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K IE 93.3%. Huang 5 B3 i ¥4 i - VL0 A
T ALTi 345 ZnO g5 FDG R R, B 2 KB, 5
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PERR, AFARIN, 5 ZnCrO 4k & EL#, ZnCrTio 1k
R ELF B, ZnCrTio & R AT RE S LN
1) 4% 5 2k e A0 AR 0 10 s E B 30 12 %8 4F. Lin
2 TP S AT S8 V25 98 T AL 5 ZnO, Ti L8
ZnO F1 Al-Ti 3t ZnO HI SRR AR, WK
B, 7EPE K 400—800 nm L A, ZnAITiO & &
()~ 25138 5t % 2 w8 T ZnAlO, ZnTiO A1 ZnO 1k &,
PR IE ST RIS B T 93%; 10 H., ZnAITiO & R 1 H
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K1 BIgHA  (a) RBI% ZnO; (b) Zng.o792Tio.02080; (¢) Zng.9722Tio.02780

Fig. 1. Theoretical model for (a) un-doped ZnO; (b) Zng.9792Ti0.02080; (¢) Zng.9722Tio.02780.

2.2 WHEFGE

A 3Rl CASTEP (Material Studio 8.0, MS)
A ) E e AL B B B (DFT) HEZE T 1Y
V- TH 9 88 O 35 GGA+U J7v%, H Perdew-Burke-
Ernzerhof (PBE) iz bR #EAT HiiR. X P A7 A7 #E AT
Tt e R, R, BTSN
T PR S T (LDA 5 GGA) /& — Rl A3
W, FEAS BERG 1 Hh FH SR A 18 45 2% 3o Ik Ot 3R AL
VI B 7E MS B AF BT DOE I 51N BE 8
R JiF - [a) 5 A O H IR %5 4 LDA 8 GGA 1)1t
S EIE R 3B i Hubbard 230U (HEFBE) K
IR X Tl oA A, O~ (LDA+U 8 GGA+U)
Jiik. GGAHU J7 ¥ R 5 LU R RS o o 3t iR 45 24
PR G E A AR AR, A SCR H GGA+U
FEHAT IR, MBRERF Zni3dEFO K
2p A AL 5.5, 8.0 eV '8 Ti [y 3d 4% K F MS &
HEBINKU = 25 VI KRB IHHE2RAE
R, 500k R RS e i 45 B PR 4. 8
BANE PG E R E N 1.0 x 107° eV,
ERAERAN R T LM IIA KT 0.3 eV/nm, WM
A KT 0.05 GPa, A Z MW H1.0 x 107 nm,
T AE N 340 eV, Zng.g702Tin.020sO 8 HE B AN
Zmg.9722 Ti.0278 O 8 PR AR B YK X K 5 3 B 4y
AR A X3 x2,2x3x2, HTHEERRNE T4
43N Zn 3d104s2, Ti 3d%4s? A1 0 2s22p*.

3 HRET®

3.1 mIFEMFIREL DT

PR J LTSRS, 7R F 3 & A% H
. BREE. BAEBRMERERLEL. NR1TE

H, KRB RGN ZnO [ R H % o = 0.3298 nm
Mec = 0.5318 nm, 5LIBMWEM o = 0.3250 nm
Ml = 0.5205 nm POV R80T, 1KMW 2 /N T 2%.
AR 3CAE F 9 Mulliken J7 % i 50 7 B oL 43 A0,
éfj%ﬁﬁﬁ’ }z}*{j:/% ZHO,9792T10_02080 ﬁﬂ@*ﬁ@*ﬂ
7mo.9722Tig.027s O HEE T, Ti 3d%4s? LTS
dBUIE B B R I 42, BTl BRATIAA Ti B 24
7 ZnO FHL &0 N +2, Ti B Ti2t & 7R R
1E. EAIREMBREEIEN, SREBRTEN
ZnO I kS & BOR B, Ti2t 87 1015 2% Bt i,
BN REFEEN ZnO I & 1 AULE o F ¢ il 77 17 R
AR ARBUGERAR K. T T2t B 7242 (0.086 nm)
e Zn?* (0.074 nm) B TRA2 K, [ HB KR
()RR BB R, B RIS K. FIE, #r
HlERRBRENK, RRFEE TR

x1 USRS R S5
Table 1. The physical parameters of undoped and Ti
doped ZnO by geometry optimizing.

