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JEFETR, CuAlO, AT UGS i 33k 5] 80%, KM
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HIH S35 Zn0 %5 N B TCO MR B S50 1
5 HEAEAIG, (R — EA LR R SIS R i
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I, CulnO, ZF|F 2 AR E M. (HIE AL LI L,
15171 B CulnO, AR ) HL B R AT 17k
SRATHTH 2 1] 249 S Jo 11 T XL, Ay s — 25 4
1 CulnO, 4R S H Pk 5 1 [R] B A He 4 5 1
S2E e = LUR 8 I B 5 12—, XF CulnO,
B AW A Rk — [ S A Aad A28 . T 32 P ] ol
FHPIBITTER | R RS S AR N ] £ 5
R &G R AR S F M R R S T AE . E AT
X CulnO, 48 2= 0P W 5% B A il 15-200, Hop
R-EZEPUF Sn, Ca g6 E X CulnO, A 8F HLE) In
TCRMTEN BRI, B Sn, Ca B2 51
AR REL AT B TIRAESL, X B CulnO, 1
RS R PERS BYR K. B H AT R IR, X CulnO, 1
BB Rk EE N Sn, Ca L&, mixf BA
HA B2 & JEmNGA AW I, T EA- T f#
X} CulnO, RN B 24 M RE, A SCEFEB IR

Be, Mg, Mn X} CulnO, #1722 M5, 439
AR Cu, BN In, FEATRIBRE AL = FhB e 20tk
Frk T I pR B0 S — PE IRT5, PS84t R
TE CulnOy MR R ROAE FHBLER, HFE R AT A
BT FNTT A 1 SR B B o b R LB A4 25 35 1

?‘E/EI:H;\E%
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CulnO, M f AR ZE M )& T R3m 25 M1, i
i EHA 3 MFIESE T 1) AT CHIM Y O-
Cu-O Wi &5 495 2) T H CHimg 7S Cu )z, 3)
InOg /NRZEH, o In A2 T /\EAAR (WIE 1).
SBETHE R FOUSR ) B &Nk (PAW)
JEE $A 222310 2% d G I $A R H R S % B O B
(LDA)R245] SR 40, VASP dEA7 3144 12627, f
SRR AL B DUAS SR 14 S, 7R
Ao AL 108 ANRF, TR R T AR
HRHE L B H-F 52 Jysme/ . BMTHE I E o 400 eV.
HEPMX M K SE R 1 x 1 x 1 Monkhorst—
Pack g 2821 X6F 7 B ff AR Be, 11 E ] A—
ASIE 5] L AT 1 S AR R A TS0 B A i P
P, T H T S RS R R AR K S
BT EAE LDA F1 PAW $1 iafeita
HkAE. CulnO, MR RT IR LT Cu Y
3dfl 4p HLF, OBy 2s A1 2p B T, In Y 5d
6s L T7; XT840 K Be, Mg, Mn, 4 FAE

1 CulnO, S, L@ T4 O 1T, KGR T In 5T, £ AT H CuilT  (a) HEABRETHN Culiiy

BT BL; (b) SR 15 2% T In ST~ F9 175 0L

Fig. 1. The crystal structure of the CulnO,, the red atoms are O atoms, the brown atoms are Cu atoms, the purple atoms are In

atoms: (a) Substituting yellow dopant atom for Cu atom; (b) substituting green dopant atom for In atom.
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Be [ 2s HLF, Mg [ 3s f1 3p HL ¥, Mn #9 3d Fl
4s B,

J9 T IR E IR CulnO, #1KF P L GK )
A T B2 I RE FIER A BRI RE L. MRIETE HihE
(Y X BOS I B RE FH BB S ) A2 R FL 1Y)
TOKREDLE:

AH¢(a,q) = AE(@, q) + ncupicy + Minfiin
+ nopo +napa + qEF, (1)

AE(a,q) = E(a, q) — Eo(CulnO,) + neypud,

+ nppty + nopd +nap’ + ¢Byvew,
(2)

WAL E (o, q) FA GG o IF HA AT g B8
THLERE; Ey (CulnOy) A% AT ] Bl ) HE & i
BB now 10, M, 1 239N FE I B B B 2H
43 Cu, O, In B4t HE A MR Hh 685 3
T B ETEG o A AT 1y, i, 1)
b 2E S AT Cu (TECMAR) L In (TRDC
). 0 (AR) MBATTENIER LG B WIER
Pk fE, WA VBM JF4f, BUE 5 FE A 047 T
R Z ] FEALFR T, B s b2
PO G PR R A KT A DG, PR ELA AR
A3 L.

