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ABSTRACT

Study on Structural Coloration Depending on Optical Band
Gap of SiO.—based Nanostructure Using Electrohydrodynamic
Inkjet Printing

Choi, Ju Hwan
Advisor : Prof. Tae-Gyu Kim, Ph.D.
Depar tment of Aerospace Engineering,

Graduate School of Chosun University

In general, when expressing colors, a chemical-based dye and pigment are
used. However, structural colors use physical methods. |t uses the physical
relationship between the arrangement of particles and light. For example,
chameleons, Morpho  butterfly, and  opal show  structural color
characteristics. Recently, a fruit called Polia condensata known to use the
characteristics of structural color. When using the characteristics of
structural color, it has the advantage of higher chemical durability than
chemical—-based color expression.

However, in order to express the structural color, a technique of
arranging and synthesizing nano and micro-sized particles is required.
Currently, lithography and Self-assembl are used among the most commonly
used nanotechnology.

In this paper, structural color production was performed using
Electro-hydrodynamics (EHD) printing. EHD printing technology is one of the
most notable technologies to solve the semiconductor shortage that occurred
in the industry and could eject nano-microphone sizes by applying a voltage
between a nozzle and a substrate. In addition, it includes the advantage of
being able to produce a desired shape and model on the substrate.

EHD Printing was used to produce structural colors. The experiment was
conducted by selecting a material that is the basis of structural color.
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Silica particles, which are components of opal, have the advantage of being
convenient in producing structural colors because they exhibit a spherical
shape. In addition, since it has high stability, it was selected as a
material to be used for EHD printing ink.

When silica particles are ejected from EHD Printing, various parameters
occur at the bottom of the nozzle depending on the size of the particles.
Therefore, silica particles of different sizes were prepared. Silica
particles were produced through the Stdber method. The size and shape of the
silica particles produced through the above method were confirmed using
FE-SEM and XRD analysis equipment. In addition, a structural color was
prepared by dip-coating using silica particles. Through this, the color was
observed according to whether a structural color was prepared using silica
particles and the size of the silica particles. In order to produce various
silica particles, an experiment was conducted by adjusting the mixing ratio
of Ammonia and DOl water. As a solvent, ethylene glycol and silica
nanoparticle were mixed at a ratio of 1:12 to complete a silica
particle-based ink to be used for EHD printing.

Printing optimization was performed using EHD Printing and silica
particle-based ink. In addition, structural color formation was performed
inside POMS with high electrical insulation. Structural colors were formed
on the Pl film surface using silica particles-based ink and EHD printing.
The structural color formed on the surface of the Pl film was formed inside
the POMS through the manufacturing process with POMS.
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3. EHD InkJet Printing
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= CH. ofXIGH, Aol 3J|Jt OIME=E &I 2HH0l SJtol= 40| &

ot =Ct.

Taylor cone
; Flow
Electric

field

rd N

Voltage Prmj:« .l
- |

Fig. 8. EHD &3X m2Igo &2l ¥ HEE
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M 3 & Si0 JIEH EHD M= && 3

=

i
Jx
o

i1 &2 74 Si0 Xt

L
S
184
2
P=x
I
o
10
0
=
tru
iy
o

QES F4otl U= Y SHQ FPEQ S0, LYXNE MAESGH| fAGHA
tetraethyl orthosilicate(TEOS, 95%, Samchun, Republic of korea)2 &I XZ
AMNESHHCH. £8F, ethanol (EtOH, 95%, Ducksan, Republic of korea)2t distilled
water (DI water, Extra Pure grade, Republic of korea)Z Jta=Zoll EtS2 <l
Ol=2StACH. S8, ammonia water (samchun, Republic of korea)2 ALEGIALCH. Al

S 2122 A0l Ohet #XA0 ststalz2 215 Solf LHEFHALH.
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Ammonia water

BT sfe] SESS
Tetraethyl (0]
tehra.el. Yt \S'/O /]
orthosilicate i
SiC4H 120 ~
(TEOS) 1C4H1204 /\O \O
H H
1,
EtOH C,Hs0OH H— C‘: E— C‘j —O0
H H
0O
DI water H,O / \
H H
H H
NH.OH

