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Fig. 1. (a) Bulk structure of 8-Ga,Os; (b) 2 D structure of 5-Ga,Oj3 after supercell expansion.
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1 BB T HEGRFAEE A B S RS S Y E AR
Table 1.  Lattice constants of two-dimensional defect structures after relaxation and complex defect formation energy.
i JEIAE eV
KA ) -rich a-rich
o/A b/A ¢/A V/AS ?ﬁg) ?ﬁ%)
B {EPY 4.24 5.86 12.28 305.12 — —
AR B-GayOs 4.14 5.77 11.96 285.68 — —
Vga 3.68 5.98 11.46 252.19 7.615 13.815
Vaa-1H 3.86 6.02 11.63 270.25 7.280 13.480
Vaar-2H 3.65 6.01 11.53 252.93 0.045 6.245
Vgar-3H 3.51 6.04 11.56 245.08 -6.170 -0.030
Vaa-4H 3.64 6.03 11.67 256.15 -10.985 ~-4.785
V@a 4.14 6.09 11.63 293.22 7.945 14.145
Vaao-1H 3.98 5.97 11.53 275.20 8.030 14.230
Vaao-2H 4.07 5.98 11.59 295.95 -0.235 5.965
Vaar-3H 4.11 5.96 11.50 282.38 -6.620 -0.420
V@ar-4H 3.97 5.99 11.64 276.80 11.385 5.185
BRSNS X R IR R N HE A SRR (E 3(a), (d)), HZ5ETENE O Bk

TR, JEER N AR RERRAIR, Ui BZ 4% & B FE
U B2 RS, BRI as i, A
WFFE T T AR 2 AP B 1 & A (O-rich) M i
B (Ga-rich) 858 T IERLRE, Horp Ga (1 fb24 3
Uca TE Ga-rich Al O-rich #3573 731 4-3.196 eV Fll
-9.460 eV; O 73 uo 78 Ga-rich Fl O-rich 3§
B3 -8.536 €V F1-4.360 eV; H b F3 uy M
~1.125 eVBA, M5 AH) H R FECE AR, V-
nH 5 Vaao-nH B BLREZE SN, R H JRFXT
IR Ve, 2507 CHT R AR el & e, Hoh Vg, A
Vo 8 MG B-GayO, fi B o PR AN 25 4 1 8%
J5 T 25 . V,-3H Fl V,-4H BT 1% e 78 7
B RN UE (<0 eV), B727 Biim T [ &
i Hirh Vig,-4H 76 O-rich 385 T 19 R BER &
~11.385 V.
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FHEE O BHAEN R R (K 2(a), (c) 2 H 45
G AN O Bt Sk R (Bl 2(b), (d)) fgs
i 0.07—0.26 eV, H A H @bk, TXhmw
WMHMEZ AN HESSHNEBMEZ O
B A

[l 3 AR R R ) V,-2H 255 W) B 45 4
B RER 22 AH, T HANG A THRZE O B

SRR (F 3(b), (c), (e)) BERIK 0.10—0.81 eV,
HA S RE M. T EARNE O BH A A5
9 Vi FIEL (K 3(c)—(e)), PIMHEE O B
SR H SRR R (1B 3(c)) e T .

K] 4 R AR B V,-3H 284 W 6 45 4
Kl K fes2E AH X F Ve -3HIRR, Bl 4(a) B
3 H difi 4 NRZAEHERO T 3 4 [ 4(b)
M — YR SRR R B S B 4, IRIRT 2 H 2
FHEB AT B 4(c) by nfE— P R A S 1
P, MIAFRZ H 22X M504, e R e 251
XFR K] 4(a) Z5H8 ;5 TR F Ve SHAR R, Kl 4(d)
A H 2 AERIZR L AR O AT, K] 4(e)
JH AR 1ARIZA 2 AR O B L K
REEE S H R FZ5A 1N O B b7 2 7
X GEA N O BN H R F LB s, KR
RE G, 25 HbfasE .

