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ABSTRACT: Smart windows capable of dynamically controlling light transmission are gaining increasing attention as a means of
reducing building energy consumption while improving indoor comfort. However, indium tin oxide (ITO), the most widely used
transparent electrode in such devices, suffers from poor mechanical flexibility due to its intrinsic brittleness, limiting its use in curved
or flexible window applications. Here, we demonstrate a flexible ITO/DPP hybrid transparent electrode, fabricated by depositing a
dimethyl sulfoxide (DMSO)-doped PEDOT:PSS (DPP) layer on ITO, that achieves markedly improved bending durability while
maintaining electro-optical performance comparable to bare ITO. The hybrid electrode with an optimized DPP thickness of 120 nm
exhibited a sheet resistance of 23.3 Q/sq., about 20% lower than that of ITO (29 Q/sq.), while maintaining comparable visible-range
transmittance. A polymer-dispersed liquid crystal (PDLC) device fabricated with this electrode showed only a slight decline in driving
voltage and transmittance relative to ITO. Notably, its resistance change under repeated bending at a curvature radius of 30 mm was
only 25.1%, less than half that of ITO (51.6%). These results suggest that the ITO/DPP hybrid electrode is a promising candidate for
transparent electrodes in curved and flexible smart windows and other flexible optoelectronic devices.
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At =ABke}t A% 7]e9] dHo] gt dxE W AvA
AH|7F F55HEA, o|A Y 14 9 v s A7
ARt QI [1-3]. oo wet AW HA/Ee [FAIsHEA
v mgs I 4 Q= 7ol dig 87 A&
Hog F7kstal glon, HgE 9 7HBA Fies 54
o8 zdsto] o] 4H 7y AU 4 AHS SA
of 24 & Q= AFE A-P(Smart Window)7F HA 7]
S8 FEIY QT [4-6]. ANE AEf= F5 Ao o
2 2%, 3T 5 &4 W] AEHor whEoh=s 59
(passive)} Q- Mt Q7HE &9 TS Alofsks 55
F(active) 0.2 FEEHC} [7]. £5Fol= G A (thermochromic),
A (photochromic) ®4]o] loH, FEFoll= A7 HA
(electrochromic), LEA} HAF W (polymer dispersed liquid
crystal, PDLC) 4] 5o] It o] F L&A #AF A4
(PDLC) 7]8F AWIE == 17F ZSto] wet Ao )
ol HI}sto] Bibgo] S74Hor 2AHE A& 3
E4e AYn, diwd dig Agite] golsta 7|E Fzo
2-go] golsto] ghlts] A= Sl [8].

FZol= ¥ 1S A= § o2 FHY HoE 38 |
17t gdigof wef, PDLC &4 g5t &8 A=A A
(transparent conductive electrodes, TCEs) FA|] 23t #7]
A, B B4 A 7|AA A g 2ol 8
= Qi tfEHRl B A4 A= AE] A 74
AFSH=E(indium tin oxide, ITO)2 FHojud A7) Az A7} 3Js+A
FAS Bl fagdel, gAY, ™A 5 9
ot FAR} LAte] ZEA EEE] goy, 7] 4dkE &
o] F/J(brittle nature) 0= 15l 7|A A {-A/o] F=5hH
HHEAQL 7k MY Al A oFG(crack)o] HAYs| k=
FAE Aok [9-11]. o]&gt TAE FESH] AT A+t
A F FFoRE APHo] gt} st ITO AHA9 &4
= MAske YeaAYd 2 24 [12,13], 9328 34
[14,15], AL &N 34 [16,17] 52 HZolH, ThE shte=
ITO9] 93t F-A714 545 FASHAA 7|A4 <H84
< HYote stolEEE AT F2E EYshs ZAolth o]
% slolBHE AS FE2E ottt Aol Zgto] 7hsst
of, IEAF ERHA [18,19], Ui fojo] EHA [20,21], L
54 [22-24], gaUeRE B4 [25] & HISHA
T Eo] gtk o]Hgt slolBHYE AES HAHE STt
A ASSHAINL, Ule efolofif g4 ZIuE A o] AHS
3 374 AT S AY Aol ofH=
ol max ALow LA ol [26], HHHLE FHAl
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o, EZFQ AEZA ITEAI poly(3,4-ethylenedioxythio-
phene):poly(styrenesulfonate) (PEDOT:PSS)= 45t 914
I 35HA QMg AE Hig e R HEA E8HI Utk

