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Fig. 1. Schematic illustration of a charged defect in a finite
supercell under periodic boundary conditions (left) or in an
infinite large supercell (right).

N TR IR L R R XA AR TR
BT AR IR Z A TIE T, HRTARE T —&
FIRIBIETT I, 4G MP EIE T LZ fB1E 252 FNV
IR B0 S5 TN X LU I E T A I R R T 4.

2.2.1 MP#1E

R VA TEA BRI B AR A A B E TR 22,
Leslie F1 Gillan*) 4 8 Jfa v i) e 53 Hi, 7 7 46 A 0
FELAAT, 38 S I TR SRR A T S T A S B e R Ay T
A1) Madelung BERAG X MRZEME R K/, TEL
i |, Makov Fl Paynel i —202% &5 | A DAk
FiQ, RXTERFE LA A T A R A . B e ]
¥ Makov-Payne (MP) & I1EI By 5 R T 41F B
HESI 7

2
q¢am  2mgQ _5
= — L
5 2og? +o(L7°), (3)

Hor o I A BRI T 19 Madelung % 48, < Wi
AHEE, LAARBMERRST. (3) X, IEE
F 1/ L1 — B 3 1 5 M T o ) R A e
faf A EAE H B = 4E /) Madelung BE, TIEH T 1/L3
(1) = 33K T G5 56 R A 174 DU AR S 38 5 e A5
HLfr A EAE . R m A B A G S L
o A YR e Bk /L R AR R - DU R A A A
L L TTR Bt o5 8 M R ST 14 G /)N A 1
MR AT AZ S AR

222 LZ#E
7 (3) 2, A BRMTTSE T ME— A EAY ) 3

EMP

A BB FLAT I TR A Q, X BRI T MP B IERY
SERRpN A . X — A 4% Lany il Zunger$29) i —
Aok, MATZR T O Q 7E% BETZ R FRISHE
BN HIEC TN A, RE A S R P A
B, AL A O A Ry S8R R AT, DA R P
B O — B BR RS, H O R H AT 15 S Y R
. AT 204G M 281 S R e H e 7 R I R
e ST Do >e) ~ gy (1~ =71) IPECEIER,
T IIC P R ) FE R L B, AT DA E S
WAE Q, HFMHE MP B IE ) =Froil. &5, o7
LR AN B AR A LZ AB1EAT AFOR A
o (4)
2L’
HAIAR - Cn AR T6 75 Bl 1 8 it M
AR, B IWLAR R AR A F 2 2876 SOk [29] H2h .
MAHE R T 1, A B Bk
B FL AT Y BERCVE L, LZ B IE R & — B, 55—
B MP & A 2251, 10 25717 FL s J BB A e
MR R (ex>1) I, 7E45 ) [A] v A e (4) 20
LN Bz ~ 2/3Ey) , Horh B Jg—Br MP &1E
T, AT LA B, M R 08 K B 45 ) R A H
fit MP B IEARE T A I BRI 8/ N2 1/3. B
2, Lany M1 Zunger®! ¥ LZ & 1F v FHE] GaAs
[ VR A 55 1 SRl i A LZ 8 IR0,
ANTRL R A RS R L B TR RIS S8 ] — 1.
23 Lany fl Zunger 1 TAE, (3) i MP &

IE R — AN B AR T A . TR I A
I, Castleton 4§ 10 FE AN M7 HL Bk fE 6T MP & 1E
s FHPEREAT T 7843 09I, ] & B0 Bz 3 i
MP 23 3 — B B R4 748 1F To 345 20 1R 9 0 H
BT HRE, — BTN A 5 A5 31 A0 25 21 R AR i
. SR, MP BIEMBCHIE AR ER Y, Bin
BRBE L R S M RAT L Rl

AH¢(L)=AH; (L — o) +a; L™ +a3L™2, (5)

Horf AH; (L — o00) iy JC IR R I v e 1y fL Bk
M iiae. (5) g AE IE 54 51 58 R &
R L, 5 MP B —2. #% 88 (5) X
BeEAIE A, A B M RS s v B T A Re it
F3oMfE, BT LAAS 3T 5 B IR 47 B IR R RE, A1
WSS TR 2 KMETE£0.05 e VI,

Fie R (5) 2OKEHY FL R AT BB S MR, T ZEXT
R 3 A7 1) [RIBS HEA T4 . SRMAR 28 B0 T Hh

Eiz = [14Cy (1—e71) ]

066105-3


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 3R Acta Phys. Sin. Vol. 73, No. 6 (2024) 066105

TAHHARE ST BRI, 3 A7l W] EA 7 4 TR i
HAEZh /DB 8RS PLA SR B S A 2
i AN T RAR KA EPE. R T fifik
XA ), Hine &5 M1 42 H [R] B o028 8 i RO A
ARAT RIS AT 22 A5 i, DT K s N sk AN
TEPE. AT R - d A T BB A b B A F far A
AN [RIAHT FL R PG, LA — B MP B IEE 28 0%, il
AT RSERUER & AN R B9 A A9 Madelung
Peoom = af L, FFHEAS R 8 H v 07 v R e
RS o ZMEAMIER] vy = 0, TSR AER 19K
S L ERFEIE B EE. MTTX Al,O4 HAS [RIHF HE B
A 7R, 3K M TE 5 B RGT R AR B AN [l Y
AR 2 T A — B RE Y. A, AT —
22 B4 ) S A B BRI SE IR, 38 A0 A L SR B
A 1] S P HL AT R RN A0 A Madelung #3155
rh 21X ELA R B A ) SR E R Y R R
LiyTiOg HAS R HAL k5 e It Bk s, A () A
1B TE I ()7 L B TR B e WS SR B MERR (L 1Y 0.1 eV
ifi.

223 FNV #.E

JRUE I T B M 45 T ) T I R S M X B 5% FL i
HMIEAE R RIL T3RMEIERE ST, SR T
TP o S B AR A [ L RS AT B ik
P& IE Dy AR A9 2 L&) B 5 R AR A L
— PR R O R A IR T e R
FIAHEAEFIRE, M-S X MR, L, Freysoldt
B0 R R T E AR FNV B IE 7%, FNV 7 8
JARIVER AT BB SIARRS y IR

Vajo =V +Vijo +C. (6)
H g 5 v Gy BRI S AR, C A TE
ARSI, GniEl 2 .

2 R EIHE S5 ) R R S B S Bl
TEAL AR LG 5 HRE A 4N SEkEEs, e nT LA
A o B FR AR R LT g (A R AT i3 30 HL A 2 )
LR T A FL B, R SR R T A R A
I BRI RS pe . TIAEBRBERIE, T b
JE) PRl A2 2% 4 S R o e S I S ) 5 ¥ st P, B o
FRH S5 et (1 2), Fa A V;;O%ﬁuﬁﬁﬁi
AIRSEARL R far DL R WA FLH BOR . BRI, FNV
J5 ¥ HAEE L N DET 545 2 B9 Bl f 3 (el
SR 5 e R 114 P A () U 2 A AR L £ L A

() HUUTRS: e PR A A A
W, TE IO I | B o R A B B 9
B OP RN BT A P
REERHRBRIFEIL O, HA ORI T4 b 5k 5
o R 85 30 AF P57 82110 3
X

0.2

0.1

Potential/V

20.92 31.38
z/bohr

2 307 GaAs MM (3x3x3) o VE By RSN, L
AV, VIR AV — V5500 BB 10 5 45 8 | KR
PR, K B LA 7 T A A E 0 SR I, gk s
14453 WAL T 2 = 0 Fl 2 = 31.38 Bohr b, K K 51 H H &% 3C
1k [30] (RRASUR T 5C IR Py B 2 2x)

