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ABSTRACT

Fabrication of Silica-based Structural Coloration with

Electrohydrodynamic Jet Printing Technology

Choi, Dae San
Advisor : Prof. Chang-Yull Lee, Ph.D.
Department of Aerospace Engineering,

Graduate School of Chosun University

Structural coloration is a unique color due to periodic nanostructures. Periodic
nanostructures have interference effects when light is incident, so that specific
wavelengths are reinforced and the remaining wavelengths are canceled. This principle
is based on bragg's law. bragg's law is a physics law for diffraction and reflection of
light. When light is incident on a nanostructure with a certain pattern, a rainbow color
appears.

Nanostructured technology is essential to fabricate nanostructures with a uniform
pattern, which is a processing technique for producing nanometer-sized patterns. There
are many ways to fabricate periodic nanostructures, and the most popular technology in
recent years is EHD Jet Printing. The principle of the EHD Jet Printing technology is
to create a strong electric field between the nozzle and the substrate, and electrostatic
force acts on the meniscus.

This study proposes EHD Jet Printing technology for the production of structural
coloration. Silica ink suitable for EHD Jet Printing was prepared, and silica
nanoparticles were prepared by Stober method. To verify whether the nanostructures
produced by EHD Jet Printing expressed trucutral coloration, a control group was made
to compare the optical properties.

Stober method was used to fabricate spherical silica nanoparticles. The size of
spherical silica nanoparticles was controlled by varying the content of DI water. And
ethylene glycol was used as a solvent to produce a silica ink suitable for EHD Jet
Printing. Silica ink was produced in a ratio of 1:12 of ethylene glycol and spherical

silica nanoparticles.
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Structural coloration was produced by simple drying and dip-coating as a control. In
the simple drying method, the prepared silica ink was sprayed onto a glass slide, and
then dried through a convecntion oven. In the dip-coating method, the glass slide was
immersed in a beaker containing silica ink and then dried in a convection oven.

The optical properties were attributed to the color change according to the size and
angle of the silica nanoparticles. First, the size of silica nanoparticles was adjusted to
45 ml, 55 ml and 65 ml of DI water in the process of mixing DI water with EtOH.
The color change according to the angle was photographed through the manufactured
experimental equipment. The changed angle was increased from 0 ° to 10 ° and

photographed from four angles.
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Table 2. §F2-80HO] T AMH|
Ammonia
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SNP455 20 45 50 )
SNP555 20 55 50 ;
SNP655 20 65 50 ;
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Al 2 4 EHD Jet Printing
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olct A2]71e} ethylene glycol?] H]&2 Z+2F 0.1:12, 0.6:12 12] 1 2:128 Y=
= ARSIt} Fig. 129] (a)y= A12]719} ethylene glycol®] H]-&0] 0.1:1224,
29 410 JPgRlY Raolgh A} Uk rksol BAIL 39 HRolk
20l dolgl Aol Yot E3k £ Mol Brlt AS slsioirt
Fig. 129] (b)= A2]7}e} ethylene glycol®] H]&©| 0.6:120]%, 0.1:129] H|&}
£ ohesl ARt Uk QIAbSo] BAINT £E Aol Bo] gigg Y
s1oct.

Thepa] 2 HILoA] Al2]7tQ} ethylene glycol®] H]-&©] 2:1291 Al2]7} Y=
AEISHACE. }\a]‘_'q7]' A3 AR WP 12g9] ethylene glycolt 2g°] Al2]7} Lt
L UAME Hio]g "o o] 10X 5Ot 2ElA(voltex) 7|AIR STA|ZIC 2]
1 230 7[AI2 Ae]7F Uk JAFSO] ethylene glycolof] 2A|7F &QF F4AFA]A
Arsheict,

m

re
o

mlm
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Table 3. Al2]7} QJ30] AFRE|L AloFe] L&A

xopy TFE
1]

Ethylene glycol H.O. C‘, C‘ .O.H
H H

(a)

55 15.0kV 11.9mm x3 V) 1.00mm)|

Fig. 12. EHD Jet Printing® 2 E&H Al2]7} d 39

gt SEM AFXl; (a) silica nanoparticle:ethylene glycol
= 0.1:12, (b) nanoparticle:ethylene glycol = 0.6:12
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9 EHD let Printing2 0|83 A ASo] ofet hEZL AKeL]
3. T %9} dipcoating WHE ol§otth. B UE WUL olgd &
A ARt AAE At 938 8ol detolS(76%26t immyo] Holza %,

convection ovens =of 100°CZ ZAXA|A AN|ASHCE Dip-coating B -& o] &35t
T2A AR AR A7 d3E 100mlof H]H o] somlE 22 9, 72 &
2tol =5 AIKXAIA ARSI

