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1 2x2x 28 Zn0 KB (L0 @R O T, %
AV B Zn J5LT)

Fig. 1. 2 x 2 x 2 ZnO supercell (where the red components

represent the O atoms, gray represents the Zn atoms).
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S, ReE VAR ok P IR RO, S
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PARN LI 254, 4 TR B dke o AR X S R 3 ]
HHE TR 20 5IC R, 5 30 SICEK Zn, FETERE
AHY, B SR S AT, — e DA 24 T
FEAE. O-rich 25 F Cuy, ANE SR A9IE BRI
N i Er(CuzaO;) < E;(CuzaVzn) < Er(CuzaVo), 5
gl A AL B AR R S5 ST AR I A [R), AH R
FRE B AR/, BLBATE O-rich T, Cu B Zn 1Y
FAEMR T ZnO AAE 61 G 1B B, Cug,-O;
Cuy,-Vy, SRFE 1 BB ; TTE O-poor 5514
T, E;(CuzaVo) <E; (CuzaO;) <Er (CuzyVzn), T M
A B KNP 5 7 I 45 R 1) ZnO (AR TR, 5
AHRLATE B RE RIS K, R EATE O-poor T, ZnO
Cu JZ FHIAEAEN ] T ARNE S A e L. LR E
Cuy,-Vo HEUHERLE = FhEfE bk, e80T
PRI, Cug,-Vo BRI S AR XESZER, 38 i

F# 1 ZnO M Cug, BFEMTEILEE (FBLL: eV)

Table 1.  Formation energy of ZnO and Cuy, with intrinsic defects (in eV).

ﬂﬁfé%}ﬂ V() VZIJ Oi Clli Cllzn CuZn_VO CIIZD'VZU CllZn‘Oi
O-rich 6.603 0.915 —0.548 5.795 -0.495 6.337 0.422 -0.965
O-poor 1.308 6.210 4.747 4.026 3.031 4.569 9.244 7.856
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Fig. 2. (a) Band Structures of ZnO; (b) PDOS of ZnO.
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Energy/eV

Energy/eV

A 3

AL T (4 dt 1A 25 g ]
Fig. 3. Structure of crystal cell after optimized: (a) Cug,; (b) Cuy,-Vo; (¢) Cugy-Vyy; (d) Cugy-O;.
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Fig. 4. Band structures (the dotted line in the graph is the Fermi energy level): (a) Cug,; (b) Cugz,-Vo; (¢) Cugz,-Vzy; (d) Cug,-O;.
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Fig. 5. PDOS (the dotted line in the graph is the Fermi energy level ): (a) Cugy; (b) Cug,-Vo; (€) Cugy-Vin; (d) Cuy,-0;.

2 ZnO ARG BRSSOk E P

Table 2.

Band gap and hole concertration P of

ZnO model.

Zn0O CuZn CuZn'VO CuZn_VZn CuZn_Oi

R

HAFTEE JeV 3.370 2577 2.413 2.597 1.885

SR /eV 3.370 0.980  0.228 1.108 0.195

P

0.068 1.344 1.107 1.321 1.574

& 3(b), Kl 4(b) A 5(b) 45145 H T Cuy,-
Vo AL B AR IRSS#8 | fens XS ER. 5
Cuy, ML, Vo BB, Z%h /) O 5 Cu BUAE
VERIESS, B 1.912 ANy 2.028 A. FyHLff
A BECAT AL, ZH0) O NAFAEREH, 15 3] H 17 il
0.89 ¥4 0.93, 54 ZnO FZE; Cu B TkE
B L AT IR/ N R 0.59, BEREIR DA 0.74 pp , O(2, 3)
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73 2 /Y H far 5 0.93 W8 /N 0.90, BEHE 1 A
0.08u5, Cul§ O(2, 3) #KFA /. K 4(b) 5
Kl 4(a) HH I, BEA AR T B, (H 28 KRB R
Cug, XA I E#%, RV, S FE M it 3 fE
9 T FE 5 2 EZ AR BAMEE R, i858
TR ERE A 1.107, BRAK T S ik 2547 vi
2413 eV. WK 5(b) /PSR LA, S
FEH Zn 1y 4sdp HFIE G, s EEH Zn 1y
2s2p H e A BB S L O JRF Y 2p A K& Cu i)
3d HL T4 A aniE 4(b) MIE 5(b) FizR, 25k
AR SZ EREGL, BEES M T 0.228 eV, FE &
Culy 3dH 5 XY FH N 02, 3) F i F 1
2p L HERS & AR, 43I 8% B W AN KHFR, 7
AR, S 0.92 up

