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Horpr EOk 7R 58 56 MM 5 Y B RE; Ve R
X TR Mz LB (X Si s C); Eo (Vx,q) F1
q B2 AR R R s st B ) B Zi gy
ASSRANI, s IR ZR TP RS BREUINA S I Y BE 1
A, g2 MR IECH (BN B, A
1E), w250 FEF iR 5 B RE R Bvem R
WIRARE B, pe Rn PORREHR MM, AV Z2RIEDL,
FHORA I BAT BRI 0 A% b i g 348E, al g oA
BRI AV, AT LUAE i 28 G0 B B 3t 1l ) i ri, 32
T2
TF R A i R T O 5 R 2 33
V7 PRERE (two-component density functional
theory, TCDFT)B01 YEiZ Big v 25 & T IbAL
Iz, I H A FIE A AR R AT TR
KERFREHATHIR. AT B g R 5 E -
L AT DG S A 2R ). E I A i)
TR WL Bm R S T3 . R
J&, 18 8% B 43 A, SR f# 1E L F Kohn-Sham
R, R IEEFRE. FEFERFaEIEET
TEBCR AL, 1F ISR T A T
1 A= Trcrg/ &r nt(@E)nr)gnT,n),  (2)

R

Hrp N FORIEHR PR, N EIER T r i E
B e BRI ro B HLFIILBLEAE, nt(r) HI
n(r) 5 lFRRIEE F BB F%E; gintn) R
HESR A F. IEH R AR A A% O PR TE T
B IR 1E F 5 F 2 (R A AE AR, 38 sk
FHEAE AR 1253 WA E 20 Bl B
iTfll (local density approximation, LDA)BY
GGA. ¥ LDA %, i1 Boronski 11 Nieminen!*)
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Fig. 1. Formation energies of intrinsic and oxygen-doped defects in 3C-SiC: (a) V; (b) Vg (¢) Vsipc; (d) Ogi; (€) OcVg;; (f) OgiVe.
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of OSiVC'

(¢) -

) neutral state of Og;V;

(a) Defect-free crystal; (b

187801-5


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. 74, No. 18 (2025) 187801

IR R T AR SR A A T A Y Y
. AHELZ T, Oc 32 R T BUR S 7 % 5
AR, HAEar SAHILT—2, 1 Og; 71
o AR, BT it S HE R PR AR b B 2 T
BEREAL, AR Vg A& AL R R, Og; 175
KT V. EEE GEFE T, OV M r i
Vi THBSAR, 7545 & Hoal i B R i — 22 X 47,
i OgVe MIFEM AT Og 5 Ve, MBARBA S
A7 PR FIVE X 45 A A 52 2 ).l a2 5
KR &34, AT B A B . % 1 it
FAFENW I AR L 5SS H A 2R
K, AIRERE A R T F A LA
S meta-GGA iZ BRASNE 1 T HIA S HER B S5
TE FL - R R 1 B BRI, B =2k
AEAETE L [ JE R ) 2 A B S h, Y R
FETE FBERRAL (AnRE PR S B SRR M DX ) B, F
T R A 23 2028 SR 2R e 1) FLAar 2 B 01, DA

SN 1E BT A BT SAE5E) GGA 72 R
Ft, meta-GGA {7 PRI & 75 28 4 - G B 2% FE 5 |
A BHRERFEI, ARG T %5 B M HBR B, 18
BRI FEL U0 R R Sy A AL AR B, Hrh Bl e 2 B
ST AR S A AR A TR S R AR,
T REAE T4l X e L S i, I L RE ST R
AR B SR A T R, DTS Ml L FE R W i )

F1 WA EITA N IER IR A (A7 ps)

Table 1.  Calculated positron annihilation lifetimes

(ps) for the four schemes.

257 BNLDA APGGA PHNCGGA QMCGGA ik

441 150 150 147 153 14500
V2 151 150 147 152 15023
v 241 238 233 242 227BY
Ve 237 233 229 238 225D
vVe© 236 232 228 237 22204
Véic 250 249 243 251
Viie 243 242 236 245
Viie 239 244 235 242
(o 164 170 164 169
0oy~ 167 187 175 176
02~ 167 187 174 175
OcVy, 239 242 234 242
OcVy™ 237 242 234 240
OcVs™ 234 240 231 238
OsiV2 181 186 180 186
OsiV{™ 183 202 190 192
OsiVe™ 183 202 190 191