Fig. 2. Potentials for a Vg; in a 3x3x3 cubic GaAs super-
cell. The Avq/b, \Z;r and Avq/b - \7;' are respectively
the total, long-range and short-range part, of the defect
electrostatic potential. The potential alignment term is in-
dicated by the dashed line. The defect is located at z =
0 Bohr with a periodic image at z = 31.38 Bohr. Reprinted
with permission from Ref. [30], copyright 2009 by the

American Physical Society.
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Fig. 3. Planar average of the extra charge and the electrostatic potential along the surface normal for an Oy ! molecule on the sur-
face of an anatase-TiO, (001) slab, without (a) and with (b) the SCPC correction. Reprinted with permission from Ref. [31]. Copy-

right 2021 by the American Physical Society.
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Fig. 4. Defect charge distribution for Vé’l in a cubic 512-
atom diamond supercell (a = 14.13 A): (a) The screened de-
fect charge density pgisc; (b) core defect charge density
E{’:core; (¢) unscreened defect charge density pg = |@q|?,
where ¢4 is the wave function of the defect state, and (d)
pd(r)/ex (€00 = 5.62). Reprinted with permission from
Ref. [32], copyright 2020 by the American Physical Society.
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Fig. 5. Calculated ionization energies of (a) donors, Cy and Vi , and (b) acceptors, Cy and Vy in 2D BN, as a function of cell
length in z direction (L,); (c), (d): schematic illustration of the corresponding electrostatic potentials; (e), (f) acceptor state in Cgl
at different L, = 20 and 70 A, respectively. The shade areas at the top and bottom of panel (f) are the calculated defect states un-
physically delocalized into the vacuum. Reprinted with permission from Ref. [45] . Copyright 2015 by the American Physical Society.
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Fig. 6. (a) Schematic plot of the TRSM model, where the electrons excited from the defect state to the conduction band minimum

(CBM) follow the Fermi-Dirac distribution; (b) schematic plots of the jellium charge distribution (jellium-CD) and real state charge

distributions (real-CD) in a model with a 2D layer (in orange). The jellium and real charges are represented by the green and dot-

ted orange area respectively; (c¢) formation energies of C]{f in BN monolayer corrected by the jellium model (JM) and TRSM re-

spectively, as functions of layer separation L, . Reprinted with permission from Ref. [48], copyright 2020 by the American Physical

Society.
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Fig. 7. Total energy of a Si;H, cluster with respect to the
number of electrons, for the LDA, Hartree-Fock theory, and
hybrid functional (HSE). The dotted straight lines denote
the ideal exact solutions. Reprinted with permission from
Ref. [23] , copyright 2014 by the American Physical Society.
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Fig. 8. Two Fermi reservoir model for the description of nonequilibrium defect formation under illumination. (a) Energy diagram of

a semiconductor going from equilibrium to nonequilibrium steady state condition under illumination. In this case, the equilibrium

Fermi level (Ef) is split into two quasi-Fermi levels (Ey and Ey), which could be treated as two Fermi reservoirs. (b) Schematic

plot of the dependence of defect formation energy on the Fermi level for a p-type semiconductor with a hole-producing acceptor A

and a hole-killing donor D. (c) Concentrations of charged defects Mgga1 and V;\I' L and (d) carrier concentrations in GaN as a

function of the photogeneration rate G. Reprinted with permission from Ref. [79] , copyright 2022 by the American Physical Society.

KPE (FH Res. C Ml Res. V &/R). 5 JEEX /N1
B KRR 2300 HEL 10 B T R0 28 0 U BN Al
A TR, BT MPRE 2580, & ST EDOKRES

B W TH ARG ( By T2 00008 B

B TR R T w = 1/ [1 + exp (_i_?)] i
L AE; = By — En RUEBOKAESE, % 1 T4t
F R TS R, ST MR T
SR T K P 2K AR TV 2 ik
S, JFE ST BB R HOK R, FA Y ) Bl
AR R B A . S, i 1 R L o
WA RSB RAS A, (T LA B4R B 2K
AL, T A0 FLAHA 2 SE O I S8, 4
SRR THIE . BB T B R v P

FEF AR A T O RREE TR A AR
[ FEAHIL: e BB 1A WA 2R T & Er
0 Eg, WMESR K BEGL 53517 CBM A1 VBM #£3).
DRI T R O M, it = 152 3 B A 8B K R Al oy )
la] CBM il VBM #3), M R B KT it 3 F0 52
FHPIERRE, WD T B G REE. H TR AR
s 2 S AN 2B U LI &R, B [dEy| =
RLAN (N = ntp) , PRI R AR B
RIF SRAKTFRIY. X F n BB S B 1R FS
KT Ep. AT p BlBZR, Ep Wiz KT
Ea . X ffA3 FME T 3 A8/ 1 B K F H bRk
AN NS N (TE: DN Rl OE 2 € R/ aeiq
JE. PRI 0 > RERT DASR b SR AR A 8035 2%

066105-11


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 3R Acta Phys. Sin. Vol. 73, No. 6 (2024)

066105

RER, X5 DITER SR MR AR —E). 18] 8(c), (d)
JE/R T 1EARFEFSECIERIE T, p BHBIRI) GaN:
Mg R F H Mg, SAMRBEE Vo B AIA Z
B TWRPE SRR GRIKR. TTUES, HiE
AR GHER, Mgg, FI VT BBk BE R T
/N, BIERA GF, *MEBREE Vi W EE R0 32
EBRFE Mg, HOMRE; 350, BEE L™ AR G
R, THEAT B b i L1028 7R BE 2 7 LA
R, EAFEYRESE, HSUELRER OLR
53R JBE BB N 2R A Ay 2R R ) AR A 0L
BEAN R B, S CIR, 20 A R G T
RETDEI R G BAT BOR A2 7R . i
WFFRAAE 7S 138 O IR SR AR AT RHB AL
FREGNAERBEPLE], 0 EL s iR SR R B 2R R

B AL T — A B R AR

6 REHEZR

ASCHESR T 3 F % BE 7 R ERE 1 58 — PR R B
SRBA T A SRS RN A B Tk, 2
IR LA 1) A48 T8 R AR s T
ik (RUHEE SRS, JFBgh T At ka3
H R A AR S A A B A R i 2517
KSR LA S R AT B i, AR
MP f&1E . LZ 8 1E . FNV {&1E . SCPC & 1E | DL K&
BRI HLAT C-SCBIE; 2) THE 1AL BRI A
H RGeS bl L B B s 2R |
KB TR, LA R A PR 2H 5T %o B o e, i 4 Bt
PRI, R BB, IR e R —
A5 45 B TG Gl HLU BB TR 3) iR T L
Tofr g L, %85 02 R A T~ 5 4R i Bt L s ) A
&, DA RAB IE J7 vk B LR 8, A4 e i 1Y)
BUTELE AN d B R CHERRER LDA+-U
Tk, LSRRIz shiJTiE; 4) il 7 TR0
X FRB IR R A 1Y) B 1A SEOK FERRL ) 4R
7N TG RIS SR A EHE R R N TED)
FRAILT.

