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P SnCls-5H20 AR, SnuFo AR, R % - 2885720 £ F 544 (1 SnO2 1% B -5 B S 10 47 i JEE
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T BB R T AU S TR S R RE R AE. WA AR, MBI 50 °CL B TE] 5 by
Best (&%) IR 600 °C PR 1 IR 1 F/Sn = 14 mol% I, FTO Mtk GeTe st e ok, et tERE
BAR, RPN 14.7 Q-cm ™, SFHEEH N 74.4%. FTO HIE A BORLA P X042 20 nm, B0 &400H
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PACS: 81.15.-z, 68.55.-a, 78.20.Jq, 68.35.bg

1 5 =

H 20 t 289132 B 5 H A A ) S LR R DR,
LI PR S L KR AR M A 2 0. H A,
TCO #ERFEAH = RKIKR: SnOy FEHFE. InyOs
FEH BN ZnO FEE. SnO, MK B A 16 H
PERE, B E, R, X 35 3 A 8 B 2
5, ARG R FELAL AR e R, DRI E O AR A
AL S T LA BRI N R 7). i SR
22 UV AT g1, AAE SnOy A FHL, 3B 5 B
FEL R & 70 LA B B S RF I 1 SnOg B 22 0 5 15
. FELUBIESECE Tall Aghl W,
Lall, k& @t & Sb O AHE &R L R F & B Ny
F. BRIGTAUEMBRMNGASB R NE, HF-
(Rp- =1.33 A) 502 (Rpz- = 1.32 A) B4
FHIE, KEF~ HI5I A2  E 2503% SnO W &
fhghii, il F 84, nIE 20815 SnO,

* IR HARBIAHES (HES: ZR2012EMO045) % B R
T EEVEH. BE-mail: xukj@sdut.edu.cn
© 2016 FEYIEF S Chinese Physical Society

DOI: 10.7498/aps.65.138101

MIZEHFERE. BOF BN 3 SnO, 2E3E W] 3 AL
/R A RE Bt v N iUk PN I
BEA, ST IR, 108 2% A5 (19 SnO2 4904
n AR, R F JuE DOt 2% 5 T AR AL
AT TSI, B T8 L AR 1019 —10%0 #
B, ST IS A I 2 ZEHLH D g S
SR 2 O A e D00 SO R 2
T2 & T AR T R 35 22 5200, 2% 5 1 RO 2
W B AR FE RS R, R O & T
LAk /> fih 5 FECRS R e S 2 D o A V8 ST 38 4 7
i 45 2 R S DA BRI 2% S 28 1 IO 48 v T A 11
HLPE, AT RS FTO MR e iU PERE. ITAEK,
FEF R AR 7 SR ZR A DA KA F 25 5 e 65 08T
ORISR 1R, WO IF RAR A SRR BL K
] £ T2 TRT B I W 3 R SR A A TR R Al T
W E g IR T, B A AN A E L & T E MBS
A& R TT AR T VFZ T T, FTO HE R A 3 2 %
LEAWE S Ak D18 A 2 ST (CVD)

http://wulizb.iphy.ac.cn

138101-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.65.138101
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 13 (2016) 138101

30 =10 fie -t ey =190 2 A ) 3 B R
ﬁNH;;F [2(),21]’ HF [22,23]’ CFchOH[14’15’24] /_ikiF
g 22 SR R /K G LUHF A R,
#% TF/SnE/RL A3 : 100}, fH/NETH R E A
35 Q-em ™ (Y FTO 49K & A . Wu %5 29 Ji it
I - i - 7K #832: L NH, F N8R % 1 F/Sn BE
IR EEA 2 I R L /N o 110 Q-em ™ I F 5%
SnOy 4K S AA. Supriyono B 78 20 26] 38 i 5§ 55 4
oy i UNHGF 9 1 2% 1 F/Sn ol 20% i 3£
T FHE /NN 21.4 Q-cm ™! #)iE B 5 H SnO,-F i
J, & A T G4 R oK BH B8 R M Y B AR, Shi
2 P4 SE % CVD 3 BL CFsCOOH AR, il
M FTO B3R T B /N 15 Qeem ™. HEHf
FUHRIE, CVD ¥k 1] i £ H i % B2 A s 402 1) FTO
VLI, (EL 2% AR, AR K. VA AR -
T # & B, (HATHIS I FTO % 5 fa
. HF W24 NH,F, HF A1 CF3COOH 1
B W52 B RE R, A TR R -t - 7%
vk, IR MR B EF 1) SnFy SR,
% 7 T HEA 14.7 Q-cm ™ EPEBEHI FTO .
I 90K T IS -k v VD VI 2R A 45
PR R BB FE S8 B FTO EE A T j, AN
TV R - I v B R AR R R L I e A T EL sk
TAEGAENE T 2R B A BRI BB,
KR AY T 5258 T 2RI AR,