ANTRIFD B V -4 4545 W i I 235 4 16 ) i
w2 AHWME S s, XF Ve-4H &R (K 5(a),
(b)), PN &8 O 2+ B A o5 8 H R T o5 48 1) 25 44
(E5(b)) BA AR e, ) Roe AL, i
Mt TF Vo dH KR (18 5(c)), TR0 Ve, 25
s T YL 25 H RIZ A 44> O B4 7 45,
44~ H R 1T 5E R s B, I V-4l
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[VGaz-1H]1, AH(vg,1m) =0 [Vaaz-1H]o, AH(ve1m = 0.07

Bl 2 4 5-GayOs AN [l AG L () V- TH 4% 45 90 Gk B 45 1 [ S fiE 4 22 AH (a) [Vear-1H]3; (b) [Vear1Ho; (¢) [Vea-1H];
(d) [Vgar-1H]y

Fig. 2. Defect structures of Vg,-1H complexes with different configurations in two-dimensional $-Ga,O5 and the energy difference
AH: (a) [Vou-1H; (b) [Vaar-1H]y; () [Vaao-1H]y; (d) [Vgar-1H],.

@ _of

[Veaz-2H]2, AH(v,,21) = 0.81

B3 4t 3-GayOy TR B Vo, 2H % S BB 25 W R ER 2 AH  (a) [Vau-2H]; (b) [Vaa-2Hy (¢) [V 2H];
(d) [Vaar-2H]y; (e) [Vgaz-2H]3
Fig. 3. Defect structures of V,-2H complexes with different configurations in two-dimensional $-Ga,O4 and the energy difference

AH: (a) [Vgar-2Hly; (b) [Vaar-2H]y; (€) [Vaar2H]y; (d) [Vgaz-2H]g; (e) [Vgas-2H]s

[Vaaz-3H]2, AH(v,8m) =0

B4 =4 3GagOy i AR Rl B ) Vi, 3H 4 & W B G 4544 B R R it 22 AH (a) [Vaa-3H]y; (B) [Vea-3Hy (¢) [Vaa-3H]y;
(d) [Vea-3H]y; (e) [Vaar-3H],

Fig. 4. Defect structures of Vg,-3H complexes with different configurations in two-dimensional $-Ga,O5 and the energy difference
AH: (a) [Veu-3H]; (b) [Vaa-3Hla: (¢) [Vaa-3Hls; (d) [Vaa-3H]1s (e) [Vaar-3H]o
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[Vgai-4H]1, AH (v, 4m) = 0.14

[Vagai-4H]o, AH(vg,-am) =0

Vaao-4H, AH(vg,,31) =0

Bl 5 4k 3-GayO AR ELY Ve, -AH 45 & W BIG L I RBER 22 AH  (a) [Vea-4H]; (D) [Vaa-4Hly; (¢) Vgu-4H

Fig. 5. Defect structures of V,-4H complexes with different configurations in two-dimensional 3-Ga,O5 and the energy difference

AH: (a) [Vgar-4Hly; (b) [Vaar-4H]y; (¢) Vgap-4H.

IS4 AU Y 2 B e 55 H: B # BUAIR 0.07—0.81 eV.
B T IR O B ol e for 2 B AR B A 1R
B, H OB IS AT R A 5 I TS A AR IR R
AR RE; TR O kA7 2 [ AH B/E 290, 4
A i, HOWE R N A BE T R B3 (E AR TE R AR,
Vea-3H R RFFHEBI I 7E Var-3H BY 3 R4
e RE R A L H R F R4S & TEs O &
RO AT, MR R A A TR, X—IHRn]
HFEF O B s g R (1 14) 5250
BE %007 B SR 4R T 93 O B sE 4 14
H J BIIR 2R, Ao H R 751 A2 S8 N H R
AR R ET R, MFRZE O BEEEETE 3L41),
L2 [E) 55 40 B AR fei/r 28 2 Ji - i 2 A 0 88 LA
ZINET, UL 34 H E T 5 R 2 05 L
s/ MEIA R ERE .