Eit] a/nm  c¢/nm V/nm® E/eV Ef/eV

ZnO 0.3298 0.5318 0.05000 —4295 —
Zng.9792Ti0.02080 0.3298 0.5329 0.05014 —4290 2.802
Zng.9722Ti0.02780 0.3302 0.5334 0.05032 —4238 2.933

N T A TR 748N ZnO 1 3 5 72 5 R
BoRR RIAENE, A SCUHE T Ti$3 2% ZnO 1A R
IR AL, B2k RILRAE Ee 10450 B

Et = Ezno:1i — Ezno — i + zn, (1)

KA, Eznorri 2 Tifh 44 ZnO # 14 & & B &;
Ezno 72 515 220k Z M F K/ R 8 2% ZnO i
TR RIS RER; i, pzn 70 )2 Ti M Zn e R € (2
&) RN TIEE, BHRET = 0IF K
WS, BB R A RAI TR 1. NRI1ATE

157201-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 65, No. 15 (2016) 157201

H, B R EN1.04 at%—1.39 at% FI3EFIAN, Ti
SR I, B AR RV RRREK, B2, 2
SEMERR N R, X 5 AR AT 45 R A

3.2 MmEESH

A JE AR A2 o T B B B AN B R 55
S 5P, A R, L0 s, A JE (E
N, BT EEEGGER. AU, Zing 9792 Tio.0208 O Y
B J7 1A ) Ti—O B AN EAE A Zng 9722 Tio 02780
8 L2 J7 1) 1) Ti—O B AN JE B THE 45 R AT
F2. WNFR2WUEH, TiBREBEN, 7T
By, Bk R A0 EREAS /DN, Ti—O KK,
BT 7w, BAAERAMEERD, Ti—O0 KA
K. MRS RERY, BARARILNEZY, 8§18
WO, Ti— O KK,

*2 BRERWAEESRK

Table 2. The population and bond length of Ti doped
ZnO.

F iy fifEf  #K/nm
Ti—O(//c)  0.55 0.1853
Ti—O(Le) 053 0.1857
Ti—O(//c)  0.52 0.1861
Ti—O(Lle) 051 0.1866

Zng.9792Ti0.02080

Zng.9722Tig.02780

3.3 EFBTERESN

72 0y VLA 2 0T DA B M WL 5% 3 45 2% 6 S
(1 i -2 (A AH ELAE FH SR 5515 Ol Ti#s 2% )5 ZnO 14k
2 (002) fm ] (RIHE BT c Rl 7 170) (1) 22 0 HELAf 25 15
A 2 (a) F1E 2 (b) Fis. WK 2 (a) FIFE 2 (b)

B2 25 v % o Ai
(b) Zng.9722Ti0.02780
Fig. 2. Electron density differences for (a) Zng.9792-

(a) Zno.9792Ti0.02080;

Ti0.02080; (b) Zng.9722Tig.02780.

A LLE 1, B 2% K &R Zng.oro2Tio.020s0 i ML 1
Ti—O i Z [0 [ L 2 B 2 B Zng 9722 Tig 02780
R Ti—O JRFZ AT EmE 5. 14
REH, TIB RGN, BIAE R IR 5
TR, Ti—OBKAK. iMHERSMEHED
Mres RAHTT &

3.4 KRRHBFEMSH

THEFH ARSI Zn0(2 x 3 x 3) MM H 7451
AU 3 (a) PR, EE TR FORBESUONRER T A,
PARZER. R4B2% ZnO BHERA] GGA+U J5ikfE

’ = mo (@)

T

fEE/eV

G F Q z G 50 100
DEE eV

) 70,9792 Ti0.02080 (b)

/eV
3.40 eV

i —4 kb
poAY)

G F Q zZ G 50 100

e /eV
|
[

G F O zZ G 50 100
S /eV !

3 HT4HAME (a) ZnO; (b) Zno.g9792Tio.0208O;

(¢) Zng.9722Tig.02780

Fig. 3. Electron structure. (a) ZnO; (b) Zng.g9792-

Ti0.02080; (¢) Zng.9722Tig.02780.
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IEH G, KRB A ZnO WL N B, = 3.37 ¢V, IX
Hepgh g RIS, WHESRRY, KB
ZnO XK GGA+U B 7B IEw B2 &3 1. |
K3 (a) ATE H, KBS ZnO S5 & H s B p A4
ARG TE RN, dABX SR IR oTIR, s D PUE F7
IR E; WAl &l s, p M d S RUFEETERUY, p
BPEM T E.

