Applied Physics [ F %2, 2023, 13(8), 347-356 Hans i
Published Online August 2023 in Hans. https://www.hanspub.org/journal/app
https://doi.org/10.12677/app.2023.138039

KEE R AP E AR F RN

HAEY, 29w’
LR TR EE B ST ENL LR, i
2 FHEER TR, i

Weks HiH: 20234F7H13H; FHHEM: 20234F8H9H; KA HM: 202348 15H

R

ANETHEZRER, R TEBaTIO:EEF AR AR, +1, +2) A SRR, RAZRMNL
B BEVZ RBIE T DFT-GGAT LR . fEFAFNVEX BIBTE R BREREATIBIE. FHTREEHETF - F 7R
A HFHORF ORISR L BEHIER . SRR ABMEREERE, REMEnEFHEFE
EH. BEAXHITEER, FORKIEN T2.85 eV (435 nm), F-LIREENIAIF2.80 eV (443 nm).
FLo IR SR T2.83 eV (438 nm), F+0ffIR $HEAL T2.78 eV (446 nm). HE 5B 55LI5 R A—
. SRRY, XEHFENRBREGERTERTTH. ZAENEERSRTERLRE, TEKT
ZARBRBERGWHEFITHER. XXM HTEERETTEBENAGT, BRTHERERMIE.
BT OB PG DG RS PE R AR A T A s R .

e 45
Sa=hr, BEZHRER, FNVEIE, b K, ik

Effect of Oxygen Vacancy on Optical
Properties in Barium Titanate Crystals

Xingjuan Ying?*, Kaili Wuz?

'School of Optical-Electrical and Computer Engineering, University of Shanghai for Science and Technology,
Shanghai
2College of Science, University of Shanghai for Science and Technology, Shanghai

Received: Jul. 13", 2023; accepted: Aug. 9", 2023; published: Aug. 15", 2023

Abstract

In this paper, based on density functional theory, the defect formation energies of oxygen vacancies
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with different charge states (0, +1, +2) in BaTiO3 crystals were investigated. Hybrid density functional
is used to solve the edge of the band problem of DFT-GGA. A finite size correction scheme (FNV) was
used to correct the defect formation energy. An accurate description of the spectra of F and F* cen-
ters involving electron-phonon coupling is given. The results show that the oxygen vacancy is a shal-
low donor level, which is the reason for the n-type conductivity of the material. According to our
calculation results, the F core absorption peak is located at 2.85 eV (435 nm), and the F* core ab-
sorption peak is located at 2.80 eV (443 nm). The emission peak of the F center is 2.83 eV (438 nm),
and that of the F+ center is 2.78 eV (446 nm). The results are consistent with the experimental re-
sults. The results show that these methods are feasible for the calculation of point defect spectra.
The main advantage of this method is that the computational cost is much lower than the GW me-
thod of multi-body perturbation theory. The method in this paper solves the problem of the huge
amount of computation under the condition of satisfying the calculation accuracy. It provides an ef-
fective way to study the spectral properties of defects.
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BaTiO; (BTO)/ENMAY BRI KL, BT HAL TR Re: BRlrE, S s E AR
PR, ) 2R R MEREAR IR (R I FI AT SR AU [1]-[8] B BA SR R, X
TR MEERI[9]. B ZA RN FHVE IR, (B4l BTO M A4 H i BbE IR AR AR K, BRI 1 sk
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Figure 1. Diagram of oxygen vacancies (the position marked Vo in the diagram is
the position of the oxygen atom to be deleted)
1. =R EEEFHFRIE Vo LB ARTEZENE R FIMLE)

ALH KA T LDA + U WA BTO SR 745 5 e i, — ok, X T oemiik &
LA d F1f 0E M L7 1R T 75 R A Hubbard U #8578, BATEA U =3.2eV. J=0.9 eV [12]H415k &
T 3d PUEMECHEIER.

