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b e growth, 2010-2030: approximately 0.8% _‘);/
- 40%, : 25%

QBtu (quadrillion Btu)

: Research Frontiers, inc)

XIS 10%

WaterHeating
5%

&3 : Louisvlle Energy Alliance Trade Show June 18,
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Smart Glass 32| Smart Film S22 AKXl 2SI

+Saint-Gobain - Switch Materials +DuPont Teijin Films
« Pilkington/NSG Group -Ravenbrick (Film substrates)
«Cardinal - Polytronix «Toray(Film substrates)
+Guardian +Pleotint + SKC(Film substrates)
- Asahi Glass +US E-Chromics +Dai Nippon Ink
+AFG Industries +Beijing All Brilliant -Landec Intelligent Materials
-PPG Industries -Sun-TEC -Material Sciences Corp
- Schott Glass -Chromogenics -Momentive(Silicone)
+Soladigm +DaiNippon Chemicals +Dow(Silicone)
-Sage Electronics -Hitach Chemicals - Solutia Perfomance Films(ITO)
- Architectural Glass Projects -3M -Bayer MaterialScience
Gentex -Solutia Performance Films

«GlasNovations

«Chiefway

-Citala
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Global Smart Window Market - Growth Rate by Region (2022-2027) Global Smart Window Market
Market Size in USD Billion
CAGR 9.75%

usD8.89B

UsD5.598

M High
M Medium
M Low
2024 2029

(14 : Mordor Intelligence) M!

44% (~2030) / (SKC - (Halio) 7000
USD 5.59B (2024 ). USD 8.89B (2029 )C CAGR 9.75%




(Passive Smart Window)

Low- E ( coating
(Thermochroic, TQ), (Photochromic, PQ

(Active Smart Window)

/ , :
(Suspended Particle Device, SPD

(Electrochromic , EC)

(Polymer Dispersed Liquid Crystal, PDLC)




Mo doped VOx

WOBS/EL/PB

Nematic

SP¢TP

AC 30~100V

AC 30~100V

(30x30cm)

100 msec

10 msec

10~30%

60~80%

70~80%
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Thermochromic

[TC]
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Photochromic
[PC]

=g

Weak sunlight v, m

Photothermotroplc
system

S PHOTOCHROMIC REAG'IION
i S When a naphthopyran dye is exposed to UV light, a weak
R NE W(M)mumﬂnnmemhlwin
Strong sunlight > -
Phase separation

(14 : DOI:10.1002/s0Ir.201800204)

(darkening)

(Pyridobenzoxazines ), (naphthopyrans ),

O

outdoor

(1Y :seiko-opt.cojp/ «x .

(Spiro- Oxazine)

)




Suspension Conducti
03. Liguid /Film %Qnali;:nge
Suspended
Particle

® 0 o "
Devices

£

(1Y : Polymer Science and Technology)

I ! L FIH I
| ool
Suspended Particle Device o |l ®®|l
I I
PO | ool
I le®ll
ElN Hrl
1SS ieeil
OFF !_/

|8

( / ) (film)
C 30~50%

: AC20~150V

o Io Do Do I» Io
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Electrochromic
[EC]

Z ., & (Halio smart glass)

(coloring), (bleaching)

(WxOy, MoxOy, TaxOy NbxOy TixOy), (VxOy; NixOy
: DC15V

A
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Electrochromic
[EC]
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Vélux electrochromic
blinds: Sageglass™

Boeing 787 passenger windows
measure approximately
12" wide by 18" long
(11 : SAGE GLASS)

GENTEX
A Snlgywion‘

eSS =
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L
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(14 : GENTEX)
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Electrochromic
[EC]
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03.

Polymer Dispersed Liquid Crystal
[PDLC]

(droplets)




03_ Architectural glass Automobile Sunroof Projection screen Electric Curtain

Polymer Dispersed Liquid Crystal
[PDLC]

(14 : g-sys.co.kr)
A : (LC) : ; ;
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Polymer Dispersed Liquid Crystal
[PDLC]

(11 : DM Display)

CAFFE PASCUCCI

o N -
” ’
g a 1 2l Bt "F
’ ) e /,

(14 :PDLC* )
<PDLC &V | X - (SBS <> x)> <dpur @nu | X - (spcoe  a” N)>
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PDLC

04.

