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Ao A= RF/DC PIIUERE S-S o] §-3ho] *&Oﬂ/\i 8 719 el ZITO/Ag/ZITO Th3 8t T =2 Al
;o}oﬂu} ZITO/Ag/ZITO (100/8/42 nm)Z o] 5017 g5 xof thall, WA o] 94 2/m*0] 1L 550 nmoA F3F 7}
2] T AL AFo] FoIA, ATOAYATO Het A WAT 2 £HE 54 QU E 734
O 7 AerE 4= Q7] wEo| nEAE O—'.4Xé(polymer-dlspersed liquid crystal, PDLC) 7]®} iﬂ]-E A= AL v
e & 5 Aem o Z g oA Aok ArtE FHEA ] S8E 7ed O E kAt AxE ZITo/
Ag/ZITO E}’;“%‘ EASS AE3 2854 $dw ofad Yol E 714 PDLC Al AR 3l PDLC & 57 W A}
2| H(ultraviolet, UV) Al7] Ws7} 271338t 4 B4, B33 w98 2 2W FEghe] v T ARSI 15 pme]
PDLC % S5 7HA™ 2.0 mW/em®S] UV Al7]|Z 37315l PDLC Ao] $4=3F off-state =54 %, - on-state T}
=g %iﬁ? T Ahg yEpleh Eoh 2 Aol A AlxE #H2A Z719] PDLC 7|¥F ARLE A9 32 Egﬁ o

A 4 Qe 2~5 um 7|9 53 vio]|A R FZE 2 B dropletE] FAAFUNOH, o]Z A ¢
%‘é—% zk= pDLC Ao A|Z% T}

Abstract

ZITO/Ag/ZITO multilayer transparent electrodes at room temperature on glass substrates were prepared using RE/DC magnet-
ron sputtering. Transparent conductive films with a sheet resistance of 9.4 2/m’ and a transmittance of 83.2% at 550 nm
were obtained for the multilayer structure comprising ZITO/Ag/ZITO (100/8/42 nm). The sheet resistance and transmittance
of ZITO/Ag/ZITO multilayer films meant that they would be highly applicable for use in polymer-dispersed liquid crystal
(PDLC)-based smart windows due to the ability to effectively block infrared rays (heat rays) and thereby act as an energy-sav-
ing smart glass. Effects of the thickness of the PDLC layer and the intensity of ultraviolet light (UV) on electro-optical prop-
erties, photopolymerization kinetics, and morphologies of difunctional urethane acrylate-based PDLC systems were inves-
tigated using new transparent conducting electrodes. A PDLC cell photo-cured using UV at an intensity of 2.0 mW/cm? with
a 15 pm-thick PDLC layer showed outstanding off-state opacity, good on-state transmittance, and favorable driving voltage.
Also, the PDLC-based smart window optimized in this study formed liquid crystal droplets with a favorable microstructure,
having an average size range of 2~5 um for scattering light efficiently, which could contribute to its superior final
performance.
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trochromic), &% 2(thermochromic), 3 2(photochromic) % =]
A} &N A x(suspended particle device) 2} -2 TRkt A TS AR
sto] B EA ATEo] ghtH1-6]. PDLC 7|HE AWE 959-= 7+
ok 291 el sl e 2dd = Qe RS Ve Al 3R]
Ao Qg & AN Hlo].gd—o@ sk }\:]1_;1 AHIE 13 A9
3 AES, 7 vlagee], ZeAM tagde] 9 7k 21 Al
&t 7143} S8kl T AAES AL Q)
th7-14]. ik oz ~mtE Jee-2 Azap] fside 74 A
X AT, Bk UheRn, ARA nEA 9 £ e gjojols) 2
A% AR 59 A4 A0 Akgo] B4Holr,

FA) ITO (indium tin oxide):= Tl F7AF A4 02 A3 Ant
E g Agol 7P 2 ARgEE 7Y A Aol sAnt
F2 G, A WS ATE(-47 eV) W H, STkl gt v