3.2 Vg,nH EEWHRIERFSE

ARG — 0T T 4 8-GayO3 1 Vigar-
nH Fl Vo-nH 75 & 8 (Ga-rich) 5 & % (O-rich)
AT R ERFA BRI RE S S A R B 7E 4
RSB Vo 5 Vaa—1H R R, 28985 4 3k
LA 2R R 1 2 EERIT RE K B IG T B RE
2R 22 [ (380, (R Af BRI BESR) ¥ FMhak LT,
TFEAE BN “TCRRAT B, Hi2 R RUE . Xt
Vao-nH 4GPk fa i AR TR 7€ Vaar-
nH & Z 1| Via-2H, Vea-3H, Vaa-4H B 5% 78
RER A T 2 K FES 0—0.5 eV JE B N A & vk i &
(51 6(a), (b)); MTE Vaa-nH KR (1 6(c), (d)),
V- 1H, Vaao-3H, Vao-4H B A5 RE SN H PLAE
I35 9 K AL 0 eV Ab.

BRI Ve, BEE (bulk Vg, bulk Vi) B
BRATREZ AT VBM L7 1.28—2.70 eV(E 7), J&
TR VRAEH B, Toikxt p A i R AL S PR 57
ik, X5 3CHR [35,36] HRIE AR B Vi, BRITRE
KA T VBM 5 1.5—1.6 eV IIBF 5T 458 — 2.

M4k R, —4E 8-Gay,O3 11 Vg 1 Vo 1Y
FLff AT PR AN AEAEBRIE BB S, [RIAE T AT i3k
T+ =4k 3-GayO5 1) p BIFHIEE ST, X5 Wei 55 BT
KT 24k B-Ga,05 HHL Vi, SREG TG TR BR AT REY
BB FEAE AT, 4 Ve, TSR T Ve,-
nH 2 A WL G, Ve 1H, Vaa-2H, Via-3H,
Vea-4H, Vio-3H Al Vio-4H 23 5175 VBM E 5
0.5, 0.1, 0.16, 0.25, 0.23 F1 0.26 eV b3 H PLER T
REGL, BR V@aTH b, HARZES Wik 1 B R
TEREY, X R V,-nH %S WELE S A T A 3L
i 4k 5-GayO5 B p BLSHLRE ). BUAb, RUE
Var-nH BJELRERS 5 T Vao-nH, {H Vg,i-nH 1)
BRATRER B E T Vo nH, W Vg DL V-
nH 25 YE G EA T =1 p RS HEACE. 25570
EEIE, Vau-3H, Va-4H PR A Y G T 1%
RETE & A B B T YA UE, R Z A6
BB TE i A2 A N B B A 2R e

8 FIE 9 Al T =4k -GayOy ' Viga—
nH 5 Ve, nH SAWBEAARE Ga, O & HIR
FHHEASZE (PDOS). EHEMEFIIA Ve,
SRR Ga—O B AR, IFiE R 52 AHE
23 A, SR, A e Rl h  a— Vi, BREG I
RFIL AR NI A8 132 ERRGE AR,
AT RIEALTE V. X ERW] S AR SCS B AT e 5 Ml
KA IR, sER A R AL S SRR T3S,
MELUE BT L B A A2 . Y SRS iR
PICI V go-nH G WG, H SFEM T T
5 Ga il O BFE—RE 2 X ] BUEfE, aniEl 7 pr
R H S A SR O R O—H AU,
JE 2B FA AR & A 2 Ak, A R R 55
W B .

TE Via-3H Al Vi, -4H K Z 9, PDOS_H 7E
VBM E %5 0.2 eV Ab B X ST A I6AE, Hi%
Wl H B s 5 p BB LE sk, Rz £ 8
HAW R HPUEZ 5EE. X — 45 R U 1%k
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(€) Vap nH—51 B (d) Vo n— 5 R

Electron fermi energy/eV

(a) VGal'nHiﬁ%%{T; (b) VGal'nHiﬁéa:%,ﬁ“

Fig. 6. Charged formation energies of Vq,-nH complex defects in two-dimensional $-Ga,O5 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) Vgao-nH under O-rich conditions.