Cug,- Vo, LA B SRS F & 3(c) Frw,
e FI o3 25 9% B2 43 Sl h BT 4(c) FTET 5(c) Zaih.
5 Cug, ML, BB EIEAKILT- AR5, 2547 58
FER 2.597 eV; W3 2 iR, fA1E Vy, ZSOIRT, 25
TR BE LI AT 224k, 2R Vg, 5200 1Y 2 R g
G, X R B AR R . B 1A 4(c) eSS
bR A e ERREgL, MIE 5(c) ISR E
AL, o Cu iy 3d BT O Y 2p 24k
R, BT 1.108 oV BITRAESE; A lier L&k
KA, FEIE Culy 3d 5 0(2, 3, 4) FJRT
() 2p L FAH EAE I EE SR, BB m M I
W EE A O 2p LA Cu A 3d HLF A 5k
WK 5(c) B, Cuyy-Vg, FEFCKFEH LT B EE
PrpEL B IS B A B A A, AN A ER L, —
AAER R, FEH Zn 2206 F O T 2s L
TAERREMAL A= ATRE AL ™ HE 1) FESRK BRI LA
b, FE AT AT DR B AN AR A R ORI )
T, FEIE O(5, 6) F T W 2p T A etk k5]
Y, PAIRAEE T Zn 4s U719 o8k
P R fur A3 R AT L, Cu A RO 0.67, WG A
~0.78 ug, O(2, 3, 4) WA JEEL5 51 24-0.93, ~0.93,
~0.88, WEHE A 91 -0.04 s, —0.04up, —0.16 ug,
Cu—O(4) B K 4N 1.908 A, Hfatt N, BEsE
TR Z 8BS Cu HEM O JRFHEKA 2.033 A,
T ATEMALIREG:; Vo, I O(5, 6) A1 & 450K
H-0.52, HLEUPERRAR, BEFERG K, HB M 1.04 . HH
AR ATAEN, A E Ve, 1Y Cug, I R #E M £ 2
Cufy 3d B +5 XY F NI O(2, 3, 4) i+
2p HLTHHILAE L B O(5, 6) IR T ok, Bmiss

H1.00ug. AT &I, Cuyy-Vo Ml Cuy,-Vy, BIRE
FEERA Z%h b5 Cu MHER O Jok, XIEH N2
AL BUE Cu 5 Z%h O BYM AR FH /D, K
IR, FATERALIE IR, XTGP TC Tk

Cug, "FAAAE Oy B, B4 H T AR ZEH | g
ML R e 25 I 3(d), &1 4(d) FiiEl 5(d) Fr
K. E4(d) 5E 4(a) IR, BEFEIEIA TR, 247
ety TR &, AR AR 1.885 eV BHES
I 0.195 eV A —A difii1y32 FEEL, 530K [5]
FEAHE TN E 7 EREDR 0.15 eV L. L BpE A
FERE Culy 3dLE M S CutlE K Z4h &
O(5) 1Y 2p BUBEAIHHEG R0, B A wEH 535
9 0.78 pp F 0.12 pg , A7 FEEL53 5120 0.63 F1-0.90,
Cu—O(5) & iy 8 K 1.906 A, 5 Cu# i# 1Y
0(2, 3, 4) AT BEILF A AL, HE 5(d)
F i, XHRETTRREN. B 5(d) R, O; FEF I
MriF 0, O; 1 2p FL -t 35 R SUZE AN 47 IO, 1) Bt
O JEF = A BB T 9K AE LA, BLEH I R 22
FA. W 2 PR, SRR 1.574, Bk T 7
Bk, 5 O, FHIER) 75 O, 2p B Tt il Sl AE
W, 2R 6, 745 O ZIMAEERAR AR, Wi
F Y Zn JE - IE LR A T RE, (290 0.03 245
0(6) 5 O(7) Z MK N 1.442 A, 5 O, WK
1.209 AMH3E, FI G ABYER O i1 dk ik i aT
fig, SCHR [36,37] ZEWTFST TiO, A7 7E B L 1k Y
O; BB A HEIRING; Cuy, TAFTE O; I}, Hiald 2
i O 2p 1 T L& Cu By 3d HL T8 sk, i
WEEH Zn M s F oIk, BBRT —EMW
Zn [ 4p BT, HAESORBEH L T IR REGAL =2
PUAS B AE 2 A, IS AR L, AN FEm T,
JE 06, 7) TR 2s AR R, B A R AT
M, O(7) MM T RE, A fE 4 H-0.94 2824-0.62,
O(6) AR B -0.48, O(6) 5 O(7) 5T 43I
% (PDOS) EIXTFR, JC H e LI G, X%
Aok, RRBRERE N 0.99 up . Cuyy-Vy, 5 Cug,-
O; #RAETRBE AL 7= A= B I RE A, 12 R ok Jm s 4R
WL R, O-O ZIRfFAEsR A AR

