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Photoelectric properties control based on flexible transparent ITO/PI
conductive films

CHEN Lin™ , LIU He, JIA Min, ZHANG Shi-hong , ZHU Xiu-hui, ZHANG Yu-fei
(College of Chemistry and Environmental Engineering, Yingkou Institute of Technology, Yingkou 115014, China)

Abstract ; A series of flexible transparent conductive films are prepared on transparent polyimide substrate with high
heat resistance by means of radio-frequency magnetron sputtering technique.The influences of indium tin oxide (ITO)
deposition temperature and high-temperature treatment conditions on light transmittance and conductivity of the films are
investigated in detail. The results show that high-temperature sputtering in an oxygen atmosphere can adversely affect the
color and light transmittance of conductive films,while high-temperature treatment under vacuum condition can make the
films keep colorless and high light transmittance. Both sheet resistance and resistivity of conductive films drop
significantly with the increase of deposition temperature and heat treatment temperature.In particular, high-temperature
treatment increases significantly Sn** content in conductive films, which brings about a substantial increase in carrier
concentration and an effective improvement in conductivity. Among these flexible conductive films, CF-5 exhibits high
optical transparency,good conductivity and excellent bendable performance.lts light transmittance in visible light region
exceeds 88% ,and its resistivity is as low as 9. 4x107*Q-cm.

Key words: flexible conductive film; deposition temperature; high-temperature treatment; transparency;

conductivity

FENEFBIH
2022 F 11 B

T AT 2 AR e DR B il T B RS
A T e 55 N AR B JOR PR A o T 5 B R i s 5
G PN N PP S S X L& C )
R AL AL R SR O A LA BT 4R A
FAERRAORE L i i 3 AL RS LR S
FNGT T 7K R 3 B A PR AT 5 AR 8 TR o3
A A8 B At o A U, DA T S5 X A it R 0 fY 552
I Gz SR DL R 2 A, AR EAEA
PRARTE RGO L AR A5 15 B9 ST R R LA 2 A
P A=A Y S S R o A S5 DT LB T EER
B FE R R 70 DAy o7 S AR AN B () B R i

e mI 2 B A o AR SR I BT HLAT g E A SR B
IHAE R B i s AT B AT Al R4 A ) 58 3
PR RS BE . P, BA L R Bk &
] S PR B AR S B P A A SRR T 2 B 22 4]
SEPEROCHE AT, 5 T IE T R
SR SR A e R P R R PP i R X —
WL £ — B lia =5 15 A SR 5 W R S A AR i
% R ZBOBEW RS WIFR TG K3 200°C DAL 5
i, R R BR ] 175 P L A TR S T A SR
M (P AFRHRA DG S B TR A A LRSI
BTz B T OB TR R B BE TR A T

I fs BEA.2021-11-23; & E H i :2022-09-02

E£TH 2019 il T4 ARFIAE LR SR H (2019-2D-0371)

YEB R BRIE(1984-) Lo Wk IR, 22N SRA HLOIREARL B AL = AL AR BT 5T, 3l T 2R A, guanzhu84@ 163.com,,



2022 F 11 B

TR R R L R 0 A A R N B i
TR AT R G H A i T R b S e AR 1Y DT
TSGR K SR 2R WA R A W I MR
BRI L, A% 50 0 SR B 0 e T A 2 v e sl kA
o, FER] WO X BB R 22 X R T 145
L3l LB ey oA A W s e L ET N S S Y 2
KAYI(CTC) . A AFFE N D o 78 2R Wk 0 i
Oy FEER T | SRR T IR R E AR g
RGN AR ILYEF 2540 S TR, S 2 s T Y
Jo i B B ORHE SN T HAE 2 PR B 5 f Al
IR