JUE T2 17 RS A 5 — Tk DR EL B P 1
RS T B R (ARG — RS FMES
Peik: 1) ZEGRPEYE RS, HET 2O R
(TE B RE | W T B AL RESE, T X B fa I U
FRARREE | 275 F AR SR S b sl 1 22 55 HAh
— S0 LM A B 5T RN B AR AT SR R B = 5 2) X

TARWIPEAR R, W& 4 AEMAE, T HE
R Z PR XSFR I, 5 EOR A [F] s L A R 7
JRAESETRE N TSP, (AR50 — I Pk
(ER RN iy R SN T Al NP D 57
DRASF TSR B2 Y T4 T e SO TR BE R BRI T
BTk, LA L 3) X T AR A (W
Fei AR BT TEA L HAE) X SRR IR
e, H TR SETIAE TR B B, 2 RA
9 S5 B0 MR IR S 4) A SO 27 i e T
T7ik FER R AR P A R, SRR SE PR BB
HER T SR BE A7 AR A BB 2 T | (R R R |
TR S 2RI S G55 Tk Se kPR
7%, R BB, BT ENTRRHE i Bk
ZWRANR. Bl B ek A TR 5 07 vk iy 4
L ITERE I RN IBTR i L S e S S T SE R Y
G54, CSBIR XS PR A B LA O, AT Bl
AP BB R HE— 2 R

S ik

[1] Grasser T 2012 Microelectron. Reliab. 52 39
[2] Grasser T, Kaczer B, Goes W, Reisinger H, Aichinger T,
Hehenberger P, Wagner P J, Schanovsky F, Franco J, Luque
M T T, Nelhiebel M 2011 IEEE T. Electron Dev. 58 3652
[3] Krishnan A T, Chancellor C, Chakravarthi S, Nicollian P E,
Reddy V, Varghese A, Khamankar R B, Krishnan S 2005
IEEE International Electron Devices Meeting, 2005. IEDM
Technical Digest Arazon, USA, December 5, 2005 p4
[4] Breitenstein O, Bauer J, Altermatt P P, Ramspeck K 2009
Solid State Phenom. 156 — 158 1
[5] Aydin E, De Bastiani M, De Wolf S 2019 Adv. Mater. 31
1900428
6] Park J S, Kim S, Xie Z, Walsh A 2018 Nat. Rev. Mater. 3
194
[7] BaiS, Zhang N, Gao C, Xiong Y 2018 Nano Energy 53 296
[8] Jia J, Qian C, Dong Y, Li Y F, Wang H, Ghoussoub M,
Butler K T, Walsh A, Ozin G A 2017 Chem. Soc. Rev. 46
4631
[9] Ulbricht R, Hendry E, Shan J, Heinz T F, Bonn M 2011 Rev.
Mod. Phys. 83 543
[10] deQuilettes D W, Frohna K, Emin D, Kirchartz T, Bulovic
V, Ginger D S, Stranks S D 2019 Chem. Rev. 119 11007
[11] Reshchikov M A, McNamara J D, Toporkov M, Avrutin V,
Morkog H, Usikov A S, Helava H I, Makarov Y N 2016 Sci.
Rep. 6 37511
[12] Vines L, Monakhov E, Kuznetsov A 2022 J. Appl. Phys. 132
150401
[13] McCluskey M D 2020 J. Appl. Phys. 127 101101
[14] Tuomisto F 2019 Characterisation and Control of Defects in
Semiconductors (London: Institution of Engineering and
Technology)
[15] Ingebrigtsen M E, Varley J B, Kuznetsov A Y, Svensson B G,
Alfieri G, Mihaila A, Badstiibner U, Vines L 2018 Appl. Phys.
Lett. 112 042104

066105-12


https://doi.org/10.1016/j.microrel.2011.09.002
https://doi.org/10.1016/j.microrel.2011.09.002
https://doi.org/10.1016/j.microrel.2011.09.002
https://doi.org/10.1016/j.microrel.2011.09.002
https://doi.org/10.1016/j.microrel.2011.09.002
https://doi.org/10.1016/j.microrel.2011.09.002
https://doi.org/10.1016/j.microrel.2011.09.002
https://doi.org/10.1109/TED.2011.2164543
https://doi.org/10.1109/TED.2011.2164543
https://doi.org/10.1109/TED.2011.2164543
https://doi.org/10.1109/TED.2011.2164543
https://doi.org/10.1109/TED.2011.2164543
https://doi.org/10.1109/TED.2011.2164543
https://doi.org/10.1109/TED.2011.2164543
https://www.doi.org/10.1109/IEDM.2005.1609445
https://www.doi.org/10.1109/IEDM.2005.1609445
https://www.doi.org/10.1109/IEDM.2005.1609445
https://www.doi.org/10.1109/IEDM.2005.1609445
https://www.doi.org/10.1109/IEDM.2005.1609445
https://doi.org/10.4028/www.scientific.net/SSP.156-158.1
https://doi.org/10.4028/www.scientific.net/SSP.156-158.1
https://doi.org/10.4028/www.scientific.net/SSP.156-158.1
https://doi.org/10.4028/www.scientific.net/SSP.156-158.1
https://doi.org/10.4028/www.scientific.net/SSP.156-158.1
https://doi.org/10.4028/www.scientific.net/SSP.156-158.1
https://doi.org/10.4028/www.scientific.net/SSP.156-158.1
https://doi.org/10.4028/www.scientific.net/SSP.156-158.1
https://doi.org/10.1002/adma.201900428
https://doi.org/10.1002/adma.201900428
https://doi.org/10.1002/adma.201900428
https://doi.org/10.1002/adma.201900428
https://doi.org/10.1002/adma.201900428
https://doi.org/10.1002/adma.201900428
https://doi.org/10.1038/s41578-018-0026-7
https://doi.org/10.1038/s41578-018-0026-7
https://doi.org/10.1038/s41578-018-0026-7
https://doi.org/10.1038/s41578-018-0026-7
https://doi.org/10.1038/s41578-018-0026-7
https://doi.org/10.1038/s41578-018-0026-7
https://doi.org/10.1016/j.nanoen.2018.08.058
https://doi.org/10.1016/j.nanoen.2018.08.058
https://doi.org/10.1016/j.nanoen.2018.08.058
https://doi.org/10.1016/j.nanoen.2018.08.058
https://doi.org/10.1016/j.nanoen.2018.08.058
https://doi.org/10.1016/j.nanoen.2018.08.058
https://doi.org/10.1016/j.nanoen.2018.08.058
https://doi.org/10.1039/C7CS00026J
https://doi.org/10.1039/C7CS00026J
https://doi.org/10.1039/C7CS00026J
https://doi.org/10.1039/C7CS00026J
https://doi.org/10.1039/C7CS00026J
https://doi.org/10.1039/C7CS00026J
https://doi.org/10.1103/RevModPhys.83.543
https://doi.org/10.1103/RevModPhys.83.543
https://doi.org/10.1103/RevModPhys.83.543
https://doi.org/10.1103/RevModPhys.83.543
https://doi.org/10.1103/RevModPhys.83.543
https://doi.org/10.1103/RevModPhys.83.543
https://doi.org/10.1103/RevModPhys.83.543
https://doi.org/10.1103/RevModPhys.83.543
https://doi.org/10.1021/acs.chemrev.9b00169
https://doi.org/10.1021/acs.chemrev.9b00169
https://doi.org/10.1021/acs.chemrev.9b00169
https://doi.org/10.1021/acs.chemrev.9b00169
https://doi.org/10.1021/acs.chemrev.9b00169
https://doi.org/10.1021/acs.chemrev.9b00169
https://doi.org/10.1021/acs.chemrev.9b00169
https://doi.org/10.1038/srep37511
https://doi.org/10.1038/srep37511
https://doi.org/10.1038/srep37511
https://doi.org/10.1038/srep37511
https://doi.org/10.1038/srep37511
https://doi.org/10.1038/srep37511
https://doi.org/10.1038/srep37511
https://doi.org/10.1038/srep37511
https://doi.org/10.1063/5.0127714
https://doi.org/10.1063/5.0127714
https://doi.org/10.1063/5.0127714
https://doi.org/10.1063/5.0127714
https://doi.org/10.1063/5.0127714
https://doi.org/10.1063/5.0127714
https://doi.org/10.1063/1.5142195
https://doi.org/10.1063/1.5142195
https://doi.org/10.1063/1.5142195
https://doi.org/10.1063/1.5142195
https://doi.org/10.1063/1.5142195
https://doi.org/10.1063/1.5142195
https://doi.org/10.1063/1.5142195
https://doi.org/10.1063/1.5020134
https://doi.org/10.1063/1.5020134
https://doi.org/10.1063/1.5020134
https://doi.org/10.1063/1.5020134
https://doi.org/10.1063/1.5020134
https://doi.org/10.1063/1.5020134
https://doi.org/10.1063/1.5020134
https://doi.org/10.1063/1.5020134
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

Y B ¥ R Acta Phys. Sin.

