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Photoelectric properties and thickness tuning of FTO films and

its effect on electrochromic performance of WO3

GE Qinlong!, HAO Xiaoyue!, MA Sainan', GONG Yu!, WANG Likun® %", HAN
Gaorong!?

( 1. Ningbo International Science and technology innovation center, Zhejiang University, Ningbo,
Zhejiang Province, 315100; 2. College of materials science and engineering, Zhejiang University,
Hangzhou, Zhejiang. 310027 )

[ Abstract] Transparent conductive glass is an important part of electrochromic devices. Its
structure and photoelectric properties are crucial to the electrochromic performance. However, the
existing electrochromic devices based on commercial transparent conductive glass is not adjustable in
near-infrared region, and there are few studies on the influence of transparent conductive glass on the
electrochromic performance. In this paper, FTO films with different structure and photoelectric
properties was obtained using spray pyrolysis by changing film thickness under different depositing time.

WO3; electrochromic films were prepared on the FTO glass substrate by spray coating. The influence of
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FHEH: N E SR SOMH (2023K037)
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mail: wanglkO1@zju.edu.cn.



photoelectric properties of FTO film on WOs3 electrochromic properties was systematically investigated.
The results show that properly increasing film thickness is beneficial to reducing the surface resistance
of FTO films and improving the response rate and coloration efficiency of WO3 films. Considering the
optical modulation of WOj3 film in both visible and near-infrared region, film thickness can be properly
reduced to improve the transmittance of FTO film in the near-infrared region. When the thickness of
FTO film is about 131.8 nm, the WO3 film has high optical modulation at 633 nm and 1500 nm, which
are 61.7% and 61.5%, respectively, and the bleaching/coloring time is 3.8 s/13.8 s and 5.4 s/5.3 s,
respectively.

[ Keywords] FTO; Spray pyrolysis; Depositing time; Electrochromism; Tungsten oxide
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Fig. 1 Schematic illustration of self-built equipment for (a) spray pyrolysis and (b) spray coating
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Fig. 2 (a)XRD patterns and (b) grain size of FTO films prepared under different depositing time
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Fig. 6 Section/surface SEM images of WOs electrochromic films based on FTO glass prepared under different depositing time

PAAN R RIS 6] 1) 4% () FTO BN LRI ANK WO, B GIE RNl 7 PR, ZRE %58
FTO BHAMANIES R AT LAE i, FTO B MIE I % B 7 B A ke fE, JLH Rk
AR KR . WO VR A B 75 T LG AT 2046 2 B 5 i (R A e B 385 24 P k2D B Pl
], FRRE, AR Titm FTO BISMIE &, ik s i BUE G as B ayImiE L, MK
B HEINESE . LR ARG, APEIEET RN 60 s B, WOs; BLEUAR (2 83076 ] IR A 40 h 45 2
ARG RS 2008 61.7%F1 61.5%.

(a) — - 100 (b)\? 100 T (c){' 100 s
< 80 > 80 S 80
g 8 g
g 60 g 60 g 60
2w 2 40 E 4
3 g — 5
0 e LA u e 1 4
400 800 1200 1600 400 800 1200 1600 400 800 1200 1600
Wavelength (nm) Wavelength (nm) Wavelength (nm)
(d) _ 100 — () _ 100 — () _ 100 —
N —_—Y =\= —_—Y e\= —_—0V
B 0V 1 —_—zV - 1 —_—02V
s 80 N - 164.0% N - 61.1% f—h
2 — 8V = ——8V = h —— 08V
= 60 = 60 h = 60
£ £ = ; 6.8%
% 40 48.2%! % 40 : 030 % 40 :
= 20 . = 20 1 = 20
a 90 s a 1205 a 240’ !
0 0 0
400 800 1200 1600 400 800 1200 1600 400 800 1200 1600
Wavelength (nm) ‘Wavelength (nm) Wavelength (nm)

B 7 CUAS RIBRBES 18] 1% (1 FTO B3 g i i) WO, LS54 10 i [l ) i
-

=
[(S]

. 7 Optical modulation of WOs electrochromic films based on FTO glass prepared under different depositing time



