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(20144 7 A 3 HI3; 2014 4 8 A 13 HULEIMETH )

K HI 532 nm R Bk O HGE K AR (AL) /B9 AL (FTO) 4 (Cu) /FTO 4R (Ag)/FTO =Ff
WUZ A MR AR TH 43 S AT AR B, 45 S S i ISERE 1) ' LR RE TS B4 . b, #UB K Ag/FTO )
BJiE 6% (400800 nm) MR K, M 72.6% HE 5 80.5%, LB i H R 7 A4 T HA U S 1 1%
M4 4. o' BE FAGB K Ag/FTO BRI T MRS A $2 i, HorHe i BEA 5.6 Q/sq FREH 5.3 Q/sq, J& A
2 B WO SE R FRRL I AR AR FE S T 0 R RSO el T SO A AR T A R
LA LR, WO IR HUB K Ag/FTO MEA SRR TM0.73 x 1072 Q1 KN 2.16 x 1072 Q71 %
WAL A e M RE 1S 1) B 25 12 . WO R T [ 25 I I YR R T ' A 5 4 1 o) 5 R B D KPR, X O &R
B E A E W T L R I 25 A AR 1 I

KA BT AR, oL, JeMhaii, JthtkRe

PACS: 42.62.-b, 68.55.—a, 78.20.—¢, 73.90.-+f

% W13 L AL W) (transparent conductive ox-
ide, TCO) MR L B A RA4FH S ik, PLAAER]
W6 XA 3 e g e M A A A, H R AR K BH RE
Pt 0200 9 B R A )L I R B 25 e s
A AE AR BT W SO R . (R AR G HL AR A
U KRR, AT TCO MR ' i M e K
Kb, N TS EA REFGHEMERER) TCO MK,
HATR Z 0t b TR 82 22 G Rk
il 4% (0= ELARIX AT DLBE R 1) 3 el vk, (R 3LE
U R W N R DI TTRTE N N AN
ATV — 5 SR F FAGR KR 77 3 ok e v B ) 3 r
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FUFIRER AR I G S0, IS — H &%
WEFLEATCHE. AT LA AR, R EOL Cilid
WER A G ERB KT FEARA &8/ TCO X Z
Ve 30 A T o R A B ST R R B SR TR 4 T 45 ) ) 4%
AR LR S RE.

A ST 56 388 okl 4 W S Vs 4 G RGR K AR B ) £
T REARIEHERN EMAR SR/ BR A
% (fluorine-doped tin oxide, FTO) X{JZ & & # i
(1IN M/FTO), K &8 ZM e a8 (Al). i
(Cu) FI4R (Ag). XF A A A #GR K M/FTO # 5 5
AT OB AL X EERT AT T O R T S AN
[ FAGR K M/FTO R i B3R R34 48 ok

L HEETERE.

2 SZIER
2.1 BIBRAM/FTOEERIF &

SEEG SR FH I R AL R S FTO B8, /2
7E 3 mm JE AR 3 TR Z) 750 nm JE ) FTO
JEHIECH. ¥ FTO SIS UIFI A 15 mm x 15 mm
R/ e, IR AE £ B 1K A TE K LB
8 A IE E 10 min, K H &4l (99.99%) &K FTO
BRI W T, BB T 50 °C IR AR 1 h
HeeH. URSFN P60 mm x 2 mm. 265N
99.99% 11 Al, CuF1 Ag [ N 4EAE, I g 42 0 5
PEEAY (95 B Emitech 2 7], K575X) 7 ¥ 151
FTO BHER MU AL Cuf Ag& R 2, Bl ks
A P ) <5 R 2 )R 9 5 nm. PR R o, ik
WEARREAFELD 1 x 1073 Pa 5 FERNGRS,
P ) A e 3 A0SR B3 43 730 2 0.035 MPa Al 60
mA. B 5B PRI M/FTO # i B T b i & Q
P AT HGR K. B KRR, BL10 scem [ R
A AR, IR 400 °C IFARHF 20 min.
BKEGERG, SR AR B IR B & .
K[ Al/FTO, Cu/FTO fll Ag/FTO FEAE 4>
M9w5 N AL, B1AICL.

2.2 FBRAXM/FTOERAHLRRBAIE

SEES HREO B FRCR FH 2 532 nm P AR
EHIE NAd:YVO, gD ik i 306 2% (B K F Bright
Solution /A &), Wedge 532), HEEHHE N1 kHz.
SOG rp ) fof R SR 1AL T BOE R S 2.5 mm A,
A Vi JIEE SR AL T WO AR Ak, U] BR] B K T
JE R P RE SR A T BB AR, A R A T3

JEIR AR, )R 3 B S B O R 2 R TR A
F0, PRI IO T R T 3 HE DLAS B AR 1 A 2
ROR USSR I HORREE B E N 1.05 J /em?, JEi
o Y0 R T )P D BE B 408 90 pm.
BWOCHR T Ao B — Ty AT IR A, SRR R
436 pm, A 20 mm x 20 mm, FH#HIEE
10 mm/s. ORI AL 5 i #GE K AL/FTO,
Cu/FTO Ml Ag/FTO #EFE 5 43 34w 5 8 A2, B2
A1 C2.