Collection @ chosun

_’|3_



o

H HIet=!l Stober method &t

[§

HAl StéberOll 2

0

1

[9)

M=

=

=

| &elot Xt

9

[==|
S

2. Si0 X M
;

ol

FAL I

At

| &el2t

=k

e}

oo
il
o
T

HME 2K &5& 402! DI water?t EtoH= 0| =3l

|

X
A

Fig. 92 M W& Z0

0
0
i
ak

3+

ot
tetraethylorthosilicateE &It

o

0

F

A

=]
e}

imi
FAI

=]
—

Ct.
m

-

AN

AR

L4 302 =S¢+ 540 RPMOIIA

3

=]
[ui}

imi

td 30=2 =S¢+ 540 RPMOIA
(@]

OH Xl =2

9]

=
-

=

=

=, ammonia water
M, &2t &X=0] 52

=l
[

2=
— L

180

U

ol

ol
160

1
00

i0J

=S AHM
aclJt g 3

2

2/t
Sotol

3

[
[

=
2

20 LIEHHRA=ZOI,

IT
a

F0IA 12 Al

’

b

E
[
st

cc

. -4

4ot RALCH

(=}

S

—

X
convention oven2 0|0t 50 C

20 M Aging=S
602 =QF 3000 RPN 2 Al2|9F UXE =22lotSiC.

At
(==}
—
=

uJ

AL,

oF0

o]

-

oS
=

o
A= X

= 0tCt ammonia water 2|

AH
(=]

Ol

[
= &8

o \_|'

& ammonia water 2l

ol
00
30

i1

70
K

ol
Ul
Ol
oD

o)

acot X2l 30|

ot &2

A

s}
il
=

un
%0
X

o)
0
Kr

Kto

O,

=)

_’IA_

Collection @ chosun



DI Water + EtOH

h 4

TEOS

NH40H

h 4

Colloidal Silica

Stirring
( 30 min)

Stirring
( 30 min)

Stirring
( 30 min)

Fig. 9. 220/& 429t M& L&

Table 2. BtSEMl X 4H|
Ammonia
TEOS DI water EtOH
Sample water
(ml) (ml) (ml)
(ml)
SNP5505 20 50 50 5
SNP5510 20 50 50 10
SNP5515 20 50 50 15
- ’I 5 -
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1. Ethylene glycollt Si0,E 0|E¢st EHD &3 M &

EHD Ink jet printingE Ol&0t F&2 Ltk A9t GNE E=0HI)| |IoiA
Aelot Lt X0t ZetE 239 A0l HsEol e, &elat LA EHD
AUt HES S0HMAL =SS Sol eHOOl AAEE Y3AE HEGHRUCEH.

EHD &l AtEE 239 D0l El= SOHMZ= Ethylene glycolS & &Gt
O, SR8 H32 &2 FXRAZS JHAILD ULt EO0HM=Z Ethylene glycol =2 Al

S 2R, A8 deldt Uk X0 Fes =X M, =488 et i

EHD ink jet printingE SoilA E=g == UL &2t Ethylene glycol 2
(o]

HE2 1:20 Jl&ez Ad3aAE MESHUCE. 1:202] HIE=2 EHD ink jet printing
29| A3E MEE AL = E& HAHWAM M g0l A2t Lt XS0l 1
O

H E=ES Fig. 108 Sot0d =QIGIALE. Fig. 102 a= E=& 229t X2

&8s 70z 29 . ig. 102 b E& = &2t X d=

o
>
Bl
=
[w
A
ro
L
Q

600HH = =HCHotd EF 8 A0ICH.
=zl Aeldtet S0HM2 HE2 1:12022 ot A&

M

F 2 X2t Ethylene glycolS Stirrer &HIE 0126t 308 = i
, EHD ink jet printingS A28l EZ56lJ| &M0l= 302 S0t =S0F =M
% N

u
N\

cCc
-

]