AL (1T0) B—2R 3 AL F B LR A T i
PR AR M W 5 B T R L, AT AT Ak A
T SRR R RAah A DL R i A
it B A S R, Tz T R R OGRS
AR BRI SR SR TTO 9 5 5 A )
BTV R S 00 4 G S 5 A PRI G R 4 e S 8
R RGP R AT A A n] K R A AR
BZ T ITO i - F B R il 4 . KEEIFRE SR
B, 1TO S HL i A e 1 5 L2 A M s DDA G, o
I F T AR R AR R AT DR ER K Ak
HRUS2U R, BT 37 A SR W A SR S et
JEM R ZEHE TTO 37 B T H e 5 32 2R = IR DT
il A5 1TO T2 MO G REMF L LA R 32,
Shy il 243 FH T 1T 2R AL AL IR AR 1 Ha L R 45
A B PER 1TO 375 B S H AR, ok 75 3535 =0 T
Wi T AR DIRUR EE IR K AL 5% 48 X 1 )2
PERERY 2

ZEF L L T I 1 1 3 P SR O S e i RRA Sy 52
AT AL, SR FH S A0 25 W S AEAS [R ORI B
AR B R i A5 T ITO SR B T R
175 P L TR ) O 2 B 2R g, 4R T TR S A
AL TS E VB D' R e E M Y R e R

1 RS

1.1 ERRETREEENS &

175 Y R8T IV e B 114 - 1 B ] 53 A 2 R Sk
[22], B%6, R 1,2,4,5-3C ke U H R —BF 5
4,4 - FF-2,2" - W= G BRSNS 2 R
WiEHR 3 22 5, SR PR 2 T Y iz A 76 75 39) 58 WG 0 iz , ¥
JRBHE 5 15 21 LB 29 8 30 w11 375 B 58 ML 0 e
T
1.2 REEPSHBENRE

LA 375 WY R Ik V. i v 62 kg Ao G, SR D o T S 9

PRISE . BT RIHEE 110/ Pl SBFIRAVEEBIERERIZHAR - 175 -

FEM SR 7 2l 48 1 ki WY 1TO/PT S Ha il
FRIARAE 1R, WA Z AT B R B K
L P T R 3 ) SR T IV g e, s T RS TR
i, TOUS A DA R 2 B T AR
SR T
€ . &

. « &
o ® s .‘ ITOSHLZ

) ¢
325 B 3R TR VI Jie B

"1 ZWHEH ITO/Pl B HENE &5

BRI 2540 < B & HEA Y SnO, 5 In, 0,
JiiE Lol 10% ~ 90% , i S/ A IR & (S
>99.999% ) , i f He o~ 20/0.3 em®/min, YRR )
FIGURVS RS54 130 WAl 1.2 Pa, 38 1ok 815 % 5
PURAF R4 6] 1TO JREEZE 180 nm A4, VAR
A3 R 190,220, 250°C, X 1 A4 5 F, T T g 5 ok
CF-1.CF-2 1 CF-3; 1t4h, BEHUTRURE by 220°C
FIRE &, 4 0 7E B 28 BB T 48 250°C 1 270°C #u kb
PR, AL [E] R 40 min , Xf B 1) HL R 2 55 CF—
4 I CF-5,

2 XIEAHE

0t R R 5 A1 -l WL 73 0 0 3 (UV2600
I H A Shimadzu A= 77 ) W13 ; 78 I8 JEE 78 R FHH 28 T 42
JEA(XP-2 1 3¢ [H Ambios A 7= ) Il ; Jr B it B
FIHUAEREAL (SZT-2 AU F5 M [A] A1 AR 7 ) T & 5 2%
TR BT I A% S H BHL AR 8 R R0
B (HL5500 %Y, 3€ [E Nanmentrics Incorporated ) il
5 5 R T 2H Lo BT R D X SO T RE IS
S ( Axis Supra %! H A Shimadzu ) M3