Agdo] A FH TiaEeo] Bl AvtE = ool ] &
A& AEAI7]= 29lo] FJATH15,16). 7 719 el Sk o4
34 ITO s Qi‘rﬂ A, 7]JJr WY, gtk 94 2 R

¢

o

ITO/Ag/ITO, ZITO/Ag/ZITO 2 IZO/Ag/IZOB]- ZHE oxide/Ag/oxide
OS2 st TR 24w A8 tole s, A H
FAA, AvtE g Ul fA TAEo] &) 2 W2 BS
wolgtth shvkebd, FAASS/H3AA e 45 Aage 35
~°E¥E19l WS ofAlska ded Bg g9k de oo
A S AT 5 7] whitolth AAIRE oxide/Ag/oxide TF
=9 1301 Holdk 714, 71A14 548 2ts 2 B8 49 Ag
Ogﬁol: oF o]gﬂ =o Ejz]_E 1%1—2_ w:iz-]fﬂ— gl »]EO] OAtﬂ- 01/\4
HFogths Bark B Aglel ofs) daEITH19-22].

o]A 723241914, ZITO/Ag/ZITO U= A=o] UV 3743}
PDLC 7]{F APlE Q9o H307 HLE o 7]& ITO £
A=l vlsl ZITO/AgZITO tad Fgd= 28 PDLC Ao W&
T5A9, 242l A9 H(infrared, IR) 4 UV 2, 53t £31 &
He etk wasieieh Ee 110 A5E Abgate] ol elo]
E 74 PDLC Al2deld) ohaddlo] = mieno) ek lgo] 7]
oL B4 VA 93 2, B8 S5 9 94 droplet
271 Aefstel PDLCE] A71Ye: S-S AAssch s
ZITO/Ag/ZITO th5H A= 4 o}adeo]E 7]k PDLC Al2~E2]
Y75 2000 WE A7) YA 9 FesH 54 AR Qe
el A Qo Wt 0] ol 5 A

FRl ek uv A7), UV 24h %L B8 25 9 PD
_‘[:_y]]g]_ paNcR 3'6]—743‘5]. }_7—]_‘:__0_ PDLC /1419/1 ﬂ}_ ‘:'/H ]

vZie} sfvkebd o8 e FA st 25l o 5 £k, o
prepolymer AF]2] Ate] X%, N droplet 7] 2 1A} vl
29 7t 5 T8 S0l gAY wiEeld.

B A7ellAE RE/DC WFIUER F2E o] &3] A2elA
2] 7|3tell ZITO/Ag/ZITO thEer AE-5 AZ3H 1, FAIAATE &
721 (photo-differential scanning calorimetry, photo-DSC), FAFIA;
&1 7d(scanning electron microscopy, SEM) ® 17133 74 AR =
|-8-810] ZITO/Ag/ZITO ThHEr =o] 28 237 S-els o2
Y g|o] E(difunctional urethane acrylate) 715 PDLC A|AEQ] 353
Ees, e Geish 5 97198 Sl vIAE JBE 2
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Figure 1. Chemical structures of (a) the monomers and cross-linker,
(b) the photoinitiator, and (c) the LC mixture of E7.
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2.1. =

Aliphatic urethane diacrylate oligomer (EB 230, SK-CYTEC)7} 4]
2] AMEE 931, 2-ethylhexyl methacrylate (EHMA, Aldrich)$} 2-eth-
ylhexyl acrylate (EHA, Aldrich)7} T ZA] ALEE]9] 01 1 6-hex-
anediol diacrylate (HDDA, Aldrich)7} 7}A|ZA] 2.4,6-trimethylben-
zoyl-diphenyl-phosphineoxide (TPO, Ciba Specialty Chemicals)”} 371
A A ZA AFEE I YlvFEl(nematic) 7 ©. 2= Merck ] cyano-
biphenyl Al 947 £3-E<1 E7& ARE3I10H, E72 51%2] 5CB (n-pen-
tylcyanobiphenyl), 25%2] 7CB (n-heptylcyanobiphenyl), 16%2] 8OCB
(n-octyloxycyanobiphenyl) 2 8%2] 5CT (n-pentylcyanoterphenyl)=
== ok BE S8t B4 71 A §lo] AF-E 1AL, Figure
1ol & Aol ARgE =459 sehals vERISIT