FAREZOITAERIE T4 O-2p 25, MTH A AE 5 2 & 4%
IR R O—H WUk MUl A A 3¢, E
JEHT R RS

33 Ve nHEEYREBEEETEH®E
BEZR

Vaa-3H I Vo, -4H BA BT REZLY [A]
£ Ga-rich Fll O-rich 24 FIEaesd h e, He&
BRI R E M, X e 4 3-Gay04
p BRI A PR M. T 252 F 4t
% 2 A A2 R B89 AR5 2218 Vig,-3H,
VerdH =2 5 & mn RIS, IWEET V-
nH 54 & 0 R LB S W Hh e g 52, 5
DI p BURRE B2 & 1 v RedtE. AP s
T 3 M EAMREEN FHR ST p MBIt R

5 Veu-3H 48 05 5 (Ag) £F (Zn) . BE (Mg),
WX 3 P8 G W BRI AT 4 Vaa-3H-Ag, V-
3H-Zn M Vu-3H-Mg, 357 HAE O-rich S 14F )7
B I i fiE, Hoh Ag, Zn Fl Mg A4k 27 3943 51 Ky
-3.35, - 1.818 Fll-1.49 eV, Jffikit Ag #—5
Vea-3H, Viga4H, V,o-3H, Vi,o-4H I8 R
Ag B FER V go-nH 1Y p B E RS TR
K 10(a) N Vaa-3H-Ag, Ve, -3H-Zn, V,i-3H-Mg
B B BRAT RE G I, AT LIWER 31 3 Fh 4% A W i s
P BRER AT RESR, BRAT A AE M T0 7 0.02 eV,
0.062 eV F1 0.084 eV, tHE T V,-3H, BRiERE
BIREARIT 1 MR, RERAT B AR R IR V-
nH &EWEESI A Ag, Zn F1 Mg 2> 5 B 5
1) p Bl Hih V,-3H-Ag 19454 W Bl B BR AT
BT B AL, AWFFEIEI Ag X —Fh e AR W5

130705-6


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

¥ I ¥ ¥ Acta Phys. Sin. Vol. 75, No. 13 (2026) 130705
CBM

2.70 eV

2.02 eV
1.62 eV _LT75eV
1.28 eV

0.50 eV
0.16 ev 0:25eV 023 eV _0.26 eV

0.10 eV

VBM

Bulk Vgu Bulk Vaa  Vgar

&7

Vaar-lH  V@ai-2H - Vga-3H  Vga-4H

VGaz VGaz-1H  Vga2-2H  Vga-3H  Vgao-4H

T4 3-GayOy Y V- 854 Wi B BRATE B 2R s 1A

Fig. 7. Schematic of defect energy level positions for Vg,-nH complex defects in two-dimensional 5-GayOs.

10
— Poly s — Vgar.s — Vgai-1H s — Vga-2H s
© 8 — Poly p — Vga1.p — Vgar-lH. p — Vga1-2H p
UI 6 — Poly d — Vgar.d — Vga-1Hd — Vgu-2H d
8 - VG31—3H_S - VGa1—4H_S
a 4 — VGa1-3H_p — Vga1-4H_p
A~ 5 — Vgar-3H d — Vga-4H d
70 o TN
60 | — Poly s — Vga1.s — Vgai-1H s — Vga-2H s
50l — Poly p — Vearp — Vear-lH p — Vga-2H p
S)' 40 — Vgai-3H.s — Vga-4H s
) — Vga-3H p — Vga1-4H_p
R 30t
A ootk
10§ AV
0.20 . L
- VGal-lH_S - VGal-QH_S — VG31-3H_S — VG31-4H_S
0.15 — Vga-1H d — Vga-2H d — Vga1-3H . d — Vea-4H d
ml 0.020
8 0.10 0.015
a 0.010
A 0.05 0.005
O 05 06 oi—es00
0 L .
—4 -3 —2 -1 0 1 2 3 4
Energy/eV
K8 & Vaa-nH S WEIEE "4k 3-GayOy /- Uil &%

Fig. 8. Projected density of states (PDOS) of Ga, O, and H atoms in two-dimensional 3-Gay,O3 with V,—nH complex defects.

