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T35 oux] Hoky AntE A2 A 4% Ve Ao wekEth TIZO/AgTIZO vH5H
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Abstract

Ti-In-Zn-O (TIZO)/Ag/TIZO multilayer transparent electrodes were prepared on glass substrates at room temperature using
RF/DC magnetron sputtering. Obtained multilayer structure comprising TIZO/Ag/TIZO (10 nm/10 nm/40 nm) with the total
thickness of 60 nm showed a transmittance of 86.5% at 650 nm and a sheet resistance of 8.1 £2/[]. The multilayer films
were expected to be applicable for use in energy-saving smart window based on polymer-dispersed liquid crystal (PDLC)
because of their transmittance properties to effectively block infrared rays (heat rays). We investigated the effects of the con-
tent ratio of prepolymer, the thickness of the PDLC coating layer, and the ultraviolet (UV) light intensity on electro-optical
properties, and the surface morphology of polyester acrylate-based PDLC systems using new TIZO/Ag/TIZO transparent con-
ducting electrodes. A PDLC cell with a thickness of 15 um PDLC layer photocured at an UV intensity of 1.5 mW/cm?® ex-
hibited good driving voltage, favorable on-state transmittance, and excellent off-haze. The LC droplets formed on the surface
of the polymer matrix of the PDLC composite had a size range of 1 to 3 um capable of efficiently scattering incident light.
Also, the PDLC-based smart window manufactured using TIZO/Ag/TIZO multi-layered transparent electrodes in this study
exhibited a light brown, which will have an advantage in terms of aesthetics.
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TIZO/AgTIZO tHaa FHATE o] 83t Zejo|AE ofmdyolE

1. M =2

A AvE A ARRIAIEL T EAREAFN Y (polymer-dispersed
liquid crystals, PDLC), =5 UA+ @& AZKsuspended particle
device), %713 M(electrochromic), *dH A (photochromic) 4! QWA
(thermochromic) ¥} -2 FZA 7|&S o]&sto] FHASA A+F
AL B E o] $ItH1-7]. 71 SollM = PDLCE o83 AvtE e
Az7ee 2907800 sl EgA We 24 5 e 1 7sd
et Al FHORE Q] W2 WAlS wolghom, ARIE BE A
A%, Fug TEAL taEge], F8-8 ME 9 7HAE
S = rjorsl Holol] ALE|o] 8 A o] Alobet 2ES
UH8-14]. PDLC AWIE AE9-5 Alxsb7] Asire £ A
Fo] ARgo] AR FHAFOE AMGEE ASEE §
A AEE, & e golof, MEA wEA B ea theFH
ol Atk HZ AnfE dE9-§ FPdscs 7Hg 4
1 3l AEF ITO (indium tin oxide) 7 AEA AlshE
oJtt. olfH= ITO7} Zh= Hofut izt 5495 27] miow <
A ek 2 1T AthA o2 whe AE(~ 4.7 eV), H, Z2k=
uol] gk W A 9 58 7hAo] At AntE e 9l fd
BH vlaEdo] FolelAe] S ATATI= 8]lo] Ha vt
[15,16]. B3 44 7] floll =249 a4 1TO S2H4he] Zeiyd
A, FAA Ao, 719 W gl dotslt A F oy EA17F A7

wo] $tH17,18].
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Figure 1. Chemical structures of (a) the monomers and cross-linker and
(b) the photoinitiator.
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TIZO/AYTIZO &2 7845 2§ PDLC 7|9t AvtE A%9-§
PDLC Hlg A2}t tEo] N3} prepolymer ¥, PDLCE 74 2
UV Al7]ell W& PDLC 2] 713438 545 vl #45ke] PDLC
2utE AEg Az HA 29 EEF ATE TS
TIZO/AgTIZO T8 Fd=o] 285 EgolAE ofadolE
(polyester acrylate) 718} PDLC A|AEQ] A7]3e+# EA] 4l 31 3
gjstof| v]X] = JTF FAME A8l 33 = Al(spectrophotometer), HIA}
w1 7d(atomic force microscope, AFM) 2 FAFAA}E W] % (scanning
electron microscopy, SEM) &x|& o]&35}3ith
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2.1. =2

