203 (100) mainly overlapped with the first peak of the diamond (111) and
had little overlap with the first peak of diamond (100). This was why TBRdiamond (111) < TBR diamond (100) when
diamond was integrated with 3-Ga,Os3 (100). In contrast, EPCFp.Ga203 (010) and EPCFp.Ga203 (001) were not only

overlapped with the first peak of diamond (111) but also more coincident with the diamond (100) peak.



Therefore, TBRdiamond (100) < TBR diamond (111) When diamond integrated with B-Ga>O3 (010) and B-Ga2Os3 (001).
In general, the diamond (111) plane was the best when the diamond formed a heterostructure with B-Ga,Os
(100), and the diamond (100) plane was the best choice when the diamond formed a heterostructure with 3-

Ga,03 (010) and B-Ga>03 (001).
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Figure 7. (a) Thermal conductivity spectra of B-Ga>O; (100), B-Ga,03 (010), and B-Ga,O3 (001). (b) Thermal conductivity
spectra of diamond (100) and diamond (111). O atom grouping diagrams of (c) B-Ga,0O3 (100), (d) f-Ga>O3 (001), and (e) B-
Gax03(001).

The effects of interfacial atoms and crystal orientations on the thermal conductivity of the B-
Ga20s/diamond heterostructure have been investigated. For convenience, the O atoms in $-Ga>O3 were labeled
by layer number, as shown in Fig. 7(c—e). It could be found that the TBR of $-Ga,O3 (100) was smaller in the
case of initial Ga-C bonding than initial O-C bonding, while the TBR of B-Ga>O3 (001) was smaller in the case
of initial O-C bonding than initial Ga-C bonding. Ga and O atoms in the B-Ga;Os3 (010) plane were on the
same horizontal plane, and Ga and O atoms were bonded to C atoms at the same time, as shown in Fig. 7(d).
Thus, the B-Ga>Os3 (010) was not discussed here. As shown in Table 1 and Table 3, in B-GaxOs
(100/001)/diamond heterostructures, the nearest vertical distance between Ga atoms and C atoms as well as
between O atoms and C atoms were both smaller than the corresponding bond lengths after relaxation. It could
be implied that both Ga-C bonds and O-C bonds existed at the same time at the interface after relaxation. As

shown in Fig. 8(a-h), the interface structures before and after relaxation were displayed. It could be observed



that whether the interface initially consisted of Ga-C bonds or O-C bonds, after relaxation, both Ga-C bonds
and O-C bonds would coexist. In Fig. 6(c), it could be observed that the frequency range overlap between O
atoms and C atoms was higher compared to that between Ga atoms and C atoms, implying that the O-C bonds
were more beneficial to the heat transfer at the interface. Hence, it could be inferred that the quantity of O-C

bonds at the interface could significantly influence the TBR.

Table 3. Nearest vertical distance (vertical distance is the distance between the planes of two atoms along the
Z direction represented by | ) between Ga/O and C atoms at the interface in the f-Ga203 (100/001)/diamond
(111) before and after relaxation

B-Ga;03 (100)-Ga-diamond (111)  B-Gax0s (100)-Ga-diamond (111)

before relaxation after relaxation
GalC 1.10 A 1.62 A
olLcC 2.01 A 1.16 A
B-Ga203 (001)-Ga-diamond (111) B-Ga203(001)-Ga-diamond (111)
before relaxation after relaxation
GalC 1.10 A 1.33A
olLcC 1.40 A 1.19A
B-Ga203 (100)-O-diamond (111) B-Ga203 (100)-O-diamond (111)
before relaxation after relaxation
GalC 2.16 A 1.35A
olLcC 1.10 A 0.85 A
B-Ga203 (001)-O-diamond (111) B-Ga203 (001)-O-diamond (111)
before relaxation after relaxation
GalC 1.64 A 1.71 A
olLcC 1.10 A 1.24 A
o O B-Ga,0, (100)/diamond B-Ga,0, (100)/diamond B-Ga,0, (001)/diamond B-Ga,0, (001)/diamond
0-C bonding Ga-C bonding 0-C bonding Ga-C bonding
O Ga @), i | A J @YYIYIT]
" petore R
relaxation|
structures
after
relaxation|
O-C bonds dominated

Figure 8. (a) f-Ga>03 (100)-O-diamond before relaxation. (b) f-Ga>O3 (100)-O-diamond after relaxation. (c¢) f-GaO3 (100)-
Ga-diamond before relaxation. (d) B-Ga,Os3 (100)-Ga-diamond after relaxation. (e) B-GaxOs (001)-O-diamond before
relaxation. (f) B-GaxOs (001)-O-diamond after relaxation. (g) B-Ga,0O3 (001)-Ga-diamond before relaxation. (h) p-GaxOs
(001)-Ga-diamond after relaxation.