THIE (1F L 50T H 285 B2 B T8O 23 A A BBURR).
TE Og; A1 Og Ve b AT DOUEL 2] (28 5 1A A5 sk
B IE HLF A A 223K, AN A Z I (-1 Fil-2)
M IE B F A 22 IR/, S - IE 8% B4
THEZER 8 IEH Og PSR IER F /N
WA IE R FF54, 1 Oc Ve H SR IE i ¥ FF 4w
KTANSWIERT A, X 558259 R 5E
SR 30 7oh, RS AR R R REF I
V?: 5 Ogi ARG -2 A-m?, Vgi ) V(SJH-C 5 OCVgi i)
WG R 2 A-m?, R HAFAE I AR BN 5 I3F
I B e AR

AFSEE A E R T Har ARG TR
R B S R BA R - S5 A8 (R 5 e B, AR 1 T
G, THEAS B ARAHIE A i KT Panda 45 P9
HSEIGHEL, TS0 VO AL RS Brauer 45 2324
B SHEESEY A, EREENE, V.o &
GENM ARSI SR 5 0, XATReIE T
A A IET A REMALRIN LA S meta-GGA 12 bR
XTHIE BN e % B A5

HRBEISRI BT R, BR2S 0 Ve IIE R T4
kTR, vl R % B A R R A
EHWE. MHZ T, B Vg MR A Ve
1) 745y 2 AL ) i 3o 1 B, FRBHAAIE e b 5 2 B 1Y
BN 2SI S8 IE H TR TR TEAEIB LA T, Oc
R PR R 9% B AR AZ B, H G S AR AH A
—3; M Og; it FEBRFE H T far HE R FIER REDL B B
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THABME, ZEHE 280 E A4
5

34 HEZEZIREL

CDB 145 REME 46 7 X L B g ] 52 0 44 L
LT 454, JCHGETE L T REZR B Bz . A
TR Z S EEAE S e (0, 2.86) x
10 3mge Al W e (10.58, 27.36) x 10 *myc B FLS
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a1, AR 2% (full-width-at-half-maximum,
FWHM) = 4.7 x 10 3mqc [ 7 37 ok Btk 41 4 41,
BRBIEE T T (0—40) x 10 3mge Z A&, 3
FAT BN 2 sh ik an a4 FE 5 s,
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g 1F

0 5 10 15 20 25 30 35 40
p/(1073mgc)
(b) — Ve — Vs — Vgi,c — Oc¢
1.4F — Osi,— Oc¢Vsi — OsiVe
8
£
3 12}
9
n 1.0
Q
8
o
2 osf
5
"
0.6

0 :5 1.0 1.5 2.0 2.5 3.0 3.5 40
p/ (10~ 3moc)

4 (a) C, Sif O£ FL; (b) 3C-SiC ' V¢, Vg,

Vsircs Oc, Ogi, OcV; Fll Og Ve 9 23 i

Fig. 4. (a) Doppler spectra of the C, Si, and O; (b) Doppler

spectra of the Vg, Vg, Vgiic, Oc, Osi, OcVg; and Og Vi de-

fects in 3C-SiC.
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1.0, I O¢ 1Y IE HL I8V e 1 5 ok e SiC it
B AR ], X 5 1E o T A A T 4 SR — 3
TESR 2 RIS AU h, IS A S, S8
BAZEIHY Sl K, Vi B Se b Ve B S KIMTERR
PG, S SR W, SEEBZLT 1.0.

(a) — 0% — Oy — OF
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Ratio to SiC lattice

1.0 E
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p/(10~*mqc)

(b) — OgiVe — OgiVE™ — OV~

1.4

Ratio to SiC lattice
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Kl 5 (a) Og AR5 ICHIR 3C-SiC Ml Y 2353851 ith

2 (b) OgVe AR 5 TCHBE 3C-SiC L I £ il 1 i £k

Fig. 5. Momentum distributions ratio curves of annihilat-

ing electron-positron pairs for various charge states of Og;
(a) and Og V¢ (b) in 3C-SiC.

#* 2 3C-SiC HEIES S LA SRR S, AN
I/Vrel 72%@(

Table 2.  Relative S, and W, parameters of in-
trinsic defects and oxygen-doped defects in 3C-SiC.