Polyester acrylate oligomer (UA1939, ENTIS)7} 574 241 AME-E| )
I, isodecyl acrylate (IDA, Aldrich)2} 2-ethylhexyl methacrylate
(EHMA, Aldrich)7} B 2A AREE$1 01 1 ,6-hexanediol dia-
crylate (HDDA, Aldrich)”} 7FuwAl24  1,2-diphenyl-2,2-dimethox-
yethanone (Irgacure 651, BASF)©] Z7)AJA|ZA] ARE-E A T) Merck
AFE] cyanobiphenyl Al 917 £3-E<1 E7S YlwlE (nematic) 7O =
AR50, BT 51%2] 5CB (n-pentylcyanobiphenyl), 25%2] 7CB
(n-heptylcyanobiphenyl), 16%2] 80OCB (n-octyloxycyanobiphenyl), 2!
8%2] 5CT (n-pentylcyanoterphenyl) = &3% o] Qltt. =7} A $lo]
BE g8t B2 AMEEGla, 2 Aol AREE B, ZlwA] 9
FANAA L] B}eT2AE Figure 19 YERASITH

22, BE WY

75w ER AHER AJAR)SELCOS-01)& ©]&3)e, f+
7] 71%kel| TIZO/Ag/TIZO TFS BYeks a4 0 2 L2t TIZO
= &) S, 71E A7E 2714 EE2¥ 242 Ti-In-Zn-O
[99.99%, 8-in., TiOy-In,05-ZnO, (7.6:76.0:16.4 at.%)] EFZlo] AH&-5 3
om, MSIEE Ag 35 SF] fgte], Ag EFA[99.99%, 8-in]o]
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AREE QT TIZO BFI-S- RF 1}9) 300 W ZollA S2E|glom A
Q= Ag v DC 3+9] 200 W ZZ0l FEE Tk TIZO 9
Ag 11]1—13‘1— %_4— }\] Ar 7]-51(90 sccm)‘j}o o]q:]o].o% _2_7<L3]_oﬂ th 34
e S gk SR AEglo] 033 Pas FAISIILE 71H
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o, =3¢ TIZO/AgTIZO EF%“E‘#“#Q AA FAE 30~150 nm
ARk AAEL 4-point probe A1~ENRT-3000/RG-100, NAPSON)
& o] gate] 2438+ UV-VIS-NIR #3434 A)(Cary 5000, Varian)
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2.3. PDLC HiEat ME M M=
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ymerS 2014 4 h F<tF wRkslo] AZ2E Ik PDLC A A2 2
%] TIZO/AgTIZO vt Fd=o] 2 8] 7]940 x 50
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A3lE $138 UV BEE 365 nm IFS b black-light 3B
(ENF-240, Spectronics)E A3} 0w, o] Fﬁ] UV Al7li= 0.5~2.0
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2.5. AFM ¥ SEM
fr2] 7)ol F2E TIZO/AYTIZO T vheke] mjA] -9} %

AZ7)E AFM (XE-200, PSIA) 4] 2] 4% 2 =(contact mode) 4]
& o]g3to] =435tk PDLC A AMZ U9 18} vjEgAL] T
 3eji= SEM (Quanta 200F, FEI)S o]g-ato #2= 9, oju] 7}
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7} FEE BES WF 2Eof ¥o] 24 h F<F T1FAIA hexane v
= AAE AEe] FAX 1A viEY A gold 5& F, SEM
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Figure 2. Curves of UV-vis-NIR transmittance of the TIZO/Ag/TIZO

multilayer films deposited on glass substrates as a function of the
thickness of each TIZO/Ag/TIZO layer.
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Figure 3. Sheet resistance values of the TIZO/Ag/TIZO multilayer
films as a function of thickness of TIZO/Ag/TIZO layer.