XFF CulnOy #1821 43 A Ak 22 S5 R b 20
T LR £ A

1) BF AL AL 2R AR R FIZ e K R
BRI A 253, B

Em

HCu < Oaﬂlln g 07#0 < Ov (3)
2) FA A FEFEA I CulnO,,
Heu + pm + 210 = AH¢(CulnOy), (4)

CulnO, B HE E,(CulnO,) = —651.22 eV, brififk
S e, = 471 eV, py, = —3.23 eV, pup = 5.24
eV, 15 BT 5 i) CulnO, ¥ K 1 TE W BE AH;
(CulnO,) = —5.00 eV;

3) ANREME A 40 4 22 TR A 265 A,

2NJIn + 3/140 < AHf(In2O3)7 (5)
2pcu + o < AH¢(Cuy0);

4) BRI ITTRARE 5 IR TC R 4 A —

AH, B
pa + po < AHi(AO). (6)
THEZER In, O 4 TEEE A H; (InyO5) =-9.98 eV,
CuyO JEAEE A H{(Cuy,O) =-1.67 eV. A, CulnO,

BRI = B 70 2R 1 Ak 2= AR YR L 40 53]
0.84 < poy < 0, -4.99 < gy, < 249, 1. 67

$ILL0$O

3 WHEER5TE

TE A, AT CulnO, WSS (a, c) Al
JEF NS w i 4T TR, CulnO, 1A%
SR a 1 e EARYE Murnaghan R T Bk PL LA
BT R R, MR T NS E u SRR 712
FPRBESEFEATAAL, CulnO, 48 BORSH 4
55 E 2 Wk 1.

£ 1 CulnO, ftsHBEHETHAE S S 5H
Table 1.  Theoretical values and experimental val-

ues of lattice constants in CulnO, .

CulnO, itk T HEETHAE s SN T
a 3.297 A a 3.292 A
c 17.192 A c 17.388 A
u 0.1047 A u 0.1061 A
c/a 5.214 c/a 5.282

BAITE W AR CulnO, &4 N B i
REZHN THIR, fEBoc R RN K EA
[FFREE R, & 2 50 T CulnO, T840 R A
Rl At B AR ARG L, 2R Mg, R Mg JR+ DI
MiBZRIEAIEA Cu i+ &, Mgp, #/~8 Mg Ji+
DL B 20 8 S kA In JB 107 &, Mg, W %R
Mg i3 A CulnO, [A1BRA & . HE S5 8
RSP RO AR ZE . AR 2 AT LU
5 CulnO, ) CuO # £ 1.85 A(O, 2), InO 4
2.18 A(0O, 6) tH Lk, Mg JLE A B I A 5
Fl AR R sh iR 22 fk, B4R Be, Mn LR
AR NS 2 e NG D i e

3 EBART CulnO, FEHHPHARETY ¢ =
0 Fl p; = OB AMEBIIE IUBE AE (v, q), HIIAR
HE TEAS [R]  Ab 2 35 5T Bk B O 18 RE AT LA 2o
(1) AT, TR AGE 5k2e3 . SRR
AR FR, A4 N JLF A 1E B0 3 4T 4 . 7R
CulnO, M, Al S SE A PRI G O, —Fh
B A3 K (BH B2z 38N ) rfE N,
S e il U] A ke 0 NI (T E S e o
WR) B

] 2 FEL 3 43 3 Sk S Al S5 R AR /M 1
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F 2 BROURMEM G AEFI, SIS 5 S AR AR T I SR T RSB
Table 2. The surrounding atoms of dopant, kinds and numbers of dopantxs nearest neighbor atoms in parentheses.