2.2. 57':!- %ﬂﬂ

RF/DC "} THER Z2 A|AB(SELCOS-01)S ©]-&3lo] ZITO/Ag/
ZITO Yo AE5S f8 713l S2AF T o] A5 A¥23,25]
= EU® 300 W RF powerolld ZITO & F&al7] Y8l ZITO
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[99.9%, 8 in., ZnO/I,0s/SnO; (16.1/75.5/8.4 at.%)] &=+ E}Z(sputtering
target)] AFEEATE 90 scem®] Ar 7FAE AREEH] IE 52 2
Y 482 033 Pa® FAEUL, T& A TS < 6.7 x
10° Paz FAIE ) 713-ES] A AR E 150 mmo]lal S
Al 713 ETi7t s)deiginh S3tell AQlEE Ag T 53 H9, Ag
(99.99%, 8 in) EPlo] AH&E it} DC MU EE S-S o] 43
o] Ag 52 DC power 200 WollX F&E gl om, o] uf 249 92
0.33 Pa, AFE Ar 7FA~E 90 scem©| Atk &5 B2t 7|2 A
ZoA A= ek
2% ZITO/Ag/ZITO T B&2 F 715 150 nm=E 73}
7] 30, el 71l T2 s ZITo TEHe] T 100 nm®
ﬂxga}ai S Ag T FAIE 6~12 nmE B 7| HA] FA
| AL ZITO Z7+9] 7l 44~38 nmE H3IAZT) 4-point probe
% 7)(NAPSON RT-3000/RG-100)% ©]&3te] WA aS =459 a1
UV-visible-NIR (near infrared light, <*%]2]4) #-3-4=A|(Varian Cary
500005 AH&ste] BE2] B8 54 ARSI

OH

2

JIN'

2.3. Prepolymer H{E!1} PDLC ME M M=

Prepolymer HIZHS- 45 wt%% EB230, 25 wi% 2-EHA, 20 wt% 2-EHMA,
9 wt% HDDA % 1 wt% TPOE E§sto] Az ¢k PDLC HiEHE
2 65 wt% E7 4 EF-EF 35 wt% prepolymers 2014 5 holl
Az wRkgto 2 AxEa, UV FAsHs st ks EEE=
A AREESIEE PDLC A &2 2789 Al ZITO/Ag/ZITO 7184
o] S fg] 71350 x 50 mm?) Ale]el] PDLC HiEH-E-S 4Hl3te]
UV A7 o2 A= A F(cell gap) FA1& 918l a4t
& Auo]X(polymer ball spacers)S ARSI O™ FA= 10~25 um7k

A zAEe) o] W AFRE UV #Z= 365 nm 389 black-light 2
SL(ENF-240, Spectronics)S ARSI 0™ UV Al7]E 0.5~2.5 mW/em?
o] UV AL AT 3 min®] T

2.4. Photo-DSC

spAef =4 A AZ|(TA 5000/DPC System)?} 21l A 215212
FAE 48301 photo-DSC A& T3kl o, F7hAE 913 uv
B2 365 nm Ig2] black-light 38 3Z(ENF-240, Spectronics)& AH-
stk o] wl UV A7l 0.5~2.5 mW/em®o| itk 7]E d5ulE @
(reference aluminum pan)> H]F3130, A 1.0 £ 0.1 mg®] PDLC
AEE F74E& @A &2 d5u WMol A3kste] photo-DSC =] ¢l
AA F uvE ZAkste] AES Al BE FAEs AP 25
T2 S2(isothermal) =S4 A=At 100 CTollA UV A3tk
ol ol Z7d%¥ PDLC A =2] FAgk> 109 Jgelslor, o] gk
¢4 UV Z3kE PDLC Sl thet & B3 How) 02 TH3F
). o] FAHFE o]F TE PDLC A9 Td® S 9 vl 24
o &gy, e WEES prepolymerd] ol whe} A 13}
(normalized) =%tk HE3E photo-DSC A BE o] e TA
Instruments 22X E o1& ARg-3lo] Hoffitt