2 o)A EHD Jet Printing2 ©0]&st 1AM HARS Q5] &A=l Q] F0
oo mejolee] A™sre Msich Axsls B3 Mo B7|x eln of
© oM M|&sh= ubAolct. EHD Jet Printing £ &3S 9J5t ujejujgja =
Al voltage, Z working height, print speed 12]1l flow rate?} QJT} THA oA o]
A D7t &7] 2ol voltages A|ojstct. 12]11 Z working heights 92 &
2toj=of] ZA] R=F HaS 1500 pmZ AACR FAE 250l BEE
=l Mol EoRIA] AE= print speed?} flow rateES X5t T} Table 32 ZH2t
o] 42)7t 3ol dhigt EHD Jet Printing®] 2{Aebd metojEjolct. 0|9t o2
A|AstElo] EEE Alg]7t 935 convection ovenga 5l 100°CE ZAXRA|A A
Arst At Fig. 132 EHD Jet Printing AJH] ApXlo|ch,

|u

Table 4. EHD Jet Printing®] %]A3tE nmhelo]El

Z working height print Print
Voltage Flow rate
Sample speed speed _
(kV) ) (ul/min)
(pm) (mm/s
SNP455 2.4 2400 60 1.8
SNP555 2.4 2400 60 1.8
SNP655 2.6 2600 65 2
- 20 -

Collection @ chosun



Fig. 13. EHD Jet Printing AH] A}X]
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Al 4 & Azt

Al 12 A7t U JAt

AR Lel7h e URES QER R4l B JeolA FE-SEMOR

#gstgth. Fig. 149} Zo] DI water®] Z7}0] 45 ml, 55 ml 12|17 65 mlZ
Halsto whet YAFe] F7]+= ZH2F 600 nm, 400 nm 12|11 200 nm=Z Hol=
2g TSI Fig. 149 @e} o] SNPasse] Al2lh Axte] Aol Wa
600 nm=z AATE| L, YAFSO] FEPZE APz st AAE AT 22l
OE Samplesit= 4 Wk 37|19 A7t YAE &g & U=, o=
st A] DI water?] o] HE =5 7Zjog /\}E_QE]- Fig. 149] (b)= SNP555%
Aot ARt 2ol B 400 nm2 BAED, APt Urtel et 7
o2 e FLsHA AAE QT Fig. 149] (c)= SNP6552 A2]7F YAte] F7]
= Mo 200 nm=z AL QT ZHZFO] SampleE5 Stober methodES ©]-&519]
wAeh GEAN A7t Uk JAtEs ARSI AL, olo]A] (aging)2 &S AR
73 odAdS sHIsHYTE Table 32 Z+2o] Sampleo] THSH Al2]7} UARe] =
718 22 UEUATH
- 99 -
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(b)

Fig. 14. A2]7} Ul UAto] tfdt SEM AFAl; (a) SNP455, (b) SNP555, (c)
SNP655

Table 5. A2]7} UXe] F7]

Particle size of

Sample Silica
(nm)
SNP455 600
SNP555 400
SNP655 200
- 23 -
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Fig. 155 ©% A& 99

tlo

o]-gsto] F2MZS A|AFeH ARAIOITE. Fig. 159

(a)= SNP4550]H, 650 ~ 700 nm9] Tz} UERGTH Fig. 159 (b=

SNP5550] ™, 500 ~ 550 nme] w7} UFERATE Fig. 159] (c)= SNP6550]m,

450 ~ 500 nme| WAL UERITL S AE whHe Ale Faisp] Lehg
H

r

Fig. 162 dip-coating =S ©]&st FEMZS A&t Artlo|ot. Fig. 169]
(@)= SNP4ssoln, 7he0] F&22 450 nmo| mPTi7h LUERGIL FH2 E2
AEO] 650 ~ 700 nme] WFTHZF LEFGITE. Fig. 169] (b)= SNP5550|0§, 7}&
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o 222 500 ~ 550 nmo] mATHZF LERGCE Fig. 162] (c)= SNP6550]0,
450 ~ 500 nmQ] TPFTH7F UEFITE Fig. 169 (o) ATt ()9} (b)= 71O
o ¥ Mol vluA tr2rts 212 HISHEH, 1 olRs AT S

sfeiA A2} L ALSo] Jlede BRI o2 Alzd.