2 AFoA= TS 71AA FbHde S5k A= <
A A71A PEAEE FAll ZHEsE] {5, ITO Aol
PEDOT:PSS &2 ZA3%SH ITO/PEDOT:PSS sfo|lEE = A
= AIFSEATH PEDOT:PSSO] At 4 24 9 2% 74
= =551, egd stelEIE A=59 714, ok
£ 1m0 WU BIT Bl BASIAAT. obg slol=
HIE 49 PDLC A} AE Axjo] H8o0] MY
Wlo] 4E 75 BAL BN, W8 7)AH Felo]
dhet U4 (bending durability) S YFH 02 AZgro 2 4o
WA 248 F AF0 A0 AE Ti5AL s
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Aol A= &} A Z-E PEN(polyethylene naphthalate) 7]
oy 2 EAL Non-Alkali Glass 7]% 9of 1TO &%
A= 9 ITO/PEDOT:PSS 3lo|Ea= ATS A|25t3ch
ITO 9¥45 A= RF WIHEE AHEYEZ 0|83
In203:5n02 (90:10 wt%) EFAIC ZEE] RF THY] 300 W, 274
& 2.5 mTorr, Ar 9-%F 90 sccm, 150°C 2494 150 nm F
A2 2kt ITO/PEDOT:PSS slojHEE A2 5
g 2o FAE ITO &YdF A= Aol PEDOT:PSS
{HS A1 FE3to] A5 PEDOT:PSS 2N (Clevios
PH1000, Heraeus)oll= A=® 9 I8 FUA FAS 3l
oy g AEA}lo] & (dimethyl sulfoxide, DMSO, Sigma-Aldrich)
2t E4A AHEAA(Zonyl FS-300, Alfa Aesar)S 7153
omn, 045 um PVDF ZEE o735t § ARSI EHlE
| AWFY £TE 500-2000 rpm oA FH5}o]
120°C9] hot plate ol 2087+ 2|5t 80-140 nm F7|
o] PEDOT:PSS urahe & A4d519ict.
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2.2 PDLC &KX} =}

Azre F8 AT 24 284S AF5] 99 110 B
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Fig. 1. Schematic illustration of the flexible PDLC device structure, consisting of a flexible substrate, a metal-oxide (ITO) layer, a conductive

polymer (DPP) layer, and a PDLC layer, with silica spacers and Ag paste electrodes

% A=} ITO/PEDOT:PSS StolBe|E M= 747t 285t
o] PDLC &AE A|&sH3ih PDLC E9&2 AYS e
Egola g olE S, 2-o g4 ol o|E(2-
ethylhexyl acrylate, 2-EHA), 2-o|28A et dHo|E(2-
ethylhexyl methacrylate, 2-EHMA) 7|8F oJu]Z3HA] 40 wt%2}
AlobcH|H YA 3-8 HA 60 wi%s Eglote] ARsH3oH,
w+de A A {FAE A8 20 pm Z7]9] A7E vHAE
2ol AZ H7letglch AlZE PDLC EFES ofF AT
Aol =x3t FH, JF A5 2SSt 19 13 Zo] M=
AR F2E B8 o] FRA0] 365 nm T, 1 mW/em?
=9 LM (UVYS [ENF-240, Spectronics]S ©]83ta] 60
Z2t 2ARSo] Ao BN, ARA fEZA o Ay
o Zo] FUsHA FAME PDLC 52 ¢gstelct
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2.3 EMEYL