Vol. 73, No. 6 (2024) 066105

Venzie A, Portoff A, Valenzuela E C P, Stavola M, Fowler W
B, Pearton S J, Glaser E R 2022 J. Appl. Phys. 131 035706
Huang H-L, Chae C, Hwang J 2022 J. Appl. Phys. 131 190901
Watkins G D 1999 Phys. Solid State 41 746

Willardson R K, Weber E R, Stavola M 1998 Identification of
Defects in Semiconductors (Academic Press)

Walsh A, Butler K T 2013 Acc. Chem. Res. 47 364

Le Bahers T, Rérat M, Sautet P 2014 J. Phys. Chem. C' 118
5997

Jain A, Shin Y, Persson K A 2016 Nat. Rev. Mater. 1 15004
Freysoldt C, Grabowski B, Hickel T, Neugebauer J, Kresse G,
Janotti A, Van de Walle C G 2014 Rev. Mod. Phys. 86 253
Wang L 2019 J. Semicond. 40 091101

Suo Z, Wang L, Li S, Luo J 2022 J. Semicond. 43 112801

Cao R, Deng H X, Luo J W, Wei S H 2019 J. Semicond. 40
042102

Makov G, Payne M C 1995 Phys. Rev. B 51 4014

Lany S, Zunger A 2008 Phys. Rev. B 78 235104

Lany S, Zunger A 2009 Modell. Simul. Mater. Sci. Eng. 17
084002

Freysoldt C, Neugebauer J, Van de Walle C G 2009 Phys.
Rev. Lett. 102 016402

da Silva M C, Lorke M, Aradi B, Farzalipour Tabriz M,
Frauenheim T, Rubio A, Rocca D, Dedk P 2021 Phys. Rev.
Lett. 126 076401

Suo Z J, Luo J W, Li S S, Wang L. W 2020 Phys. Rev. B 102
174110

Baraff G A, Schliiter M 1984 Phys. Rev. B 30 3460

Anisimov V I, Zaanen J, Andersen O K 1991 Phys. Rev. B 44
943

Heyd J, Scuseria G E, Ernzerhof M 2006 J. Chem. Phys. 124
219906

Heyd J, Scuseria G E, Ernzerhof M 2003 J. Chem. Phys. 118
8207

Fuchs F, Furthmiiller J, Bechstedt F, Shishkin M, Kresse G
2007 Phys. Rev. B 76 115109

Komsa H P, Rantala T T, Pasquarello A 2012 Phys. Rev. B
86 045112

Leslie M, Gillan N J 1985 J. Phys. C: Solid State Phys. 18
973

Castleton C W M, Hoglund A, Mirbt S 2006 Phys. Rev. B 73
035215

Hine N D M, Frensch K, Foulkes W M C, Finnis M W 2009
Phys. Rev. B'T9 024112

Murphy S T, Hine N D M 2013 Phys. Rev. B 87 094111
Kumagai Y, Oba F 2014 Phys. Rev. B 89 195205

Freysoldt C, Neugebauer J 2018 Phys. Rev. B 97 205425
Wang D, Han D, Li X B, Xie S Y, Chen N K, Tian W Q,
West D, Sun H-B, Zhang S B 2015 Phys. Rev. Lett. 114
196801

Wang D, Han D, Li X B, Chen N K, West D, Meunier V,
Zhang S, Sun H B 2017 Phys. Rev. B 96 155424

Richter N A, Sicolo S, Levchenko S V, Sauer J, Scheffler M
2013 Phys. Rev. Lett. 111 045502

Xiao J, Yang K, Guo D, Shen T, Deng H X, Li S S, Luo J W,
Wei S H 2020 Phys. Rev. B 101 165306

Godby R W, Schliiter M, Sham L J 1986 Phys. Rev. Lett. 56

[50]

[51]
[52]

[79]

(85]

(86]
(87]

066105-13

2415

Mori-Sénchez P, Cohen A J, Yang W 2008 Phys. Rev. Lett.
100 146401

Janotti A, Van de Walle C G 2007 Phys. Rev. B 76 165202
Clark S J, Robertson J 2010 Phys. Status 248 537

Zanolli Z, Fuchs F, Furthmiiller J, von Barth U, Bechstedt F
2007 Phys. Rev. B 75 245121

Perdew J P 2009 Int. J. Quantum Chem 28 497

Perdew J P, Levy M 1983 Phys. Rev. Lett. 51 1884

Sham L J, Schliiter M 1983 Phys. Rev. Lett. 51 1888

Wang L W 2001 Appl. Phys. Lett. 78 1565

Zhang G, Canning A, Grgnbech-Jensen N, Derenzo S, Wang
L W 2013 Phys. Rev. Lett. 110 166404

Kang J, Wang L W 2022 Phys. Rev. Appl. 18 064001

Zhang S B, Wei S H, Zunger A 2001 Phys. Rev. B 63 075205
Zhang S B 2002 J. Phys. : Condens. Matter 14 R881

Van de Walle C G, Neugebauer J 2004 J. Appl. Phys. 95 3851
Wei S H, Zunger A 1988 Phys. Rev. B 37 8958

Janotti A, Van de Walle C G 2010 Phys. Status 248 799
Cococcioni M, de Gironcoli S 2005 Phys. Rev. B 71 035105
Boonchun A, Lambrecht W R L 2010 Phys. Status 248 1043
Becke A D 1993 J. Chem. Phys. 98 1372

Muscat J, Wander A, Harrison N M 2001 Chem. Phys. Lett.
342 397

Perdew J P, Ernzerhof M, Burke K 1996 J. Chem. Phys. 105
9982

Cai X, Zhang P, Wei S H 2019 J. Semicond. 40 092101

Dedk P, Aradi B, Frauenheim T, Janzén E, Gali A 2010
Phys. Rev. B 81 153203

Davies G, Hamer M F, Price W C 1997 Proceed. of the Royal
Soc. London. A. Math. and Phys. Sci. 348 285

Komsa H P, Pasquarello A 2011 Phys. Rev. B 84 075207
Blakemore J S 1982 J. Appl. Phys. 53 R123

Lin L 2016 J. Chem. Theory Comput. 12 2242

Bang J, Sun Y Y, Abtew T A, Samanta A, Zhang P, Zhang S
B 2013 Phys. Rev. B 88 035134

Bryan Z, Bryan I, Gaddy B E, Reddy P, Hussey L, Bobea M,
Guo W, Hoffmann M, Kirste R, Tweedie J, Gerhold M, Irving
D L, Sitar Z, Collazo R 2014 Appl. Phys. Lett. 105 222101
Male J, Agne M T, Goyal A, Anand S, Witting I T,
Stevanovi¢ V, Snyder G J 2019 Mater. Horiz. 6 1444