TIZO e} = Tﬂl% -3 24 %}04 xﬁxﬂ = 77} 30~150
nm7} HE5 FASITE FaAE BE TIZO/Ag/TIZO TS Bfek
550 nm Tl Al 78% odel Fu st FHE #he YERSITE 24
9 Goellr= FEE b vk e 348 hAskglon,
olyet AFE A= 10 nm Tﬂu =% Ag vt 9Jate] 29
A goellA 2] RIALEZL 71kl 711 A0 4%%3}[28 29]. ©]
et Ao A Ge FF olUA ok AntE AE9-EA|C]
R A CE L TIZO/Ag/TIZO T} uteke] 7%

FoEs 53] vt ) 60~120 nm HS1elA 90% o)) §-%t
FHE S5 UERt 0@ 4t TP ks 5SS 9
vpeto] AQJEl 35 T2 fHxlA et viEh 1 FE Ao o
g avpel Eek=i

ZAdl(plasmon coupling)ol] &3k 20 F HH

Figure 32> 8] 7|3l S29 TIZO/Ag/TIZO vt vheke] x|
T gl wE WAY FXE vehdle gezelth FEE B

TIZO/Ag/TIZO T} vbeke 7.9 Q/[19] W& WAE gk vebick
ARIEE £ Ag T FAI7F 10 nmE 278 % 79, 30~150 nm
Wele] Az £ Walel] WE TIZO/Ag/TIZO th vhuke] El3 W
Ag Wst A5 BAER goror, gho] wg A g Wtk
olgst W-e WAT 7k &Y TIZO/Ag/TIZO U Ho] 7]&Ed
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Figure 4. Surface roughness (root mean square, RMS, 5 pm X 5 pm)
as a function of thickness of TIZO/Ag/TIZO layer and AFM image.

B ¥ ITO/AZITO, 1ZO/Ag/IZO, ~18] 3 ZITO/Ag/ZITO TFE1tuto)
WA ghell nAE wheh W WA s Uepds HoiFEt
[21-23]. $1€] TIZO/AgTIZO tH&2 52 AdelA F2F AR
9 ng), Fet 2 AAe 548 vl o), 14 9= 7 60 nm
TIZO/A/TIZO (10 n/10 nm/40 nm)E ©]Fo]% thzut 737} 74
F&et 2o AyEn, o] thFEke] A 650 nmelA] FIHEE
86.5%, WA Fh2 8.1 Q/1°13Tk

FHATY AW A= AvkE AEsE E8 B9Y fAEY
o] 4l BFHA] 5o FokelA] wlg- FQst 5Ado|th Figure 4%
F2) 7)ol F2E TIZO/AgTIZO T BFeke] x| F7] w3t
wE ¥ AE7|(root mean square, RMS, 5 um x 5 pum) %
TIZO/Ag/TIZO (10 nm/10 nm/40 nm) TH5ERS] AFM ©o]u]X] & Hof
+o S&E ZE TIZOAGTIZO T vk WA 5 wsle] 4
#glol, 1 nm ©]8+e] w9 W RMS & JERE Fege B
535 vl

3.2. dujget £ x®3

Az el =7 60 nme TIZO/Ag/TIZO (10 nm/10 nm/40 nm) T
o TS 245 uv 373318 Zeloal ofa e o)E J|w
PDLC AvlE %90 @73 248 HAss] e o
43} prepolymer?] &3], PDLC Z®WZ 574 2 UV A7] WAsr}
PDLC E3H|e] 7]t 5ol ofulst F&FS n|X|=A] olaljal|of
ShH, gt A 2419} prepolymer (] ARtE] %, UV 58 &
T U N droplet 715 FA3] Alojste] HA o] APt B
olFold 4= Q= Al Festh

A MAZ, HA5 54 A5 3l AP prepolymere] ]
W gle] WE TIZO/Ag/TIZO T F84d= 28 PDLC AHtE 9
E9-o] 771384 B disl ARSI PDLC & 7718 UV Al
7% 2424 20 pmé} 1.0 mW/end® 33X 7] 3, A SRS 5570 wite
7HA] prepolymer - 30~45 wt%7F<] W3IA|7]MA TIZO/Ag/TIZO
teut FHASE o]g3ste] 4709 PDLC ME AL Axsoich
Prepolymer 3Fgell whE PDLC Ao gt F2 =2 A oJ&=dS A
SEFIHE FA(V-T curves)S 58l Figure 50 HERIIa Bojzl A
713434 dlolE] FEL Table 10 F2sldt). 94, 75 A =
oA Figure 59} Table 1 AHX ™ prepolymer o] 7=
Vo7t S7VstdET, o1 prepolymer 3% F7tell whet /3% PDLC
= el A7) 2AAIQ R A} viEYA ulgo] Sojul= wbd #-4

P

2L

188 Zejel 2 ofaduo]|E 7Nk iR g o] 738 BEA A 53

60

Transmittance (%)

Applied voltage (V)

Figure 5. Curves of transmittance versus voltage for PDLC cells
according to the prepolymer content.