A de) B P AR AR
SEM, FEI Quanta 200 FEG)C.&2 &3, sleha 24 9 2
3 ATEl= XA AR B3R (X-ray photoelectron spectroscopy,
XPS, Thermo Fisher Scientific Co., NEXSA)& &-85lo] E45}
Aot A7) EAJQl HAFL 4-Point probe A|AEH(NAPSON,
RT-3000/RG-100)0.8 =A3}9lT, Bty Extge 2ojA-
7 BA B37)(UV-Vis Spectrometer, Lambda 750, Perkin
Emeng ALgs}o] 24519 PDLC 479 75 S4E
AC HUZ 0-80 VZHA] QA7FSHAA, AHLJAH-7FA1FA #3871
(UV-Vis Spectrometer, Lambda 750, Perkin Elmer)Z I} 550
om Y& e wWslE SAsich A2l SAY §94
2 dlg g AE|(JUNIL Tech., JIBT610)S o] &5t0o] & uHA
30 mm ZANH Hdh 1000031714 ¥HE AL Ashe] A
o WSHR(ARR)S 2T

3 23 Y o
AlZE ITO/PEDOT:PSS sto]BHE M9 5g A3}
517] QIeiAL, WAl PEDOT:PSS AHA|Q] Fe AL EA|
£ diZst= Ao] A= ofof Tt PEDOT:PSSE= -$<3%t
Ar/d TEARY|E sk, AA A&l PSS9 &2 H]
S8 Qls) Ak A=} AsfEo] HA MR 4R H-Es
71l Aol Eth= AE AdH [27]. ol FESI
A3f AF A Z(acid treatment), A7 =W, Y1 4 5
opeFet 548k "io] HilEo] grom, B A4 o]
% 340l St E a7t 9% Hud AEAIE
(DMSO) E=3-& 53] PEDOT:PSSS] ALE AL BHHS}
T2 3FT} [28-32].

19 2(a)= DMSO 3FF ¥sto] whE PEDOT:PSSS| HAG
HSFE et DMSO Feo] Z/kael wet WA 7
A5tR O, 5 wins 23t A= 258 F7tehe A
TS HA} o= DMSO7F 974 de7kA= PEDOT:PSSS]
AEr o 7|odotAet, HeotA HrkE 43¢ 29518 A
T AR F4S AT 5 A2 AR " 2= |
wit% H 5 wt% DMSO =3 Z70j|A 9] FAPRA W] 7 (FE-
SEM) #¥ o|u|x]E& H|wE ZO=E, DMSO =3of wet
PEDOT:PSSS| #¥ FE7} HeFeHE SRIsHqit) o2k &
W FH 3= DMSOZF PEDOTS AL Qe HAA
PSS €2 FEA O = A|AF | w2} PEDOTH PSS It A+
(phase separation)”} =517, o] Io]|4 PEDOT A&
A 9 gFo] FXE7| WiEo® Wt [33]. o] gt
2 T, Axe g} wute] 124 HAES &
Al §FESHe 27O & 5 wi% DMSO Z=3go] 7HY Z3gh

Alow AtmHh
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Fig. 2. (a) Sheet resistance of PEDOT:PSS films as a function of

DMSO doping ratio (wt%) and (b) FE-SEM surface images of
PEDOT:PSS films doped with 1 wt% and 5 wt% DMSO

9 2004 EE 2 FE wske] eflE 24 SHoA
o] 9o, XA B4 BFAXPS)E ol8ste] =3 A
% PEDOT:PSS Hdjo] %1 338t 24S #AsHth 19
3(@)2} 3(b)= 2+ 44 PEDOT:PSS ¥ 5 wt% DMSO7} &
WE PEDOT:PSS E/29] S2p XPS AHEHES Uiepdlict.
PEDOTY] E4 1l3% 164-166eV,PSSS] E4 3L 168-
170 eVe] A A YA Y, 7 139 HAH|
(PSS/PEDOT ratio)E= BHaF ZHO Aty A4S Ueili=
A #E H DMSO £33 ¥ PEDOT 3379 ALk =
7Fet ¥hA PSS ¥H9] A= A4S o= DMSO =
Bof| wet dhep ®Ho|A PSS o] ZHAstal PEDOTS]
AHiA Hlgo] F7FelES SnlshH, 19 2014 ¥
] A4, & DMSO7F PEDOTS 4= 2A4 PSS 4
< FEAo=E AASt HE/A PEDOTO| IHHO|| Atz o
2 bE&5e 3T dAske 2ot HEErF W2 PSS
o] #¥ o] Fastal M= PEDOTY| Hl&o| F7Ht]l
ot A4} ol FE7F NAEH, ol 1™ 2(a)oflA ElH
HAG A4 Aot Rkttt [34].