3 ERE5HH

3.1 EHESHEEMNEXE

L4375 B 2R T S0 o v S 4 O 22 1 OIS, 3 S A
190,220 ,250°C (UL FL IR BE T il 45 T 22 1 5 Ho v
CF-1~CF-3,316 CF-2 FH i Bk — 20 7F J2s 3
B R iFAT 250°C 5% 270°C $AAb 3, 552 T DR B
A PR P X6 F TR €, R s e, R
BRI CP-3 EAM b 2y, Ui AT 4
SURT 250°C o TR S 4 %o 5 F v R 0 B e A R
FIRZIA , I R = I R B e S ik R, A,
FETEAEHUT 220°C IR ITO 32, Z 5 5%
ANEZS AT i R 1, i i 5 A e o



. 176 - A AL T

CF=5 7EAM WL AR 1T RAF B9 TG (g W, A A0k
G 1A ST Rl T R B R, B Ah, B
AT B SR B R ) S A SR T R
Pl AEAR /NG A B AT A M 275 P SR P S g v
b SR REAE 1 5 FEL T2 A o T I 20K, G R i %
PR T T AR AT 2 T A A X O SR
S PRV R T 23 G P AR SRR A U 1 P 4 3
THfE,

TR W f AR T WOBIX BB R £
K2 s, s 2 el DUA Y BT AT S AR A m]
WG BT RA RIFAECIE 215 i R % ol
KT 80% , A [RITTRR L BE il 4 1% 3 ria 90 i 2 AL o
B R 22 S B DURRGELE 1 T
HUER Y IZ PRI AR 5 CF-3 MTHL, 22 HAs 34
AEFR S 1T HL R CF-4 F1 CF-5 YR8 ek
F B,

100

60 1 1
400 500 700 800

600
B /nm
1—CF-1;2—CF=2;3—CF~-3;4—CF-4;5—CF-5

B2 ZMEE A5 R At i &

Ze M S e AR B K 550 nm A1 700 nm {35
T Tssgm~Tooo ) R 1 PR, HFE 1 HAILE
L RHEAR CF-1 BB R s, i CF-3 1iEHt
FIg A AL CF-3 .CF-4 1 CF-5 %GR ] i 12
F AT CF-2, Z5R3RWI, DUARIR B2 Fn i ik 21
T FE SRS L IR ) O B DB IR B ey
BCHE N R S I T B R B s S BT
AROE T RO

1 FHEEASHEEEA 550 nm 71 700 nm

BRAENE
5 FL Ts50 um” % T30 o/ %o
CF-1 80. 56 90. 61
CF-2 79.79 89.71
CF-3 72.50 83.98
CF-4 76. 35 89. 54
CF-5 77.03 88. 11

3.2 RUSHEEBENSEGE
M S FRL VIR 14y 777 e LT L EL R A e 2

F425511H

B 3 s, DUBUEEE N 190°C i), S i CF-1 A9
B BHE Ik 3 230 O/sq, BEEVIRURE RS, &
P R A e i L2 PR S ) R A 3 . MR
K 250°C 1, S IR CF-3 A7 B BHIRIR =4
860 O/sq, ULAM, Fah B 25 ik — 20 BRI S v WS 1Y)
JrYer bl e S ik, SRR CF-5 BT
A7 B B, TR 2 50 Q/sq AR, edh, S i
5 %) FEL BHL 3Rt R 30 AU A, Rt 2 R I B
A PR A B, F B R R B S R R, B
T CF-1 AYHLPEE Y 530%107* Q-cm, ifif CF-5 H,
FHRAN A 9. 4x107™* Q-cm ZEdq .

