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Fig. 1. Schematic illustration of the MTP training workflow: (a) DFT calculations; (b) MD simulations; (¢) MTP training; (d) cha-

racterization of the bonding model.
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Fig. 2. Bonding mechanism and SEM characterization: (a) Hydrophilic bonding schematic at 500 K; (b) SEM image of the interface

revealing a ~1 nm amorphous layer.
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Fig. 3. Atomistic models of the components used in the bonding simulation: (a) 8-Ga,O3 unit cell; (b) 8-GayO3 supercell; (c) dia-
mond (111) unit cell; (d) diamond (111) supercell; (e) diamond (100) unit cell; (f) diamond (100) supercell; (g) amorphous layer unit

cell; (h) amorphous layer supercell; (i) initial bonding model.
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(e) (001) Fh 1Y B-Gao,O5 5 (100) A 17 4 KL BEA FLif; (f) (001) Fhil B 3-Gao04 5 (111) & 1 4 WA B4 S

Fig. 4. Bonding interfaces with different crystal orientations: (a) $-GayOz (100)/diamond(100) interface; (b) 3-Ga,O5 (100)/dia-
mond(111) interface; (¢) 8-GayO5 (010)/diamond(100) interface; (d) 5-GayO3 (010)/diamond(111) interface; (e) 5-Ga,O3 (001)/dia-

mond(100) interface; (f) 3-Gay,O5 (001)/diamond(111) interface.

110802-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 75, No. 11 (2026) 110802

(®)

B-Gas03(100)/diamond interface B-Gas03(010)/diamond interface

B-Gas03(001)/diamond interface
0

5.0 5.0 —

4.5 L(c) 4.5 1 (d) /,f“'/ v 4.5 | (e)
4.0 . 4.0
3.5 3.5

Stress/GPa
Stress/GPa
S
o
Stress/GPa
W
o

— Dia(111) 1.0r 7 — Dia(111) 1.0r —— Dia(111)

---- Dia(100) 0.5}, ---- Dia(100) 0.5}/ -~~~ Dia(100)

- 1 1 1 1 1 1 0 1 1 1 1 1 1 0 1 1 1 1 1 1
o 1 2 3 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 5 6

Strain/% Strain/% Strain/%

5 ST RN BRI L RS [a) T B0 0 AR M (a) 7R T AL 52 A ST R SEIRT; () S B 2AL SRR AL, BT A
HEEN T 24 g R HETEAE TR JZ ; () (100) i 5-GayOy 54 NI A1 BE-E B TY A B 7 8 T 285 (d) (010) Fh T B-GagOy 15 4 W A1
FEA RTINS AR ML s (e) (001) & 1A B-GayOy 5 4 W A1 B-G AR EL 1 137 g 7 72 ith 42

Fig. 5. Schematics of tensile fracture and stress-strain curves for different crystal orientations: (a) Schematic of the intact interface
prior to tensile loading; (b) schematic of the fractured interface after tensile loading, showing that failure occurs within the amorph-
ous layer for all models; (c) stress-strain curves of the 3-Gay,O3 (100)/diamond bonding models; (d) stress-strain curves of the (-

Gay03 (010)/diamond bonding models; (e) stress-strain curves of the 5-Gay;O3 (001)/diamond bonding models.
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Dependence of interfacial bonding strength on crystallographic
matching in $-Ga,0;/diamond heterogeneous bonding

ZHU Yaqi  SONG Zhigong '

(Jiangsu Provincial Key Laboratory of Food Advanced Manufacturing Equipment Technology,
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Abstract

As a representative fourth-generation ultra-wide-bandgap semiconductor, 5-Ga,0O5 has shown great promise
for high-voltage, high-frequency, and high-power electronic devices because of its ultra-wide bandgap, high
breakdown electric field, and low fabrication cost. However, its intrinsically low thermal conductivity makes it
difficult to dissipate heat efficiently during device operation. This severely limits its performance and reliability
under high power density. In recent years, heterogeneous bonding of 5-Ga,O5 with high-thermal-conductivity
materials such as diamond has emerged as an important strategy to overcome this thermal bottleneck. Such
structures can potentially combine excellent electrical properties with efficient thermal management. However,
the microscopic evolution of the (3-GayOs/diamond interface and the crystal-orientation dependence of
interfacial bonding strength remain unclear. This knowledge gap has hindered interface design, bonding process
optimization, and reliability improvement. To address these issues, this study combined large-scale molecular
dynamics simulations with density functional theory calculations. A million-atom training dataset with first-
principles accuracy was constructed. Based on this dataset, a high-accuracy Moment Tensor Potential (MTP)
was developed. Using the fitted potential, we systematically investigated the interfacial structural evolution of
B-Gay03/diamond heterogeneous bonding models containing an amorphous transition layer during relaxation.
We also examined how interfacial bonding strength depends on different crystal orientation combinations. The
results show that, for all orientation combinations, the amorphous interlayer effectively relieves lattice mismatch
and local stress concentration during relaxation. As a result, atomically dense contact is achieved at the bonded
interface without obvious defects such as voids, cracks, or delamination. These findings indicate that the
introduction of an amorphous interlayer improves interfacial structural integrity and bonding stability. Further
mechanical analysis shows that the (-Gay03(010)/diamond(100) configuration exhibits the best interfacial
bonding strength and overall mechanical performance, demonstrating a clear orientation-matching advantage.
This work reveals, at the atomic scale, the evolution mechanism of §-Ga,Os/diamond heterogeneous bonding
interfaces and the crystal-orientation dependence of their bonding strength. It provides important theoretical
guidance for interface design, wafer bonding process optimization, and the improvement of mechanical stability

and long-term reliability in high-power devices.

Keywords: 3-Ga,Os-diamond hetero-bonding, machine learning interatomic potential, molecular dynamics

simulation, moment tensor potential
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