£ 7S IES IRITARHERE BAAIA I AR R 2 Z SIS I AR R
Becy 1.49 A(0, 2) Mg, 1.85 A(0, 2) Mng, 1.77A(0, 2)
Bey, 1.96 A(O, 6) Mgy, 2.12 A(0, 6) Mny, 1.93A(0, 6)
Be; 1.62 A0, 3) Mg; 2.04 A(0, 3) My 1.99A(0, 3)

# 3 CulnO, MBAITEIL e
Table 3. The calculated formation energies of dopants in CulnO,.

BA JEAE BREn LR eV EAE Bn SRE/eV B AE
Becy -2.20 Mgc, ~650.87 -2.58 Mng, —654.63 1.76
Ber, 0.79 Mg, —651.36 -1.59 Mny, —656.54 1.33
Be; —-1.05 Mg; —654.27 -1.27 Mny —657.39 3.71

Cation-poor, anion-rich

8 ] +1
>
S 61 0 Be /
>
E‘D Q Mg
g 4 Mn; Becu 1
(%) [} +1
g 2 Jo—0 0 Mgcu
% 0 Mncy
E 07
3
L 10 Mny, Ber,
g —27 1- -
4 To
d"’ 4 Mny,

1 —
—6
T T T
0 VBM 1 2 3 CBM
Fermi energy/eV
E 2 B4 M BETE cation-poor, anion-rich 7% 1k &

Fig. 2. The change of doping formation energies under

cation-poor, anion-rich condition.

Cation-richp, anion-oor

8
% 6 7
=
&6 0 Mn;
g 4
()
S 2] 2 +1
= 0 Mny, Mng,
E 019 Bey, 1-
K] 0 Be; /1
S g~ 0 Mg; 0
5 Becu
[a} 0 Mgcu 1—

— 4

Mgin
1—
— T T T T T T T
0 VBM 1 2 CBM

Fermi energy/eV

3 BAIEMBEALE cation-rich, anion-poor 1725 1k &l
Fig. 3. The change of doping formation energies under

cation-rich, anion-poor condition.

F, Mg, Mn, Be 22405 i AERE TR RERY A2 1L
K, YAsbrdon e e OB AETEZ L T Rm 5 T

TR, SLLFRIBIIIE R EEREE P8 K BEAR 1L 1Y
R, BT RN RSO, /NI s RN T BB,
VBM A 15, CBM A S S, %K BEBUE 7F
VBM 5 CBM ZJa]. 438 K8 Ep Bl S I%
mE, ARG (1) 28, 52 £3& (Mg, Mn, Be Fif In JR
¥) B2 W e sk 23 BE A, it 3228 (Mg, Mn,
Be it Cu J7iF5 Mg, Mn, Be #t A[H]BNL) (45
FIE et 3. A 2 Ak 2R3 R) AT
E i, FAEFERM RGN T, MBIt R I e
M, Mg, Mn J&F #8455 B #e CulnO, HL 1 /Y
In J5iF, B POKREH 10 A A )1, Be J 7
AR In JFFRY AT BE; X} Mg, Mn, Be 4t Cu Ji
FHRYE O, A5 B8 Mg, Mn, Be #fft Cu J&
T BB EIEREE, KX BT ER
MERR L Cu S [l IR R 4 3 A T A fE, Mg,
Mn, Be B2t R #EA CulnO, [A] B A7 145 A
SR TNE 3 WTLIE Y, A2 SN S
L, BIR Be, Mg #% T A CulnO,, {HI& 23 [}
TE U2 Rl 2B, S R s 1 AR
FHLPEREFIRCR; BEE 28K AR Bp Sl IR FE 50,
Mny, X ZEIE WL AR &4, 1 Mng,, Mn; 1
TERCRERE R, MELUIE AR CulnO, A1

Kl 4 &R B2 T £ i A CulnO, J5
TE R R RESL, TEMf B4 R e BT, T
TR A BN 55 77 5K B2 AT RE A B Aff . DA
K 4 Al FH, TEICE Be, Mg B8 In TLEZ 5T
T B B b RE S ARAR $30E A 45 T, Mgy, F1 Bey, Y
BEE AT [ 0.05 eV F1 0.06 eV, Y8 T
BLFETR ARG, M Mny, BN BN THHT L 0.4 eV,
J&ETEBE. X R Mg, fil Beln 1Ri&E S5 1FE M3
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CulnO, CBM
0.41 Meg; 0.39 Be; 0.3\ e,
0.48 Mgow  0.43Becu oo Mm

0.40 Mny
0.05 Mgy, 0.06 Beyy
VBM

4 PBRITEFE CulnO, Ay BLFE IR T B
Fig. 4. The calculated transition energy levels of the ex-

trinsic defects in CulnO, .