o]Ato] WAg & XPS B4 AE £3tslo], 5 wt% DMSO
g 20S A 208 AAsHh olst & =wollAl=

160 162 164 166 168 170 172 174
Binding Energy (eV)

Fig. 3. S2p XPS spectra of (a) pristine PEDOT:PSS and (b)
DMSO-doped PEDOT:PSS films

5 wt% DMSO7} =% PEDOT:PSS & DPP(5 wi% DMSO-
doped PEDOT:PSS)2 A|A5}tH, o]F A|ZE= HE AR
o] z71& A&t okZ® DPPE ol&s] AlRH
ITO/PEDOT:PSS 3lo]HE|E HZL [TO/DPP sfo|HI=
A=F08 #7)3c

DPPE sfolEZ|E XM= H&aty] 93t HH FAE =&
stk AW IY £E 2ES 53l 80-140 nm HYo F
AR Aofote] dhakg P, £ A9 A4 B
AR 7HBA BaET HAYE T/ 2AEE H| 9]
At 1% 4= UV-Vis 3712 5743 Fg AHEH
< UEhdith. vhdbo] EAQASE F F5ol F7t6t] &
g2 AvHo R Fradchs AFE HHoH, 80 nmolA=
£ FES AASIROY 120 nmof|A &F A6l
140 nmo| A= 35 Aop7 A

WA A AvtE F3E el 19 bl HERd
Bk} o], 80 nmofl A 213 Q/sq. RE BAIG2 Heo] FAY
Aol wheh J3F FAske] 140 nmol A= 98 Q/sq.7HA] WobAl
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uf
1 4
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5 ®AE
(figure of merit, FOM)E&
Uehgict [35].

Pre = Tlo/Rsh

o714 T 550 nmoJH o] FihE, Ras WAl 18
4b)el A SHIsle wtel o], DPPEAPE S7Ksto] wet 4
SA(FOM)= 80 nmoj|41120 nm7}A] 3.224 x 10° Q! FE]
48x10° Q' 2 Z7}817}, 140 nmof|A] 4.6 x 10° Q12 Tha
Zashe A%S HATh ol FOM A4 S1hg 3
o 1041FHT) 05 Hrodwlo] WA Fuct wWslo] WA vl
2 A88] HEolth =, 120 nm AL WA A

27 SASte] FOMo] A55HARE, 140 nmojl A= F2
A5t @yt ARG g4 AE AHste] FoMo] 74t
Aoz =t DPP 120 nm RAAE 550 nm EIHE
94.3%, WA 116.1 Wsq. 2 71 =2 FOM FH4.8 x 10° Q)
= UEtHo] 271438+ EAdo] 71 4= olF= FF
FARZ It o]0 w} o]F Yo DPP 39
FAE 120 nm= 124 stglom, o]gt 2 Ao A= 120 nm
=79 DPP & DPP-1200.2 I7|5H}

EaRSkec] DPP-120«1 AA stolBRE A= e gl
25l DPP-120& ITO Al dAJsto] ITO/DPP-120 dfo]E.
g A=LZ Ast, ITO 9YS A= E4S H|wstd
o 19 @@= F A9 WA, 19 5h)e FHEE
Yedith ITO 943 A=9 HAFE 29 /sq.9lom,
ITO/DPP-120 stolBE e A2 233 sq.2 F 20% 7HA
E|Qlth. ol ITO Ao DPP Fo| F7I2 HFEo| &