Cai X, Luo J, Li S, Wei S, Deng H 2022 Phys. Rev. B 106
214102

Harper R L, Hwang S, Giles N C, Schetzina J F, Dreifus D L,
Myers T H 1989 Appl. Phys. Lett. 54 170

Fujita S, Fujita S 1992 J. Cryst. Growth 117 67

Simpson J, Hauksson I, Wang S Y, Stewart H, Prior K A,
Cavenett B C 1993 Physica B 185 164

Li X, Zhang B, Zhu H, Dong X, Xia X, Cui Y, Huang K, Du
G 2008 Appl. Surf. Sci. 254 2081

Bryan Z, Hoffmann M, Tweedie J, Kirste R, Callsen G,
Bryan I, Rice A, Bobea M, Mita S, Xie J, Sitar Z, Collazo R
2012 J. Electron. Mater. 42 815

Klump A, Hoffmann M P, Kaess F, Tweedie J, Reddy P,
Kirste R, Sitar Z, Collazo R 2020 J. Appl. Phys. 127 045702
Ning F, Huang J, Kang J 2023 Phys. Rev. Appl. 19 054046
Yang J, Wei S H 2019 Chin. Phys. B 28 086106


https://doi.org/10.1063/5.0080341
https://doi.org/10.1063/5.0080341
https://doi.org/10.1063/5.0080341
https://doi.org/10.1063/5.0080341
https://doi.org/10.1063/5.0080341
https://doi.org/10.1063/5.0080341
https://doi.org/10.1063/5.0080341
https://doi.org/10.1063/5.0087053
https://doi.org/10.1063/5.0087053
https://doi.org/10.1063/5.0087053
https://doi.org/10.1063/5.0087053
https://doi.org/10.1063/5.0087053
https://doi.org/10.1063/5.0087053
https://doi.org/10.1063/5.0087053
https://doi.org/10.1134/1.1130862
https://doi.org/10.1134/1.1130862
https://doi.org/10.1134/1.1130862
https://doi.org/10.1134/1.1130862
https://doi.org/10.1134/1.1130862
https://doi.org/10.1134/1.1130862
https://doi.org/10.1134/1.1130862
https://doi.org/10.1021/ar400115x
https://doi.org/10.1021/ar400115x
https://doi.org/10.1021/ar400115x
https://doi.org/10.1021/ar400115x
https://doi.org/10.1021/ar400115x
https://doi.org/10.1021/ar400115x
https://doi.org/10.1021/ar400115x
https://doi.org/10.1021/jp409724c
https://doi.org/10.1021/jp409724c
https://doi.org/10.1021/jp409724c
https://doi.org/10.1021/jp409724c
https://doi.org/10.1021/jp409724c
https://doi.org/10.1021/jp409724c
https://doi.org/10.1038/natrevmats.2015.4
https://doi.org/10.1038/natrevmats.2015.4
https://doi.org/10.1038/natrevmats.2015.4
https://doi.org/10.1038/natrevmats.2015.4
https://doi.org/10.1038/natrevmats.2015.4
https://doi.org/10.1038/natrevmats.2015.4
https://doi.org/10.1038/natrevmats.2015.4
https://doi.org/10.1103/RevModPhys.86.253
https://doi.org/10.1103/RevModPhys.86.253
https://doi.org/10.1103/RevModPhys.86.253
https://doi.org/10.1103/RevModPhys.86.253
https://doi.org/10.1103/RevModPhys.86.253
https://doi.org/10.1103/RevModPhys.86.253
https://doi.org/10.1103/RevModPhys.86.253
https://doi.org/10.1088/1674-4926/40/9/091101
https://doi.org/10.1088/1674-4926/40/9/091101
https://doi.org/10.1088/1674-4926/40/9/091101
https://doi.org/10.1088/1674-4926/40/9/091101
https://doi.org/10.1088/1674-4926/40/9/091101
https://doi.org/10.1088/1674-4926/40/9/091101
https://doi.org/10.1088/1674-4926/40/9/091101
https://doi.org/10.1088/1674-4926/43/11/112801
https://doi.org/10.1088/1674-4926/43/11/112801
https://doi.org/10.1088/1674-4926/43/11/112801
https://doi.org/10.1088/1674-4926/43/11/112801
https://doi.org/10.1088/1674-4926/43/11/112801
https://doi.org/10.1088/1674-4926/43/11/112801
https://doi.org/10.1088/1674-4926/43/11/112801
https://doi.org/10.1088/1674-4926/40/4/042102
https://doi.org/10.1088/1674-4926/40/4/042102
https://doi.org/10.1088/1674-4926/40/4/042102
https://doi.org/10.1088/1674-4926/40/4/042102
https://doi.org/10.1088/1674-4926/40/4/042102
https://doi.org/10.1088/1674-4926/40/4/042102
https://doi.org/10.1103/PhysRevB.51.4014
https://doi.org/10.1103/PhysRevB.51.4014
https://doi.org/10.1103/PhysRevB.51.4014
https://doi.org/10.1103/PhysRevB.51.4014
https://doi.org/10.1103/PhysRevB.51.4014
https://doi.org/10.1103/PhysRevB.51.4014
https://doi.org/10.1103/PhysRevB.51.4014
https://doi.org/10.1103/PhysRevB.78.235104
https://doi.org/10.1103/PhysRevB.78.235104
https://doi.org/10.1103/PhysRevB.78.235104
https://doi.org/10.1103/PhysRevB.78.235104
https://doi.org/10.1103/PhysRevB.78.235104
https://doi.org/10.1103/PhysRevB.78.235104
https://doi.org/10.1103/PhysRevB.78.235104
https://doi.org/10.1088/0965-0393/17/8/084002
https://doi.org/10.1088/0965-0393/17/8/084002
https://doi.org/10.1088/0965-0393/17/8/084002
https://doi.org/10.1088/0965-0393/17/8/084002
https://doi.org/10.1088/0965-0393/17/8/084002
https://doi.org/10.1088/0965-0393/17/8/084002
https://doi.org/10.1103/PhysRevLett.102.016402
https://doi.org/10.1103/PhysRevLett.102.016402
https://doi.org/10.1103/PhysRevLett.102.016402
https://doi.org/10.1103/PhysRevLett.102.016402
https://doi.org/10.1103/PhysRevLett.102.016402
https://doi.org/10.1103/PhysRevLett.102.016402
https://doi.org/10.1103/PhysRevLett.102.016402
https://doi.org/10.1103/PhysRevLett.102.016402
https://doi.org/10.1103/PhysRevLett.126.076401
https://doi.org/10.1103/PhysRevLett.126.076401
https://doi.org/10.1103/PhysRevLett.126.076401
https://doi.org/10.1103/PhysRevLett.126.076401
https://doi.org/10.1103/PhysRevLett.126.076401
https://doi.org/10.1103/PhysRevLett.126.076401
https://doi.org/10.1103/PhysRevLett.126.076401
https://doi.org/10.1103/PhysRevLett.126.076401
https://doi.org/10.1103/PhysRevB.102.174110
https://doi.org/10.1103/PhysRevB.102.174110
https://doi.org/10.1103/PhysRevB.102.174110
https://doi.org/10.1103/PhysRevB.102.174110
https://doi.org/10.1103/PhysRevB.102.174110
https://doi.org/10.1103/PhysRevB.102.174110
https://doi.org/10.1103/PhysRevB.30.3460
https://doi.org/10.1103/PhysRevB.30.3460
https://doi.org/10.1103/PhysRevB.30.3460
https://doi.org/10.1103/PhysRevB.30.3460
https://doi.org/10.1103/PhysRevB.30.3460
https://doi.org/10.1103/PhysRevB.30.3460
https://doi.org/10.1103/PhysRevB.30.3460
https://doi.org/10.1103/PhysRevB.44.943
https://doi.org/10.1103/PhysRevB.44.943
https://doi.org/10.1103/PhysRevB.44.943
https://doi.org/10.1103/PhysRevB.44.943
https://doi.org/10.1103/PhysRevB.44.943
https://doi.org/10.1103/PhysRevB.44.943
https://doi.org/10.1063/1.2204597
https://doi.org/10.1063/1.2204597
https://doi.org/10.1063/1.2204597
https://doi.org/10.1063/1.2204597
https://doi.org/10.1063/1.2204597
https://doi.org/10.1063/1.2204597
https://doi.org/10.1063/1.1564060
https://doi.org/10.1063/1.1564060
https://doi.org/10.1063/1.1564060
https://doi.org/10.1063/1.1564060
https://doi.org/10.1063/1.1564060
https://doi.org/10.1063/1.1564060
https://doi.org/10.1103/PhysRevB.76.115109
https://doi.org/10.1103/PhysRevB.76.115109
https://doi.org/10.1103/PhysRevB.76.115109
https://doi.org/10.1103/PhysRevB.76.115109
https://doi.org/10.1103/PhysRevB.76.115109
https://doi.org/10.1103/PhysRevB.76.115109
https://doi.org/10.1103/PhysRevB.76.115109
https://doi.org/10.1103/PhysRevB.86.045112
https://doi.org/10.1103/PhysRevB.86.045112
https://doi.org/10.1103/PhysRevB.86.045112
https://doi.org/10.1103/PhysRevB.86.045112
https://doi.org/10.1103/PhysRevB.86.045112
https://doi.org/10.1103/PhysRevB.86.045112
https://doi.org/10.1088/0022-3719/18/5/005
https://doi.org/10.1088/0022-3719/18/5/005
https://doi.org/10.1088/0022-3719/18/5/005