AR S 5 A B R M B J T AR SR (VASP), 36T 32 sR B (DFT), SR 48N F T
BITIE(PAW) [131HR B FAHEAE A, HR ) B EE IR BL(GGA) H1 ¥ Perdew-Becke-Ernzerh (PBE) [14]
[15]AbBE S A S BE . 45 £k, BRI i1 BI8: Ti: 3d%4s®, Ba: 5p°s?, O: 2s5%2p*. 4txf BTO
e AT, ST R AT BE B E N 510 eV K AR Monkhorst-Pack [161HURE J7 27 A LI X %
5x5x 5 K g TS WAL ST . B H RIS RSO 2 107 eViatom. 5 b 9 IX
S S HOHI I Lo TR I USSR R (e SR 22N T 1 x 1078 eV).

3. ITEERfiTie
3.1. BPERRREEIEIE

AL FRAER AL =M N ZS (O, +1, +2) 73 W BEAT S5 PRAL I HE Al AT EF S5, b5
S I R B T B BE LA S SR IF AL RE R . HA A5 g HOBRIE D IERIATE BUAE 132 1L 2N [17]:
E'(D?)=E(D")-E(perfect) + Zin s +d(&mm +&r —AVyy )~ Ecor )

bR, E(DY) FoRE M o BUEREIIN A, E(perfect) FoREBRIAH AR, n TR 1 TR
THCE, | BOAE T, EARMS | BREAET . SAERPEBRETR, n>0, Rz, ER
BAMNMANJR T, <0 g X RIGREETOR IO 223, Al g 380052 — DR T 1L 22 3

,uozéE(Oz)z—4.93eVo Gy RS T (VBM)IURE R, &, H6 052 4RI BORAE SR, AV, ,

FORTEHE BTO dbik 5 & i sn R Z R K- A 2 22, B — T B, T A2 BRBE 12 TR 1.
FEVHEAT BRI AR, H T R S kA, i B R S AR T ) P A T R 1 R 22 AN g
R, BT UK T YRR FL R B 2 TR R EUAE ELAE A F R A Freysoldt. Neugebauer. Van De Walle [18] [19]
(FNV)EIEJ7 VKA TE SR B T 1 RE DAAS 21 58 9 i i H B 25
AR FNV B IE 7 iERAE IR BEEZ M ECHEAEH .. 281G, WEASIAFANSREY
TR AN [F LA SR A I T RLRE L 1o 38 1 M RRAE & AR T, JOKRRGOR BN TR IR ik
HARH
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Table 1. Oxygen vacancy defect formation energy (eV) (Fermi level set at valence band top (VBM), oxygen rich condition)
= 1. S UBRER AEE(eV) BRRBEERIRBEEMNTHIN(VBM). BEEH)

BRBELER q TERE(eV)

0 461

Vo
+1 2.49
0 4.65

v, +1 2.48
+2 0.40
+1 251

Vo
+2 0.39

3.2. HBEIE

I SCBR BEAE A (GG A) AR 38 T LA(LDA) 77 ¥ T S A4 B 45 K O HER » (AT — MR 7] AUl
FEAETHE A SR UL A G AR R Rty G5 A I 2™ ELARAG AP R T8 1, SR MM ZH 2. W
T AR, R A — MR ™ B e R A T SR TeVAE R I 2 SR A AL BRI AL B . O TR DRI
AN, ASCRAER — 870 FA 24462 BR HSE SRAZ IEARL RET 4544 o

AL H R GGA-PBE Al HSE JiiEtH S TE 5 BTO A (1 BT 45 4 8 A2 ik - HLT 7 [ e Y
giky, B PR EIIER R R IR BTO RAHGE AL . A4f6iZ B HSE [20] [21] 7T BA3IR A

Ehybl’id — aEfOCk +(1_a) E)((BGA + ECGGA (2)