o] A7|1Hecg HE dA4dd A HE=E ZAEFo "t

R ol)v
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Fig. 4. (a) UV-Vis transmittance spectra of DPP films with
thicknesses of 80, 100, 120, and 140 nm and (b) sheet resistance
and figure of merit (FOM) of DPP films as a function of thickness
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Fig. 5. (a) Sheet resistance and (b) transmittance spectra of the ITO
single-layer electrode and the ITO/DPP-120 hybrid electrode.
Insets in (b) show schematic cross-sections of the two electrode

structures
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A Aol 110 FAZ R Wolzly] oz Fagn,
E7H8-2 7R G (550 nm 7]R)0) A F HFo] QARG
57 UETL DPP %0| 27bsj0] HA) S} o SAY
Aol BToHL, BHo] S HFE 550 im 7I% 90% o]
2o w2 R fASHITE o gu(800-1100 nm)
FAoA= ITO HAF thH] Fifao] ta Rofxl= AT
B}, ol DPP 3 ] Aol Wsh 7kshuAl 29
ﬂ"“ 99 A o] S (free carrier absorption)7} 738}k
H7l ez FZE. £, DPPY| 7] Ar=g FAA
Fle slo] FAl] 2HIM =3tg AstRE Uit ol
o [3637). 2812 oleig WAL HeFRe] 2N HEL
AR Aol Q A(heatshielding) TFE o]0l 4 9]
o, otz AT FIHS FAEAE A i o
Solels A= AR A SANE RS 540
Z & 4 qlt oJAre] A= ITO/DPP-120 sto]E = A
Zo] ZHAIRA JolA 1TO Telo] ot Weta £
BE AU WAT SHo] AEon, d A =
A71A SRR ATtE RS 88 BHOA R/
olgoz 489 & 8L wolEr.
olefe 1714 BeHd B4l 44| PDLC 24 TEOIE §
a3okx] gelslr] 9Jsf, ITO ¥ ITO/DPP-120 3lo]E = A
=g 77} Hgslo] PDLC 248 AL 75 54 ¥
bttt PDLC 47K Q17 el Wt Fahgo] wiskel
=4g AYEz, ojsig W] WY SUL AT s
Bk gas AE/F ok 1Y 6@ AY 27t o
o] W& PDLC &4 olu|AE, 19 6(b)y= A7 WY
80 VZHAl S7HAI7IH S4% Fakg wgh Odas vErd
o old o FIE2] 90%ol| =Yoh= MU Eot Ak
(saturation voltage) ©. 2 2|5} o, o]&= AR 115 &
Uetdls Y Ax=z E8Et 54 23, 110 d5< 4
&% PDLC 4:Ah= 24 VO] Z3}F MU} 76.3%2] o £}
£S5 Yehd ¥, ITO/DPP-120 SlolBE HFS A835t
A2AbE 26 VO 3} AT 70.1%9] Hol FileS HER
t}. ITO/DPP-120 slolEEE AFS AL3H AX= ITO ©
A5 A= oiv] Z3} M2 oA =3, Y FHES va
A UERoW, I Aol oF 8% WeR AA] 2 #F
o]3lth. o= PDLC £A47F AFAC) Ao F5HE 7
WA EE A= HoA] o]ggt 4 Qitt DPP &2 F=
(DC) WA SHolA= =9 A7) A= A=2E /WAsHA
gt PEDOT:PSS &8-9] AL AEoF Q3| DPP/PDLC
Aol —7—7}1—1‘& W5 JUEAS AL 4 Uk o2
8 PDLC 3ol del= AAARl R Aol Z45HA A4
Sto] x3} AY st Hdl Fakg Astz olojd Ae=
7€t} 38].