https://doi.org/10.1088/0022-3719/18/5/005
https://doi.org/10.1088/0022-3719/18/5/005
https://doi.org/10.1088/0022-3719/18/5/005
https://doi.org/10.1103/PhysRevB.73.035215
https://doi.org/10.1103/PhysRevB.73.035215
https://doi.org/10.1103/PhysRevB.73.035215
https://doi.org/10.1103/PhysRevB.73.035215
https://doi.org/10.1103/PhysRevB.73.035215
https://doi.org/10.1103/PhysRevB.73.035215
https://doi.org/10.1103/PhysRevB.79.024112
https://doi.org/10.1103/PhysRevB.79.024112
https://doi.org/10.1103/PhysRevB.79.024112
https://doi.org/10.1103/PhysRevB.79.024112
https://doi.org/10.1103/PhysRevB.79.024112
https://doi.org/10.1103/PhysRevB.79.024112
https://doi.org/10.1103/PhysRevB.87.094111
https://doi.org/10.1103/PhysRevB.87.094111
https://doi.org/10.1103/PhysRevB.87.094111
https://doi.org/10.1103/PhysRevB.87.094111
https://doi.org/10.1103/PhysRevB.87.094111
https://doi.org/10.1103/PhysRevB.87.094111
https://doi.org/10.1103/PhysRevB.87.094111
https://doi.org/10.1103/PhysRevB.89.195205
https://doi.org/10.1103/PhysRevB.89.195205
https://doi.org/10.1103/PhysRevB.89.195205
https://doi.org/10.1103/PhysRevB.89.195205
https://doi.org/10.1103/PhysRevB.89.195205
https://doi.org/10.1103/PhysRevB.89.195205
https://doi.org/10.1103/PhysRevB.89.195205
https://doi.org/10.1103/PhysRevB.97.205425
https://doi.org/10.1103/PhysRevB.97.205425
https://doi.org/10.1103/PhysRevB.97.205425
https://doi.org/10.1103/PhysRevB.97.205425
https://doi.org/10.1103/PhysRevB.97.205425
https://doi.org/10.1103/PhysRevB.97.205425
https://doi.org/10.1103/PhysRevB.97.205425
https://doi.org/10.1103/PhysRevLett.114.196801
https://doi.org/10.1103/PhysRevLett.114.196801
https://doi.org/10.1103/PhysRevLett.114.196801
https://doi.org/10.1103/PhysRevLett.114.196801
https://doi.org/10.1103/PhysRevLett.114.196801
https://doi.org/10.1103/PhysRevLett.114.196801
https://doi.org/10.1103/PhysRevB.96.155424
https://doi.org/10.1103/PhysRevB.96.155424
https://doi.org/10.1103/PhysRevB.96.155424
https://doi.org/10.1103/PhysRevB.96.155424
https://doi.org/10.1103/PhysRevB.96.155424
https://doi.org/10.1103/PhysRevB.96.155424
https://doi.org/10.1103/PhysRevB.96.155424
https://doi.org/10.1103/PhysRevLett.111.045502
https://doi.org/10.1103/PhysRevLett.111.045502
https://doi.org/10.1103/PhysRevLett.111.045502
https://doi.org/10.1103/PhysRevLett.111.045502
https://doi.org/10.1103/PhysRevLett.111.045502
https://doi.org/10.1103/PhysRevLett.111.045502
https://doi.org/10.1103/PhysRevLett.111.045502
https://doi.org/10.1103/PhysRevB.101.165306
https://doi.org/10.1103/PhysRevB.101.165306
https://doi.org/10.1103/PhysRevB.101.165306
https://doi.org/10.1103/PhysRevB.101.165306
https://doi.org/10.1103/PhysRevB.101.165306
https://doi.org/10.1103/PhysRevB.101.165306
https://doi.org/10.1103/PhysRevB.101.165306
https://doi.org/10.1103/PhysRevLett.56.2415
https://doi.org/10.1103/PhysRevLett.56.2415
https://doi.org/10.1103/PhysRevLett.56.2415
https://doi.org/10.1103/PhysRevLett.56.2415
https://doi.org/10.1103/PhysRevLett.56.2415
https://doi.org/10.1103/PhysRevLett.56.2415
https://doi.org/10.1103/PhysRevLett.100.146401
https://doi.org/10.1103/PhysRevLett.100.146401
https://doi.org/10.1103/PhysRevLett.100.146401
https://doi.org/10.1103/PhysRevLett.100.146401
https://doi.org/10.1103/PhysRevLett.100.146401
https://doi.org/10.1103/PhysRevLett.100.146401
https://doi.org/10.1103/PhysRevB.76.165202
https://doi.org/10.1103/PhysRevB.76.165202
https://doi.org/10.1103/PhysRevB.76.165202
https://doi.org/10.1103/PhysRevB.76.165202
https://doi.org/10.1103/PhysRevB.76.165202
https://doi.org/10.1103/PhysRevB.76.165202
https://doi.org/10.1103/PhysRevB.76.165202
https://doi.org/10.1002/pssb.201046110
https://doi.org/10.1002/pssb.201046110
https://doi.org/10.1002/pssb.201046110
https://doi.org/10.1002/pssb.201046110
https://doi.org/10.1002/pssb.201046110
https://doi.org/10.1002/pssb.201046110
https://doi.org/10.1002/pssb.201046110
https://doi.org/10.1103/PhysRevB.75.245121
https://doi.org/10.1103/PhysRevB.75.245121
https://doi.org/10.1103/PhysRevB.75.245121
https://doi.org/10.1103/PhysRevB.75.245121
https://doi.org/10.1103/PhysRevB.75.245121
https://doi.org/10.1103/PhysRevB.75.245121
https://doi.org/10.1103/PhysRevB.75.245121
https://doi.org/10.1002/qua.560280846
https://doi.org/10.1002/qua.560280846
https://doi.org/10.1002/qua.560280846
https://doi.org/10.1002/qua.560280846
https://doi.org/10.1002/qua.560280846
https://doi.org/10.1002/qua.560280846
https://doi.org/10.1002/qua.560280846
https://doi.org/10.1103/PhysRevLett.51.1884
https://doi.org/10.1103/PhysRevLett.51.1884
https://doi.org/10.1103/PhysRevLett.51.1884
https://doi.org/10.1103/PhysRevLett.51.1884
https://doi.org/10.1103/PhysRevLett.51.1884
https://doi.org/10.1103/PhysRevLett.51.1884
https://doi.org/10.1103/PhysRevLett.51.1884
https://doi.org/10.1103/PhysRevLett.51.1888
https://doi.org/10.1103/PhysRevLett.51.1888
https://doi.org/10.1103/PhysRevLett.51.1888
https://doi.org/10.1103/PhysRevLett.51.1888
https://doi.org/10.1103/PhysRevLett.51.1888
https://doi.org/10.1103/PhysRevLett.51.1888
https://doi.org/10.1103/PhysRevLett.51.1888
https://doi.org/10.1063/1.1354162
https://doi.org/10.1063/1.1354162
https://doi.org/10.1063/1.1354162
https://doi.org/10.1063/1.1354162
https://doi.org/10.1063/1.1354162
https://doi.org/10.1063/1.1354162
https://doi.org/10.1063/1.1354162
https://doi.org/10.1103/PhysRevLett.110.166404
https://doi.org/10.1103/PhysRevLett.110.166404
https://doi.org/10.1103/PhysRevLett.110.166404
https://doi.org/10.1103/PhysRevLett.110.166404
https://doi.org/10.1103/PhysRevLett.110.166404
https://doi.org/10.1103/PhysRevLett.110.166404
https://doi.org/10.1103/PhysRevLett.110.166404
https://doi.org/10.1103/PhysRevApplied.18.064001
https://doi.org/10.1103/PhysRevApplied.18.064001
https://doi.org/10.1103/PhysRevApplied.18.064001
https://doi.org/10.1103/PhysRevApplied.18.064001
https://doi.org/10.1103/PhysRevApplied.18.064001
https://doi.org/10.1103/PhysRevApplied.18.064001
https://doi.org/10.1103/PhysRevApplied.18.064001
https://doi.org/10.1103/PhysRevB.63.075205
https://doi.org/10.1103/PhysRevB.63.075205
https://doi.org/10.1103/PhysRevB.63.075205
https://doi.org/10.1103/PhysRevB.63.075205
https://doi.org/10.1103/PhysRevB.63.075205
https://doi.org/10.1103/PhysRevB.63.075205
https://doi.org/10.1103/PhysRevB.63.075205
https://doi.org/10.1088/0953-8984/14/34/201
https://doi.org/10.1088/0953-8984/14/34/201
https://doi.org/10.1088/0953-8984/14/34/201
https://doi.org/10.1088/0953-8984/14/34/201
https://doi.org/10.1088/0953-8984/14/34/201
https://doi.org/10.1088/0953-8984/14/34/201
https://doi.org/10.1088/0953-8984/14/34/201
https://doi.org/10.1063/1.1682673
https://doi.org/10.1063/1.1682673
https://doi.org/10.1063/1.1682673
https://doi.org/10.1063/1.1682673
https://doi.org/10.1063/1.1682673
https://doi.org/10.1063/1.1682673
https://doi.org/10.1063/1.1682673
https://doi.org/10.1103/PhysRevB.37.8958
https://doi.org/10.1103/PhysRevB.37.8958
https://doi.org/10.1103/PhysRevB.37.8958