2.1 SEIR

T /K PU & Ak 2 (SnCly-5H,0) (AR, KT
oz b 2= A R A =) ME NG IR LR
(MEA) (AR, KRET AR ) FERR E 71
H B (CH;OH) (AR, K T 850z 46 2 35 A IR A
")) 1 IR, %K (NHLOH) (4118 25%—28%,
SEBH 2 5 BRI & XA T ) 1R N R B, R
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50 °C FHifE 5 h SR AER. HHET20°C T
WA 2 d, T s A7 R0 5 SR AR AP IR . 4 I
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R FR BRI ZK 73 78 . DB RO DR TR I, et
BT H AP, T 600 °C T 5 gkt
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CH3;0H
SnCly4+4NH3-HyO ————— Sn(OH),+4NH,Cl

MEA
SnF,
loz
Sn(OH)y_, F IF B
Ak

Sn(OH) 4, F IREEK
150 C F T

Sn(OH) 4, F, THERK
laoo C T

SnO,_,F,
K1 FTO @EEH & T 2RE

Fig. 1. Preparation technological processes of FTO
thin films.

NAETHEFC LR, #1028 & df 8RR A CVD
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K 3K 4 P 3R IE A2 1k 56 38 Lo (3*) % HF 5k
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Rl BREEEG R FTO BRI IEAS LI R FK P&
Table 1. Four-factor and three-level table.

N
K
RBIREE/°C RN /b BRSEIRRE /°C ABECEL/ Ik
1 50 3 550 1
2 60 4 600 2
3 70 5 650 3

2.4 MEEFRIE
KA KDY-1 24 PO 4R £+ H BH 2 /777 BEL W 48 43 )
T2 78 5 26 T FELBHL; S DSRADVANCE %Y X-5 2k ¥y
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AZARGG, 1) 75 96 L 1) 5 oL 5 DA SR T F BH R R AE
W 22 [ N 4% PRl 2 0 FTO 8 5 5 Hi i A 116) B2 i 2
P, MR ZE 08 B> J S ] > f B2 BE > e 4
TR, 3 B ZE 9% B s e 5 R B 1 D e A
. WAL T R R R AN R K o T e v i
sz, BRIt T 2 S E0N RS IE 50 °C, R
I} A] 5 1, BE4E iR 600 °C, 4R VR 1 VN IR Y
JrH RN, SRR R AE.

*2 MUELTRE
Table 2. Orthogonal test table.

Fe R RS fedl YL JiHuRHY

B E/C M/h EEE/CC KB/ Qoml
1 50 3 550 1 43.3
2 50 4 600 2 66.7
3 50 5 650 3 27.3
4 60 3 600 3 45.2
5 60 4 650 1 483
6 60 5 550 2 64.2
7 70 3 650 2 77.9
8 70 4 550 3 75.6
9 70 5 600 1 34.5

¥IE 1 45767 55.467 61.033  42.033
B2 52.567 63.533 48.800  69.600
Y3 62.667 42.000 51.167  49.367
W 16.900 21.533 12.233  27.567

3.2 SnO,__F, B RITFE

K2 4 Sn(OH) 4, F, THEI I HAE - 22 043 #r
(TG-DTA) 55, #iZk 60200 °C Z[H] TG JLTF
AR R R B 45t 150 °C T, HAP A i

JRANFEE (388 5o 64.7 °C) C#E M FR; 78 287 °CHY,
DTA EZ H 0B & 1 HAe, 2Kk #3200 78.92%,
F B O RERE SR AR A WU IR e A 25 6 7K 1)
Jit B B R 4k STt TG G %481k, DTA
WA BB R B AE B SOy, F, Y R B
R4 A e M.