g BTR, Cu JEFFE T ST R & FR A AE
H e AL, P A, X 530k [10-—13] HiRiE 12
R—F, 1M SCHR [14-—16] B “Cu A 5 J6 A gtk
1k, AP RETE 5N TR]; SCHik [15) #R 38 #E
LG O, Sk [16]) HEEHLREYE S Vo B
A, AL R R, 3T Cuy, Al Cuy,-O; 74
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Z, RETECRTR EE R Culy 3d Fl S Cu % 1
Z%h BB O/ 2p BT 19 A BEM AL T B Cug,-
Vo Fl Cugy-Vo, KR, BREAXHRFEZE Cull
3d F5 Cutl#ER XY VN O 1Y 2p B THE
HIRE X Cugy- Vo, KR, BEYEIRALE Zn 2507
JA O 2p BT 1) A etk k.

3.3 RFHER

N T HISE Cug, AR WEAMERT, 7T LGE S
FL PR ICAR) RE P A 8 . A HL R SO R S AT LA A
i H
2en

> It - vl )P0 (B — B — ),

k,v,c

&g =

Kb e NHETFRIEE, QR u ki
I IR i, w SRIERIBIEE, o FT o 23l
Sk Sy RV T (4 L -0 PRER. A FEL PRI R T LA
FHAAEWT L B 5 — IR A R 3R, J& T 2%
KRBT i o 458 5 R & A8 = ] f - BT Y
5. K6 g i TR R A F R BUR R S L
BRAERE A OC R, W LUF 46 ZnO By 55— Wl
HBLTE 3.60 eV BT, il 2 Al X 2R 10
O ) 2p HLFERIT B SIS Zn 1Y 4s PUE TP BT,
1M Cug,, Cug,-Vy, B HE 4(a) FIE 4(c), Kl 5(a)
FIE 5(c) Fis, BAR Cu 32 EZeFEssiihgl A
ZRIRES, H Cu ) 3d TR, & 6 & i
A BLAE 1.15 eV A1 1.55 eV, FE W T
Cu JZR T O 19 2p ] Cu WY 3d32 F 44 i A& K
455 IR Cuy,-Vo H, ] 610 I i 0 4 B8 7
0.33 eV AL E, 45418 4(b) F1E 5(b) Al LIF H,
FEEH Culy 3d 5 Culf T & Bl XY m N
O(2, 3) J&T 2p 224k 52 LA, Ml = A
T Zm 1 4sdp HLF AL B A, IO 3 g
L A TIERAE 3] 32 = 24 S 45 5 ni&l 6 Jor
7N, Cug,-O; B HIRAE 0.38 eV 4k, H1E 4(d)
FE 5(d) AT LA, Cug,- OB 7L T 77 A=
BB ERAAS, EEH 06, 7)Y 2p HL AL, T
Wi 32 2 R AR BB AS O 19 2p 3 Cu Y 3d %2
FARBRIE AR, X SR R4 A BB A
W4 . 75 Cug, M E AR BRI 5 ZnO A1,
W 3H A LT RS B O T3S 3 Rty R AR A8
GER SR X 5 4 MK 5 TSR3

K725 0 T AAAE N TEBRIE Cug, B B G IR
ik AR 5 ZnO M, A Rl & A

PG, Sl B )N, X 5 SO A AR 1.6.7.9.11.38)
E) Cu B2 ZnO 40 KA 1A K P07
A SR 45 R —8. 5K 4(a)—(d) REWFS5H
LK 6 Mg 24 s R —. 72T WOk X,
Cuy, VA BAFTENTEGREG Cuy, BWISERE L ZnO
Y #R g, 2 A B 22 BE US4 5 ZnO 78 7] WG X
B, Cug,-V o BT IR A58 5 i i, SR 46
2S5 W B AE AN D= A T B A B Zn B9 4sdp
A, FE Y, X 5K 6 A EE R E—
.

