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Fig. 1. (a) Bulk structure of 3-Ga,O3; (b) 2D structure of 5-GayO3 after supercell expansion.
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Table 1.

fect structures after relaxation and complex defect

Lattice constants of two-dimensional de-

formation energy.

e Al AL ?Jﬁﬁ'ﬁ/eV.
B oA bAoA VA %’}% ((;%g)h
HBMEEY 424 5.86 12.28 305.12 — —
ﬁ_égjfog 414 577 11.96 285.68  — —
Vg 3.68 598 11.46 25219 7.615 13.815
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[VGaQ—lH}Q, AH(VGaz-lH) =0.07

B2 4k -GayOy AN A BRI Vi, TH % & ¥ B B 451 P R BE 22 AH (a) [Vur-1H]s (b) [Vaar-1Hy; (¢) [Vgao-1H;

(d) [Vea-1H],

Fig. 2. Defect structures of Vg,-1H complexes with different configurations in two-dimensional $-Ga,O; and the energy difference

AH: (a) [Vaar-1H]; (b) [Vaar-1Hy; (€) [Vear-1H]; (d) [Vear-1H],.
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[VGaz-2H]2, AH(v,,2m) = 0.81

ot 300 Lo

[Va2-2H]s, AH (v om) = 0.57

B3 4k 3-GayOy AN A A B Vi, -2H % & W) BB 45 1 P J g it 22 AR (a) [Vu-2H];; (b) [Vaar-2Hly; (¢) [Vaao-2H;

(d) [Vgaz-2H]y; (e) [Vgar-2H]3

Fig. 3. Defect structures of Vq,-2H complexes with different configurations in two-dimensional 5-Ga,O5 and the energy difference
AH: (a) [Vaar2H]; (b) [Vaar-2H]y; () [Vaar-2H]i; (d) [Vear-2H]a; (e) [Vaar-2H]s.
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s e
O PN

[Vcaz-3H]2, AH(vg,8m) =0
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(d) [Vgaz-3H]y; (€) [Vgaz-3H]o

Fig. 4. Defect structures of V,-3H complexes with different configurations in two-dimensional $-Ga,O5 and the energy difference
AH: (a) [Veur3H]; (b) [Vaa-3Hla (¢) [Vaa-3Hls; (d) [Vaa-3H]1s (e) [Vaar-3H]o

[Vaar-4H]1, AH(vg,-am) = 0.14

[Vaai-4H]2, AH(vg,,anm) =0

Vgaz-4H, AI—I(VGn-E}H) =0

5 4k B-Gay,O3 TR R I Vi,-4H S AW BE S M IR R BERE 22 AH  (a) [Vga-4H]y; (b) [Vea-4Hl; (¢) Vaar-4H

Fig. 5. Defect structures of Vq,-4H complexes with different configurations in two-dimensional 5-Ga,O3 and the energy difference

AH: (a) [Vgar-4H]y; (b) [Vaar-4H]y; (¢) Vga-4H.
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Fig. 6. Charged formation energies of Vq,-nH complex defects in two-dimensional $-Gay,Oj and their corresponding defect trans-

ition energy level diagrams: (a) Vg,-nH under Ga-rich conditions; (b) Vg,-nH under O-rich conditions; (¢) Vgao-nH under Ga-rich

conditions; (d) Vgae-nH under O-rich conditions.
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Vcaz-lH VGaQ-QH VGa2'3H VGaQ—4H

Bl 7 4 B-GayOs M1 V,-nH 45454 Bk B ) R B AV B R

Fig. 7. Schematic of defect energy level positions for Vg,-nH complex defects in two-dimensional 5-GayOs.
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Fig. 8. Projected density of states (PDOS) of Ga, O, and H atoms in two-dimensional 8-Ga,O3 with V,—nH complex defects.
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Fig. 9. Projected density of states (PDOS) of Ga, O, and H atoms in two-dimensional 3-Ga,03 with Vg,o-nH complex defects.
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Theoretical study on modulating p-type conductivity of two-
dimensional 3-Ga,0; via Vg,-nH complex defects’
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( Received 2 February 2026; revised manuscript received 20 April 2026 )