DAAN R B FE RS 1) 1) 46 ) FTO B N FE IR WOs FUBUE (IR AE 633 nm Al 1500 nm AL
Wi 7 R 5] R R G B 8 Pirois o A E /B E I [B] S B 2 iR FTO BRI (W] R SE K T 4 R .
PR [ SE, FTO KTy P BH R 25 B, i B riE e, fush il e, et st
GENA S SEHEAT 5 TR PR A 1 PR AT AR B, WA SBSE g9 2, i S () 4 A T
PEFTH 25 O WOs APREAT WG B Culnt 8] B A T AR E I 1], T 204 Bk — 3% 22 57
AR TR AT WG B B (3 (3 B2 BRI IR AR Y O REd ], ML 21 M BU A (] 3242
PRV T 5 R B R A ]2

40 20
(3) —&—bleaching (b) —&— bleaching
—®—coloring —&— coloring
=100 =

=30} < e =15} < IHU 60s, 1500 nm

b 2 b g th=545 =535

£ £ o £ T

= N 3.85 (=138 fn S

o0 £ oft=3.85 =138 ! 2

3| 20 E 23 6% S, g}?;nm ’ £ 10 g 2

< E TR EY) < T

u% 10} .\\-§‘_T1:N_- ’ 1 ~-

633 nm 1500 nm
0 L L L L L L 0
30 45 60 920 120 240 30 45 60 90 120 240
Depositing time (s) Depositing time (s)
(CL 120 — (d)A 140 —

c o
s _ 0.4 , ~ 08

g 1002 g =
2 S 1202

P 0.2 - 04} 4

3 60s, 633 nm o ~ 60, 1500 nmy|

g & CE=63.8 em2/(] g " CE=96.0 em?/(]
2 gl “ T 8 12 16 2 v T 8 12 16
% AQ (mClem?) % 100} AQ (m(‘/(‘mV

= = N
2 2 —

£ 60 -/ £
= ./ < 80
© . 633mm| © 1500 nm

30 45 60 90 120 240 30 45 60 90 120 240
Depositing time (s) Depositing time (s)

P 8 LU IR 18] 1 % () FTO B3 9L i A WO, AR (0 158 (¥ Wi I 8] () 633 nmi (b)1500 nm RIS (3205 (c)
633 nm. (d)1500 nm
Fig. 8 Switching time at (a) 633 nm and (b) 1500 nm and coloration efficiency at (c) 633 nm and (d) 1500 nm of WO;

electrochromic glass based on FTO films prepared under different depositing time

HERFH (coloration efficiency, CE) ZFRE—E KT, MEHOLE AL 5 AL A
i ARG AR . CE I B A T2,

_ AOD _ log(T, /T,)
Q Q
KT AOD FRAACE LA, 2R M EHR OSSO EL R RN, 0 Fonsf
TR A B A B AR A o B PRI TR) R A A, VIR AT WG R £0 A 4 (R W1 2 BT . Bk
AR B T T 25 e bR g Bl rELBELAR R, AT A% A 8 KR BRI, EL R BRI B 0 1 8000 1 il 3R

RS, AR VB OACE

NI HT FTO BEEEXT K WOs RIBUR (i i r A 5 S ML AR 2, £E 100 mV/s $33 R X
FEAEAT TR R 21E (CV) MK, IR T LY SR b (A, 4580 9(a-c)frn. HH[H
FE T R B R CV 2 T AR 55 A P I R 75 e FTO SR (A (R in B B4 oK, Lit
PHECREBCRE RN, B T AU (R AL A Ve R AR T . BRI TR SE I, FTO HLFEAS

CE 3




Wk HLR T 45 S ME AR SR RS ORI T, AT R AR E , I, S T L
[ FEL AR 0 R A PR, VA R IR K, SRR A (e adt o () I A Y 22 L L R k2 FEL AN
R AT R, A RN PR35, o BAR €0 S Wi AL RE T B, X A/ e 2 B3 £ i 17 S N SRR

ﬁﬂﬁ%mo%ﬁ*ﬁ%%%%#&&%§ﬂmﬂ,%ﬁﬁﬁ%mwmﬁﬁbﬁ,E*Q%%

EH, v AHEE. 2] log(i,) 5 log)K R, & BELMEE A b E. b ERAT 0.5~1.0

Z 18], EkAwE] T 0.5, S RLER e ) T 52 B O RRAE ] B R AT 1.0, I SR 1) TR
THI W B 5 284G S s B )27 AN ] 9(c), MBS [AIC T 45's, FTO B &, b B
T 0.5, RNJLT 5642 20 Hod B4z o i v it 28 i s BB R OKBEAS T FTO Z A B8 (1 )2
Z I AR, - E RN RN Z KB 7, O T ) H AL VR PR AR . B B
JELERT (] PR AE K, b RLIZRHT T, 3 BA R I A 25 e Rt LA S S DRI I, SO e R LA B
I AL