Fig. 16. Dip-coatingS ©]&35F JLXAMH: (a) SNP455, (b) SNP555, (c) SNP655

Fig. 17& EHD Jet Printing2 ©]8&3t0] LR RS A|&st Apxloltt. Fig. 189
()= SNP4550]1, 650 ~ 700 nmo] TATZ} UERITH Fig. 179 (by=
SNP5550]t, 500 ~ 550 nm®] mA}ch7} LERGTE Fig. 179] (c)= SNP6550]0,
AE7t ofe ol =RQIsH7| ofz{fith EHD Jet printingS ©]-8&3F LR ARO]
SNP455%} SNP555= T 7129} dip-coating ®WH-S 0] &5t LA A LtERS

apahe} ul2st Zato] Uepdet, ZAubd oz fiaal EHD Jet PrintingS Ol
gsto] AR PAMS ulLstA S U, AEs} ohe a2l ula) ok s

a

1=
A9 Ag)7t A& 7)o wE 9ol o= 2 Apolrt UA] dtow,
EHD Jet Printing® 2 A|A$H L3 o] thr et ZdH(defect) F =7t A2 7

o 3 sk A
2 stolg 4 Qolch
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o]-&gh #+2; (a) SNP455, (b) SNP5S55, (c)

Fig. 17. EHD Jet Printing=S

SNP655
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2. 4%

Zteo] me A wstg Yal] Al Fig 183} 2ol Ay FUE AN
R

on, thg YFoA o] oA ¥=% 3D ZHEHZ 0] Jars AlAr
stlth. Lighte y & Aol stla, e &efolt PPor WS ZAls
At Camera®] R y &} £x101 x & Mo nAsIch 6= 2z 52 7]
FO=, AAYTez /e SetolEE AT A=) g A Risto] of
st 2o g3t A

AA, dip-coating 12]1 EHD Jet Prlntmg HHS 0]
q 7

Fig. 18. g AH|et $I&] zt=A
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U BHS olgsto] AAE TAMS, Fig 193 o] UmME 07, 107
20°, 30° 12]3l 40° +£o2 &HYsHT Fig. 199] (a)= SNP455=Z, 0°5 A9
3t = ZFzoA 450 nm@] TAIC7F LFERJTE Fig. 199] (b)= SNP5552, 0°
U W 500 ~ 550 nme] TT, 10°Y T 500 nme] W), 2000 W o
Al 500 ~ 550 nm, 30°¥ T 550 nm 2] 40°YU T= 550 ~ 600 nmQ] I}
AThS WAsHACE Wol apgrhrt 1000 407bA]) AAF Ekshe g Solst
Aot Fig. 199] (c)= SNP6552, = ZFwoflA 500 nmo| mpich7F LERFCE
Fig. 199] ()2 Aelet @0 (o BE Zheoly S spabo)st wareqick

0° 10° 20° 30° 40°

Fig. 19. & 38 S ol&stoq AlAtet #2M0] Ztwof o A ®igh
(a) SNP455, (b) SNP555, (c) SNP655
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PA

Ge 292 olgsld AME AN UM AT Y AEe
olgstel AR LA ASUC Fe 209 @)=
oflA 400 ~ 450 nm®] THTH7F UERRITE Fig. 209 (b=
SNP555=2, 0°Y T= 450 ~ 500 nm®] DAY, 10°Y T 500 nme] THAY,
20°Y = 500 ~ 550 nm, 30°¥ T= 550 nm 12]31 40°Y T 550 ~ 600
nm?%] TS TAGRTE Fig. 209] (¢)= SNP6552, 2= ZFEofA] 500 nm
o ot UEhHT. Fig. 209 (b)E Alst @2 (o ZE 24N 54
e o7 WA E QI

dip-coating ®}'H
SNP455=2, @&

o
=
7t

_|

Fig. 20. Dip-coating= ©]-&5}0] A|Atet LRAHO] 7 of w3 A W}
(a) SNP455, (b) SNP555, (c) SNP655
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EHD Jet Printings ©|-&5to] AAH ARAE ofA Gyt FUSH HHor
RISH5F9ITE Fig. 219] (a)= SNP4552, 0°2] mj= 500 nmo] A7} LERO
H, 10°Y &= 550 nme] A7 YJERG O W, 20°U = 550 ~ 650 nm, 30°
d &= 650 ~ 700 nm 121 40°¥Y ©= 700 nmQe THATHE HHEbSHYITH
Fig. 219] (b)= SNP5552, 0°2] T 550 nmo] mAHCH7} Uepdon, 100 o
= 500 ~ 550 nmQ] TR UERG O, 20°YU mf= 500 nm, 30°Y T 450
~ 500 nm 12} 40°Y = 400 ~ 550 nme] TS HWANSISIT Fig. 219
(c)= SNP6552, B= ZFT=ofA] 400 ~ 450 nmQ] TS A I T

0° 10° 20* 30° 40°

(@)

(b)

(c)