https://doi.org/10.1103/PhysRevB.37.8958
https://doi.org/10.1103/PhysRevB.37.8958
https://doi.org/10.1103/PhysRevB.37.8958
https://doi.org/10.1103/PhysRevB.37.8958
https://doi.org/10.1002/pssb.201046384
https://doi.org/10.1002/pssb.201046384
https://doi.org/10.1002/pssb.201046384
https://doi.org/10.1002/pssb.201046384
https://doi.org/10.1002/pssb.201046384
https://doi.org/10.1002/pssb.201046384
https://doi.org/10.1002/pssb.201046384
https://doi.org/10.1103/PhysRevB.71.035105
https://doi.org/10.1103/PhysRevB.71.035105
https://doi.org/10.1103/PhysRevB.71.035105
https://doi.org/10.1103/PhysRevB.71.035105
https://doi.org/10.1103/PhysRevB.71.035105
https://doi.org/10.1103/PhysRevB.71.035105
https://doi.org/10.1103/PhysRevB.71.035105
https://doi.org/10.1002/pssb.201046328
https://doi.org/10.1002/pssb.201046328
https://doi.org/10.1002/pssb.201046328
https://doi.org/10.1002/pssb.201046328
https://doi.org/10.1002/pssb.201046328
https://doi.org/10.1002/pssb.201046328
https://doi.org/10.1002/pssb.201046328
https://doi.org/10.1063/1.464304
https://doi.org/10.1063/1.464304
https://doi.org/10.1063/1.464304
https://doi.org/10.1063/1.464304
https://doi.org/10.1063/1.464304
https://doi.org/10.1063/1.464304
https://doi.org/10.1063/1.464304
https://doi.org/10.1016/S0009-2614(01)00616-9
https://doi.org/10.1016/S0009-2614(01)00616-9
https://doi.org/10.1016/S0009-2614(01)00616-9
https://doi.org/10.1016/S0009-2614(01)00616-9
https://doi.org/10.1016/S0009-2614(01)00616-9
https://doi.org/10.1016/S0009-2614(01)00616-9
https://doi.org/10.1063/1.472933
https://doi.org/10.1063/1.472933
https://doi.org/10.1063/1.472933
https://doi.org/10.1063/1.472933
https://doi.org/10.1063/1.472933
https://doi.org/10.1063/1.472933
https://doi.org/10.1088/1674-4926/40/9/092101
https://doi.org/10.1088/1674-4926/40/9/092101
https://doi.org/10.1088/1674-4926/40/9/092101
https://doi.org/10.1088/1674-4926/40/9/092101
https://doi.org/10.1088/1674-4926/40/9/092101
https://doi.org/10.1088/1674-4926/40/9/092101
https://doi.org/10.1088/1674-4926/40/9/092101
https://doi.org/10.1103/PhysRevB.81.153203
https://doi.org/10.1103/PhysRevB.81.153203
https://doi.org/10.1103/PhysRevB.81.153203
https://doi.org/10.1103/PhysRevB.81.153203
https://doi.org/10.1103/PhysRevB.81.153203
https://doi.org/10.1103/PhysRevB.81.153203
https://doi.org/10.1098/rspa.1976.0039
https://doi.org/10.1098/rspa.1976.0039
https://doi.org/10.1098/rspa.1976.0039
https://doi.org/10.1098/rspa.1976.0039
https://doi.org/10.1098/rspa.1976.0039
https://doi.org/10.1098/rspa.1976.0039
https://doi.org/10.1098/rspa.1976.0039
https://doi.org/10.1098/rspa.1976.0039
https://doi.org/10.1103/PhysRevB.84.075207
https://doi.org/10.1103/PhysRevB.84.075207
https://doi.org/10.1103/PhysRevB.84.075207
https://doi.org/10.1103/PhysRevB.84.075207
https://doi.org/10.1103/PhysRevB.84.075207
https://doi.org/10.1103/PhysRevB.84.075207
https://doi.org/10.1103/PhysRevB.84.075207
https://doi.org/10.1063/1.331665
https://doi.org/10.1063/1.331665
https://doi.org/10.1063/1.331665
https://doi.org/10.1063/1.331665
https://doi.org/10.1063/1.331665
https://doi.org/10.1063/1.331665
https://doi.org/10.1063/1.331665
https://doi.org/10.1021/acs.jctc.6b00092
https://doi.org/10.1021/acs.jctc.6b00092
https://doi.org/10.1021/acs.jctc.6b00092
https://doi.org/10.1021/acs.jctc.6b00092
https://doi.org/10.1021/acs.jctc.6b00092
https://doi.org/10.1021/acs.jctc.6b00092
https://doi.org/10.1021/acs.jctc.6b00092
https://doi.org/10.1103/PhysRevB.88.035134
https://doi.org/10.1103/PhysRevB.88.035134
https://doi.org/10.1103/PhysRevB.88.035134
https://doi.org/10.1103/PhysRevB.88.035134
https://doi.org/10.1103/PhysRevB.88.035134
https://doi.org/10.1103/PhysRevB.88.035134
https://doi.org/10.1103/PhysRevB.88.035134
https://doi.org/10.1063/1.4903058
https://doi.org/10.1063/1.4903058
https://doi.org/10.1063/1.4903058
https://doi.org/10.1063/1.4903058
https://doi.org/10.1063/1.4903058
https://doi.org/10.1063/1.4903058
https://doi.org/10.1063/1.4903058
https://doi.org/10.1039/C9MH00294D
https://doi.org/10.1039/C9MH00294D
https://doi.org/10.1039/C9MH00294D
https://doi.org/10.1039/C9MH00294D
https://doi.org/10.1039/C9MH00294D
https://doi.org/10.1039/C9MH00294D
https://doi.org/10.1039/C9MH00294D
https://doi.org/10.1103/PhysRevB.106.214102
https://doi.org/10.1103/PhysRevB.106.214102
https://doi.org/10.1103/PhysRevB.106.214102
https://doi.org/10.1103/PhysRevB.106.214102
https://doi.org/10.1103/PhysRevB.106.214102
https://doi.org/10.1103/PhysRevB.106.214102
https://doi.org/10.1063/1.101219
https://doi.org/10.1063/1.101219
https://doi.org/10.1063/1.101219
https://doi.org/10.1063/1.101219
https://doi.org/10.1063/1.101219
https://doi.org/10.1063/1.101219
https://doi.org/10.1063/1.101219
https://doi.org/10.1016/0022-0248(92)90718-X
https://doi.org/10.1016/0022-0248(92)90718-X
https://doi.org/10.1016/0022-0248(92)90718-X
https://doi.org/10.1016/0022-0248(92)90718-X
https://doi.org/10.1016/0022-0248(92)90718-X
https://doi.org/10.1016/0022-0248(92)90718-X
https://doi.org/10.1016/0022-0248(92)90718-X
https://doi.org/10.1016/0921-4526(93)90232-U
https://doi.org/10.1016/0921-4526(93)90232-U
https://doi.org/10.1016/0921-4526(93)90232-U
https://doi.org/10.1016/0921-4526(93)90232-U
https://doi.org/10.1016/0921-4526(93)90232-U
https://doi.org/10.1016/0921-4526(93)90232-U
https://doi.org/10.1016/0921-4526(93)90232-U
https://doi.org/10.1016/j.apsusc.2007.08.056
https://doi.org/10.1016/j.apsusc.2007.08.056
https://doi.org/10.1016/j.apsusc.2007.08.056
https://doi.org/10.1016/j.apsusc.2007.08.056
https://doi.org/10.1016/j.apsusc.2007.08.056
https://doi.org/10.1016/j.apsusc.2007.08.056
https://doi.org/10.1016/j.apsusc.2007.08.056
https://doi.org/10.1007/s11664-012-2342-9
https://doi.org/10.1007/s11664-012-2342-9
https://doi.org/10.1007/s11664-012-2342-9
https://doi.org/10.1007/s11664-012-2342-9
https://doi.org/10.1007/s11664-012-2342-9
https://doi.org/10.1007/s11664-012-2342-9
https://doi.org/10.1007/s11664-012-2342-9
https://doi.org/10.1063/1.5126004
https://doi.org/10.1063/1.5126004
https://doi.org/10.1063/1.5126004
https://doi.org/10.1063/1.5126004
https://doi.org/10.1063/1.5126004
https://doi.org/10.1063/1.5126004
https://doi.org/10.1063/1.5126004
https://doi.org/10.1103/PhysRevApplied.19.054046
https://doi.org/10.1103/PhysRevApplied.19.054046
https://doi.org/10.1103/PhysRevApplied.19.054046
https://doi.org/10.1103/PhysRevApplied.19.054046
https://doi.org/10.1103/PhysRevApplied.19.054046
https://doi.org/10.1103/PhysRevApplied.19.054046
https://doi.org/10.1103/PhysRevApplied.19.054046
https://doi.org/10.1088/1674-1056/28/8/086106
https://doi.org/10.1088/1674-1056/28/8/086106
https://doi.org/10.1088/1674-1056/28/8/086106
https://doi.org/10.1088/1674-1056/28/8/086106
https://doi.org/10.1088/1674-1056/28/8/086106
https://doi.org/10.1088/1674-1056/28/8/086106
https://doi.org/10.1088/1674-1056/28/8/086106
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 3R Acta Phys. Sin. Vol. 73, No. 6 (2024) 066105