THEAFH Zng 9792 Ti0.0208 0 M Zng.9722 Tig.02780
L ¥ BE 7T &5 K 23 A G &3 (b) AL 3 (c) BT .
Zng 9792 Ti0.02080 T Zng. 9722 Tip.0278 O i I 73 P 2
HREWE 4 () MTE 4 (b) s, 456 B3 (b), (c) A
Kl 4 (a), (b) TLAEH, TiBR)GE, BRAERSWE
B Zn-4s, Zn-3p, O-2p Fl Ti-3d L F& R
TER, S IR £ B Zn-ds &k g B R
M 3% i Zn-3d, Zn-4s, O-2p A1 Ti-3d ML 125 24
AR AT, s T B O-2p &R E, 7
JE& 5401ty T 18] 2R T By B

300

200 F

100 F
0

0.3 /\\/\,\__\_ Zn-4s
0

Total (a)

33 /eVAI

DERE /eV-!
=)
wo

O \— Zn-3d

0 v

0.3} \i 0-2p

0.0

03 /\M — Ti-BdJ
0

n 1 n 1 1 n n
—12 -9 —6 -3 0 3
PI=N

e /eV

H4 BRERMIBEESEESAM  (a) Zng.o792Ti0.02080;
(b) Zng.9722Ti0.02780

Fig. 4. The partial density of states for (a) Zng.g7g2-

Tig.02080; (b) Zng.9722Tig.02780.

M3 (a)—(c) 1) BE i 45 14 70 A 7] LA
KB 4 ZnO 8 Ml Zng 9792 Tip.020sO0 1 Zng g720-
Tio.027sO # M # 4 B 73 73 49 9 3.37, 3.40 A0
342 V. IMH A REKW, BAAE RS, I
H, TiB RGN, B4k R 000 BB %, o
FEE RS 3.2 11 3.3 15 1 Ti 45 2% /U N5 2 4k
AR Ti—OBKBAKMTE. iHHEE R GLREE R
AL LR & B PRI 3.5 S P Ran b
B Ak F0 BR AR T (AL

3.5 THEREFHIES M

FLEC I 3 (a) FIE] 3 () /T i, 5 KB4 ZnO
M AH L, Tis k)G, £ F4 H Ti-3d & Zn-4s
B In-3p S MO2p SHFEEHRUBAEIEN, 1§
13 Zmg 9792 Tio.027s O 8 JL IV Zn-4s 57 20 B 5 &4
—1.30 eV &b, T Zn-4s ke SR, FTLATi$
RFE W TR

Mt 19] = B 7 TR BE R AR 7 1 B B Lk T &
JE 25 2 IA) B B B B A EAR . 3 p-d B
AHELAR FH B sRAEAN 7 17 fm e 7 M AS B, 2 AEAN AT
AR RE T FIAEBh; 7 d-d FSese AH 1 38 56 45647
AR RE T IR 3)), e 2 A5 ) s e g 3. A
F B RAR R, K s a7 S AFm. 8T
BEB R ERR p-d REES d-d R MR T&
HH RANBAAEDL, B9, ASGHE T 2x3x3K4%
R ZnO BTN 2 x 3 x 3 Ti45 4% ZnO & Ay
A, W5 (a) #E 5 (b) Brox. H Origing.0
A5 A B 5 () FE 5 (b) 1) Zn-3d 7. O-2p 75
FTi-3d 25 43 P2 % B 2= A0 X 3843 ) 1047 AR 432
H.oBa, 8d-d & p-d 240 X I3 T &
g%, RS RS TR 3. MRYEE 3 ATA, ZnO Xt
L) A TSR 2L Zng 9722 T, 0278 O R M. S
TAH, EREH, d-d B0 RS VRS
W PR TAEE N9, p-d SR LA E
R D s TS5 E R 13, Bk THE S
RGBT H, TiS R 8EM, p-d & 0B 2R10
AR F S AR kD B A H B L d-d A A
HIABAEER BN O ETASHEZ, fllpdk
SHOH LA FH 0 8 A 20 H N R B d-d e
FHEAE LA & A5 H N R EE . R, Ti
BR)E, LA AR AR RR 7 (1 A By, A T A
RETT [R50 4.43 €V.
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Zr LRTIR, T A A AR AE DT A B, (H
7, TiB ARG, BAR R R RE 7 17 A 3 R
B R T A FRRE Ty MRS SN I EE Y, LA, Ti
A, Bk R IRALTE, X505 BR K 04 45 R AR

St
e
200 F — Total (a)
100 /\/\/\
"" O
> 200} Zn-3d
2
X
% 100
¥
0
200 —O-2p
100
0 1 —
—6 -3 0
BEE/eV
200

—— Total (b)
100
0
—— Zn-3d
100
0

T
>
()
~
i — O-2p
X 100}
¥
0
—— Ti-3d
100
O 1 1 1
—12 -9 -6 -3 0 3
figt eV

El5 BEESM  (a) ZnO; (b) Zno.g722Ti0.02780
Fig. 5. The density of states for (a) ZnO; (b) Zng.g722-
Tip.02780.