K3 N2 600 °C # Ak B 5 (1) SnOy_, F,, [
B AR AT A (FT-IR) 6 1. ##634.2 cem ™! &b
B I P TR AT D6 SoF I ) A SnO32~ ], Ui B 45 44
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F o W YSc Uég i B2 3 5, R F oo &R SRR, 15
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1626.7 cm ! {67 B Y Sn—OH % 27 B F J5 ik
U IR S 55, KB F e AT Sn—OH [ b 5
WIS RN 3437.2 e~ 2 A IR G A e LW AR
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T H [ (CH3OH) A1 B 2, % i (HO(CH, ), NH,) %5
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\‘N'»\... . —TG
100 F ‘ o -0t
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Fig. 2. TG-DTA curve of FTO power.
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Fig. 3. FT-IR curve of SnO2_,Fg.
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3.3 FHEZExTERMRENRN
331 & M

AN F 52 8 TR 1 i i 2 80 3R 3 B,
1E Jade5.0 HEL XRD 7 5 0 e 1 AX B 65 45 2 20
HHARKCFYRST D, BEFICRNBA, Sk
P IE TR, XA TR T F oo R
BALO LTS B4 AR F 52420 BT Y
XRD i, 4387 0] 51 SOy U J5 45 414 T 45 ),
25 [E)EN Pdo /mnm(136). TEMT RS 1B 5 hritk
K F (PDF#33-1374) it AL, SnOy_, F, MATH
AT AH b SnOo BTG IAIIK A FE A%, R AT Fr b
N3 2dsin@ = nAA]HI, O/ dIE K, X NIZ A2
HAFLRERT OXE, r(F) > r(0), UfikE
EHERLRT, 251 MR FIE R, MOTHERT F oo
S IIE AN SnOy K Sn0,_F,. BEEF LR B

Fe RGN, RS AR, UEIBAEN
14 mol% i}, XRD /R [T S U435 T I R B, 45 it
R, HEFRuEs B —2 W F RO M IER
oA B, AR AR BRI ARA; (H 4RSI IN F 45 %
T G U 5 BE R T PARAIG, U PO B 1 F AR T 45 .
PRI SR B, SRR (110) &0 7 180 AT SR 6 0,
B FTO I B A1 (110) & 1 5E [ 42 K AL

K 5 8 Sn0,_, F, [f HRTEM &, £ {# B 45
i (FFT) A J B i A8 4 (IFFT) 15 B 7 AT 97 4
BEA A% & SR R™: B F I SnO, HF k42 N
20 nm, AN ZE AN, SASEIEE KR Z 4 0.33 nm,
XF N (110) g1 . X5 XRD I 45 R —5 45
4 TEM B 5 AT XRD B3 ] 51, B F 45 4% =38,
SnOy fi M4 45 46 F A 2O H 22 5% i i R~ A kL
KNG R, KBGEARIERE F 15 4 5 103 Ik
K.

3 AEFSAT RS RS 25

Table 3. The average grain sizes and cell parameters with various fluorine concentrations.

Compounds  SnOs

SnO1.94F0.06 SnO1.90F0.10 SnO1.86F0.14 SnO1.82F0.18 SnO1.78F0.22 SnO1.74F0.26

D/nm 20.42 17.00 17.90

a=0b/A  4.76958 4.72997 4.74443

Cc/A 3.20258 3.18215 3.19804

22.98 24.97 27.00 27.85
4.72997 4.74009 4.70718 4.74172
3.17432 3.16928 3.15968 3.17272

631.97
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[
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250.98
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H— (200)
20
02
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321)
—
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o
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20/(%)
K4 AFFBRKER XRD Kl
Fig. 4. XRD scans of the FTO films with various flu-

orine concentrations.

3.3.2 @\

ME 6 5 SEM E)Z AT LLE H, SnOs_, F, 124
= 0—0.14 1, FZE « M350, BB ER (2 = 0
I) IR s BR, T REEURLZ S K S F
SR e r = 0.14 1, FEBRUR iR K, 22 W S0 I 3 i
R E RAF, SRR Y = 0.14—0.26 0,

o ARERH BRI TN, 7« = 0.26 I, BRI
ARH RN, ASEM [ g H AT LA IR 46 H
MALGLHRRL K NAY), RIFLE N F BAAFT
R AR, A, AR TR RO AL < - IR A B T
NS M EREHLL, 52500 i de ik fe R g,