Jl (Ultrasonic Processor)S 0/23dt0f 24t

Table 3. Si0,E Oolst 230 A== Ethylene glycol 2l REA!
AF3 et R
H H
Ethylene glycol C2HgO> OH — ? — C| — Ol
H H
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Fig. 10. SeMe=z ZEE§ ae2i3t & (a) 70, (b)
600

_17_

)Collection @ chosun



2. EHD =2 &3

15

=20 M EHD Ink jet printingt alel2t XS
HEHE JIXNEE gy s
Plol EHD &HIQ xHS HAHGIULH. ZZ2HO
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=
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0x
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=
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EE HEUAM
OHAISl S0l
T= 23t Cone-jet &

o

=

otJ)|l foiA EHD Ink jet printing2t &lel2l YXE 0I=6t
OF 3t0H, 21 S0IAM EHD Bl = H3F2t
EHD Ink jet printing HUHAN == 20 A

OIFUES M, == AP0l 2ZCE. Olefst
o Hgol= G D AIAEIS S6t0 Z&EO0| Jtsotth. Fig. 1
EHD2l &Hl ¥ &£ Voltage, Z working height, print
speed, flow rate?t 22 Ot LOICOIHE Dot HES

X
Ink jet printingdl SUHIIJIE &N, =S 2MIIE 023l 24HAIZ2I A3IE

[
n =
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10
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EHD &Ul0l L2 flow rateS dA&¥ot) EE2 MHOIUCH. EHEFOIF MK &
2 ANile SE20AMd EEd=s 232 EHe HE .42 20 CLs He s
JMXIAH SCH g &g = S=Z0| Substratell &KX £E== 7 working height=
1000 um2 &EHOIACH. £, E& BEOUA 232 HH0| LMot A2 X
ot fIGHA Print speed, flow rateE ZZEoOIUCH FIIHCZ MUAS THGIH

L
-
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e
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Syringe Pump X, ‘g,y-":tz’lrﬁtur

—

Computer

High-Voltage
Amplifier

XY.Z Motor

System Computer

Nozzle High-Voltage

Q Amplifier

Fig. 11. EHD Jet printing &HI At & AIAE Z2AE
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Pieces of liguid

Table. 4. EHD Inkjet printing ZH|0l <

Dripping mode

=

a3

o E& HEH[41]
Liguid jets

Microdripping

mode

Cone-jet mode

Spindle mode

Oscillating-jet

mode

Multispindle

mode

Precession mode

Ramif ied—-menisc

us mode

Multijet mode

Y s — E © OO

Ramified—jet

mode
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M 4 & Flexible Structural Color Film

H1E AKAE

M
I
Bl
2
x
rr
-
)
Pad
=
®
L
c
24
=
=l

Color Film HEHE HHESHI| <oliA
Flexiblest EEiE JIXIZD U= POMS (Polydimethylsiloxane, Sylgardi84, Dow

LHGHRUCEH. POMS= H .52 &2 A4 X

Table. 5. POMS2| 2fsStAILF 1A

Alotes CEN CEN
. . Cfl‘h Cll-h
Polydimethylsiloxane CHa[ST(CHa)201a0ST(CHa) | o~ L L1 o~

3 | |
CHs CHs

_2’|_
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>

2 &

p
(14
1S

8 A

U
I

1. POMS &I

=2 ASE2 DOW Corning Al Sylgard-184 MBS &206t0 AEsS &SGIUCH.

Fig. 122 &0| PDMS2| Baselt Curing AgentE 7:1 HIZ2 10 min =2t &&
Al

=

SHOIRLCH. =2 22 = Base? Curing Agentll =& IHE S0 M2 BIIE52
MAGH| ot &=s20 20 670 mmHgll ASEEZE 0/|&0t 602 =0t &3

AEHE EMoIQC. SII50 2Fal HAHIF & HH AEH2 POMS= 50 T2
convention ovenOllAl 23 HES XSHGIFLCH. 0 HES SoHM Fig. 1329 a2l
20| EHS HEHC POMSE MZolH M, FE-SEM AIRIS Soll Fig. 132 bt &