2.3 TSR

VIR I 2 THI T 30 R 45 4 Pl B (SEM) (1
Carl Zeiss A ], EVO MA10) Wl 7 511 & 44
ZER R Cu-Koa 85t (A = 0.1541 nm) (1) X 4 28
f15HY (XRD) (4% BRUKER, D8 ADVANCE) i
ATASIN. RSO 2 1 B SR T R AN AT LA et
(HAX SHIMADZU A &, UV-2550) 3R, %7
B r B R FH B QPO R IR A (5 M T B A R4
HIRAA, SX1944) P,

3 ERE5T®
3.1 FTEMH

&1 1 349 44 K M/FTO 78 B 2E 0 48 T T 5
FSEM . i T DL, WO SR AT, HGB K
N/FTO 15 3¢ T 5 5 A i 4% 1 5 4R IR 43 A
(B 1 (), (b) A (c)). ZHOCIEIRLES, T H0%
O S 0E T, FES: B2 C2 R4 T M
(BEOCEE M), S RE S B2(FE 1 (o) A LL, BER C2%
T e i 5 JEL B, S 02 T
Fy 6 B S T O (P11 (). TR A2(FE 1 (d)),
S T 00 0080 5 B0 45 LSO 4 7
T 0K 46 8 P T B, IR R T IS B K. 4
TR P2 T 7 2 RO 75 52 0 M 45 388 3 A R
Fh1 R JURS2 H 72 2 0 25 B8 T A e W 2 T A 4
I 5 NSO R 2 T T AR 09, 1T © A BT
o3 4 B J2 LA T WO OR 48 2 25
TSR R R AR 20 JET e, JoN 1AM HTRE )
A2 AT OIS K 5 T RS AL 4R 1
g p 2 B AL, MRS T A5 B TR 5 A BT
LT3, T i A2 22 0B 4 J% R < A8 A
Al 15 WO R R B O PR 5, Chen 25 1) f0iF
42 Stk ) Y L T (78 A% T ABOR £ T B
Lk BT, BOKE XRD At — 16
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1 AFE#GE K M/FTO MR P SEM B

3.2 ZEHgERM

B2 45 T BORERE I AT S U8 K M/FTO
X SR fr ot B RE. A 2, BT R AL SR
5% B Y 5 4 SnO4 B AT 4516 (JCPDS no. 41-
1445), I+ H A (200) LA KRHE. o C1 A
C2 B B s B 35 1 Ag(200) 14, IESE T Ag TH 0>
ST EEIIAELE (JCPDS no. 65-2871). i b
K E] Al, Cu 551 5 AL YRR, W] REIH A
T & E K P2 HUB K M/FTO #4048
HBJ5, SnOo(200) fi7 47 W 58 B ¥ 38 08 77 S5 W f >
U 55 (FWHM) 3590, 2% BF 3 J5E 1) o A0 FE B 3
P, SR &R RS (D) AT E 40 R Scherrer 2
25
0.89\
D= Foosd’ (1)
Horb B oNATHT I FWHM, 6 97759, X v X 5
LRI (A = 0.1541 nm). BOGHEIEETE M/FTO

(a) Al; (b) B1; (c) C1; (d) A2; (e) B2; (f) C2

VAR SnOy (200) A7 5 IESH N ) FWHM A kiR
SHFES RS TR 1. 450 BoREOEE S SnO,
(200) fiT 404 ) FWHM 33 B AR/ ok )] SF 15 21
EEIN, R R R A T AR,
P R e B g2 2124 AT IR SRR T R, SR A
I 2 HE B2 T OGS TCO 3 8 gk 17 48 18 4 7
B, DRI 4 R AR FARGRE, AT Ay R R 2R
KANBREE PSSR ARE, B 40 W = 2R R KA
FH, A Rt B A5 B — e FR B I g 2020) 2%
ALl B R R AR e SR PR IR KA FH R % 2
A2, B2 Al C2 F AL S SnO2(200) A7 5 16 A1 ik )
~HARAK AR A SR A

