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structure and optical properties have been studied by First-Principles. The band gap calculated by
generalized gradient approximation GGA combined with PBE exchange functional is seriously
lower than the experimental value, and the accurate defect transformation level cannot be ob-
tained. In this paper, combining the method of band edge modification proposed by Alkauskas, a
hybrid functional method is used to obtain more accurate electronic band structure. The effective
size correction (FNV) scheme is used to eliminate the non-negligible self-interaction between
charged defects due to the introduction of periodic boundary conditions. Through the above cor-
rection, we can get the exact defect formation energy and defect transformation energy level. The
process of electron transition and the change of energy are investigated by one-dimensional con-
figuration coordinates, and the normalized spectral line diagram is given based on the Frank-
Condon principle method. The calculated absorption spectra of O; and O/ are 8.69 eV and 7.06

eV respectively, and the emission peaks are 5.20 eV and 5.52 eV respectively. The absorption and
emission peaks of oxygen interstitial are both in the ultraviolet region.
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1. 5l

AR (ZrO,) =& — PR A TR I TR SR JEACRL, T B RIFRDCF AR RS, s
BT mRRE RIS, R T MGEL] [2]. ZrOo, O M TR eI, ik
= TR EEIE[3] [4] [5] [6] [7]. ZrO, AR IR, & —FhHA RIF65 B AT SR RO KL
[RItE, FRATIE A IT T T A KL BRI ZrOy iR I Mo

ZrO, je— M Z AR EACIMRL, LR IR T ORRE =P SR AR 254, TEARIR T 9 5 R (m) AH (% [R]
P21/c), fE 1400 K LA L APUTJT (0)4H(P42/nme), 7E 2570 K PL_ENS7 75 ©)M(Fm/3m). — ISR, FEE
BEEMITHE, ZrO, AR 2 R AR . ZrO, 15 %8 N AAAE T R, 1 2 7 A AT LA R Ca® « Mg AT Y™
BB T B AR g [8] [9] [10] [11] [12].

St ARSI A BGAE[11] [13] [14], RIBELL ZrO, kB4 Ti H A J6[15]. H HHE P
T Ti® B M P AR AR B AL (D) 3R . ERE T, A2 BT IRRE R, e n DUE
RKBIM Zr0, FEE: R E[16]. BhAh, 5K ETH 17138 K BUEBLRE AT DUBRE & ml W' Y6 AL B A A WL G
(I RE T o TR 120 2% (1 R o 5 NSRS 8 — oA R g, RN ZrO, did AR 7E AT L DX 45k R SO R
SHg 55 TALE K. ZmIAIEE RFM T, IRE SRR, FOER AL T %Mk r a5t
i, T H TR E BRI SRR, BT RL, A SO G AR AT R G, WSS R A R T % AR )
SHUN VAR

ARSI I SR A IR B AR o DA R B SR R ) SR AR AT R TS . R T RS B R B T LI
Bt O /N DA% 5 3 AR f 5 1 8L, {of FH 2 432 bR THBL(HSE) & IE DFT [18] [19]4H 5 F 45 Ti LA K Ay B o 136
FNV & 1E7H bR LRI LE A 0 A R B AR, 19 B LUBOR I I SRIA R e . TEBRIATE AR RE
GAFFERUB IE AL 2 45 B B TR G — P i R B AR B RR D .

il
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2. WEAREMGZ

TEARSC R BT FTHE AR 2T DFT [20] [21], 78 VASP tH SRS R 52 gl [22] [23] [24]. FH#E
ZMPE(PAW) VLR IR B 1 50 E T HOB R A EAER, ) SUBAEE IR (GG A) 4 &V IHi 1 [ 34 (PBE)
AHEAZ A S B BN ZrO, SR ARLE R H I B R AR (M-Zr0y), K 12 ANERTHIE BT gl 96 a1
(R R (2 x 2 x 2), FEILFERE Ry BREEIEAY, Zr A1 O JE- T I B TR B 93 ) A 4s2, 4p6, 552, 4d2 and
252, 2p4 [25]. fEtgHHN a=10.37297 A, b=10.49702 A, c=10.74065 A. 1 Jcilid MedeA HiExT 4
A AE s BB A T SRR AT PR ) 5 USRI, AR AL SIU AR RE AL IR 22/ 1 x 107° eV/atom
[26], ZESR¥RNSR. MG T A B 15 600 eV, A BLAIX {547 k sl 3x 3% 3,

SRR A2 8IS MedeA B F R4 i RO B, BRI REs R i &, wim—
AR T IR 97 N R T HITH AR5 . Gl 1 BroR . #E4445(0.8893, 0.5581, 0.6514)Ab 7 i — AN 17
BERIARR -2y, TEARSTHIGIE 7 A AT 0y —1 -2 =Mk AL .