Table 1. Electro-optical Properties of PDLC Cells According to the
Prepolymer Content

Prepolymer content Transmittance (%)

(%) 7. T Vi (V) Off haze (%)
30 22 46.2 19 87.6
35 0.4 53.0 21 93.1
40 0.5 51.7 26 9.4
45 1.2 49.8 30 91.0

a

L. initial off-state transmittance.
® 7. transmittance at the saturation level.
¢ Vg driving voltage defined as the electric field required to reach Ti.

A3 A3} PDLC wiEE2 UV 343} Al pre-
polymer $r%0] 35 wt% Wl N°d =} prepolymer 7] AHi-2] Lo}
N droplet 717} 718 AAsHA o]FoA A4 dropletE3 1172
WEYA 31 FHEo] & YA EoSE Ao wkEth v pre-
polymer ¥ 40 wi% odelx FHLE7l 43St olfi= prepol-
ymer o] Wold4E UV A3k 1At wjER A yjof nlRkg-
FA 2] Fw wold Ao FHHE o|2dh vykg dAlE i
2} HEH 2L A droplets (12| 24 E A& B FUAA 734
& Azt d3E MFHE Aoz Ak

T HAZ, HY prepolymer?] $EH] Wigle] mE Ay Eol®
o]¥o|= PDLC % 7 Walo] W2 TIZO/AgTIZO tdt T4
=< Agst PDLC Ae] A7|FsHd E4e sl ARSIt
Prepolymer &3} UV M7= 242 35 wt% 2} 1.0 mW/em? 2 317 A]
7131, PDLC & F701%= 10~25 pm7F<] W3IA7|HA TIZO/Ag/TIZO
FHA=E o]g3to] 4712 PDLC HZ A& #|23I8Ith PDLC &
FA] W& PDLC Ao AY-FHE 45 Figure 60l YERASIIL
Qojzl dloJE] ghE=> Table 20 FEJstlch 7+ H9te] Z4-9- PDLC
o] FAYLHTE vt S7RRET, ol dast 47241 PDLC
FAZE FALAA B4R A viEZY 29 droplet Uloll &3}
WYES A/ o WiFgATE v doidor o 2 A

e ol o
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Figure 6. Curves of transmittance versus voltage for PDLC cells
according to the PDLC layer thicknesses.

Table 2. Electro-optical Properties of PDLC Cells According to the
PDLC Layer Thickness
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T
30 40
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Figure 7. Curves of transmittance versus voltage for PDLC cells
according to the UV intensity.

Table 3. Electro-optical Properties of PDLC Cells According to the UV
Intensity

th?iigssla(y:;) T;;nsmtame (T/:) Vi (V) Off haze (%) U(\r/n\l;}/tf;fz‘)ty T;j:lmmnce (T/:) Vi (V) Off haze (%)
10 42 616 1 74.1 05 63 502 12 678
15 15 59.1 16 90.2 1.0 15 59.1 16 90.2
20 04 53.0 21 93.1 15 02 56.5 18 94.6
25 0.1 485 27 96.4 2.0 L1 474 21 915

T,: initial off-state transmittance.
T. transmittance at the saturation level.
Vg driving voltage defined as the electric field required to reach Ti.