B8 44t T R TRl DE K AR R T LR
F| 300—800 nm FEE N, Br T Cuy,-V,, BRI
RGN Z Ah, FABB R B R R L ZnO 1Y
% 7638 SAM 4T, Cuy, BERLAYE L F
ZnO MK, WREAFAE V. SEH0IE BTRFRAR B tn]
RESEAFAERE S 0 2.
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Fig. 6. The imaginary part of the dielectric function of ZnO,
Cug,, Cug,-Vo, Cuy,-Vyz,, Cuy, O;.
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Fig. 7. Absorption of Cug, with varying intrinsic defects.

087101-8


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. 68, No. 8 (2019)

087101

0.250
0.225
0.200
0.175
0.150
0.125
0.100
0.075
0.050
0.025

—7ZnO

h— Cuzn
Cuz,)—Vo

— Cuzn-Vza
Cuzy-O;

Reflectivity

==

70‘025 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900

Wavelength/nm

K8 A MTESRKE Cuy, BRI

Fig. 8. Reflectivity of Cuy, with varying intrinsic defects.

4 %

ARICHFFE T Cuyy, VA Cuy, 5 NFEBG LT
XTIESAE | HL T 2548 LA SO R R e . i 3%
B: 1) Xt4li ZnO M7, O-rich 257F T O; BIE ifE
A%, mAEZR, BREHEE S ; O-poor 54
Vo MIERRERAR, o B Cug, 7€ O-rich F& 14
IR RE A TAE, BLRAZE 5 i H A E ; O-rich 4%
T Cug,-O; AL, MiFE O-poor £, Cuy,-
Vo, Cug,-Vz, Cug,-O; WTEGRFEHEA 5 I 1l; Cu
BeAr 24 B, R T FE O-rich 254 T P 7E Bk
B RYTE B, 1EAE O-poor 254 ST KA T P 7E Bk
B BT B ; 2) CudB 4% ZnO K H: Bl i A5 7
CuiB b M B % £, # 7 4 p Bl 5 Ha 2K A1,
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Abstract

For ZnO which is not magnetic itself, it is of great significance to study the source of ferromagnetism and
its photoelectric properties when Cu doped ZnO coexists with internal defects. The effects of intrinsic defects on
the electronic structures, magnetic and optical properties of Cu-doped ZnO (Cuy,) are studied by using first
principle calculations based on the density functional theory combined with the Hubbard U (DFT + Uy + U,).
The results indicate that the doped Cu is a substitute acceptor, and the manufacturing environment plays an
important role in forming the Cuy, with internal defects. Under the oxygen-rich condition, the doped Cu is
favorable for forming internal defects, and the Cuy,—O; bonds are easily formed. On the contrary, the Cu-doped
ZnO is not conducive to forming internal defects under the O-poor condition. The 3d electrons of the substitute
Cu form the unoccupied accepter energy level at the top of valence band, generating p-type conduction.
Comparing with Cuy, system, the carrier concentration of positive hole decreases in Cuy,-V system and the
conductivity is poor. In the Cuy,-Vy, system, the number of carrier holes is almost constant, and the
conductivity has no effect. In the Cugy,-O; model, the carrier concentration of positive holes increases and the
conductivity gets better. The pure ZnO system exhibits non-magnetic behavior. The study also reveals that the
smaller the electro-negativity, the greater the contribution to magnetic moment is when O atom is connected
with Cu atom. The magnetic moments in Cuy, and Cug,-O; system are mainly generated by the coupling
between the Cu 3d and the O 2p orbital on the ¢ axis. When V and Vg, exist in Cuy,, the magnetic moment is
mainly caused by the strong coupling of Cu 3d with O 2p in ab plane. In the presence of Vy, in Cugy,, the
magnetism also contains the contribution of the spin polarization of O(5, 6) atoms around V.. In the defect
states of Cuy,-Vy, and Cuy,-0O;, the induced states in the deep energy levels are generated by the interaction
between the O-O 2s orbital electrons. The reduced optical band gap of the Cuy, model results in the red shift of

absorption spectrum. The enhanced absorption and reflection of the Cuy,-Vy, model reduce the transmission.

Keywords: first principles, intrinsic defect, Cu-doped ZnO, formation energy
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