Ol POMS HE0l 2& 80| M0l 2=EHUSS =2otRULH.
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Polydimethylsiloxane

Base Curing Agent
Stirring
( 10 min)

!l

Vaccum Pump
( 670 mmHg,
22L/min, 60min )

I

Convection oven
( 60min)

Fig. 12. POMS A% W&

Fig. 13. POMSS| EEH2H SEM AR (a) POMS, (b) SEMALZI

_23_

)Collection @ chosun



2 A80lM= PONS LSO &clat Jigrel Z&
£ XIEHSIACH. GHRISH, POMS=E =& &I &
2Z5t EHD Ink jet printing2 bHiZ2 0I2&
Bz E&EX 2= 2HEO0l MIIAH =Lt

?ol 2HES oHZot)|l A5t EHD Ink jet printing OlA R&SHH =0l 0l
SHE = UAEE MAXAS XHSIACH. POMS R0 ZZ2E 2EZE LA
MOl Fig. 142t 20| Polyimide film &0 &2/t GA=S EE o= WES
FOIot  AEgs XESHCH. Aeldt Rt ESEE P m
convention ovenOilAl 602 SO Curing &2 XAMSIACH. XSOl 225 & Pl
Film A0l Base2t Curing agentJt =& & POMSE DEE G2
Sofl POMS L2 ZIJIES MIAGHALH. SI1E01 HMHE POMS= Fig. 129 HE
ot SLotH MR CH. MOl 2=E

Jgrel 228 XS POMS WSROl dotALt.

I PDMS layer

/ 1 POPODPIY
u.,_,«_,'_;\_ LA A A A J
& L
\
\

A
Polyimide film \‘ ,"
Curing \ /

\“ S \ "I
/ ‘( j PDMS layer

Peeling off

Fig. 14. POMS LHS2 Alelot Jlgt Z2Z2E IXx= ME LE
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H 5 & Z1

H 1 &2 P &It L Xt

sde 2o Aot g AIIE =QIot)|l PoHA 2 8= SNP5505,
SNP5510, SNP5515 =& SEHSl AcIdt & Xt M82= FE-SEM EE Dt Image J X271
HS SESIVUCE. £, X-RAY I EE2A(XRD)EHIE Sdll aeiot gXe dd o
FE =0otULL. Fig. 15= XRDEHIE 0188 24 HOIHZ MW, &9t &

0
0z
Ja

CZ MELASS =oALt

Ammoniall HILEOl ek &clIt YAl AIN0 S0l A=Al 2elst)| ?oi A

FE-SEMZ Sofl &l2iot &
aelot dRE ZFHsH AHOICH Fig. 162 a= MEZ SNP55052 M Aleldt 2 Xte
3J19+ 280 nm & Q

Jled =S QIS E£8k, Fig. 162 c= &2 SNPS5152ZM, 420 nm2l AJIE &

o=

A2l AJIE =QIoHRULE. Fig. 162 FE-SEMS OI=36tH

IOt LCH. Fig. 162 b= &2 SNP55102 M, 370 nm2 =3

Ct. Fig. 178 FE-SEM At S EUZ &29t X2 AJIE =ZeH = 0IC.

FIIECZEZ Fig. 182 Image J E2)H=S Soll alelat ¢
Ha JJIE s8s JlEZZ2M, = 3JI0f st 2EZEE =oIg £ QLY.
- 25 -
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T
— (b) 10
— (¢) 15ml
z
£
=
0 20 40 60 80

2 Theta ( degree )

Fig. 15. XRD =4&Z1; (a) 5ml, (b) 10
ml, (c) 15

ml

Fig. 16. &ecl9t &X SEM E 21t (a) SNP5505, (b) SNP5510, (c)
SNP5515
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(a) N
(b) N——

(c) | ——

a 50 100 150 00 250 200 350 400 450

Fig. 17. &ei3t LX2l 215 (a) SNP5505, (b) SNP5510, (c) SNP5515

(a)
(b) ————

(=]

(=]

[—]
i

th

(—]

o
'

400 + .

300 .

Distribution (%, intensity)

200 .