o+ F Q= 3] witolth w3k PDLC Zo] SkS5E =& 71,9 T,
Wizdl, PDLC 5 57171 ek UV Agl Al uvge] w2
AFete] AsErE wetA A Ha, o] & A3l A7} prepolymer {F
o FEE7} Fid] o] FoX|A] ¢kt UV AslH A} WjER A9}
A% droplets Ato]9] FHE APt A4 gA HER 52 YRS
Hol= Aolth ¥hH off hazet= PDLC &°] FAYATE S718109=
dl, ¢l PDLC & 527} S718kel weh uv Ak Al 472} prepol-
ymer 3ol S5 Adwe]7F dojuA] E1 o]F FAE A droplet
AIAFEE AFIAIA B B2 offistate EFHEE 2
3191S o7 dukEr) wak PDLC Zo| FAYRH uvel g3 4
skl A} WjE A djellA] u|Rkg- TA 2 ok nldEiA Flst
Re Aoz oidE=d o]y et nnkg dkAlE A dropletE2) 1L
A MEY A 2ke] FdE 2 B A she] ARl kg A
< A0R FFHL 99 F A A A9E E
2 PDLC Z®3 7] Aol 2 PDLC A Ao AnkAel 7]
1S w, PDLC T F7 15 umS ZH= PDLC Alo]
W3k on-state T, Vg W off hazeEs YEPIS & &
ATk
Al MAR, TIZO/AgTIZO tsd F¥H= 244 uv 3489
PDLC ~FIE 599 A5g HFH o=z HAglslr] f18 uv A7)
W glo] w2 TIZO/Ag/TIZO FHX=-8 445 PDLC A2 H7|gst
2 EAe) tisl] 2AKelITh 9 AYS S8 ¥4 &% prepol-
ymer %% PDLC & FAIE 44 35 wt%s} 15 pm= THA)7] 11,
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Figure 8. (a) ON state and (b) OFF state images of PDLC-based smart
window sample (40 x 50 mm’) with TIZO/Ag/TIZO electrodes.

+ Eg A= 24 PDLC Ao] T, 02% 2 off haze 94.6%% 7V 9=
toff-stateo 9] EFHE 548 eSS & 5= QISit) &4, UV
AZ17F W& 0.5 mWem’d wlEs duid o R FA3 £ 9l e
227 =2lA] A dropletso] AA FAEER A EAjo] BEE
SHA dojubA] H 3 o]E <15 PDLC A9 off-statec|r] EEHE7}
A= O] T, ARA L off hazets ZolA|= Ado] Yt 2oz A
ZHEc) v, UV Al717)F 2.0 mWem?d dl= uv Al717E A4 Ak
Aow FAs} 5 g Aty S50 webd A4 449} prepolymer
Apo)9] tha EEEE AR Q) offstate EFEETT UV A7)
1.5 mW/em* wluch ok AskE giekar §38 5= 9t o|ZK% uv
A|7] Azl W TIZO/AgTIZO £91= A8 PDLC A9 A%
st 52 tisl]l ZARIIET, T8, on-stateol| A1 ¢ FIE 2
off-statedA ] EFHE EAS Aoz 1dIS uf UV A7)
1.5 mW/em*olA A|Z%F PDLC Alo] AnlE AL$-2A 74 ok5 3t
Aes Y & 4 ANtk Figure 891 1.5 mW/em?e] UV Al71=
733k TIZO/AgTIZO tHeHt F8745 2§ PDLC A& 440 x
50 mm?) 2] on- U off-state WA E YERISITE TelA Wi nlel
o] A zke AL pDLCe] 7|WHE AntE %90 AEZAQ on- L
off-state &2 55 UERHOm, A SHolx] st A0 Mxs
w3 QlojA] T2 ITO F84= 48 PDLC AntE g15E9-9f H]3]
Auldor AtE RS Fojgd Zog JdHrh

£ AFolM = TIZO/AgTIZO B8 FH4= 28 uv 3439
PDLC AvtE A%9-9] A7)ge 54 HH3 Ade T3 44
prepolymer®] 3], PDLC I35 77 9 UV AI7|& 283w
AN 2L FPASS 243 Zalol|AE olade|E 7nt B35}
3 PDLC Al~H1C] 34t &5, A droplet 7] H 47143 54
< A43] Aofsle] ¢l 553 45 2t AnlE g9

Az 7Fe7dE AT

oy (d

-

3.3. HEfEN EA 3k

kA TIZO/Ag/TIZO tH5ut B35 A4 Ee]olAE otaddo]
E 74k UV 3373+ PDLC AnLE 9549 7)34e 54 H43}
A8 F UV A7) W3le] e P49 PDLC B34 173 54
S A ESEY, o] Ao E SEME olgate] UV A7) Wat
w|2|:= PDLC 5312 17138 547 1w Fe|ste] 3ol
tisll ARt A 0% PDLC H3AE AxEe uv 343}
27UV M7, ZAARE UV 324 5)oll w7114 9l E2js)shy]
g

Al W 2 S Terka dEA ek 531, uv A7) W]

(d)

Figure 9. 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) 0.5 mW/en?, (b) 1.0 mW/en?, (¢) 1.5 mW/en?, (d)
2.0 mW/en?'.
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