TCO EHM™ T glass/PET 7|2 7|= : ™| 714 =50%

@_Substrate : Glass, Polymer film (PET, PES, PC, etc.)
@Transparent conductive layer : ITO etc.

PDLC layer: I FXz2tduje o HEH 7|15

@ Polymer Matrix : Layer thickness = 10 ~ 25 micron

@Liquid crystal droplets dispersed in Polymer Matrix
: LC droplet size = a few micron

PDLC HiE =,
: Lhe a3y 70 /Ao

Clafo| A - B &3 A w7 7=

@ uv Z3 7 HEY, 1S 3|2, 27| obgy

Ol# : M7L, MHY 41§, 1= E,

tE J=F 7Y
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(Transparent Conductive Electrode)

H¢ QPPP), O ( 80% @550nm)

I

Rsheet:p/tzljo't

<<OIII-N 3.26eV 1.65eV

b = hy PE_ _(GR6X 109G X 10 1ay
A (@ x 107 m)(16 X 10-19] fev) b BRHHEE1054D5)

Figure Of Merit
(FOM)

TC= -I;:\vlo/ Rsh

Trade off !




(Transparent Conductive Electrode)

A ITO (IndiumTin Oxide) ® r @\ @U PT >385%

: InSNO(IN,G; : SNG; =90 : 10 (wt %) | T
: High Transmittance (~ 3.75eV) "
: N- type semiconductor (  In®* A Sn *A electron)

: Degenerate semiconductor ( Sn , Sn

m Crystalline

oo, ot

HSPP @ g
(FIeX|b|I|ty ) < Metal -oxide semiconductor>
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(Transparent Conductive Electrode)

Touch panel

: ZnQ AZO, GaQ) GZ0O, IGZO

: Oxide/Metal/Oxide, Graphene, PEDOT:PSS, CNT, Metal gird

oo (Oxide—Metal—Oxide (Graphene PEDOT:PSS Metal grid
@e R O
X P
Sensor N N
7 i S0y
o S EAgd . oJEHoz 5T . f9A I R ik of ¢ w2 AAg
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¥
+ Morphology Ao} &
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(Oxide/Metal/Oxide TCE)

12 9 ¥ X% (TCE)

A1 g ¥ X?% (TCE)

<TCEOy1 g ¥~ ~ XX>

<O ¢/ T /O ¢ oyl . A cAW g" >

A Metal thin film : Ag, Au, Ni, Cu
A TCEfilm:ITO, IZ&nQ (ZITO, TIZO)

A
A




(Oxide/Metal/Oxide TCE)

04.

Zn0O-1In,0;-Sn0, (16.1:75.5: 8.4 at.%)
Ag (199.99%)

6 ~12nm

150nm

1.6

- 14}
g | 5

- 1.2

g L
2 10}
wn
2 |
= L
E 0.8
& |
o 06
=
- L
S 04} u Glass/ZITO single layer [Rq 0.537nm]
b | A Glass/ZITO(100nm)/Ag(6nm)/ZITO(44m) [Rq 0.672nm]
(3 0.2 #*Glass/ZITO(100nm)/Ag(8nm)/ZITO(42m) [Rq 0.678nm]
e @Glass/ZITO(100nm)/ Ag(10nm)/ZITO (40m) [Rq 0.772nm]
3 ¥ Glass/ZITO(100nm )/ Ag(12nm)/ZITO38m) [Rq 0.793nm]
0.0 T . T : : . ; . ;
0 6 8 10 12
Ag Thickness(nm)

@zi toOa " Ozito@g 6nm ~ 12nm) : RF DC magnetron sputtering system
@ (HR TEM), (Rrms  @.8 nm)
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(Oxide/Metal/Oxide TCE)

04.