F1 AEPGEKM/FTO H I+ SnO2(200) #7511 )
FWHM Al ki R~

FE i Al Bl C1 A2 B2 C2
FWHM/(°) 0.330 0.311 0.319 0.288 0.284 0.279
RS /nm 30.78 3249 31.78 35.11 35.65 36.30
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¥ SnO5(JCPDS no. 41-1445)
v
v 200 v v
Y v ﬂ( ) Y N Al
wn
é N n . B1
. Ag(200)
"(% -—.-A-—-—.&.J " A A C1
=
D.,_,a:‘_ A J— L A A2
A A._JL A kB2
A C2
Il T “ri T A"-‘A T
20 30 40 50 60 70 80
0/(°)

El2  (MTIRE) RRFGE K M/FTO #IKK XRD B i

3.3 NFIHEE

3 IR T WOLE AT S #GB K M/FTO i
Mg e . WA B, oL IR S R %
FeHKBEE LT W XRD 4T TR, KO 4R IR
N PR RN %o B 7 A B KR P o 7 5 17
BR300 T TR N S O A
bR KB R I K P71 SR 2 4 T O R AT
J& #R K M/FTO #ERAE 400—800 nm ¥ Bt )13
FE. ATLLE T, AL, B1 A CL #1255
RO RNT6.8%, 75.5% F172.6%, 1 A2, B2l C2
VI ) 7 233 6 2 40 9 R 79.4%, 80.2% F180.5%,
WO R R 1) ~F 140388 e R S A A R R
M3 . AHELERM &, WokE G #UB K Ag/FTO
WS 3 L R AR S AR TR, R T
FH 7= A2 T R 58 BRI O 5ok 4 4
(B 1 (f)), H B A AR B B B VR 1281, Oy
TG b A3 BT IO A RS TS D R R I S A
4R AFM =482 30 K, % A2, B2 F1 C2#F i (1)1
THACJEE 73 AT 814k, 25 S NS TR G
YER, tnlE 4 Frs. T A2 BE G R TH N IE S 50E 1)
WkL, SRIFSFAT P B, NG R fE M /25 S Fh
SRR S (B 4 (a). B2 R SR TH 7~
A2 T R B ASEL IR WA IR A £ ), 1 BR A TE] A T
ARSI, H8 L 0 T e B 167 4 A S AR AR BE 3R /N
IR B, NG AE Rl 2 T R LA/ S
P T SOSFT EL S RSE PN 0, R 2 s — T 1 S S 452
(B4 (b)), T C2 K R TH A FE 56 7 b 1) S i 45
4, et [ RS B R, AT A R AR R R
I HEIR BE S, NG TE 23R Ak LLBCR B R S A
RAEZ R, AR NG 1 [R50 T NG

IR, BN s MR/ T DL O
%, BTTRKHER TBk% (1 4(c).

100

280 290 300 310 320
P /nm
1

" 1 " " 1 " " 1 " 1 "
300 400 500 600 700 800 900 1000
Pk /nm

B3 (TR ) ASFEHGE K M/FTO #1325 &

W

Al/FTO

BORLIR

Pt

NI

(a)

Cu/FTO
(b) SEILRG
iR
NP

Ag/FTO
(c) LR
Pt
N i

B4 (MTIRE) AR HGR K M/FTO MBI R
BE  (a) A2; (b) B2; (c) C2
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el 3 e ) 4 P SR WO R RS M/FTO i

() UV IR SC 32 359 o o 0 7 o s %, 2 B 3800 e TR

J B R O A AR 5 PO R T R — 2B i

S B et O 2 MR RE R R i, 5 NIRRT B
/L\\ﬁ[:sms]]

(ahv)? = A (hv — Ey), (2)

Ho, ARWH, B 2% WHE, o2 WIR
B, hwZRAETHRE. (chv)? Sho R WE 5T
N HEE W, OGRS ARSI T
Frd i, o A NIRRT (A1, BLFIC1) 114.17,
4.10 A1 4.14 eV 42 = BHOLHE IS (A2, B2 A1 C2)
f14.20, 4.22 f14.25 eV. JFOG4E IR 5 FE 5 257 58
A5 T i 5 VL 1) & o P R v AR R K
JE 18 KA 9% (Burstein-Moss 2 ) (29,321,

60

50

40 |

30

20 |

(ahv)?/10'0 eV2.cm—2

10

0 e aaaaaas 1 1 1
3.6 37 38 39 40 41 42 43 44

JETRER eV

5 (MTIRA) RRKIEKM/FTO #EEET (ahv)? 5
ST REE MR R

3.4 LEENEMEE

IR 75 31 2 HGE K M/FTO 38 JERE 5 1 7 e
B AN 3R 2 . 45 BREoR, BOsHE RS AGE K
Al/FTO, Cu/FTO fl Ag/FTO & FE 5 it 7 Bk
BHAY M 5.7, 7.2 F15.6 Q/sq FB&EF] 5.1, 7.0 f15.3
Q/sq, R FBOLER A R T & HEA & S Bk
M4 . WIHT PR, SO R I R B AR A R IR
KA PR A S 65 ) o RS 8 K, TR0 8 AT
SHED, ST R AR, AR s T ERTITE
26 53340 15 RO IR KA I 2 A S e 11 P
TS BB, B0 S AR 75 LA B P01, dx sy
e AL R S B m B R R ERE R
&, BAREOGIR R HGR K Ag/FTO ML EA
FEX e (326 26, R S e ME SIS T 0 4 I ) 34
1B K AL/FTO HREAE S AHTE S0, 3% B 5 i
(14 5 B S SR MY A RGPS e, 2 A