K 7 4 sol-gel-evaporation ¥%: 5 CVD 2 #il| 1E
I FTO ¥ 5 5 22 i 5 i & HE o, sol-gel-
evaporation ¥% il /£ (19 FTO & (K 7 (a) F1 & 7 (c))
NAHIE ST 4% CVD JEHIE R FTO B (K 7 (b)
AT () Nl R AR B E R solgel-
evaporation 2: [ UL L CVD VA 22 K15 2
BB EE N CVDIER M fE 2. AWIIALE AT E
i sol-gel-evaporation 2: [f] UKL Lt CVD ¥2: i 2 5
U BB, R BIAHE 7T i & 1 FTO ¥ 5 32 1
TEA ik A = 20K

I SEM B 5 2 1T 3 47 78 /5 3¢ 11 RH R 52 2
Mgk i e H S e Re, & — P EE MR TT
821 Hisp b 4k SEM KGR T RE R BLEE S
RITEHIN, G285 5B RG] RRIZAR KNG
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=S R, SEM EUR AR FE AR S W AR R P RE T T AN AR T T A BE S 18, WK FEAE SRR 2
5 RE B M AR R T 2 R B E . — it SEM [R) A7 A — A X LG 2R, 8 A P AL Aot R J 1 4
o1 N 8 ALK FE L, B 0—255. #5 R AN K BEAE X B — R RE L.

(110)  (212)

y |

5  AFRFHA&RE T H SN0, .F, I HRTEM, FFT 1 IFFT (a) SnOsz; (b) SnO1.94F0.06;
(c) SnO1.90F0.10; (d) SnO1.86F0.14; (€) SnO1.82F¢.18; (f) SnO1.78F0.22; (g) SnO1.74F0.26

Fig. 5. The images of HRTEM, FFT and IFFT with different fluorine concentrations: (a) SnOs;
(b) SnO1.94F0.06; (¢) SnO1.90F0.10; (d) SnO1.86F0.14; () SnO1.82F0.18; (f) SnO1.78F0.22;
(g) SnO1.74F0.26-

138101-5


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

38 2 R  Acta Phys. Sin. Vol. 65, No. 13 (2016) 138101

(a) SnO, (b) SnOy.94F0.06
| —TT]

(c) SnOy.90F0.10 (d) SnO1.86F0.14

(e) SnOy s2Fo1s (f) SnO1.74F0.26

(2) SnO1.78F0.22

6 AFEF#BRE N SnO2_oFz BISEM (a) SnOg2; (b) SnO1.94F0.06; (¢) SnO1.90F0.10; (d) SnO1.86F0.14;

(e) SnO1.82F0.18; (f) SnO1.78F0.22; (g) SnO1.74F0.26

Fig. 6. The images of SEM with different fluorine concentrations: (a) SnOs; (b) SnOi.04Fo.06;

(c) SnO1.90F0.10; (d) SnO1.86F0.14; (¢) SnO1.82F¢.18; (f) SnO1.78F¢.22; (g) SnO1.74F.26.

B8 N FTO # i (¥) SEM (1) K &£ I 4 Matlab B AR -G Ak - AR SRR, AN A

T2 A R4S 3] 1) = 4 R 2 T 4544 BR. i 2 Fida, A FTO B T 2 i axX 2oy 47 35 22 11
5 Matlab 727, R % 7> S 4e 8 R B 8 SRR RN, R s R 3 2 s R AN G ) 2 /b
AL 3 )5 R I SEM I HEAT 7 TR 4R Bt B, 45 2R AR NEISATLUE H, 73 TR 4E ok, BRI
W], L REAE R A b 7 T 4 R 1 hn i 4 K, B SR UK R R R 2 Rk 2, AR I F B R
HIBEAE 5 70 TR 40 B, AN AHSZE 1) Ll Ve 2 [) T THE.
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(a) Sol-Gel-Evaporation

(¢) Sol-Gel-Evaporation

490.74 nm "

j y

e —

B 7 Sol-gel-evaporation #:5 CVD ¥l % [ FTO 5 Y I 2R T 5 5 E X Ll
Fig. 7. The contrast of the surface and thickness of the FTO films with sol-gel-evaporation and CVD method.

SnO1.86F0.14 SnO1.52F0.18
R=14.7 Q-cm™! R=16.7 Q-cm~!