3500 600
30007 1500
# 2500 {a00 &
S 20001 —30072
= 1500F Z
2 Loool ., —200,5
R 500k 1 110035

ok {0

CF-1 CF—2 CF-3 CF-4 CFss
1— 7 B s B 2— R B
K3 ZMSw By rhmisdlE

SR A R B 3R A2 B RO TR MG R R
FAISEIA , A ISR FH 30 1Mk B g IR e B R it — 20
FAE T e Y ik, an &l 4 froR . HE
4 Hnl UE Y Rl DORUEEE () T, S A 2
T B /NI B ks B TR IR RS R S /N R Y
KIGHEAR . DURIERE i 190°C 4255 2 250°C , S Hi i
JIEE A 28 0 7 M B Pl 0. 16 X 107 em ™ 45 75 5] 2. 20 %
10%em™ , BLAb, o iR SAh B 2 4 o T R
MY TR B JF i — DR T R /RE R, HI
AR PRI () 36 O, A Y SO R B L, S
M CF-5 BRI FIRIE R 4. 25%10% em™ | 5K 5
T A PR 1 5 F VA B T — N R G; S
[l LR CF-5 RER/RIEREAEHR 5.8 em®/ Vs, 5
KRB CF-2 MR T 60% 4547, L

w
(=4
[\
(=]

g 40t R
g 115 >
=) - o
E’SO :
2 g0t J19 <
® 2 gg
E 1or 1 15 B
& ol g
0

CF-1 CF2 CF-3 CF4 CF-5
1— TR BE  2— A RITE R R
Ha4 ZHFEEENRRTRESERIBRE



2022 F 11 B

ATLAE W, BEE DURR R b BER Y 17, S
T 5 P BHL 3R P 2 R B S K, i e B0 e B
1 EEL BHL 3R RAALG , A8 ) 2 1 ek A Ak L ff 15 28 0 Wk
PN TR VSR 2 A S U SN T e
T ) e
3.3 XESHEBEERMLETFEEL

SHUHEE 1TO (2R 7 ZoR T A% Sn*
B I i R R TR S A BT B R AR
S3HT LR Sn DGR B LR S AR AE I, 1T 1)
AP TR L R o b A TR oS5 e, Y OB 28 -4 110
M, RS A Sn 3d5/2 St £k LA K 48
LA A O TE AN 5 BT, Rt — A
S Sn* 5 Sn™ B AR B, S RS

16000}
12000}
5
o
< o000t
=
™ 4000
O * I_f 1 1 ; o l >
482 484 486 488 490 492
Zate/eV
(a)CF-1
16000
.12000
5
K]
B 8000
bl
4000}
0 T | | B ™
482 484 486 488 490 492
ZatEleV
(b)CF-2
16000 '2“\‘/1
12000} [ \
g A\
é 8000
B 4000]
0.. - "“."A - 1 Vl '--—-.I'.
482 484 486 488 490 492
iRk /ev
(¢)CF-3
8000} 1
f --..
. 6000 «
3
o
% 4000
b
2000
ot :
483 286 488 290
gafeleV
(d)CF-4

PRISE . BT RIHEE 110/ Pl SBFIRAVEEBIERERIZHAR - 177 -

10000

8000}
5 6000
3
#4000}
b

2000}

oF e 5
483

736 288 290
ZAfEleV

(e)CF-5
1 —SE BB s 2— LA 4R ; 3—Sn? L4 06 s 4—Sn* LG 04

A5 ZHSHEEEY XPS th & AP A

ALFR S5 PR A 25 B T I T AL L Area (Sn*T) /Area

(Sn™") ik 2 firom
x2 SHEEXPS SIERIEHLZR Sn*' 5 Sn™ EREL

S Area(Sn*")/ Area(Sn*")/ Area(Sn*")/
% % Area(Sn*")
CF-1 43.42 56. 58 0.767
CF-2 48. 87 51.13 0. 956
CF-3 50.72 49.28 1. 029
CF-4 71.71 28.29 2.535
CF-5 74.56 25.44 2.931

LS Hal LA Y DUR R BE AL B AR 1Y
AFMHR Sn* 5 Sn> & kR TR AR, F
v, Sn® KRR AT IV 9 45 5 BB AE 486. 1 eV A 4T, i
Sn* IR S5 A REL h 487.2 eV, I FE 2 AT,
Wit 2 URRRLE 388 O, W 2 25 s - 1 T AR L 2/
WS Tk $A S VR CF—1 Fl CF-3 A9 TR L 23 5]
0. 767 F 1. 029 ; X3 H, B HEA 7 s iR AL B S
AR e iE—20 i 25 38, S iR CF -5 A TR L
IRE 2,93, AT T IR AL PG R CF-2 Y
KERE

