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Abstract

The defect formation energy and the defect transition energy level as well as electronic energy
band structure of IIIA (Al, Ga and In)-doped ZnO crystal were investigated by density functional
calculations using local density approximation + Hubbard U (LDA + U) approach. We discussed the
stability and ionization properties of doped ZnO crystal. Alternative doping in ZnO crystal intro-
duces a shallow donor level so that be ionized easily. Gaz, and Ga.; has a low formation energy and
the crystal structure is relatively stable. The conduction band of the doped ZnO is slightly de-
creased, the Fermi level moves into the conduction band.
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FIFLDA + UFETHHAIIAKRITTRAL. Ga. InBRInOF AT TERANEKTRE, HiRIIAK
TLRBRINOFFEHHREEN BB R BABREINOREF R —MRIEERS, FRHRES
B GanMGaHITERAEAN AR, RAESEHHXNTRE; BRFIn0H TH, FRBEFL .

Kigia
H—VFH, LDA+U, BRIn0, LN, TLHAR

1. 518

FH T HEN(TCO)E T Mk, BRI . v WG E i, 2040 X 3 [ 33 5 LA
SR FE P 2 55 R e iR, BRI Mz BN T ORBH AR F [ 1] BoR2R[2]. FEERIIRE T IR 2
FIe e g A, 1B S A Rl — AL B (ZnO) B 5 5 BAL B (GaN) M ALL S AR 45 1
FAEHE 5 B Homk 60 meV [T IR AERE L GaN (1 2.7 £, R &N TR, Serm iy
ZnO Lt GaN A5 5 K[ B 77

LR ZnO J2 I1-VIRE BT Sk, SR N A8 9E1808 3.37 eV Al Ga. In [4]#87% ZnO R%E 5
AT n B FAR[5] [6], VBT REER R T ZnO MHLF oM, $&m 7B mae T & BT AR 2EE
RE[7]. SEEGFREH ZnO $B2R11IA eyt 2 T IS N GAR s o8 B RN i 5231 HLAS 2 B SRk D e AE S r 8 3[8] 9]

FRIATE BRE A R HOKBE . (=AM TR, R & g SRIE T B )RR . AR
ke PSS . I LR AT R R B S, TULEMINE H: 1) — M5 2R 0 T R AERE oK RE AR
BB 2) [FIFRP) AR5 2 0 B I SR T BB R K/ s 3) /S (RIS AH )45 A 7 28 B e B T2 B PR K/

AICHET Al Gas In =FJEFAE ZnO 8 fA& A R B Zn 87452 DL RIS 2 Y g,
A AT BT R BR PG AR T BEZkHE Al Ga. In =R R 71544 ZnO Sk fRa 2 PR B B ik
2. irELMAE

Ik, MNMUEHZFOETE 752 Zn0 BIEHEE, Wik T% 22 ¥R LDA. HSE. PBE [10]
EONE[1L]. WNHERITESSRE, LDA ki HASH K ZnO #7 R AE 0.80 eV, FEEARAL 1S4k
RIVBRTEE . BRILZ AL, THE AR BRPKI T MRS 8 7 AT SER RS A ZnO 1 R T RS,
IE— EFERE LA EPAN R R, ASC{d A VASP B LDA+U 1573250 Zn J5-1 3d S i 1 ik
17+U B, it AL Gas In#32% ZnO IR RELL L In #5828 ZnO AR 4514, U=4.7eV.

2.1. eSS

WEH 2 x 2 x 2 1) 32 NEF MR TR BR TS50, FRR K AR 5 x 5 x 3, #ilkreH 550 eV, H

=N In JEFEAR ZnOo HRF—A Zn 7T, In$52% ZnO SR E N 6.25%.
22. BEEHE
ffFH 4 x 3 x 2 £ 96 NET 1) ZnO BMIAEAB IR IE R, Rk k SEL2x2x2 , RALEE )G T TR

T J1#/NT 0.01 eVIA, 8723 BIEUCA Zn J5 -7 3d4s. Al Ji-T 3s3p. Ga J5-T- 3d4sdp Al In J& -7 4d5s5p
HUBHET . BB RE T BRSO —AS Zn JR7 RN B E 7 4T b )\ T A A O A B R R EER, 53di
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THEEANIRERE. 76 32 JRFEL 72 J5F ZnO @45 28 J5 T+, KILE S5 AN E] J7 [r) AH AL 5 o 2% Joi 1 1)
PEANE], ANHAXFRE, 1 BRSO A SRS MAE 96 JR TR A% R (1 1), @R HAHTE
B, HAIEXFRE, 8% T 32 5T/ 72 JRT ZnO M1 1A #E[12].