(a) /4t = 2.3878 (b) SMTE4EH = 2.4325

SnO1.94F0.06 SnO,
R=162.9 Q-cm~! ..R=450 Q-cm~!

(c) 4% = 2.5562 (d) /4% = 2.5893

K8 FTO Ml =4epbi R m s i &

Fig. 8. Three-dimensional surface structure of the FTO films.
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3.3.3 AFHRE

B9 N FTO AL A H F 5 443K B R ] Lok
XHZESR . & F BRI RIER, E6REE
/N, M F/Sn = 0.14 B, ~F353E 51 308 74.4%; 4
BRI EE i B, BRI EEAR T AR A, B N E
HNT0% LA, XRIF DL R E T8 AR, 75T
15 SnOq - AR EE A 1 Bt 32 B 4, #A 1@ it
F BT, B BRI B S A
B BEF LRB AN Z B TFREE R, 3
Ha PR3 5, (2 A] WL N S IR 25 55 77 AR P O FRL AR
N, TR —HB 2 & BTk F P AR P e 1 5
I, CAEIE R TH ARG, 3B R K.

%

M
—*=Sn01.04F0.06

“4-Sn01.90F0.10
“¥-Sn01.86F0.14
—9-Sn01.82F0.18
4 Sn01.7sF0.22
»5n01.74F0.26
1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 "

20 t
350 400 450 500 550 600 650 700 750 800
A/nm

100

80

T/%
g

40

Ko (MTIRE) AR F B4 T B WX fiEd 5
Fig. 9. (color online) Transmission of the films with

different fluorine concentrations.

3.3.4 WFPHERE

VeI 1Y) 5 PP BB AR 55 R a7 i H B ke A
Wr. e PH IR IR AL R R I E vhE, K10 3%
BBEE F LR BN, IR FIREAR WL &, &8
FAEFT TR, BB REE DN ERTIRERZES
YER, WbEE F /S F3En, (8 R5 5% T 7 P e FH
TEE; 4344 E N F/Sn = 14 mol% I, 78 5 2 1 H
BELIA 3 Bt /MEL N 14.7 Q-em ™ B 28 B4k L1 hn,

K F Bt &, FEKERDIE, REURTE2HE
AT TR LI R 5, (] 80 T I A% % (R 2
IRt R b TR AN S QSN ERE S T o w S s R
TR

500

-1

400 —u— i (SR)
300+

200

100

Sheet resistance/Q-cm

—n

0 5 10 15 20 25 30

Fluorine concentration mol/%

10 A[A F/Sn T FTO 7 4B
Fig. 10. Sheet resistance of FTO thin films with dif-
ferent F'/Sn ratio.

3.4 FTOZEMRSHERMERR T

T2 B A P FTO 8 IR 7 K 2 ACRRAIE

{32 BR 14 A0 T F P I 1 AR A, A 3 B s
PHEREANBEMIT. NIEM FTO R &M BE, Fraser
24 31 F1 Haacke %5 52) 52 SUT VEREFR S P FHIEIE
JEunR:
TlO
Ry
Horp, TNIZECR, Ray NITHH, d WIEIE, p N
W R PH A, o NI REL. ¢ro R, KA
MEZEECHE RE L. SRR AR AR F B
& ERETEEL o

FAFEW: H{F/Sn = 0.14 1, drc ik, FTO
R ) 2R A O WM RE A AR, SR/ T B BE
14.7 Q-em ™1, “FIIE RN 74.4%.

d
¢rc = = —exp (—10ad) ,
P

£4 AFFBRETFEBRE T ITHAEH Ry, ML Src

Table 4. Transmission, sheet resistance and @1¢ of films with various fluorine concentrations.

Compounds SnO2  SnO1.94F0.06 SnO1.90F0.10 SnO1.86F0.14 SnO1.82F0.18 SnO1.78F0.22 SnO1.74F0.26
T/% 92.00 89.03 85.28 74.40 62.10 59.84 52.08
Ry /Q-cm™1 450.00 162.90 108.00 14.70 16.70 22.80 25.10
Src/1074 Q71 9.65 19.21 18.84 35.35 5.11 2.58 0.58

138101-8


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

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 13 (2016) 138101

4 % #®

1) PASnCly-5 HoO NI, SnFo AR, K H
TR TR - 784500 4% FTO VIR e fE T 2454
NS 50 °C, METE] 5 b, Begh A 600 °C,
PERS VB LR, 24 F/Sn = 14 mol% I, FTO # i
PERETR B Do IR, HEi BRI AR, TN T
HeBH N 14.7 Q-em ™1, “FHIENF N 74.4%.