SRR SR | B URR sl A B R
SR R R AL B S R A Y St S B K
Sn JEF 1A B 2R MR L &, H UG SR 2 vk
JE A PR TR T R R K R T R
AL FRREAZ IR T Sn Ji T R AT 2 shRE 1, A T4
TG Sn** KU AAS TG In IR REEE 2 A
H HL T, de 24 v 5 F TS A 2 0 TR B S L
4 Z5ig

(1) A3z I 3R 6 W e A 4ed IS, 768 [\) 1TO DR
T3 R Ak I B S T R 9 R B W A
I, BEGEABL, A | AT 250°C = R Ik S & %t %
P, AR P 2 €5 25 1 238 7 A AN R S i T L 25 U



. 178 - A AL T

PRALFRI R T R0 T 37 IR R S i %

(2) B TR R BE R FA Ab B B2 19 2 5,
TS %) 7 Hhe v BEL R FE BH 238 52 Y I AR R 3% 5 e i
AbFRAE S L AR v Y S B i B B K, BRI R
T AR R BE B R e RN LR Y S 2 G

(3) ZZPE M CF-5 767 WX A A >88%
3z 63, Ty B B AT B R AT IR & 50 Q/sq i
9.4x107* Q-em A7, R RAFHGEB AN 5
HLPEFTRT 25 4T 2 0, A S8 T AT 2 R A A%
JREAR A%

S 3k

[1] Ling Y Z,An T,Yap L. W, et al.Disruptive, soft, wearable sensors
[J].Advanced Materials,2020,32:1904664(1-13).

[2] Kwak Y H,Kim W, Park K B, et al.Flexible heartbeat sensor for
wearable device[ J |.Biosensors and Bioelectronics,2017,94 ;250-
255.

[3] Gao W,Ota H,Kiriya D,et al.Flexible electronics toward wearable
sensing[ J ]. Accounts of Chemical Research,2019,52(3).523-
533.

[4] Ye S,Feng S L.,Huang L, et al.Recent progress in wearable biosen-
sors ; From healthcare monitoring to sports analytics[ J].Biosensors,
2020,10(12) ;205.

[5] Liu Y L,Qin Y,Jin Z H,et al.A stretchable electrochemical sensor
for inducing and monitoring cell mechanotransduction in real time
[J]. Angewandte Chemie International Edition, 2017, 56 (32):
9454-9458.

[6] Bujes-Garrido J, Arcos-Martinez M J. Development of a wearable
electrochemical sensor for voltammetric determination of chloride
ions[ J].Sensors and Actuators B:Chemical ,2017,240.224-228.

[7] Liu Y L,Liu R, Qin Y, et al.Flexible electrochemical urea sensor
based on surface molecularly imprinted nanotubes for detection of
human sweat [ J ]. Analytical Chemistry, 2018, 90 ( 21) : 13081~
13087.

F42EH11H

[9] Liu Y L, Huang W H.Stretchable electrochemical sensors for cell
and tissue detection[ J].Angewandte Chemie International Edition,
2021,60(6) :2757-2767.

[10] B=fe, HESCI , W, 55 2 k3% W15 W JEEA IR A R 9 F 5
BERE[J] AR RIFRE,2010,38(9) :27-29.

(1] A/NEE RBTT, WA 38005/ TR i 526 B RHUT 5T 6 )
[J].BCMET,2015,35(4) :33-37.

[12] SRMSP, FRng ORERL 45 SR I I S A A B8 AR/ SR B0 e =y
S L HERE A ) A AN M BB R AE [T UMK T, 2020,40(4) - 84~
88.