Fig. 21. EHD Jet PrintingS ©|-8&3}o] A&kt JLxARO] Zhwof whe AH
3}, (a) SNP455, (b) SNP555, (c) SNP655
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~ 500 nm9] ﬁlr%ﬂ, 10° HH% 500 nm94 ﬁlﬂgtﬂ, 20° E[H% CHA] 500 ~ 550
nm, 30°% T 550 nm 2]
At

I-_I

A w550 ~ 600 nmo| TS WA
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B AP J1ES] TR WAS o] 83 pAN
o) 7 S A g, 2g s %% SEsD A28 7x)
Ay

e
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fw)
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-
o2
re
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U

Printing 7]’\3 KﬂoPﬁ}OﬂEEF] EHD Jet Printingoﬂ Kﬂ,%‘?j Ala7t J 3= FAs

1 xRS urea|A TetA EXS mlolsiaic

2 AfoA A7t Yk YRS AASH] Ysl Stober methodS ©0]-&5}0
2ol A7tE AAstYon], A7t Uk UAIe] 37|+ DI water?] 3
of ¥Wists Fof Aojstict. AAE d7F v YAR= ZH2 200 nm, 400 nm
22]3 600 nmZ PEE|Qlon], FUF Ir]o] YPG 1FO] P2 WAE
O}, E3 600 nme] 3712 AAE Aejrt Ui QAR 4 U T7]9] Al
b b QARE el BREIIC AR 4 Ui 37lolmz 3xA] Aol
& QQlozg AFESA] QFQITh EHD Jet Printingof] A8t A3 E A|Abst7] ¢
SIA Aelst 938 ARSIUC). Alelsl g3t SUIRIE ethylene glycolS Al
ot e, 47t L AR} ethylene glycols 1:129] B]&=2 E3to] A4}
St olef &uiAlol A2j7t U YRS F4MAZ17] Y5l 280k 7IAIE ©]
gstgion], W Pejo YALSS AASIATL AAtE Aejrt AL ol gdtol
EHD Jet Printing®] %]As} 4g3 Agstitt. a|Askd A2 0o H40l

1, A=Zo] 2|t} 0.4 mmZtA| A|Ato] 7Hs Sttt EHD Jet Printing 7] &2
It 2zdo] S4E uZel] Y tEee ARSI gETee the

S
At
8
A%} dip-coating WHE ASIF oD, BT SRt WO WskA S
A
Al
=

2 g

N
o

4

T

| 2SR

27 Y 3]0 st 2o A= T X, dip-coating 12]1l EHD
Jet Printing WY 2% ZTUSHA SNP4550|A = 650 ~ 700 nm, SNP5559A=
500 ~ 550 nm©] Y] 2] 1 SNP6SSOIA S 400 ~ 450 nmo] mTHo] mt
oo} Bl geid YAl 20 e wets S48 Has) 2 Ay
EHD Jet Printing© 2 A5 PAMT} (A2 B2 Hao] Uepdeh
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2o ThE WOl oyt Wehs, SNP45S5oA S Az ®iHS AlQshal
s171 0° 2 T, 450 amolA] 500 nm Afole] mTAZ} Lhebgth. Lioix] 2t
EoA the X9} dipcoating WHOIAE TS 2o] wATIS] 400 ~ 450
nm7} UERFA| 9, EHD Jet Printing fH o2 A|ASH LR 500 ~ 700 nm7t
Al chekel wol apgeil Uehdth Jein U 715} dip-coating WO
R AVt SNP555= 10°EE] 40°7HK] 2AFE 02 500 nm , 500 ~ 550 nm 12] 1
600 nm= TPt 5715ttt S5HA]9E EHD Jet Printing WhH o2 ARkt L
AAMO 7ve 7t &7t Wt 500 ~ 550 nm, 500 nm 2] 450 ~ 500 nm2]
STlE MAb ZAstoich OHR|TO R SNPeSSE DE uMT ZFEolA] 400 ~
450 nme] TR SASA] Lhepdt.

AR o2 UX}e] FA7|oj|A<= EHD Jet Printing ®HES
1 @ AEQ} dip-coating WS 0|8 LAM AA @&
< 4 At SHA|9F EHD Jet Printing ¥FH 2 &
A, AR 25 WAA A o TS ¥

90| mpATj= SNP4550)A] EHD Jet Printing© 2 A|&H3H 1%
A gole] RE W gtle 9e 4 UUTh Ea SNPSSSOIA
Jet Printing© 2 A|&st LxMo] e X Q}F dip-coating YW b=
Wil Aarol LERIAE, AR 2o wo) nhgris 9
ESH EHD Jet PrintingS ©]85to| SNP552 7|otshA mj&H-& A|Aks
e pxAe oEga 2ol Zwo| me ST Mg Ag 5 Yotk
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