Xc

il 2 fros s A DLUERE— N A S HREY O (common reference level) (EREREN i 14 1T 22 L EA)
P B 41 SR SRR BRI AL BE T AL AL B, o™ SRR BRI e b 20 3 GGA-PBE 5L KM T i)
BEi, =M RORBGHELRE R B A IS HREN © REE. fE HSE BEid, pM" RoRBIaFELAER E
HSE tHE M E T RE R, @™ RN B G LB R B A LS HREH © REE . LB i AT L sniE,
TRPEREALBER B A LS H R R © MRERELM IR, EAS TN A EA R . BT, fEidfgiE2 G
FENGRPEFACRE R AL E . 15 RN Z R ILIZIERE, R HSE M1 GGA-PBE J5 i1t 545 3 iy
T RE & %

HSE B
ey _ GGAPBE
= (01 (O~+1)
(+1/42) (+17+2)
VBM .
1.07eV
VBM

Figure 2. The position of the oxygen vacancy defect transformation level in the band gap (red line) (GGA-PBE and HSE
correspond to the band gap calculated by the two methods, respectively)

2. EEIEPERE L EERE R PRI B (L14%) (GGA-PBE F1 HSE 2 3%t A5 £ B SR M EE)
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AEVBM = EVBM (PBE)_ E\/BM (HSE) (3)
TE1R 5] AB g, < )5, W LLEE B FE AL RE A R S 2 LR A B [22] :
Ef (Dq) —Ef (D“’)‘
¢(a/d')= = ] 0+ AE gy 4)

bk, E (D‘*)EF?0 RF TN g MBE Y EE, E (Dq')gm A AT R g IOBRIG T RRAE, g AN
q' BRFRARFERNE . AE gy WRIMIZ B HSE B TEZ M T F B MME. EREY, BARA R
FeAeme s, BREORFWLBIEE, EFHESRF AL KWL 2 Ak 3).

Table 2. The band gap calculated by GGA-PBE and HSE methods and the band gap of experimental value
= 2. GGA-PBE il HSE B 5 At BB BN AT R E SR ENETHEE

gt GGA-PBE (V) HSE (eV) Exp (eV)
BTO 2.23 3.42 3.20

Table 3. The position of the oxygen vacancy defect transition level relative to the valence band top

3. AR LRE R T MR R E

B bE L RE LR GGA-PBE (eV) HSE & 1E(eV)
£ (0/+1) 2.13 3.20
£ (+1/+2) 2.09 3.16

33. AFMRITE

H A A IETT iRA5 3 S D HERA B R 1 45 1 DL BRI B AL RE S, U] PNV B IET7 048 I 7 R R B 114
BREETERRAE . FEAF 3 LRSS RGBT A0 AL KR B SR AT 0 2R 64 K6 3 o

REFAR R R [23] 2 % T LT AN T AR IR B R 5 B T T I 6 B (] — AR R ) A SR ) 2
B, AT LA, BER RSN GRS B E), BRI REI LS B T B AR
K =4k n) AL — 4RI AR RS B, 45 S0 A5 30 R B Be AL RE 20 LA B R B FEZ RS A5 281 08 IS SR o 1)
Jeilke WA 3 B, ASCE W T AR AR R SR R R R B, R T - R TR A
M, 4t — LRSS H24]

therm

Energy

Configuration coordinate VB

Figure 3. Configuration coordinate model and schematic diagram of absorption and light emission processes
3. (U AFRER SIREFIE L ST R REE
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W 3 R, AR ot PRt R AR 1 BE B ARFE AE, FRON Franck-Condon [23] [25]67 . 4] 3 Hf1 Ep,
NESSHRSFEMNEZ RINEEEZE . fngEaE, SGRIATRRN: E, =E,p +AE,, HHSH
AQ TR TR SR A EREAN IR AN B 1 5 AR & AN J7 18] 7= AR AL R (R e A i A, wp
PETRHN: (AQ) =3 mP2AR,,, AR, AR FEF IR TAESEA TG (xo Yy, 2) EPERIRR .

ai o

Hrh, o FOREFAIE, m, FoR o BT RFHRE, AQ AR RA:
AQ =MY2AR

LR, ARFTLAERN: (AR) =Y ARZ, .
TFRRRL BRI BG4y T - AT REAER . vt SIARERE T 261X E, Y E

TR AR IR REITIT I T EL AT RUOE U8

_AE o _AE

€

-9 s,
Y ha, ho,

ERH, 0, 5 o, 0 RRIEES SEOE KBS A BRI .