B e AR TR ST i — A E 5.
WE 10(b) FiR, Vaa-3H-Ag, Via-4H-Ag, Vo
3H-Ag, Vgao-4H-Ag 88 fE BR T BB 53 Wil L T
19 0.02, 0.013, 0.006 1 0.035 eV 4b. 5 V,0-3H-
Ag i 0.02 eV H L, Va-4H-Ag, Vio-3H-Ag
() BE 2 2 B HAIG, 3K %) 0.013 eV 1 0.006 eV, Rl
13 meV 5 6 meV, FIH H R p Al4FHE

4 HwhHRZE

ARSCUAZHE 3-GayO3 1 Vi,-nH 455 ik
B T TERT G2, RGERITHXT B-Gay04 HL T 1
JRAEFERLE]. THEAE SRR, Va,-nH 1E 4 5-

130705-

GayO5 FURIL 22 th 1Y p BUREVE. 7EMCEERE |, JF
—#5IA Ag, Mg, Zn EZ4JHICE )5, Ve,-nH K
p BURE PRI A5 B [R AR B sk, Horb V,-3H-
Ag 25 WA Y p BURRE S, HLER T REEE
VBM [figft 220 H 6 meV. X458 N Hy &
A Vaa B9 8-Ga,O3 45 #8 5 FHL BT, T p 2
B-Gay,O5 FHURE ST B8R, JT A S A i)
P SRR B FEREEARAE T RS

AN — PR A E RGN T Va,-nH
KA WERIEXT 4k 3-Gay,O4 p B T HL Y IR 45 L
i, 25 RATA it — 2 SCIR AIE. 5280 b LITE &
AT ER 3-GayOs, DIER Vi, B U ;

7


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. 13 (2026)

130705

10
— Poly s — Vgaz s — Vga-1H s — V@gao-2H s
. 8 — Poly p — Va2 P — VgarlH p — Vgar-2H p
O f.\ — Poly d — Vaur d — Vaa-lH d — Vgao-2H d
@ VRN — Vear3H s — Vgu-4H s
858 [ J Ga2-3H_s Ga2-4H_s
2 4 / {\W’M ! — V6a-3H p — Vaa-4H p
a L INA \W ~ — Vaw3Hd — VapdaH d
70 = — -
60 Poly s — Vgaz. s — Vaa-lH s — Vgao-2H s
50 — Poly p — Vgaz P — Vaaz-1H p — Vga2-2H_p
2I 40 — VGa2-3H_S — VG32-4H_S
o — VGa2-3H_p — Vga2-4H_p
2 30
A~ 20
10
0.20 ‘
_— VGaz-lH_S — VGaz-QH_S — VG32-3H_S — VG32-4H_S
- 0.15 — Vgaz-lH p — V@a2-2H p — V@a2-3H p — V@ax-4H p
|
8 o0.10
2
0.05
ok e . ) )
—4 -3 -2 -1 0 1 2 3 4
Energy/eV
B9 5 Veuo-nH 454 WA I 2k 5-Ga,0, 43 Ll 245 %

Fig. 9. Projected density of states (PDOS) of Ga, O, and H atoms in two-dimensional $-Ga,O3 with V,o-nH complex defects.

0
(a) 20062, —5.615)
(0.020, —5.320)
=475 (0.084, —8.846)
3
N —10
£0
3 1
=1
()
2
9
=
=
g ~20
=
— Vga1-3H-Ag
— V@ga1-3H-Zn
— Vga1-3H-Mg
—30 : :
0 1 2

Electron fermi energy/eV

10
(b) Vga-nH-Ag

T4k 5-GayOy 1 Vig,-nH 15 4 J 70 5 3045 1947 I 7 RE % Bk 4 BR AT RE 44 4]

0
(b) -4 (0.006, —4.973)
(0.020, —5.320)
_6b\(0.035, —8.497)
(0.013,
—9.131)
> -8
2 —10f
>
%ﬁ -1 1
o
[0
o
S
=
5
g 20}
=
- VGa1'3H'Ag
— Vgai-4H-Ag
—— Vaar3H-Ag
— Vgaz-4H-Ag
-30 . :
0 1 2 3

Electron fermi energy/eV

(3‘) VGal_gH_Agv VGa‘l_SH_Zn & VGa‘l_gH_Mg;

Fig. 10. Charged formation energies and their corresponding defect transition energy level diagrams (a) Vg,-3H-Ag, Vg.-3H-Zn

and V,-3H-Mg; (b) Vq,-nH-Ag.