40 o
m ZITO single layer 1 = :  Glass/ZITO single layer
PEPRPS | A ZITO(100nm)/Ag(6nm)ZITOE4m) 1 o 160+ A Glass/ZITO(100nm)/Ag(6nm)/ZITO(44m)
A ZITO(100nm)/Ag(8nm)/ ZITO(42m) 1 i *Glass/ZITO(100nm )/ Ag(8nm)/ZITO(42m)
9 30 - 30.27Q/0 4 ZITO(100nm)/Ag(10nm)/ZIT O(40m) : T #Glass/ZITO(100nm)/Ag(10nm O(40m)
E I\ ¥ ZITO(100nm)/Ag(12nm)/ZIT O(38m) 1 =2 ¥ Gl ZITO(100nm)/ Ag(120m) ZITO38m)
E | 1 = 150
12l
S Ll g !
1 1 1
] - *
1 = 140} N
- 14.38Q/0 1 B N
- 1 L A
-2 10 9.440/0 1 B N
- - — - ™
E 6.960Q/0 5.64Q/0 : : :30 | L
4 l v S L / A
m I =] I — / \\
- I =
w 0 1 120 -
’ [ S— | .
T i’ T T T T T 7 T T T T
0 6 8 10 12 0 6 8 10 12
Ag Thickness(nm) Ag Thickness(nm)
100
N —— Glass/ZITO(100nm)/Ag(12nm)/ZIT O(38m)
= Glass/ZITO(100nm)/Ag(10nm)/ZITO(40m)
80 = Glass/ZITO100nm)/Ag(8nm)/ZITO(#2m)
Class/ZTITOA00nm)/ Ag(6nm)/ZTTO(44m)
)
2
D
® 60
=
=
=
= 40
E
=
g
=~ 20
0

500 1000 1500 2000 2500 3000
Wavelength(nm)

@ ®
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(Oxide/Metal/Oxide TCE) Microscope

04.

Pz coating

@ > N Q Z<Ry!Ry,
where Ry N, b
R:Ne§  Sw &L ° €A, 117 »

subsltrate

@ 40 v
o ——ZITO
—@— ZITO/Ag/ZITO

oy
© 8 T
» 30 u-"r W L |- zmooonm)ag@nm)ziTo(2nm)
; 1 6F : 170, 100°C T
[«5)
0 20 ° 5
- & (85°C)R A (85%)-1,000hr o o A ]
® s N T 010% EO 3t 1
(]
= 10 . co0e0eo®ese®®®e®’ co2f A 1
= 0000000e® ° o A0 o 1

0 b

O T T T T T T T T T T T _1 1 1 1 1 1
0] 200 400 600 800 1000 0 25 50 75 100 125 150
Time (hr) Bending cycle

_________________________________________________________________________________________________________________________
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LC Mixture

@m° ¥2 8§21 ¥@e W@l c@®2 1! py, @
- E7 LC mixture(Merk ) n- heptylcyanobiphenyl n- octyloxycyanobiphenyl

C fluorine n- heptylfluorobiphenyl n- octyloxyfluorobiphenyl

E7F2LC mixture

aliphatic urethane triacrylate (
2- ethylhexylacrylate ( )
- 1,6- hexanediol diacrylate ( )
- 2,4,6- trimethylbenzoy! - diphenyl - phosphineoxide (

* LC,Prepolymer PDLC

Component Content (wt %) (a) ETF2

Prepolymer (acrylates) 60 _ (b) Prepolymer

E7F2 LC mixture 40 (c) PDLC (E7F2+prepolymer)




PDLC cell

04.

Glass substrate
[
Conductive
Coating (ZITO, ZITO-Ag-ZITO)

© O 1IN

® —f—— Polymer Matrix
Droplet of Liquid Crystals
, S : © O pret ol T & UV lamp
S 2 = 82 o

I e Rl R
TCO substrate PDLC codting Lamination UV curing
<Uv , f A PDLCcell sO" J X>

LCdroplet(|1 1~2 )~ & . §

RRATS B0,

<PDLCcell nOt UV o>

<PDLCcell{ ~&m d t & <ZITO/IAQ/IZITO g ¢~ # 1 PDLC
dq sEmow> cell{ onloff v £bp>
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PDLC

g,

11.,1 yo Z17o

<PDLC & v

| X - An

>

< 9 OLED+PDLCQYV

| X - An

>
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