Figure 1. (a) A supercell containing oxygen interstitial (b) A complete crystal supercell with Zr atoms represented in green
and O atoms represented in red
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3. HEERMIL
3.1. BRPEFALEEIEIE
s A T R R O P R T R RE T I I DA T A S E [27]:
E (D")=E(D)-E(perfect)+ ¥ N, +0(Erormi + Eiom —~ AV )~ Ey, )

P9 T3 ) 2 S R ERAK J 11 6 % ZrO, ik T DFT 1510 & BREA RIS &5 BRI 1S A B o > nue
TERSCFOR AN ES o o FREBALEM TSI HAT,  Epy 2o TN T(VBM) K BES . £, 2
TR TERER R I ITA I VBM, AV S 58 R AN 1 R R R RS i A . SRR S
— T E,,, A R IE . ASCR A Freysoldt, Neugebauer A1 Van deWalle $2 Hi ) FNV {2 1F J5 320 47 F
BRI RRAEREAT T 1B IE.

FEFERK PNV B IE A b, 8 A Q) THRER RIS REE . W4 1 PR, SRR A A A 12 1
AT IE o BRI T B 2 TR AR B . 5 SRR 0, PNV 1B IE 5 BRI T B A2 22 7E 0.3~1.3 eV Ju [ i . [F]
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Table 1. Different valence defect formation energy of oxygen interstitial gap (Fermi level is set at the top of valence band
under hypoxia condition)

*® 1 SHERAREMNSRIEMEREFNT, FTRERREENTN)

BRIELE 1 s 1B iERT eV BIEJG/eV

) 0 2.59 2.59

© -1 5.33 5.63

0 3.14 3.14

o -1 3.36 3.68

-2 4.85 6.08

o -1 3.71 4.03

i -2 4.67 5.89

3.2. HFHIHIEIE
MERFAFAEANFN S, SRR RE 20 RI A BRI B BEAR S0 BTt A 2K e, W)= PATR -

AE, (a,q,)-AE; (a,q
(/) =251 ;)_q ACLT I, @)
1 2

At AE, (a,0) 1 AE, (a,q, ) 73 A FRIRBRIE o AAE qu A o P I RO BRI T2 1 e (B K BB BEAE A 7 ),
& g o/ IS TE A T Z2(E [28]

FET DFT-GGA AV, AEAEAG AT N B I /5, sem | 257 dh sk AR Be g i
B N T RGGX ), TR IR T SR 0D B T eR B BN KR RS 1, TR TE DS
iRz, WIREHJURSEH TS, Blin. 877 - Bk, bRidiE5ss, (H 1K 877 ik it i i FH P4 A
AR, )L, RS % R OTVEEAC BRI AE 2 ) AR ROk BGE ], 7E Perdew. Burke Al
Ernzerhof (PBE)JEH ) UL AL T, BEAT 15383 iz it 5. oA Hartree-Fock 4% 25%H
PBE AZ#tfit, THIE45 A 0w A AT S A R s B

T GGA-PBE THHE A BN 3.61 eV, LLIRIRFTH/N 2.20 eV, K, 2R RS MRS A
Bt b R e R PR B R AN R 1Y) o DRI R FH SRS B R VR A5 % B2 R SRAB I, R FH HSE 7 V2R AL B A i A
KAABIET L, FTLLH[29] 3014 : Eje =aEg +(1-a)Ef +EL™ .

TR B o fE R SEI R R, BRI B o WE N 0.23. EFF RIR Hartree-Fock 224l SCREM)
FIREH . EPPF ROR PBE ACH#eht. EZP Rx PBE AHIKRE. 1L HSE J5 it S A B (5.82 eV)AE H il sk
56{(5.83 eV) [31], FREME L 2.

Table 2. Calculated bandgap values and experimental bandgap values
=2 HERHHESIETHE

GGA-PBE HSE Expt.