2) 4 sol-gel VA BN i43 Sn(OH) 4. F, T-HER,
F600 °C ZE LAY v 2895 L BRI RKFH WA, 4L
AT T RN F BT B N SnOy & % H I ik
SnO,y_,F, L&Y,

3) F 45 24 L 560 FTO MEfEERE 00 E H R &K,
F il 2 8t D B A F] F Sn0,y_ F, d kA K, H¥F
B2 8N 14 mol% i), 45 Y RE S, IXBT FTO [
W SnOs_, F, BORL I P 24Ri48 08 20 nm, 2 PUJ7 4
RGN, FIER BN AA A A, &A% 8] R
40.33 nm, ¥ (110) & 1A 72 7 A K RFAE.

4) FTO HEE R 25 BORL TR KNS =46 (S
AR S I B ) R B, ) SRR S
TEHERRRIELE, 24 F/Sn = 14 mol% i, 73 TR 45U
N, TR 5 AR, 5 R PR R SR . VR T
b 2RETFIEWR, AR TR TFRIHZE, 5HET
CVDIEAET* I FTO HBAH bk, B0k 5K, 5
JE, AHFERUN, R R LA B A A ER, & A H
T LR R ) 2%

SR L AR B TR 2 Ik e R T A 22 U P A 22 0
FRLL DL FKAE 2 M35 By, S MRS AR LR
AW TP 5 S TR 7 A

SE

[1] Liu EK, Zhu B S, Luo J S 2011 The Physics of Semicon-
ductors (Beijing: Electronic Industry Press) pp65-127
(in Chinese) [XIRF}, KFTF, B4 2011 F PR
(est: Dol ptk) % 65—127 1)

[2] Turgut G 2015 Thin Solid Films 594 56

[3] Huang L J, Ren N F, Li B J, Zhou M 2015 Acta Phys.
Sin. 64 034211 (in Chinese) 3 7, {E75 %, =RK, H
HY 2015 Y%k 64 034211]

[4] Turgut G, Keskenler E F, Aydin S, Tatar D, Sonmez E,
Dogan S, Duzgun B 2014 Rare Metals 33 433

[5] Mrabet C, Boukhachem A, Amlouk M, Manoubi T 2016
J. Alloys Compd. 666 392

[6] An HR, Kim CY, Oh ST, Ahn H J 2014 Ceram. Int.
40 385

[7] Bissig B, Jaeger T, Ding L, Tiwari A N, Romanyuk Y
E 2015 APL Mater. 3 062802

138101-9

[8] Purwanto A, Widiyandari H, Suryana R, Jumari A 2015
Thin Solid Films 586 41
] Nadarajah A, Carnes M E, Kast M G, Johnson D W
2013 Chem. Mater. 25 4080
[10] Liu HY, Yan Y, Wang Y L, Wu J H, Zhang G L, Li L
2015 J. Aeronaut. Mater. 35 63 (in Chinese) [XI|Z3#E, B
P, Bk, e, sKEE, 7 2015 fiEA R AR 35
63]
[11] Hao X H, Xu Q M, Zhao P, Yao Y Y, Tian X Z 2005
Electron. Compd. Mater. 24 7 (in Chinese) [l &4, ¥F

=

[12] Moholkar A V, Pawar S M, Rajpure K Y, Bhosale C H
2008 J. Alloys Compd. 455 440

[13] Oshima M, Yoshino K 2010 J. Electron. Mater. 39 819

(14] Lai XY, Jiang H, Zhao HF, Lu P 2013 J. Chin. Ceram.
Soc. 41 1679

[15] Wang J T, Shi X L, Liu W W, Zhong X H, Wang J N,
Pyrah L, Sanderson K D, Ramsey P M, Hirata M, Tsuri
K 2014 Sci. Rep. 4 1

[16] Noor N, Parkin I P 2013 J. Mater. Chem. C' 1 984

[17] Li J C, Wang B F, Shan L T, Jiang Y H, Han X B, Ba
D C 2012 Vac. Sci. Technol. 32 225 (in Chinese) [Z=#
B, EE, ks, 200, B, B 2012 AFE
R 82 225)