SINERRET S, HEFtBEMAE T - FTREEMN, IR rd R S 5105 7Rt T B0
MR 952250 - RO IR, 19 20— 4RO T AL bR ED GRS A S HERE S S B f) — SE B BB, BT 55— 1EJR
BB — AL R SOEE AT LARIA D [24] -

S

L(ha)):zefs%ga(Esz —haoy, —hco) (5)

n

B, L(ho) RIA—EL SARERET, o, NEliRE, o TnmiiRBURER T, Ep #nE
T2
FEABCCAH )AL 1 T 1 1 AR 00 T P DA 30U — AR s i, Wik i ik 3 [24] [27]:

0

f(hv)= > 6(E,— pho— hv)Wp (6)
p=—
ER, W TR
W, —exp[~(2n+)s J[(+1)/m "1, (28 (W +2)n ) )
B, 1 R—AMEER NI RES, B, T U
m=[exp(ho/kT)-1]" (®)

S REHERT, ﬂﬂaszi—E%’j‘%ﬁ, K FRBUR M B HH, T 2R, E, Fon AT A X T
(0]

CBM), BT E,p MEUE, ho FomF FREE, v RIOLTRE, AE RRESEMAS . o
FNA FARB I o

TEAFBIBRIATE L RE S B A A AL RE R M it b, THREB R —gMEE, WEFTR, B 4@)FE 4(b) 5
A F LA FOL I — YRR TR AR I, PR RE LB B AEMN A T B 2R 40 Sl xRS IR S o AE,
BRI ARG TIREE, A, WA SRS IR A . I (SRR R &, AL sSEER R R ST RE R,
E,p EATL. K 4@, PKRBEHEEENM T, £ 4 5 THTESMSE TR EUSE, R
R 5 56, Al TESMAEEER, WK 4 FiR, WESSEN FORRILEE, OEBELN F
DA o K] 5 FR R DA Y, F O T 2.85 eV (435 nm), FHLIR g AT 2.80 eV (443 nm).
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AE,=0.04 eV

(b)

Figure 4. (a) Coordinates of the electronic transition configuration of the F center; (b)

Electronic transition configuration coordinates of F* center
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Figure 5. Absorption spectra of oxygen vacancy F and F* centers
B 5. |z F O FIb R IRSE

Table 4. Valid parameters for the calculation of oxygen vacancy spectra
4. BTFEEMNAETENEESH

fie M (u) AR(A) AQ(u“A) ha, (eV) ha, (eV) S, S, Ezn (V)
F 40.33 0.21 1.33 0.006 0.014 1.38 2.98 2.84
F 40.40 0.21 1.34 0.007 0.013 1.51 2.71 2.79
353 S A B

DOI: 10.12677/app.2023.138039


https://doi.org/10.12677/app.2023.138039

FiAYE, YN

=

TEASE] F AT FRO BMRSCRE 2 5, T TR R A R R . inlE] 6 TR, B SEERARER F LR S,
LB AAE FLORRIE . T RUE H FORRSIEAL T 2.83 eV (438 nm), FHO IR STIES T 2.78 eV
(446 nm). 23 iHEL, HEM F LR SHIEA T 2.83 eV (438 nm), FrU R HHIEAL T 2.78 eV (446 nm), AL
OGRS % . HHERE 3.07 eV WIGE S Pinto 25 N\ [28]H045 IR —5. & REN:
AL A BRI ST B R, SR AR, MR MR F T 1) R ERIE, R n B S A
X5 5280 45 R — 5 [29] [30].
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Figure 6. Emission spectra of oxygen vacancy F and F* centers
6. | F O FHLA L S
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