[13] fU#, %8, 2. 6FDA-BAPM/DABA 5B 0 e 1 45 L J
& ST O, A3 B MERE MBS [ )] BRI T2, 2021, 41
(7):103-107.

[ 147 W87 rpoogc i T 3R ok Ve i G 1) 2 P W) 5 o, b A 1) 11 46 15 B 9
[D]. BB AR RS, 2017,

[15] Lim H,Bae C M,Kim Y K et al.Preparation and characterization of
ITO-coated colorless polyimide substrates [ J ]. Synthetic Metals,
2003, (135-136) :49-50.

[16] #AR. AL/ R B e 52 & W A ) 9 S MERBRF 2T (D]
B RO, 2013

(17] JE#E, WA, sk I, 45 324k PTATE b TTO 3 A9 il o etk
RERRSE[ )] DEZFAR 2014 ,40(5) :465-469.

[ 18] Machinaga H,Ueda E, Mizuike A, et al.Effects of annealing tem-
perature on mechanical durability of indium-tin oxide film on poly-
ethylene terephthalate substrate [ J ]. Thin Solid Films,2014,559.
36-39.

[19] Alam M J,Cameron D C.Investigation of annealing effects on sol-gel
deposited indium tin oxide thin films in different atmospheres[ J].
Thin Solid Films,2002, (420-421) :76-82.

[20] Lee D H,Shim S H,Choi J S, et al.The effect of electro-annealing
on the electrical properties of ITO film on colorless polyimide sub-
strate[ J ] . Applied Surface Science,2008,254(15) :4650-4654.

[21] Gulen M, Yildirim G,Bal S,et al.Role of annealing temperature on
microstructural and electro-optical properties of ITO films produced
by sputtering[ J ]. Journal of Materials Science: Materials in Elec-

tronics,2013,24.467-474.

(8] JEiE I Ak, B, A Sk vl 2 i v Al o S0 SR TR AR 1Y [22] ZE R WP R P 225 1 S ) SR8 I 0 e 140 -5 i A e A HC 7
il B LI ] ATk 24244, 2021 ,37 (4) :507-514. 5L D] B AR R, 2018. 1
(E#% 173 1) [8] KA, BBIEIER, A 55 2, 45 3R P 47 1 W B A 390 F 72 5 1o
(4] SRR, X045 IR 42 FH 5K 0 405 0 9T % J% 0 4 5 T B AR HERI]BRAET,2021,41(12) :59-63
()], R 2018,32(2) :19-26. [9] Chen Jingwei,Dai Jian, Yang Jinghui, et al. Annealing induced mi-
05 BEE XIE D] A T L R A s T S crostructure and mechanical property changes of impact resistant
G LTSI J]. 654 TR 2021 (6) :35-47 polypropylene copolymer[ J].Chinese Journal of Polymer Science,
’ = ;'E ’ ) ’ 2015,33(9) :1211-1224.
[6] SRER &, {4, S8 A, 55 3 I A R0 45 1) 55 i M R G &R

BIBFSE e[ 1] . 98k, 2018,47( 1) :52-56.

[7] Qiang Wei,Zhao Ling, Gao Xiulu, et al.Dual role of PDMS on im-
proving supercritical CO, foaming of polypropylene ; CO,-philic ad-
ditive and crystallization nucleating agent[ J].The Journal of Super-

critical Fluids, 2020, (1) :163.

[10] FLAEET, TAF, Th B 5, 45 4 70 100 L 20 M oo 588 R0 0 T 4 £ AF
FELT] A G K S8k, 2013,30(6) :40-43.

[11] il idoof s 48 R e & FUREIY T S B S sk 4 i F 5%
[D].dbxnt. P EA MRS (dbnt) ,2019.

[12] ZENIfg, #6007, 2= 208, 45 VR A LA B of SR P 04 (1 45 40 5 1 i
WEFE[ 1] 9k Tk, 2020,48( 1) ; 142-146. 1