2.3. ERBET Ak EE
BRI T BB 1 5
AH, (,q) = E(a,q)-E(host)-Y"n,u, +q(s; +E,) 1)

i E (host) NI ERE: E(a,q) ABAGERIEKLERE (e = AlL Ga 8 In). u, NIET RIS, n,
NBIREETIED>(n, <0)B3EN(n, >0)METFE, q 2B THEBNEE. o £AHX TR
M TH(VBM)RE R E, HIZKAED

JEFAE S p, BN T KRR, A EES ARG . EASTHIRAN Y ZnO.
AlLOs. Ga,03 Al In,05 I K H T 45J8 Zn. Al Ga. In #1 O, I ELHEAL A, FE T IXAMEWHES i1k 2
%:

E (ZnO) = Hzo + Ho = Hzomuky T Ho(o,) T AH (ZnO) (2)
E(2,05)=2u, +34 = 2, (buy T 3Ho(o0,) T AH (2,0;) ®)
B
Hzn = Han(buik) (4)
1 3 3
Hao(a-ni,cain) = 5 E(,0;) - Py E(Zn0)+ o Hazn(ouik) ®)
L
Hz = E(Zno)_:uo(oz) (6)
1 3
Hy(a=n1,6am) = P E(a,0;) ‘Eﬂo(oz) ()

\
e i M e i e e

Figure 1. Top view (along [0001] direction) of the ZnO wurtzite
structure: The translation vectors for the primitive unit cell and for
the 32-,72-,and 96-atom supercells are shown
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2.4, BRPEBRITAELR
BB AL &, (q/ Q') MR o HAEHRIRE o F1q MEBETLMAS AH, (@.q) F1 AH, (a.q') H

SRR AT 2R K BE[13].
AH (@,0), ,~AH, (a.q),
e (q/q)=— ®)
q'-q
POKBEINSEIA £, <, (q/ o), HHARE A q WBRM S EE: RZ & >, (q/q) 0,
HRAS A BRI A B IR

q
FREARRIT e AN BE1E RN i AR AE SE — I S B RS e P, JE BRI H R /E SRS O T I H B PR .
X A, (1 Q') WEEERE S SR 5 T A 2
Ag, (q/q’) = Ecamvem — € (q/q,) 9
Ac, (q/q") BR/NGRRE SR AE SR I B 5 R AR RLRS, PRGN BRI RE SR T2 B 32 ERE SR,
S22 TR B A2 FRER

3. HHEESRMBIR
3.1 BEWHGEH

f#H LDA + U J7iE AL S5 IS AT ZnO @bt S8y a=3.149 A, c/a=1.604, 1 =0.382, 55
¥ a=3.249 A, c/a=1.602, u=0.381[14]—5. SMMAIEH ZnO 2x2x2 ffA K In JFF &AL Zn 5
FB &g 2(a)F1 = 2(b) TR

V| 3(a) NEFEEIT ZnO 2% 2x 2 S5 FTEAT HLIH X N i X AR s BE S 45 M I, £F46™ ZnO TE M s TOURN 55
JRZ B T AEAE — AN EE R, LDA + U Ikt AR BIR) B B 98 2 9 1.50 eV, 398/NT 3.4 eV
S2I0AE, (HiAa e T LDA J7igit HA3 545 5 (0.81 eV).

In $%2% ZnO 1A R e G E W 3(b) AR, In R F & #k— Zn TG0 T SR 25 A B 15 B
PE, 1S AR I RETY G5 A AE T 58 AR N, SRORBESUEN B, AR AR AEIE B IS, Db AT B
#m, 7T ZnO AR RH L T .