Abstract

Achieving stable, efficient p-type conductivity in (5-Gay03 remains a long-standing challenge, rooted in its
intrinsically flat valence band and the deep acceptor levels introduced by conventional dopants.Herein, we
systematically investigate the modulation mechanism of p-type conductivity in two-dimensional (2D) (-Gay,0;
via the introduction of Vg,-nH (n = 1-4) complex defects, using first-principles calculations based on density
functional theory (DFT) within the projector augmented wave (PAW) framework and generalized gradient
approximation (GGA-PBE). Calculated defect formation energies reveal that multi-hydrogen complexes,
particularly V,-3H and V,-4H, exhibit negative formation energies under both Ga-rich and O-rich growth
conditions,confirming their thermodynamic favorability.Unlike isolated gallium vacancies (Va,), which fail to
introduce effective shallow acceptor levels in the 2D system, V,-nH complexes induce shallow acceptor
transition levels; specifically, Vq,-3H and Vg,-4H exhibit transition levels located 0.16-0.26 eV above the
valence band maximum (VBM), indicating significant potential for enhancing p-type conductivity. Further
electronic structure analysis, based on projected density of states (PDOS), demonstrates that hydrogen
incorporation induces pronounced orbital hybridization between H and adjacent O atoms, forming O-H bonds
and generating defect states proximal to the VBM. This indicates that hydrogen actively participates in defect-
state reconstruction rather than serving a simple passivation role. To further optimize p-type characteristics, we
explore co-doping with metal elements (Ag, Mg, Zn), finding Ag co-doping to be the most effective strategy, as
it drastically lowers acceptor transition levels. Notably, the V,-3H-Ag complex introduces an ultra-shallow
acceptor level at merely 0.006 eV (6 meV) above the VBM, enabling ready thermal activation of acceptors at
room temperature. These findings unveil a synergistic defect engineering strategy based on Vg,-H complexes
and metal co-doping, offering a promising pathway to overcome the intrinsic limitations of p-type doping in (-
Gay03. This work provides critical theoretical insights for the design of high-performance p-type ultra-wide-
bandgap oxide semiconductors.
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DOI: 10.7498/aps.75.20260187 CSTR: 32037.14.aps.75.20260187

* Project supported by the National Natural Science Foundation of China (Grant No. 62405245).
1 Corresponding author. E-mail: mia09508301@163.com

1 Corresponding author. E-mail: houyinlong@xupt.edu.cn

130705-10


http://doi.org/10.7498/aps.75.20260187
https://cstr.cn/32037.14.aps.75.20260187
mailto:miao9508301@163.com
mailto:miao9508301@163.com
mailto:houyinlong@xupt.edu.cn
mailto:houyinlong@xupt.edu.cn
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

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

BTV, o AR 4 F—Ga,0, DS NN
WinH ExEH R BT REE FRE BES GBHRAE
Theoretical study on modulating p—type conductivity of two—dimensional B -Ga,04 via V —nH complex defects

MIAO Ruixia ~ WANG Jiagi  JI Xiang YANG Hanghang ZHANG Dehao  YIN Chengrui  CHEN Yuhan
HOU Yinlong

5] Fi{i5 . Citation: Acta Physica Sinica, 75, 130705 (2026) DOI: 10.7498/aps.75.20260187
CSTR: 32037.14.aps.75.20260187

TELERE View online: https://doi.org/10.7498/aps.75.20260187

BN View table of contents: http://wulixb.iphy.ac.cn

LT ARG H A SO
Articles you may be interested in

MoSiy N A S0 L BB 2 OS5 — PESUR 55

First—principles calculation of intrinsic point defects and doping performance of MoSi,N

W) FR2EAR. 2024, 73(8): 086801  https://doi.org/10.7498/aps.73.20231931

~Ga, O A T B 6 5 T A DO A A T3 %

Broadband ultrafast photogenerated carrier dynamics induced by intrinsic defects in —Ga, 0,

YrH2A . 2023, 72(21): 214202 hitps://doi.org/10.7498/aps.72.20231173

HTH VR IGCA+ U IEHTFESHE AR B -Ga, 0L FAS RGP B

Investigation of electronic structure and optoelectronic properties of Si-doped B -Ga,0; using GGA+U method based on first—
principle

YyPEEAR. 2024, 73(1): 017102 hitps:/doi.org/10.7498/aps.73.20231147

B ~Gay Oy 4 5 £ S TSR S DS PR

Dependence of interfacial bonding strength on crystallographic matching in 8 -Ga,0,/diamond heterogeneous bonding

WAL 2026, 75(11): 017102 hitps://doi.org/10.7498/aps.75.202601 16

InP A SR BT RS AL 2 — P R B

First—principles calculations of point defect migration mechanisms in InP

YIBR2EA. 2024, 73(18): 183101  htips://doi.org/10.7498/aps.73.20240754

AIN/ B ~Ga, 0,5 T4 HL FHiris B

Electron transport mechanism in AIN/ —Ga, 05 heterostructures

PPz 2023, 72(2): 028501  https://doi.org/10.7498/aps.72.20221545


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.75.20260187
http://wulixb.iphy.ac.cn
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231931
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231931
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231931
https://doi.org/10.7498/aps.73.20231931
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20231173
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20231173
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20231173
https://doi.org/10.7498/aps.72.20231173
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231147
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231147
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231147
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231147
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231147
https://doi.org/10.7498/aps.73.20231147
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.75.20260116
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.75.20260116
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.75.20260116
https://doi.org/10.7498/aps.75.20260116
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20240754
https://doi.org/10.7498/aps.73.20240754
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20221545
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20221545
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20221545
https://doi.org/10.7498/aps.72.20221545

	1 引　言
	2 研究方法
	3 研究结果与讨论
	3.1 VGa-nH络合物缺陷形成能
	3.2 VGa-nH络合物缺陷电学特性
	3.3 VGa-nH络合物缺陷与金属元素共掺能级

	4 结论与展望
	参考文献