[18] Tran Q P, Fang J S, Chin T S 2015 Mater. Sci. Semi-
cond. Process. 40 664

[19] Pan Z C, Zhang P W, Tian X L, Cheng G, Xie Y H,
Zhang H C, Zeng X F, Xiao C M, Hu G H, Wei Z G
2013 J. Alloys Compd. 576 31

[20] Yadava A A, Masumdara E U, Moholkarb A V,
Neumann-Spallartc M, Rajpured K Y, Bhosaled C H
2009 J. Alloys Compd. 488 350

[21] Miao L, Xu R S, Ma Y L 2008 Mater. Rev. 22 121 (in
Chinese) [H#], 52, DELR 2008 Mk T4k 22 121]

[22] Shi H'Y, Zheng W, Tian J Q 2014 J. Synthetic Cryst.
43 2677 (in Chinese) [A#FH, Kk, HBK 2014 N T.&
54k 43 2677)

(23] Chowdhury A, Kang D W, Isshiki M, Oyama T, Odaka
H, Sichanugrist P, Konagai M 2015 Sol. Energy Mater.
Sol. Cells 140 126

[24] Shi X L, Wang J T, Wang J N 2014 J. Alloys Compd.
611 297

[25] Wu S S, Yuan S, Shi L Y, Zhao Y, Fang J H 2010 J.
Colloid Interface Sci. 346 12

[26] Supriyono, Surahman H, Krisnandi Y K, Gunlazuardi J
2015 Procedia Environ. Sci. 28 242

[27] Banerjee A N, Kundoo S, Saha P, Chattopadhway K K
2003 J. Sol-Gel Sci. Technol. 28 105

(28] Jing C L, Tang W 2016 Appl. Surf. Sci. 364 843

[29] Wang Y, Xu K W 2004 Acta Phys. Sin. 53 900 (in Chi-
nese) [EIH, #RAI4 2004 Y1324 53 900]

[30] Georgious H, Mavroforakis M, Dimitropoulos N,
Cavourasc D, Theodoridis S 2007 J. Artif. Intell. Med.
41 39

[31] Fraser D B, Cook H D 1972 J. Electrochem Soc. 119
1368

[32] Haacke G 1976 J. Appl. Phys. 47 4086


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.64.034211
http://dx.doi.org/10.7498/aps.64.034211
http://dx.doi.org/10.1007/s12598-013-0055-8
http://dx.doi.org/10.1016/j.jallcom.2016.01.104
http://dx.doi.org/10.1016/j.jallcom.2016.01.104
http://dx.doi.org/10.1016/j.ceramint.2013.06.013
http://dx.doi.org/10.1016/j.ceramint.2013.06.013
http://dx.doi.org/10.1063/1.4916586
http://dx.doi.org/10.1016/j.tsf.2015.04.044
http://dx.doi.org/10.1016/j.tsf.2015.04.044
http://dx.doi.org/10.1021/cm402424c
http://dx.doi.org/10.11868/j.issn.1005-5053.2015.5.010
http://dx.doi.org/10.1016/j.jallcom.2007.01.160
http://dx.doi.org/10.1007/s11664-010-1225-1
http://www.cnki.net/KCMS/detail/detail.aspx?QueryID=2&CurRec=1&recid=&filename=GXYB201312015&dbname=CJFDHIS2&dbcode=CJFQ&pr=&urlid=&yx=&uid=WEEvREcwSlJHSldRa1FhdXNXZjNlaG5zRVpMQ1pMMkE0cmFuMWhwUnh2VT0=$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4IQMovwHtwkF4VYPoHbKxJw!!&v=MDMxOTVFWVlSOGVYMUx1eFlTN0RoMVQzcVRyV00xRnJDVVJMeWZZZVJ0RnkvZ1VyL0JJalhTYkxHNEg5TE5yWTk=
http://www.cnki.net/KCMS/detail/detail.aspx?QueryID=2&CurRec=1&recid=&filename=GXYB201312015&dbname=CJFDHIS2&dbcode=CJFQ&pr=&urlid=&yx=&uid=WEEvREcwSlJHSldRa1FhdXNXZjNlaG5zRVpMQ1pMMkE0cmFuMWhwUnh2VT0=$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4IQMovwHtwkF4VYPoHbKxJw!!&v=MDMxOTVFWVlSOGVYMUx1eFlTN0RoMVQzcVRyV00xRnJDVVJMeWZZZVJ0RnkvZ1VyL0JJalhTYkxHNEg5TE5yWTk=
http://dx.doi.org/10.1038/srep03679
http://dx.doi.org/10.1016/j.mssp.2015.07.047
http://dx.doi.org/10.1016/j.mssp.2015.07.047
http://dx.doi.org/10.1016/j.jallcom.2013.04.132
http://dx.doi.org/10.1016/j.jallcom.2009.08.130
http://dx.doi.org/10.1016/j.solmat.2015.04.003
http://dx.doi.org/10.1016/j.solmat.2015.04.003
http://dx.doi.org/10.1016/j.jallcom.2014.05.135
http://dx.doi.org/10.1016/j.jallcom.2014.05.135
http://dx.doi.org/10.1016/j.jcis.2010.02.031
http://dx.doi.org/10.1016/j.jcis.2010.02.031
http://dx.doi.org/10.1016/j.proenv.2015.07.031
http://dx.doi.org/10.1023/A:1025697322395
http://dx.doi.org/10.1016/j.apsusc.2015.12.234
http://wulixb.iphy.ac.cn//CN/abstract/abstract9572.shtml
http://dx.doi.org/10.1016/j.artmed.2007.06.004
http://dx.doi.org/10.1016/j.artmed.2007.06.004
http://dx.doi.org/10.1149/1.2403999
http://dx.doi.org/10.1149/1.2403999
http://dx.doi.org/10.1063/1.323240