2.5. SEM

PDLC AZ Al o] wial wjEZ A2 3w el 15 kv 715
ZgkollA] SEM (IJSM-6460LV, JEOL)S ©]-&3lo] 2] 217 #2% 9]
oh APE S8 72 71E A AASE v, A ERE
FE37] 9Jal ALoA ZF PDLC 52 hexane &0l 24 h 59
HAAHA T o] F Sl AAE A3l EAF MEYAE 2T 280

Sheet resistance (€ /m’)

Ag thickness (nm)

Figure 2. Sheet resistance values of the ZITO/Ag/ZITO multilayer
films deposited on glass substrates at room temperature as a function
of thickness of each ZITO/Ag/ZITO layer.

L AL v ER A gold A F, A
Me olgsto] AEE I

stel @ w9 J,} CCD 7E7](AvaSpec-2048, Avantes) X A=
2Ejo]) 7} A2t 338k A | (AvaLight-Hal, Avantes)E ©]-8-5}
] 550 nmelA] FF Fert PG Fobe e 4 e
(collection angle)’= ©F + 3°0]9]t}. PDLC Aol 9% AL Ql7}gho
=, QI7PgH o e o] elojgieh g Mok FHET
EHYT)A B shs A1 AYehs | Baw Ao
A elskirk

3. Zu 3 E

3.1. ZITO/Ag/ZITO CEEat S&t

T ZAJo] v o8] ZITO/Ag/ZITO vttt HEo] Ao
2] 713 Aol S22 3, Figure 200 Ag 52 FA) wje} o ©
Ag 7kS EAIEIITE ZITO/AgZITO vt FE9] WAE 7he Ag
FAZE STV wet dA8] AAsklaL, Ag 77 8 nm ol A
=4 ZEl A 7Pt 3] W AT (< 10 2/md)e] LR
o} o) =S B3 FAAZERAA ST AlAEelA Ag T
7o W WA 429 A91e 57 E woflx d&E wogg
Ag UA+ Holel| 7|1kt BaE B} 9lrh23].

Figure 3(a)= Ag < 770l whet Aol f2 713 2ol S2Hd
ZITO/Ag/ZITO Th5uke] Fahw 1ei(fe 7|#oz s} =X
OFSy2 el 7o) ZITO/Ag/ZITO t}Euk F2-2 550 nmell A
74% o] A 5% FHE ghs vEhie Zow gRlE i
ZITO/Ag/ZITO vt} Jé‘é‘ Tt e AlE Ag o Al
we} teksiAl Wkl ZITO/Ag/ZITO thsut AE9 S
NIR FlA] a8k, 3 o5 FHE 249 peak A= Ag 5
94 l’:_yﬂ7]_ 57]:5101] w}g]_ u]_g]_ﬂ oﬂod oz o]EL].th. o]g}s]— 7%5

< Figure 3(b)9} 2o IR GellA] F54A Ag2l o 77} S71s
of wheh Wleo] WA} Fohek Fo] dlo %%%4[9,10].

ZITO/AgZITO THeE A5 HARE Ag 5°] 8 nm KU} 77&
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Figure 3. Curves of (a) UV-vis-NIR transmittance and (b) reflectance
of the ZITO/Ag/ZITO multilayer films deposited on glass substrates
at room temperature as a function of the thickness of each ZITO/Ag/
ZITO layer.