SPECIAL TOPIC—Modification of material properties by defects and dopants

A review of first-principles calculation methods for
defects in semiconductors”
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Abstract

Doping and defect control in semiconductors are essential prerequisites for their practical applications.
First-principles calculations of defects based on density functional theory offer crucial guidance for doping and
defect control. In this paper, the developments in the theoretical methods of first-principles semiconductor
defect calculations are introduced. Firstly, we introduce the method of calculating the defect formation energy
and finite-size errors to the formation energy caused by the supercell method. Then, we present corresponding
image charge correction schemes, which include the widely used post-hoc corrections (such as Makov-Payne,
Lany-Zunger, Freysoldt-Neugebauer-van de Walle schemes), the recently developed self-consistent potential
correction which performs the image charge correction in the self-consistent loop for solving Kohn-Sham
equations, and the self-consistent charge correction scheme which does not require an input of macroscopic
dielectric constants. Further, we extend our discussion to charged defect calculations in low-dimensional
semiconductors, elucidate the issue of charged defect formation energy divergence with the increase of vacuum
thickness within the jellium model and introduce our theoretical model which solves this energy divergence issue
by placing the ionized electrons or holes in the realistic host band-edge states instead of the virtual jellium
state. Furthermore, we provide a brief overview of defect calculation correction methods due to the DFT band
gap error, including the scissors operator, LDA+ U and hybrid functionals. Finally, in order to describe the
calculation of defect formation energy under illumination,

we present our self-consistent two-Fermi-reservoir model,
which can well predict the defect concentration and carrier \D \i) '-\D

\C‘B/
concentration in the Mg doped GaN system under
illumination. =~ This  work summarizes the recent C_) ; '\‘D —L Ep
E\—l—‘”*‘
: VB ;

developments regarding first-principles calculations of

defects in semiconducting materials and low-dimensional

semiconductors, under whether equilibrium conditions or \i) c;) .@
non-equilibrium  conditions, thus promoting further

developments of doping and defect control within Finite size corrections
semiconductors.

Keywords: defect calculation in semiconductors, image charge correction, defect physics in low-dimensional

semiconductors, non-equilibrium doping
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