Zr0, 3.61 5.82 5.83

Alkauskas 25 N R IU[32], fHFIAREI RS, B DFT A1 HSE 5815 H i BRI 55 28 BE 2% i 22 7] LA/
F 0.2eV LA
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Figure 2. Relationship of oxygen interstitial defect formation energy with Fermi level

B 2. FUABRERIAT, AR B RRER MR R

2 1m0 T AN S RSB SR T AR RERE PR REZL I SC R I, MR ATLLE Y, 3K et
1, B IE R TEEIT A7 I W2 oy SkEAHECA 2 T
ZJE AR 2 Q)T SEARX O DU Sk AL BESL, W0 3 o . B IE A& I SRR BRI e (L RE S AE 4L

7 TR O A7 45 440 (¥ 2L B O BRIE T Al i B¢

AL B K 3 .

Table 3. Thermodynamic transition energy levels of interstitial oxygen in different valence states

3. FRNSHEEBRRNF BT RER

BRI BE 2% & 1EHi/eV BIEJGleV
£(0/-1) 1.08 2.25
e(-1Y-2) 221 3.38
HSE
GGA-PBE CB
CB
(-2/-1) (-2/-1)
(-1/0) (-1/0)
VBM
AE,=1.172eV VBM

Common reference level

Figure 3. Position of defect transformation energy level of oxygen interstitial in band gap
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3.3 XFEMRITE

ST NS IE T 15 AAS B B N HERA 1 BB 251 LSRR R AL RE S, 4R T FNV B IE 7R
& IE AT LR A R MR A BLAE R, DA 2 LU HER I SRR T i RE . 7R3 8] LI R, ASCETAIE
AL BEIRIF FE 0T LR B PR T

AL AEARERY[33] (Configuration Coordinate) & 5¢ T HL ¥ A1 B 7 k& IR 20 S R i 5 B P39 B (F
—ANMAARR R A B . i sl 4 R, FRATGE T AT AR AR AL S ISR R I R R L
R T - A PRRA TR, IR A RS 53]

o]

absorption emission
[Etherm

0

EzpL

Energy

+1/0 ——

R: AR 'R

Configuration coordinate VB

Figure 4. Schematic diagram of configuration coordinate model and absorption and light emission process

B 4. IR AFMRE SRR & 5Tid IR R EE

Wi 4 Frow, BRI TOKBRIAE 7R, HAbs 0 M) R RIS, Ar+l B4R BhiG
PR A . 2 RSP A RO 2 BIHUR JE I R B UR BIURES A R AR IR H T R —
AN HFIM IR A, TR+ 4. 3B 2250 — B & JR 3 (Franck-Condon approximation) [33] [34] [35]
RS SR e i g 2. TR RELE TR EANMSZ, B AE BT A,
BT RA IR CHIALE, SARKAIEAZE, B E B BT BEE, 2R RIS KA,

M AP IRIRFFAR . 7 RS BRI FR D A S i 7R o B0 BIBOR S T T
HAKE M, L% | O A B DE A 2, BV 4 PRl B A, X — i BRRRA f g b4 .
mn s s g R e AR 1 e B PFE AE, #R 4 Franck-Condon £ . 4] 4 W) B, IS SBUK S P &
ZReEZE . M EEIATAL SEIRITRE TR -

Eas =Ezp +AE, (3)

56RO FERL, e IR AR ES B ML E TR B EHIEE BC BRI FIILEH L
2K C A, 2R JE I AR st TR M RIS AL B Ry, X — i FE RS —AD0 T, FFHEREAE Re S ARG

o A LM BARGE, AR MBS A 2 A i st ig, iR REE S, B
bﬁ%zﬁ%%ﬁ%qyww%mm s BRI R, BT s 2088 BN e R SORI A S 2 TR f) g B 22
RIE:

Mﬁ?%

Eaus — Een = AE, + AE @)
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HRUSHAQ Tt TRHESERE LB F AN R T 525 ARSI ) 7= A4 A 7 e
AT, AT LARIR N
(AQ) =X, ,mAR,, ®)
AR, ; FoR B AR P TSI (X, Y, 2)) BRI RS o Horh o FRORIRT AR, m, FoR o JR
FHIMX R R, AQ Al AR IR A:
AQ =MY2AR (6)
FEARFRIAR T AR N
(AR)* =3 AR, )
AR BRI 0 61 75 2 2h L - B A EAE R RN AL, 5138 BEEF-(Huang-Rays factor)
[B6]X M, X ER N IR RE T A R 4L T BLE SR
_ AEQ . S — AEe