it Hy SR JFRIE SO E, G Vg,-nH
AR EE AR WA IRRE Ag B FTE AR
DI G IR AT B G Ag, HILAERRPEIX
R I A E Y Vg,-nH-Ag 55 W5

H T Va,-3H 1 Vi, -4H 285 W)k i ERIT fE
A TR T 7 0.16—0.26 eV L FIN, 4T
XPER 32 FREGL X (], PRI S5 b ] R R BEK
B (DLTS) 806G (PL) SLgn Pl gty
R REHR A BHE 5. Vg,-nH-Ag BRITRE

2 (6 meV) 21T = IR ABULBE (~25 meV), KK
TR ZR RO I b T BE SR IR 50y 1) 2 7R AL
R R 5 A R . T g £ A R Bk
X O—H REEAYRIN, AR V,-nH 255 Pk
PR A AESR SRl B

S 3k

(1] Chang K W, Wu J J 2004 Adv. Mater. 16 545
[2] Orita M, Ohta H, Hirano M, Hosono H 2000 Appl. Phys. Lett.
77 4166

130705-8


https://doi.org/10.1002/adma.200306299
https://doi.org/10.1002/adma.200306299
https://doi.org/10.1002/adma.200306299
https://doi.org/10.1002/adma.200306299
https://doi.org/10.1002/adma.200306299
https://doi.org/10.1002/adma.200306299
https://doi.org/10.1002/adma.200306299
https://doi.org/10.1063/1.1330559
https://doi.org/10.1063/1.1330559
https://doi.org/10.1063/1.1330559
https://doi.org/10.1063/1.1330559
https://doi.org/10.1063/1.1330559
https://doi.org/10.1063/1.1330559
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

¥ 1B ¥ Acta Phys. Sin.

Vol. 75, No. 13 (2026)

130705

3]
(4]
5]
(6]
(7]
(8]

(9]

(10]
(1]
(12]

13]

[14]
(15]

(16]

(17]
(18]

[19]
[20]

Orita M, Hiramatsu H, Ohta H, Hirano M, Hosono H 2002
Thin Solid Films 411 134

Oshima T, Okuno T, Arai N, Suzuki N, Ohira N, Fujita S
2008 Appl. Phys. Express 1 011202

Higashiwaki M, Sasaki K, Kamimura T, Wong M H,
Krishnamurthy D, Kuramata A, Masui T, Yamakoshi S 2013
Appl. Phys. Lett. 103 123511

Lyons J L 2018 Semicond. Sci. Technol. 33 05L.T02

Wang X H, Zhang F B, Saito K, Tanaka T, Nishio M, Guo Q
X 2014 J. Phys. Chem. C'75 1201

Alema F, Hertog B, Ledyaev O, Volovik D, Thoma G, Miller
R, Osinsky A, Mukhopadhyay P, Bakhshi S, Ali H,
Schoenfeld W V 2017 Phys. Status Solidi A 214 1600688
Polyakov A Y, Smirnov N B, Shchemerov I V, Pearton S J,
Ren F, Chernykh A V, Kochkova A I 2018 Appl. Phys. Lett.
113 142102

Shu T K, Miao R X, Guo S D, Wang S Q, Zhao C H, Zhang
X L 2020 Chin. Phys. B 29 126301

Yang Y, Zhang J H, Hu S B, Wu Y B, Zhang J C, Ren W,
Cao S X 2017 Phys. Chem. Chem. Phys. 19 28928

Portoff A, Stavola M, Fowler W B, Pearton S J, Glaser E R
2023 Appl. Phys. Lett. 122 062101

Polyakov A 'Y, Lee I H, Smirnov N B, Yakimov E B,
Shchemerov I V, Chernykh A V, Kochkova A I, Vasilev A A,
Ren F, Carey IV P H, Pearton S J 2019 Appl. Phys. Lett. 115
032101

Garcia-Melchor M, Lopez N 2014 J. Phys. Chem. C' 118 20
Fowler W B, Stavola M, Qin Y, Weiser P 2020 Appl. Phys.
Lett. 117 142101

Islam M M, Liedke M O, Winarski D, Butterling M, Wagner
A, Hosemann P, Wang Y Q, Uberuaga B, Selim F A 2020
Sci. Rep. 10 6134