ul A (@l At Abds UERIHL ZITO/AgZITO H5tte]
550 nmelA ] FHE 7S Ag T2 7ol wet Wesiglon, Ag
FA7F 6 nmY 7% 550 nmelld FHEE 80.7%0191 1, Ag FA7}
8 nmd Wl 7P EE 83.2%2] FHEE YERITE Agdl HF Alo]
9] 2 FHEL a84Q =R 7§5L(plasmon coupling)S F %=
sto] 58t 7hA EahES 93 5 9ItH20,23,26]. SHAIT Ag
710 nm oo ® Frkehd T wke- t’“ﬂ ol E7-star £
E7F FAEHT olEE Ag7t 5 FAZA FREst Sk
olellA vl FHET} TAdkE ol Ag w5l vt w3
Jom Aish 4= Stk Ag W T Al B FAAlA = Ag AA 0]
island FEIZ ErF sl Y= FA7F Ak FokEE Ag A7
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A YehllE Aotk 19} & 75‘?% O F B AFeMe HA ¢
A FAZF 8 nmY S RIS, o]ol] whet v whuke] Ag T4 4t
A5 H4 FE 8 nm=E A% o} At} 2 ATelA] foj7l ZITO/Ay
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Table 1. Electro-Optical Properties of PDLC Cells according to the
PDLC Layer Thickness

Transmittance (%
th?(?(ﬁgssla(y:;q) T ( ;sb Ve (V)
10 6.9 75 2
15 42 73 15
20 2.1 66 20
25 13 61 23

* T,: Initial off-state transmittance.
b T, Transmittance at the saturation level.
° Vg Driving voltage defined as the electric field required to reach 7.
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Figure 4. Curves of transmittance versus voltage for PDLC cells
according to the PDLC layer thicknesses.

ZITO vt 59 Fatn 4L 71 Mol $=31 =3}
L5 eSS ¥l oyl 71E ITO Aol nis] IR W UV FAS
aygow kst 4= 9l7] wlFef PDLC 7|HF AnlE T$-2 o] &
fo] fg Qo7 Fkdn

3.2, M7|&st BN ol A5 S=st
QAo A e T Ay A5 T
@ PDLC 7 2vhE A9 HF B4 AAs) Aaiis
W37} o]w A PDLC E3HA|9] 71414

Y mlo
i)
oo
o
=
ofd
oty

O

A PDLC & 54 % UV A7

U 7138t B4 JTFE vIA=AE olsfslor sk, =3 FEE
&1, AN A9} prepolymer AFo]9] 2] £, 947 droplet 7]
Y 332 v EY 2] 7hw Uise] v)X= g disiA e o]
FaXo] 9lck

223} m‘g 58S 93 AA, UV A7]1S 1.0 mWem’Z LAl
71 F PDLC & 7 <1A7F 2749 ZITO/AgZITO tHaet =& A
93103 A 2% PDLC AWZ H]cq A7 EAJof| m|R= TS AL
311tk Figure 4= PDLC % F7°ll w2 PDLC A F3}x2] [} ¢
5 vk 5ol deojxl HME% W2 Table 10 Al3tsich
Figure 48} Table 15 2R PDLC 5 271 571l weh 27]

0

T

off-state FIE(T,) L T,7F AR} 7HAas }O*Ltﬂ o] PDLC Zo] ¥
AYALE O Wo FS AeAA O B offstate EEHES G5

SFAE& vlsttt. 9k, Figure 40141 PDLC 5 7717} eka=
SRSl mt B whE AgtelM TE veRltl ol A7 gkl
1 droplet W) N E& A7) oz wigAl7)s dloll drjd o
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Table 2. Kinetics Analysis Results for the Photopolymerization of PDLC Compound