-
o
S

)

1.5
| Scan rate=100 mV/s (b) [ Intercalation *

E [ |Extraction
05} i
7 1
= 00k - &; -
|/ — 2a0s| .
s —— 120
—_—90s
ol — 60s
—— 455

—
o

—
5l

Current Density (mA/ci
w
S
@
D (107 cm?s-1)
<o
in

-1.5 0.0
0.8  -0.4 0.0 0.4 0.8 1.2 30 45 60 90 120 240
e N
(C) 0.9 Potential (V) (d) 400 Depositing time (s)
~—&— bleaching 9 240s 9 120s 9 90s
—&— coloring 320 @ 60s 9 45s 30s
0.8 R, R, R, W CPE,
—_
@ = 240
5_=" o7 g CPE, CPE;
> z
= 1
0.6
0-5 i " A i A 3 J L \ N L
30 45 60 90 120 240 0 80 160 240 320 400

Depositing time (s) 7' (Q)
9 LIANIRIBE NG (] T 1 £ 1K) FTO 338 N FEIR K WO, R B0 s ) v AL 2 P
(a) 100 mV/s SATE T CV lliZ%; (o) LY RS () b1H: (d) Nyquist &
Fig. 9 Electrochemical performance of WO; electrochromic films based on FTO glass prepared under different depositing time

(a) CV curve under the scan rate of 100 mV/s; (b) Li" diffusion coefficient; (¢) b value; (d) Nyquist plot

B 9(d)RIFE 1 @7k WOs FLEUAS (o R ) Nyquist BB LA 45 5, MRARZA 0.1 Hz~1x10°

o FOLAL 22 LT RE IR b v 0 X 1) 25 A [ SICRITC A0 DX (1 B2 40 2E A, o ) Pl 39028 € 3o 2 52 )
B BRI R R AR I S R 28T, IARIX ) BRI AR R Lit T O AR, XS Warburg
FLPEL Wo S [FIAE i (RO VA B P9 BEL Ry 398230 o s ADX 19 A 21 [ 43 Sl e Bk 17 2 T4t e J22 /5 R 22 ) BEL
PU Ry Rl LA 2= TG A R 7E S B R v 7= AR 1) AT G RS BELT R Bl BE AR (R AE K, BRI LB
TR H AT, AR AR, LRSS, TR AT Ry AN FIRTBEE
Jr Y BRI, FEAL 2 SR R E, LI HL AT B R AT R ek o SEARC I AL 2 B B R
TR BUR AR P IR SIMAG, diRm S ), SR AR .



F 1 PARFAERER K FTO BHAZEIRK WO, FHEER AR Nyquist Bl & 45 R

Table 1 Fitting results of Nyquist plots of WO; electrochromic films based on FTO glass prepared under different

depositing time

Time (s) R, (Q) R, (Q) R;(Q)
30 - 284 59.3
45 - 159 42.7
60 5.1 40.7 36.1
90 4.1 25.8 26.2
120 4.8 15.8 13.4
240 4.1 55 12.7

R 2 UARMEIERE ) FTO EAEIKK WO, B GEEEEN RS HICE

Table 2 Summary of main property parameters of WOj; electrochromic films based on FTO glass prepared under

different depositing time

AT ty/te to/t, CE
Time Dyijintercatation/Di extraction
633nm/1500 nm 633 nm 1500 nm 633 nm/1500 nm
©) (10° cm?s™)
(%) (s) ) (em*/C)
30 55.2/72.3 11.0/38.1 11.5/18.2 48.8/77.6 0.031/0.031
45 60.1/68.7 7.7/29.6 8.9/11.5 54.5/91.3 0.0786/0.0829
60 61.7/61.5 3.8/13.8 5.4/5.3 63.8/96.0 0.384/0.467
90 63.7/48.2 3.4/11.8 5.3/4.2 74.5/103.6 0.517/0.728
120 64.0/30.3 3.0/11 4.0/3.9 98.3/121.9 0.683/1.10
240 61.1/16.8 2.6/8.5 2.9/3.8 110.5/133.0 0.807/1.43
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