100 - 1

a i i i i
0 100 200 300 400 500 600 700 800 900

Diameter (nm)

Fig. 18. Image J Ol=2st L XE AJI0 U8t 22X %; (a) SNP5505,
(b) SNP5510, (c) SNP5515
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Fig. 19= Dip-coating &#&lS8 E&st DAIEO0|CH. 9 Dip—coating 24l
ot |2l &201E 2ctA ZHHH aelot YXE HHEaFCH. Fig. 202
Ol & AH9| XtO|2F Dip—coating Zhal

Off 2ol BHEE &cldt XS FE-SEM S

ot AO0ICH. Fig. 2021 a= ammoniall &0l 5 ml &EJIIE SNP5505 sampleZ M,
JtAIZE FH0M 450 ~ 490 nme MEZ FEMO LSS 20 Fig. 202 b=
ammoniall &0l 10 ml &It SNP5510 sampleZ M, JtAIEE FA0UA 490 ~
570 nmel MEMHE 20IH =FMO IIAHWUE 2BHEC. Fig. 202 c= ammoniaZ)
20l 15 ml @l SNP5515 sampleZ M, JIAIZ&E FSEOA 630 ~ 750 nm2l IHECH

o
ol

£ 20/, 52 EHo MIEUE 2=

oo

FACE.

ol

Fig. 19. Dip-coating A%
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Fig. 20. Dip-coating &0l SloH Hig=l A9 X (a) SNP5505, (b)
SNP5510, (c) SNP5515
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M 3 & &el3t gt 23 EE

Fig. 212 &lgIa} Lte XS J|etex & EHD Inkjet printingdl Al 243
O ME MEW XEFI 2= = MEHEOl Z2IE Y BHECH. ME SNPS5152

KSEHBIN AES XSGIA S0, EHD inkjet printing process & &0l stirrer

1 ultrasonic grinder2 0l2a6t0d 22 3022+ stirring processE X &HGHALCH.

stirring processE 2=st =2 EHD2l Working height 1000 um, Flow rateE 5

ulg 2386l A8sS JEGIROH. 880 22 =, EHDY Mots X&EGHH
N

Fig. 22 &M B 2 E& EEHE &Hst 210ICH. silica nano inkJt
2.1 kvOllAl Cone-jet EEHE 2222 M, 2.1
kvl HAOA ZHC HEHE 22 OIS £ AJUCH. EE0| ==& Ao ¢

Xt= 50 T2l convention oventlAl 40 & S0+2|

Curing process= X3 LCH
Fig. 232 PI film layer &C 20 E& = &9t LXE FE-SEMNCZ EAHSH
o = ALH. &£

AOICH. f AIRIE2 Salld ES0| A4 gl
, silica nano inkJl E2 WE0UA FE2 &It Lt LAY &= =A &

HN EES3S EOIotRULC

N

10
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Silica
Nano + Ethylene glycol
ink + Silica

!

Stirring +  Stirrer & Heating plate : 30 min
process + ultrasonic grinder : 30 min

{

.. + Applied voltage : 2.1 kV
Printing + Flowrate: 5 pL
process +  Working height : 1000 ym

{

Curing
process

« Convection oven : 50 °C

<,

Fig. 21. EHD &= 1UtE

_
J

%

Dripping Whipping

Fig. 22. &0l

il
HN
1A
o
fan
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M 4 # POMS2t EHDE O|=8t 2Z2F X 84

Fig. 24= Fig. 142 &= Sol HEE POMSE EZSt HO0ICH Fig. 242 a=
POMS layer S0 Sde &elot GAUE ot ZH8 2d0I0H £8F, Fig. 24
O] b= POMS layer LSOl SE&E A9t YRE FE-SEM2=Z EHIGSH A0ICH <
MES Soll Fig. 149 A S SoHA Pl film layer &E0 E&5& Aot Xt
Jt POMS LHS0I E4E RE =2l & = UL