FTE CulnO, H7= B2 7RI, Has AR 2 A 3
ML BLRETT A4 4R, Mg JR TR ¥ In I F7E A (L2
PR TE T RE K A2 B HANAEAE H AMEERE R
(Mg, F1 Mgi 7RI A STE ), B e AL
PR MTEI T, Mgy, /& CulnO, M8 5 B
M AZ 3, JFRER A M B = A R P LS PR BE.
J T B4 CulnO, iy P AL S, i3 R TR A
FEA KA, 7E MBE 8 MOCVD fh iR A4 K it
T rp S B A 45 2 4 T 1) Ml P LB 8 i 8 s R 1)
T VAR Mg JEF BT In B FROMER, X Pk
PR B BT L RRAE TR S A R P R S
fiE. 1M CulnO, MIFMEBZ: N RIGRFEHRELA B R i
T W RE Bk 4 R BRAE RS, IR L, XFF Mg, Mn,
Be &, T FE X 11544 R MEAE CulnO,
Hs Il NS PERE.

4 % i

A — YRR B, W98 490R Mg,
Be, Mn X CulnO, # 8} /EFHBLIL, 535105
Cu., B In. FEABIBRA = Fh 48 22 A T3
THEE R LM, Mgl FRIB B AS5] R
CulnO, M KRR F 514, 78 A b2 AR
TEOLT, Mgy, REK & A8 il HL sk fa A7 B A A T
J50.05 eV, [RIt#E4a T Mg;, Mge, B, Mgy,
HILEERCH CulnO, FYHARAZ 6P, BRE AT R
B P RS RERE. Ak, RO R BB BRE

R W) B iE BE 2%, Mg, Be, Mn = o & &1t
Cu ik A T B A7 145 4455 AR AS 25 25 b1 RL AT R
N AU ERE.
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Abstract

Exploring new type of optoelectronic materials has fundamental scientific and practical significance in the
development of society and economy. Recently, intense research has focused on the use of the wide band-gap
bipolarity semiconductor material CulnO, which will allow to the fabrication of that total transparent
optoelectronic materials. However, the conductivity of CulnO, is significantly lower than other n-type
conductivity of other TCOs. As a result, one of the key question is how to improve the electric properties of
CulnO, by doping method. Motivated by this observation, in this paper, using the first-principles methods, the
formation energetics properties of dopant (Be, Mg, Mn) in transparent conducting oxides CulnO, were studied
within the local-density approximation. Substituting dopant (Be, Mg, Mn) for In, substituting dopant (Be, Mg,
Mn) for Cu and dopant as interstitial in their relevant charge state are considered. By systematically calculating
formation energies and transition energy level of defect, the calculated results show that, substituting Mg for In
does not induce the large structural relaxation. in CulnO,. One can expect that substituting the Mg and Mn for
In introduces acceptor because the relative lower formation energies, furthermore, Be atoms would be substitute
for In atoms when the F; move to CBM. In addition, the donor-type extrinsic defects(such as substituting
dopant for Cu and dopant as interstitial) have difficulty in inducing n-conductivity in CulnO, because of their
deep transition energy level or the higher formation energies. Considering the transition energy level position,
Ber,, Mgy, and Mny, have transition energy levels at 0.06, 0.05, and 0.40 eV above the VBM, respectively.
Thus, for all the acceptor-type extrinsic defects, substituting Mg for In is the most prominent doping acceptor
with relative shallow transition energy levels in CulnO, under O-rich condition. Based on our calculated results
and discussion mentioned above, in order to increase p-type conductivity in CulnO,, we could substitute Mg
atoms for In atoms by the sit-selective doping method through atomic layer epitaxy growth or controlling the
oxygen partial pressure in the molecular beam epitaxy or metal-organic chemical vapor deposition crystal
growth process. The calculation results will not only provide the guide for design of new type In-based

optoelectronic materials, but will also further understand the potential properties in CulnQOs,.
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