*3 BRERANETEHH
Table 3. The number of quantum states of the doping

systems.
, d-d ik -d Jx B
et o e
w=TSHHE HTSHHE
Zng.9792Ti0.0208 0 356 540
Zng.9722Tig.02780 345 527

3.6 MRUSTSEIE 1

HL LA T Th AR 4, 2 75 255 SR AL PR 52 e
B, NMHEREERE R (w) = &1 (w) + ie2(w) K
W, HA AHRE S e (w) = n(w)? — k(w)?
MR # e2(w) = 2n(w)k(w), ATEAH e1(w) Flez(w)

R R SR G M BT, ] BUFH n(w) FH K (w) R
R AR . A K-K (Kramers-Kronig)
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C 2 2
e2(w) = o2 VZ,C/BZ W |Mcv (k)|
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2 > Weg(w)
eiw) =1= T(PO/O de7 3)

1/2
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E% 53 A2 S A 7 TR RE 2R

A3 g on ik BHOR M R B & ZnO,
Zn0.9792 Ti0.02080 M Zng 9722 Tio.027s O M 14 5
WO S AT A B 6 BT, B 6 AT AN, R4S R
R 5 K45 2% ZnO )W OE1E 73 A1 AH EL L, 1E 3
KO 250400 nm JEFE A, PIFHE AR RIRBOE IS
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e RO TR B 2 ROSCER EEERE. THE
gh 5 st e ARk 3 IOV R A, TS B
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15000
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Fig. 6. The absorption spectra of undoped ZnO and
Ti doped ZnO.
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K, ag 2 IR 12 92.03 nm 2] n S n B fE
T AR I SR E. EC R BIEAN (2) X
i A . = 9.56 x 1017 em 3. AL,
Zng 9792 Ti0.02080 T Zng 9722 Tig.0278 O 1 JE 1A I
Gyl Ny ANy (R FEFR 5 2 W 5+ A 2035 O
Al bR CLLAT AL J5 45 28 44 R SR RIS B 45 ),
Zn0.9792 Ti0.02080 MM Zng 9722 Tio.0278 O LA £
ARAL JE, @R AR T AR IR B A i 2 R
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B R R 2 10 S 2 MR B 2 O n B 1 IR - T
B TR E ne, IR T SRR, J&T =B
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FAF 1 Zno.9792Tio.02080 M Zng 9722 Tig 2750 it il
TR PR AL N 61 /02 = 1.32. Z5REKY, {E
BIREN 1.04 at%—1.39 at% [EE A, TiBE
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ALLEH, BEEAMEGTEREAL MHS5HH
ML IR G, SRR H B BB IR EA
TR FHRILEER ke 1. THE g /KW,
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3.10 HZ3EEFN Bohr 29
2 §E Al Bohr 212 IR IA N

Ei _ m:Eo
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56 %05 & B E H, Bohr 212 5 20U & &
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X, B (T) RN T KR Ey(0) /i
RO KB o, 8 RIRERE. X T KRBk
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Abstract

Nowadays, the studies on absorption spectra and conductivities of Ti doped ZnO systems have presented distinctly
different experimental results when the atom fraction of impurity increases in a range from 1.04 at% to 1.39 at% To solve
this contradiction, all calculations in this paper are carried out by the CASTEP tool in the Materials Studio software
based on the first-principals generalized gradient approximation (GGA) plane wave ultra-soft pseudopotential method of
the density functional theory. The supercell geometric structures of ZnO, Zng.9792Ti0.208O0 and Zngp.g722Tip.2780 systems
are used as the calculation models. For all the geometry optimization models, the band structures, densities of states,
electron density differences, population and absorption spectra are calculated by the method of GGA+U. The results
show that with the Ti doping amount increasing from 1.04 at% to 1.39 at%, the lattice parameters and also the volume
of the doping system increase. The higher the total energy of the doping system, the higher the formation energy of the
doping system is, thereby making doping difficult and lower stability of the doping system. The increase of Ti-doping
concentration weakens the covalent bond, but strengthens the ionic bond. As the Ti substitutional doping concentration
increases, the Mulliken bond populations decrease, but bond lengths of Ti—O increase for the doping system Meanwhile,
the higher the Ti doping content, with all the doping systems converted into n-type degenerate semiconductor the wider
the band gap of the doping system will be and the more significant the blue shift of absorption spectra of Ti-doped ZnO
systems. In this paper the mechanism of band gap widening is reasonably explained. In addition, the higher the Ti
doping content, the higher the electronic effective mass of doping systems is the higher the electronic concentration of
doping systems, the lower the electronic mobility of doping systems is. The lower the electronic conductivity of doping
systems, the worse the doping systems conductivity is. The calculation results of absorption spectrum and conductivity
of Ti-doped ZnO system are consistent with the experimental data. And the contradiction between absorption spectrum
and conductivity of Ti-doped ZnO system in experiment is explained reasonably by temperature effect. In this paper,
the comprehensive optical and electrical properties of Ti-doped ZnO systems are calculated by first-principals GGA+U
method. And these results may improve the design and the preparation of photoelectric functional materials for Ti-doped

7Zn0O at quite a low temperature.
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