Fig. 25= POMS LHS0I &2 UL &e2ot dXES 010t =280 2t &
Z28 X9 HoE BEUWECE Fig. 252 a= SH&t POMSIH @&l 20l 2lote
MOl HEE SN ECH. Ol= Fig. 252 bet 20| POMS L0 A= Aleldt LRIt
S0l SIoHA ZEHEMOl JI2XFQCl SHE O0IF/UI Mo ZZ2E X SHE
SYS ol g = UL

Fig. 24. POMS WH=0il

“Collection @ chosun
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Release

(a) | —

Bending

Bending il Bending

(b)

Fig. 25. =Z&0l WM& POMSSl ®iat; (a)zZ&Ol <JEt

(b) &0 e Aeldt X AKX K

-

AH
Al

I
fon
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2 dF70M=E JIEY Zgals olgs Z2ZE 22 MEQ HI=2n MaE Oell
A £EO| SHHEN ol E=&ot)| A6t &I+ H J|l=2 2228 EHD
Inkjet printing JI=2 HMICHGIRLCH. &8, EHD Inkjet printing 2= H&ZE
X0 Hgtsh Aot YAE MAHGIH Z2E 2= MAGIACH, 01E Sl
Zetd E42 =olotAtt

? AFUAM= FE Aeldt Lie YXE MEGH| fIGHA Stober method Al
S &5 S20/= gHiol A2I9tE MEoICH L8, alegt &Xte Adle

ammoniall 0l et HalE =0 A9 9Xte 3AJIE XZHSISCH. ammonia
XS AJIE FE-SEM= Soll RO Z EHOIGIAULE.

Eer, Image J B2 08ES 3ot FAU=2 A0 et 2 E &el6HULH. 0Ol
= aclot

HZTE Soll 8 JHX Aot e B0 oA = U= XH01DF Lis 3J1<
ac|dt YAt 2801 0=, Azt LAE JEtezg & FZ2EH FXE MAEE
M 2 SHMIt X LSS =CIotRUCE. EHD Inkjet printingdl SOHIII0 A
Dip—coating & &S &&GIN &cidt YXE 0|88 F2EH HX=S H=8 EH
Z HMAECHALMH, 0I2 Soff A2 AJI0 HE M2 OE M BstE &Qlokd

Ct.

EHD Inkjet printinglll AtEE &
HN2s 289 Aelat IXel Sl
Ct. EHD Inkjet printinglilAd E& U8 =
of Z0HM W0l U= 3 SEHel 4 2
Ct. OI=0ll EHD Inkjet printing = X2t HHS MAHGIRULCE. EHD Inkjet printing
NozzleOlAM =X S| Cone-jet EEHE ZHOIUII ?IoHA Working height, flow rate
S22 8&0IA20, 2.1 KVOlA Cone-jet SEHE 2UZS &OIGHRUCEH,

f1o EHD Y3 =& HES Soll Flexible Structural Color Film SEHE
KSIACEH. Flexible 2T Z= Dow CorningAt2l Sylgardi84E XHEHGIACE. POMSS]
2HZS BE= WE S U0l ezt UE J|ttez & 22E x2S M

S

&gt 2~ QI W20 Pl FilmE AFZaIILCH. EHD Inkjet printing Z=&3 &

E_I
a2
B
N
HU
>
9
ol
9

Id]
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Pl Films Soff Pl Filme ZHE0 &2 222t GAE ESot¢ HE2E FX=
O HEHE MASIRUCH. <12 DHED POMS HMEHUEES 0185
gUE Jletez 8t FZ2H FAX=S HMACRUL. HHdEHES HIE2=Z

et POMS= =& 0l 8l &< POMSS

0
r

10 ox
I

Al Sl ==
ol ogt Z2ZE X220 4ECZ HEZ/USS SOCIGHALE

? AFE Solil EHD Inkjet printingS &8st 2&d L2822 =2 HIES =
ORI 210 HMZE Jisdg S0IoHn, HZ2E X229 J|80l fe XS
3JI2 EHD Inkjet printingOfl 2I8t =2 2tAH0| = UL +ZE2z LNEHCH
& O DIMe 228 2SS HAEGSILD =2 SHEQ RXMZ 88 £+ g A
oz JItHEC.
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