As shown in Fig. 7(c), the number of O atoms in Layer-100-O-1 was smaller than in Layer-100-O-2.
When the O atoms of -Ga>0O3 (100) bonded to the C atoms of diamond at the initial interface, the C atoms
bonded to Layer-100-O-1 after relaxation, as depicted in Fig. 8(a, b). When the Ga atoms of -Ga>O3 (100)
bonded to the C atoms of diamond at the initial interface, the C atoms bonded to Layer-100-O-2 after
relaxation, as depicted in Fig. 8(c, d). This caused the number of bonds formed when O-C bonding at the initial
interface to be less than that formed when Ga-C bonding at the initial interface in the -Ga>Os3 (100) crystal
orientation, which could explain the reason for TBRGa203 (100)-0-diamond > TBRGa203 (100)-Ga-diamond. For the same
reason, TBRGa203 (001)-0-diamond < TBRGa203 (001)-Ga-diamond Was also caused by the number of bonds between O
and C atoms. As depicted in Fig. 7(e), The difference was that Layer-001-O-1 and Layer-001-O-2 in the -
Gax03 (001) crystal orientation were very close. Therefore, with O-C bonding at the initial interface in the -
Gax0;3 (001) crystal orientation, Layer-001-O-1and Layer-001-O-2 were bonded to C atoms at the same time
after relaxation, as depicted in Fig. 8(e, f). In contrast, when Ga-C bonding at the initial interface in the [3-
Gax0;3 (001) crystal orientation, only Layer-001-O-2 bonded to C atoms after relaxation, as depicted in Fig.
8(g, h). Therefore, the number of bonds formed after relaxation when O-C bonding at the initial interface was
greater than that formed when Ga-C bonding at the initial interface in the B-Ga>03(001) crystal orientation,
which was the reason for TBRGa203 (001)-0-diamond < TBRGa203 (001)-Ga-diamond. In general, the Ga-C bonding at the
initial interface was best when the diamond formed a heterostructure with f-Ga,Os3 (100). When the diamond

formed a heterostructure with B-Ga>Os3 (001), O-C bonding at the initial interface was the best choice.

4. Conclusion

An NEP for the prediction of the interfacial thermal transfer properties was trained via GPUMD based
on the machine learning method. The phonon dispersion and thermal conductivity of diamond and B-Ga2Os3 at
different temperatures were predicted using this NEP. The phonon dispersion predicted by NEP agreed well
with that calculated by DFT. At the same time, the thermal conductivity at different temperatures predicted by
NEP was in great agreement with the values previously reported by other groups. Thus, it could be confirmed
that our NEP had high accuracy and could be used to predict the interfacial heat transfer of -Ga>Os/diamond
heterostructures, which was then explored using the NEMD method. Finally, the TBR of heterostructures
composed of B-Ga;0s3 and diamond with different crystal orientations has been predicted, and the accuracy of
our predictions was demonstrated by the comparison with the experimental values from other groups.

On this basis, the TBR of the -Ga>Os/diamond interfaces were predicted. In order to explore the reasons

for the difference of TBR at different interfaces, the effects of crystal orientations and interfacial atoms on the



TBR of B-Ga>O3/diamond interfaces were studied from the perspectives of thermal conductivity value, thermal
conductivity spectra, vibration density of states and interfacial structures. The heterostructure with the smallest
TBR (~2.14 m?-K-GW ') among all interfaces is B-Ga203 (010)/diamond (100). In the end, to provide detailed
guidance on the selection of crystal orientations and interfacial atoms for the B-GaOsdiamond
heterostructure, the optimization strategies were proposed as follows:

(1) When selecting the crystal orientation of B-Ga>Os for the B-Ga>Os/diamond heterostructure, the (010)
crystal plane should be the first choice, followed by the (001) crystal plane and finally the (100) crystal plane.

(2) It could be seen that B-Ga>O3 (100) is best paired with diamond (111), and in contrast, 3-Ga20O3 (010)
and B-Gax0O3 (001) are best paired with diamond (100).

(3) When B-Ga>03 (100) is integrated with diamond, the initial interface bonded by Ga and C atoms is
the best choice. When B-Ga;03 (001) is integrated with diamond, the initial interface bonded by O and C atoms

is the best choice.
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