Venzie A, Portoff A, Fares C, Stavola M, Fowler W B, Ren
F, Pearton S J 2021 Appl. Phys. Lett. 119 062109

Feng W, Wang X N, Zhang J, Wang L F, Zheng W, Hu P A,
Caob W, Yang B 2014 J. Mater. Chem. C 2 3254

Kumar A, Bag A 2019 IEEE Photonics Technol. Lett. 31 619
Kim J, OH S, Mastro M A, Kim J 2016 Phys. Chem. Chem.
Phys. 18 15760

21]
(22]
23]
[24]
(25]
(26]
(27]
(28]

29]

30]
(31]

(32]
33]
(34]

(35]

(36]

37]

38]

39]
[40]

Kim J, Mastro M A, Tadjer M J, Kim J 2017 ACS Appl.
Mater. Interfaces 9 21322

Li Z, Liu Y H, Zhang A Y, Zhang S Y, Zhang J C, Chang J
J, Hao Y 2019 Nano Res. 12 143

Perdew J P, Burke K, Ernzerhof M 1996 Phys. Rev. Lett. T7
3865

Kresse G, Furthmiiller J 1996 Phys. Rev. B 54 11169

Kresse G, Furthmiiller J 1996 Comput. Mater. Sci. 6 15
Goyal P, Gorai P, Peng H, Lany S, Stevanovi¢c V 2017
Comput. Mater. Sci. 130 1

Kobayashi T, Gake T, Kumagai Y, Oba F, Matsushita Y I
2019 Appl. Phys. Express 12 091001

Rodason Y K, Johansen K M, Bjorheim T S, Svensson B G,
Alkauskas A 2017 Phys. Rev. B 95 094105

Su J, Guo R, Lin Z H, Zhang S Y, Zhang J C, Chang J J,
Hao Y 2018 J. Phys. Chem. C 122 24592

Luan S Z, Dong L P, Jia R X 2019 J. Cryst. Growth 505 74
Hinuma Y, Kamachi T, Hamamoto N, Takao M, Toyao T,
Shimizu K 2020 J. Phys. Chem. C 124 10509

Janotti A, Wei S H, Zhang S B, Kurtz S, Van de Walle C G
2003 Phys. Rev. B 67 161201

Van de Walle C G, Neugebauer J 2003 Rep. Prog. Phys. 66
201

SiJJ, Hou QY, Li WY, Ma W, XuZ C 2025 Int. J.
Hydrog. Energy 155 150262

Usseinov A, Koishybayeva Z, Platonenko A, Pankratov V,
Suchikova Y, Akilbekov A, Zdorovets M, Purans J, Popov A
12021 Materials 14 7384

Zhang X, Cai D, Tong J, Liu H 2025 J. Electron. Mater. 55
748

Wei Y D, Liu C M, Zhang Y Q, Qi C H, Li HY, Wang T Q,
Ma G L, Liu Y, Dong S L, Huo M X 2019 Phys. Chem.
Chem. Phys. 21 29692

Qin Y, Xiong T, Zhu J F, Yang Y L, Ren H R, He H L, Niu
C P, Li X H, Xie M Q, Zhao T 2022 J. Adv. Ceram. 11 1671
Ye Z Z, He H P, Jiang L 2018 Nano Energy 52 527

Ma J N, Lin J Y, Yang G C 2020 Chem. Phys. Lett. 753
137308

Theoretical study on modulating p-type conductivity of two-
dimensional 3-Ga,0; via V,-nH complex defects”

MIAO Ruixiaf
ZHANG Dehao

WANG Jiaqi
YIN Chengrui

JI Xiang
CHEN Yuhan

YANG Hanghang
HOU Yinlong?

(Xi’an University of Posts & Telecommunications, Xi’an 710121, China)

( Received 2 February 2026; revised manuscript received 20 April 2026 )

Abstract

Achieving stable, efficient p-type conductivity in (5-Ga,0O3 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) (-GayO;

via the introduction of Vg,-nH (n = 1-4) complex defects, using first-principles calculations based on density
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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 Vg,-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 (Vg,), which fail to
introduce effective shallow acceptor levels in the 2D system, Vg,-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 Vq,-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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