AR T ST XHGE K M/FTO EAR L
HL I REEAT 25 G VPAN, SI NI (Fre) fE NV
Wriks, Harzkos sy Bo37
TlO
Rs’ (3)
A, T B AE B 7E 400800 nm Y B T 1y
FEIGER, Re N AL & ¥ 7 e BHL i 5T R 1
K, VBRI G e RE L. R (3) it
SR 3 % HGB Kk M/FTO R FE i 105 5 7 41
FR2. R4 RER, WOLER)E & E A
1) i 5 R T 3449 B RO FR B iR . ok
R IR AGR K Ag/FTO ¥ 5 1 5 5 R 7 feok, N
2.16 x 1072 Q71 ORI & i 3 4%, &
BRI F O 8 R 5 S 6 25 4 9 [R) 28 S O 8
KBRS LR A AN E SR EE G EHFEE
T ZRE TR PERE.

%2 MR M/FTO M 1T 4565 7 b i

J R AT

Fro =

FEf T(400—800 nm)/% Rs/(Q/sq) Frc/1072 Q1

Al 76.8 5.7 1.25

B1 75.5 7.2 0.84

C1 72.6 5.6 0.73

A2 79.4 5.1 1.95

B2 80.2 7.0 1.57

C2 80.5 5.3 2.16
4 #  ®

A S = A #GR K Al/FTO, Cu/FTO Al
Ag/FTO X ZE & H AT HOL R AL 3, &5
O HEORE S S ) R TR S 45 k) S O L R
IR, 25 R WOkHE 5 #UR K Cu/FTO
M Ag/FTO HEER A4 1 e &), T #ag -k
A1/FTO 78 R 2 TH A WL 32 Y6l 2 4, 35 R mp
e Al B EETSPE S AN, HIG TEET
AP 5 NSO B8 e 451 B A Uk
B EH, 15 HGE Kk Cu/FTO fl Ag/FTO i
35 e RS BB RHE . OGRS, =M
S HMEEE —E RN G, 7 H I 2
5.7, 7.2 5.6 Q/sq FFF|5.1, 7.0815.3 Q/sq, iX
& T IO R IR BN 5]k R AR KR el T
VMG P 46 ot R B ) b ROST 3O, S U Ok
bRV B A3 BRI, HLBRBE >, M
AR T IE R 215 23w, &5 9l AN B R 7t
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W AT 25 G VPN, 45 SRR O AR RS I HAGR K
Ag/FTO #HEBE &7 8216 x 1072 Q71 Af
EEZRE L HPERE.
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Abstract

Three kinds of bilayer films, i.e. aluminum (Al)/fluorine-doped tin oxide (FTO), copper (Cu)/FTO and silver
(Ag)/FTO, are prepared by coating a commercial FTO glass with sputtered metal layers, and subsequently thermally
annealed. Then all the as-annealed bilayer films are irradiated using a 532 nm nanosecond pulsed laser. X-ray diffraction
(XRD) analysis confirms that all the laser-irradiated films have underwent laser annealing, resulting in an improvement
in their photoelectric properties. More significantly, after laser irradiation, the as-annealed Ag/FTO film exhibits the
highest increment in average transmittance (400—800 nm) that is increased from 72.6% to 80.5%. This should be
attributed mainly to the formation of laser-induced grating structures that have anti-reflection effect on their surfaces.
It is also found that the laser irradiation decreases the sheet resistance of the as-annealed Ag/FTO film from 5.6 to 5.3
Q/sq. The annealing caused by thermal effect of laser irradiation gives rise to an increase in grain size, thereafter reduces
carrier scattering at grain boundaries and enhances carrier mobility, which should be responsible for the improvement in
conductivity. The calculated results show that after laser irradiation the figure of merit of the as-annealed Ag/FTO film
is greatly increased from 0.73 x 1072 to 2.16 x 1072 Q 7!, indicating a significant enhancement in the overall photoelectric
property of the film. Laser irradiation can simultaneously achieve fabrication of grating structures and laser annealing,

providing a new idea for performance optimization of metal-layer-composited transparent conductive films.
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