= .S,
hao, hao,

S

g

®)

bR, 0, 5 o, 750 FRES S BRI A A SRR

fE ECh BT R T S, WA T - B AREER, JbtEdEh S 50 s 7Rk T &
PRAREE . SRR 30 22 50 - BB SR, T — e TR AL PR BT R T SR ISR R S R DL R B 38 ) — e
HESH . AT BN TEGE R ORU R S R IR A A — DG . BT MR R R e —
A ) RS T BT BAZR A N [34] [35] [37]:

n

L(ho)= Zn:e’S%gg (Epp — oy, — ho0) )
ERFL L(ho) R LEE, S REHRERT, o NENEK, o BREIESRENT, En #r
L
AU, FRATTAEAR BOM [RI A (0 f S R 3 OIS 0 T 7T AR 2005 — e W si 2, WROMACIE A 3R 3 3 [34]
[37]:
f(hw)= Y &(E - pho—hv)W, (10)
ke, W, TR
w, =exp[—(2n+1)s |[(F+1)/m]"" x1, [25[(ﬁ+1)ﬁ]§j (1)
I, MBI R %, B, mgloE SOh:
m=[exp(ha/kT)-1]" (12)

_ AE ., . i . — e
S KN BT, Efmszgﬁéf‘%‘n kK BARPIREZFH, TRRNRE, E,RARETREHAX T
CBM), EIHEZT Ep MBUH, hoRoRmE FhEE, hRROLTREE, AE RRESIMAESHEEE. o
FA BARE I o
I LR TR A RIS R S SE R DG, S PR AEAY TR SR ERIE T 2 DA —4E A7 A4
PRk R, W 5 fis.
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Figure 5. Configuration coordinates between (a) O; and O/,and (b) O; and O}
E5.(a) O;F 0/, (b) O FOr Z Bz LLERE

ST E AT LA U S R AR, X L T i e B . T FLI %2 4 o
B A ST LR, 3R TR, U B T e s ek, i sl e Tk
F R

Table 4. Basic parameters of oxygen interstitial spectrum
4. SIEROIEREASH

B AR (A) Ezp (€V) AE, (eV) S Se he, (MeV) ho, (MeV)
O; +2h* 0.76 6.74 1.54 55.57 62.47 2.78 3.13
O;+h* 1.41 5.86 0.34 51.54 95.44 6.75 1.25

THEAFR] T A — SRS AR S B, SRR RR A RSO AR S dn Bl 6 AL 7 Bira. Of A O i
W3 BT 8.69 eV A1 7.06 eV, KRNI K 142 nm Fi1 175 nm. 111 & 5 I& 47 B 53 542 T 5.20 eV A1 5.52 eV,
XTI A 9 238 nm Rl 224 nm B . AN T s BT AL RS 43 A 3.49 eV AT 1.53 eV o MRUSCAIR ST (1)
WA B HUR T 400 nm, AbTEERAMX . FRHRERFEEEALBE LTI O A 3 70 S iz T O R S I6(l, (HTEIX
FLHRAR S, FRATTAT ARG BT Of B db A AR BOR, RS BRI RE R R, Rem 1 RS (E

Absorption(arb.untis)

0.0

12

Energy(eV)

Figure 6. Absorption spectra of different valence states of oxygen interstitial
B 6. FIERTEMZSHIIRBGE
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Figure 7. Emission spectra of different valence states of oxygen interstitial

7. RIERAEIN S L E

4, 4Eig

ACEET B —MEEHEH RS S GGA + PBE J7ETHA T ZrO, dh ik AR I sk TR i Re, 454 HSE
1BIEE FNV 5548 SR EUTE ApAs i () 0 b e A e SRR A T B RE , 2 Ja AR — 467 R Al bk B 2 g Hole 2%
PERR, R AT VA — A R O A R BHE LR T B . O R O FIMR AT 43 74 T 8.69 eV A1 7.06 eV Tk
SR B 3 7T 5.20 eV M1 5.52 eV AN S I FE se 62 5 7373 3.49 eV Al 1.53 eV, IALFE R4
X o ASCI4E FARTT LA SRIR AT 786 1 (o IR S S A 4
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