i %

rEJl

o o rlr

o|4¥ ITO/DPP-120 3slolEe= A= A7|-Fstd L&
E40llA ITO 99T A= tiu] 24% IAE Boct 19
U 54 2R AA A48 7sAdS wash] HsiA=
5 E*é‘””} oflz} 7AH HPol| izt Y, & A=Y
ol A HrtElolof gt A9 §AL g HA
S o]8sto] IE ¥4 30 mm R4 §HE HF3lo] TE
A WASHEHARR)ZE B7lollom, 34 X9 Mg
7(@)° YerHAE. 19 7(b)y= 10,0003]9] F9 AlolE
B¢ 2743 A HskeS yehddh ITO H=9] A3 §is)
82 51.6%% WS FA vehd uhE, ITO/DPP-120 5ol H.a]
E A2 25.1%= ARt ofstY] ¥iskgE HIlt} o= F7]
AbshE E°4 A4S Ad 1TO7} RHEARQL 7|AF Wy
FloFoto] FHo] WAYsHy] 42 v, A4do] <=3 DPP &
o] ITO /gHolA S8& dF AFACEHN M= A 7]
AR Aol FFALE Q7] wEolth [39]. o]Ho| HuH &}
o|lBfE EYHS A= H|wWolH, £ A9 ITO/DPP-
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Fig. 6. (a) Photographs of the PDLC device in the AC voltage-off

and voltage-on states, and (b) transmittance as a function of

applied voltage for PDLC devices fabricated with the ITO single-

layer electrode and the ITO/DPP-120 hybrid electrode (indicating

a favorable ON-state transparency range of 70-80% for

commercial applications)
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Fig. 7. (a) Schematic diagram of the bending test setup used to
evaluate electrode flexibility (FPD: focal plane distance) and (b)
resistance change (AR/R,) of the ITO single-layer electrode and
the ITO/DPP-120 hybrid electrode as a function of bending cycle

number, measured at a curvature radius of 30 mm

120 AZ(HAT} 23.3 Qsq., T 94.3%)2 PEDOT:PSS/ITO
stolHEE A= [40], thE A& ITO/PEDOT:PSS %XZA%}
= [41], AeNW-PEDOT:PSS-ITO A4 3slo|B= A
[42,43] & APAT dir] ¥ F2 AATS HEHAL
olo] Fot= =9 THIFA FiEE FHSIGH. E35] &
3 W SHolA dREES APA+F+= ¢ ITO e &
$3F A (better flexibility) [40,41] E= FHold W+A
(excellent durability) [42]3} Z2 AAZ A& IHES &£,
E4 #3 w 9 9hE 315 2AA Y FFH A #st
&(AR/Ro) HoJEl= AAISHA] ket LR AFtoA HHE
T 2ANAY A AaE Hastgl ot o= A W
BHE(AR/Ro)°] obd QI HEFE(strain) 7= R A|A|EH o]
o] [43] 2 A9 AHARI vlwol= A7 Uk o]
g WA 2 A+ FE ¥ 30 mm, 10,0008 BHE
Z7100 A HF-E(AR/Ro) 25.1%eH= FEE F3FH s A
Ao &N, A 7t 71AH WS Bk g Aol Aqd
Vst Blad & e SAE skt 9 2XE

3 & uj, ITO/DPP-120 Slo]B Pt A= F5 AU 3

£9hg oA 1T0 TS5 A3 ] 24% A4S B
oh 58] Fu% AL, ole W7 Yo Aol 2ad
Aol BPSL WS gl dhat A% wsigo] Aw
otz A AMHLHE Aol =, A7 HeHA Ao
2o ASHE ANFILE de B A 2
= QIth= AollAl, ITO/DPP-120 Sto|BEE A=L2 IH-{A
PDLC ATLE 9IE9 B TR 991 A% A% 48 7
5% g% A3 PR BrbE,

2o

42 E

2 AFoAE ITOS 71AH APz Qg f 44 A&
9] A ZFE3}7] 93, PEDOT:PSSO]| tlwe HdEAfo|&
(DMSOYE 5 wt% Z3sto] A7) Mg FAAIZ] DPP(S
wt% DMSO-doped PEDOT:PSS) && ITO Aol &35t 5
olBZE HFE AZotAtt. WA, WAY E XPS HAZ
Bl 5 wt% DMSO =3 Z7o] Ak 3 +24
AZ SAol wESte 2R UEigon, FAE 80-140
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