Defect type Srel Wial
Ve 1.020 0.948

Vg 1.063 0.872
Vsitc 1.082 0.790
O¢ 1.000 0.999

Og; 0.997 1.009
OV 1.025 1.002
OsiVe 0.988 1.228
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Bl 5 2 5HA T Og A1 Og Ve 19 0, —1 -2 H,
WA 2. AR R, B 0g & O VR Ak, F
AL AN Y 22 ) S A F R R A
S X ULHIBR OF; 1 Og 5 Osi V2 Bl O Ve HY LA
AR ARSI, oy i far A8 A0 A B i 52 1 50 1)
JRIIRE T2, X 53 3 BRRIAE R —2 [ 5(a)
NS Og 75 i sl it XSk g I L Og; K,
M 5(b) BTN ZS Og Ve 75 i sl X R I (E L
FEMA OV k. Og M Og Ve -2 A5 -1 #r
AT ZTC B AR Ak, D12 PRl Sy R~ %) P 3 A
A G D OIS SR OF (IR

£ 3 EHXE Og M OV 45Tl 25 5 TCER A S 9 AH
XTJ— Srcl *” I/Vrcl %%ﬁ
Table 3.  Relative S, and W, parameters calculated for

various charge states of Og; and Og; V.

Defect type Srel Wil
0g, 0.997 1.009
0y~ 0.984 1.087
(o 0.983 1.092
Og; V2 0.988 1.228
OsiVe™ 0.990 1.210
Osi Ve~ 0.990 1.209
4 % %

ARG % R RS THEAFSE T 3C-SiC
(R ASAE 25 7 i B DA B 48048 2 BB, ] meta-
GGA ZZH Tz R T 8GEIE BRE, JFiHE T
HLF-IE P9 | I PR A A A 2 e
TELK ST WS iR EY Og 5 Og Ve
BRBE M A PRSI N S AR SR JRR A A
(25 RE St TR, AT S 380 o7 P SR 3l 40 A, R T £7
MAEZME (-1, -2) W AFARET, 3C-SiC 1 H T
J3 R 35 H 5 1 L R e 2 R R Ak
O3AT. IR BB TE BUAE A 45 SR RS B 45 R Y
BT, X AT A3, JETF A BER L) meta-
GGA Z PRI 8T H e A0 5 508 Shrg %
B, 5IoHkIE SiC SZ 8 i 1 F L AR e A L,
K 5—10 ps. 23 #ohEibr i Bas REY, £
RIS S, W SEhEE P 3C-SiC AR
23 N B DA SR B 2B, TE Og; T, L bRl
RN BAE T EZAEH, MTE OgVe H, 2567 1Y Ry ik
KAET EBAEH, HEMS3 Oy, 5 Og Ve PIFE B
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BeAran M2 B3 1 o i, RERSVUN R B3R5 T
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Positron annihilation lifetime and Doppler broadening
spectral calculation of oxygen-doped 3C-SiC
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Abstract

Based on density functional theory (DFT), the formation energies of intrinsic vacancy defects (Vq, Vg, and
Vgirc) and oxygen-related defects (O¢, Og;, OcVg;, and Og V) in 3C-SiC are calculated. The results indicate
that all defects considered, except for O¢, possess neutral or negative charge states, thereby making them
suitable for detection by positron annihilation spectroscopy (PAS). Furthermore, the electron and positron
density distributions and positron annihilation lifetimes for the perfect 3C-SiC supercell and various defective
configurations are computed. It is found that the Og; and OgV complexes act as effective positron trapping
centers, leading to the formation of positron trapped states and a notable increase in annihilation lifetimes at
the corresponding defect sites. In addition, coincidence Doppler broadening (CDB) spectra, along with the S
and W parameters, are calculated for both intrinsic and oxygen-doped point defects (Og, Og, OV, and
OgiVc). The analysis reveals that electron screening effects dominate the annihilation characteristics of the Og;
defect, whereas positron localization induced by the vacancy is the predominant contributor in the case of
Og;Ve. This distinction results in clearly different momentum distributions of these two oxygen-related defects
for different charge states. Overall, the PAS is demonstrated to be a powerful technique for distinguishing
intrinsic vacancy-type defects and oxygen-doped composites in 3C-SiC. Combining the analysis of electron and
positron density distributions, the electron localization and positron trapping behavior in defect systems with
different charge states can be comprehensively understood. These first-principles results provide a solid
theoretical foundation for identifying and characterizing the defects in oxygen-doped 3C-SiC by using positron

annihilation spectroscopy.
Keywords: 3C-SiC, positron annihilation lifetime, Doppler broadening spectra, point defect
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