) I8 % 48 Acta Phys. Sin. Vol. 65, No. 13 (2016) 138101

The preparation of high-performance FTO thin film by
sol-gel-evaporation method”

Shi Xiao-Hui Xu Ke-Jing'

(School of Materials Science and Engineering, Shandong University of Technology, Zibo 255091, China)

( Received 7 January 2016; revised manuscript received 8 March 2016 )

Abstract

The purpose of this work is to prepare the high-performance transparent conductive thin films of fluorine-doped
tin oxide (FTO) by using a simple technological process. The FTO thin films are formed in the period of calcination
process combined with the advantages of sol-gel method and chemical vapor deposition method, which not only avoids
the shortcomings of film cracking in sol-gel coating process, but also reduces the cumbersome traditional dip-coating
method and spin-coating method on glass substrates, largely simplifying process and cutting costs. The FTO thin films
are deposited onto glass substrates by the sol-gel-evaporation method with SnCls-5H20 as a tin source, and SnFs as
a fluorine source. The effects of F-doping content and the structure of the film on the properties of FTO film are
mainly studied. The prepared films are characterized by Fourier transform infrared spectroscopy, thermogravimetry
and differential thermal analysis, X-ray diffraction, high resolution transmission electron microscopy, scanning electron
microscope (SEM), etc. The results show that the maximum performance index (Pr¢) of the FTO film, the lowest
surface resistance of 14.7 Q-cm™', and the average light transmittance of 74.4% when F/Sn=14 mol% are achieved under
the conditions of the reaction temperature of 50 °C, the reaction time of 5 h, sintering or evaporation temperature of
600 °C for 2 h. It is indicated that part of O is replaced by F, and SnOz_,F, crystal structure is formed. It reveals
that the crystal structure is polycrystalline and has a preferential orientation along the (110) direction and the spacing
between the lattice fringes is about 0.33 nm in the FTO film. And the particles in the FTO film present a tetragonal
rutile phase with an average size of 20 nm and a film thickness of 1.22 pm. Fractal dimension of image by dealing with
SEM image of FTO film shows that the surface resistance decreases with the decreasing of fractal dimension, which in
fact critically demonstrates the lower barrier. The lower the barrier, the smoother the surface of the thin films is. So
the fluorine concentration is the main factor affecting the properties of FTO thin film. Too much or too less fluorine
is not conducive to the growths of SnOs_,F, crystals. And then the three-dimensional information such as structure,
particle shape and size of the FTO thin film is also the factor influencing the FTO film properties. The analysis of SEM
shows that the surface morphology of the thin film is in the pyramid-shaped structure, which is beneficial to improving

the utilization of photons, and well used in the optoelectronic devices.

Keywords: sol-gel-evaporation method, SnO,_,F,, photoelectric properties, fluorine doped tin oxide

transparent conductive films
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