UV intensity (mW/cm?) AdH (J/g) Conversion (%) Induction time (s) Peak maximum (min) Rpma (min™)
0.5 73.8 67 4.37 0.67 1.49
1.0 71.5 71 3.66 0.51 1.95
1.5 82.4 75 332 0.44 2.36
2.0 86.9 79 2.61 0.41 343
2.5 90.8 83 2.57 0.39 3.68
* Rpmax: Maximum polymerization rate (R, = da/dt, where a is the fraction of resin converted).
o A& kS R ] WiEo R wakerh ARk PDLC 5 7 25
Al we} v FAe91E, o) g BAE AA waew 4Y R —— oo
AZ171 Sl B =2 Al719) Atel Badhs on|eith HE Figure g 204 S 1.5 mim?
414 FEASE 20 V o] T4 PDLC 2 AV} FAY AR e AU T e
T8 JEbIzt] o) 7L A 9 droplets] A8 A1k 5 = t‘/”‘f\
Ho] F7ksp] g A0 A7) Hsel PDLC 3 FAVL ¥ s 0N
AQAE UV Aske @2t WE 2 Yo mukg %%WH I = o ll N
old Ao 7 2=y =g o]g]dt ke teEky= 1R} wjE A = | W
99 droplett 10] FAE A T FOAA Tk Aol G 5 o] AN
e w32 Aow peEh APS B3l POLC F T Al ot = R ———
= PDLC 4] AWEARl 17]348) 5408 aefsh, 15 pm F71d of 00 , , T
PDLC Alo] 7F4 = w138l off-state 585, on-state 5% 2 0.0 0.5 1.0 15 2.0 25 3.0
VeE UERdS & 5 QASIH: Time (min)

E4, UV A7) A7} ZITO/Ag/ZITO tHet T2 28 PDLC
BE A9 Y3k e 9 AY1Y 54 v)x

St 2354 SdE ofa g 0| EA PDLC 31EE2] F53
Stob7] $13) photo-DSCE ol§3te] B33t Feshe zAlalaic
Photo-DSC %S 53l A& F(heat flow) HOJE]7} AAXWA o]F u}
Z AZET HIAZ 5 glor E3 2w AHslo] st} o]
2 4l Qoinl FY vlolEl ABe) A s g S Wi
3 Frh{27-29].

Photo-DSC 32 473} T4 S4% heat flow”} A3 H=
(rate of conversion)E W3 sttty 7Pt} o] 7S &l wEgo]A
L by Agite] T X ghel] uhE Agke] et W T Qe
9] 3k} 4L v dEy] 7so] gls 4ol Atsit. o)t 7t
7 shollA AgE Wt S vt 2ol AYE  QUTH30,31]:

Elal

do L (a1 "
di A}]ﬁntul dt T
A7V dojdt= T HE Eim AR FEolaL, (dH/dt) = D7

25 7014 573% heat flowo]th IE-HE Eq. (1) ZE310] o]
Ak

a:AH /( ) @

total

$12] AeloflM, HheE2 o = 04
2 A0F NFHL o= 19 W= %@0
Figure 5+ 365 nm~] UV Al7] 0
7 B7As 2% e o3 E EﬂOIEﬁl PDLC §P5L‘j4 oy
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Figure 5. Photo-DSC exotherms for the photopolymerization of PDLC
compound.
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o =22 R dolu) oledt WA PDLC 3HhE AJESo]

B Wkl gloln BAHR Aol B AT 9EE ek A
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Figure 6. (a) ON/OFF state images of PDLC-based smart window
samples (50 x 50 mm’) with ZITO/Ag/ZITO electrodes and (b) curves
of transmittance versus voltage for PDLC cells according to the UV
intensities.
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Table 3. Electro-Optical Properties of PDLC Cells according to the UV
Intensity

uv intenszity Transmittance (%) Ve V)
(mW/cm”) Tp Tb
0.5 53 74 13
1.0 4.2 73 15
1.5 35 71 16
2.0 1.7 70 17
2.5 1.9 67 19

® T, initial off-state transmittance.
b T s transmittance at the saturation level.
¢ Vg driving voltage defined as the electric field required to reach Ty
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Figure 7. SEM photographs of the surface of the polymer matrix of
the PDLC composites at various UV intensities (the scale bar is 10
pm in length): (a) A (0.5 mW/en?), (b) B (1.0 mW/en), (¢) C (1.5
mW/em?), (d) D (2.0 mW/em?), and (¢) E (2.5 mW/ent).
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