3.2. ERPATY AL EE SERPEERIT RER

BB ARSI, AEA S 96 ST ZnO S AL B M AT, 42 Ak Al Ga Al In Ji 715 S
X R AL B R — A Zn . SRS, Al-O 8. Ga-O §#. In-O BEEEK AN TALME ZnO ik
Zn-O B KAWL 1 P,

t1# 1A LU LR B A0 SR In-0 AR T Zn-0 R IHEK AR K, T Ga T Zn FT
[ RN P AL, Ga-O BN (AN . LDARU Jrikit5Ei ZnO TRk N-3.44 eV 15
S —3.58 eV [15]4%3 .

LDA + U JREtEiT 5B 1 SRR Bt G5 R AR S A B FE, THL 00 A RE RO A4 4E
VR o AL 1T T PR 0 2 38— ) 073 AR 35 455 0 540 O T 1l R S5 P 1 W LR P
Al. Ga. In B8 Zn JEF, FEGHIFI T AHRABAR I RAE, BAgH b § R MR ik, 0
[ 4,

EEAMT, Al Gagns Iy BAKIFE— RIS Alzy 1 Gagy MIIT AESAIT AR sE (L
92), Ing GG 1003 FEHURTE ZnO ik BEMIR i & R T e, {ELFE =% Ay, (/') /D
B R PRI AN BB 1B ZnO IRV B B A AR P I SO E T T |AH (Zn0)) /2.
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Figure 2. The structure of (a) undoped ZnO 2x2x2 supercell and (b)
In-doped ZnO 2x2x2 supercell
[# 2. (2) AfE ZnO 2x2x2 @IAZEHIE; (b) InZn % ZnO 2x2x2 &
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Figure 3. Energy band structures of (a) undoped ZnO 2x2x2 supercell
and (b) In-doped ZnO ina 2x2x2 supercell
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Table 1. The variation of Al-O, Ga-O and In-O bond lengths compared with Zn-O bond length in pure ZnO for both neu-
trally and positively charged states
i1 BARE A0 R, Ga-O %, In-O EEKMEXTAIE ZnO &k Zn-O BEKLEHE

gt Zn-0 Al-0 Ga-0 In-0O
s Al Al Ga), Gal In%, I}
K (A) 1.922 1.786 1.787 1.867 1.863 2.073 2.052
AL (%) -7.07 -7.02 —-2.86 -3.07 7.86 6.76

Table 2. The transition energy levels of Alz,, Gaz, and Inz, after doped and the levels below the Fermi level
< 2. Zn0 @IMEHIE Alzy Gagyy Inz, BRITRER A FNE TS ZeoReEREE

&, (+1/0) Ag, (+1/0)
Al,, 3.16 eV 0.21eV
Ga, 3146V 0.23 6V
In,, 3.26 &V 0.11eV
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Figure 4. Formation energies as functions of Fermi level for Al, Ga, In atoms in ZnO under
(@) (c) (e) zinc-rich and (b) (d) (f) oxygen-rich conditions
El 4 EZnE O &M Al Ga. In#8Zk ZnO B EES oK e R ek BB &

WATEWEFL T MIBRIB 2% ZnO ML HI(AL Gain In)EHL, X F RIS A Rl e E, — 2l
MARIRZ A, 5 — IR S 4 R SR THSEIRATA I, (A BRI 760 T 21480 ZnO ¥4 ¢ Hh
J7 T 7N Al IE o O\ T A O B BN E R . FIREFE R BERIF T, BB ZnO HITE RLRERIK,
IR RI BRI T A2 o TAE R AT, B4 Zn0 TR KIEREEIRH A S IE. Ali. Gai. In;
=R TR S T Gay SREEE AR IR, Ga Ji 75 Zn JE 7 PRIl R 5 I A€ 5 ¢ il o 1]
BB A A it AR R+ 3 A RS .

4, 4Eig

FI LDA + U Tk iHHIIA JRITER B 2% ZnO SR RVERT, BIRIGE 1 LDA J7 %A i B 96 B2 (1
. Al Ga. IniB7k ZnO LSRR — MRS, In 840 Zn BB S KAEHE; Gag, M
Gay UL HEAHXT AR, MRS IR E . BEW KA R IS T2, JORBER T T, Bk L
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