1. Mo

AEAQ] F2Me 59 (Hooke)2t FE(Newton)©]
el FAA g Mof] TAE 71 0|3 UukA
Q1 Aol oft Auh= 2P E EA o2 9lste 19404
o ARFAW 9] wlat A Pt o] 20| FrajRor
Sh7E H3ATt 1L F 53] dA3H Y 7]ElS0] 37
Aoz wjgE]o] Y the R 2 012012 Morpho Y
vl Il I F\HE Morpho didiuss 2 YIRS
I gS Alofzt, vietd debd Mo Bl oj3t Ay
3 FEMOZ Q) Be FAE wolgtth [1-3]
Morpho WYH] 722 714 231 EA.2. 710 1] 9lo]| A
of F71AQl 125 B3t FdolA Y HL ukrlgol,

a2 oA B F2E 919 Epalgate) AT

j'r’J

2, -] 282 St o] choph W] 7
o] ZAsIe o]9] B4 T L S8l B AT A
=3 gk

UL T2 TRE 9% ofe) A7 ATES
A 5 Qg T2 U] 3 geled), 35 4
PR e v PO SR 22S A7)
T2 G AokY TR HHL S 4B FA
ol Q4ke] 91 Aol whE Alojzt wstel] chaf 3
NEoEA, Ao 122 EESH- AL BEE Wt

A els FA Hof, a9 13 ol Akt

?}—&l-"o’] a1 pua ’
CEUL B 2%, HEAR 12 53 o] 2ad

282 53] §& AofziolA] B 5 glrk Holk
—_— / N[|

=2 _15PP
Metallic Nano-particles for Structural
Color

Stert, PO, R MBS

*k

ol

ol23t nm~mm FHX 0 4T L mAEY] ¢
3 BA7HA] 2154 Q0 Morpho W] %2 RAE 93t
AT7F TR FElZ WAL Qlek EeE A Aol
Morpho W] o9l & vlo)7t Ay 3 A% Fx9]

o 14,5] AFE 2= tA] YA 279 wet
Rayleigh Atgtell &gt o] %} (two photon) gzt
Mie AFEO & H1EE 4= §lom FRo|E golof|A] T3
ot ohSRAL F A SAARA2 271H 0= B

a) Mgt b) CkE YA}

E-3-¢

d) 2@ Az}

32 1. Classification of structural color

Y MSiEn MY - 2FE| BB, Photonic Systems Laboratory
** KAIST S2[sial/ et s hstel (WCU)

1581z dolls »



Metallic Nano-particles for Structural Color

EHE @972 Yehte 54 g gl
stopband& ©l-&3tt}, ofHd T2 LA E -8

shol a3} o oS Almm ofajol e,
2.1, Morpho UH| X BA}

Morpho B9 F2AE L@3}7] 9%t &4 33
S AWEY o2 2o 39 2,99 3¢ E-
beam lithographyE ©|-83l o=} Wik FAAxE
HE F PG T FE Aokt BAIE 4o
Alcel)7re] 737 S-S B3 sldsigict.l6] vl
HF F2E olgol AAA, T Bt S A
B8t B2 AofkE 1E dEkn & 4 9tk e
Focused—ion—beam Chemical-vapor—deposition
(FIB-CVD) o|-&3to] AA| L] @7he] #2258 A8
et WHoleh[7) oot e HPHE A9 EAS
HesiA BARR o= A, o) Fajct A)Zka) &2 ut
E3P7] fizol #&2 v Rl o= 715 Felel B
22t SptES Wit 7k ke & wilo] 71550
M= HAA g F2oIt}[8] de B 04310 Eio]
Aoi7t Q= UV resing & F A2 T2 2EE9 &
Az AR AZe 12E A U)o 22 2 ByrE
A 715 A= GAT AAH o2 e} fAfet A
5 HATLIY] AE7A] AHE Morpho WUu]9] ZA}

o=

HPHEL. kA9l Top—down HHLR 80| Wi

ufhA] o 2 9] Aito] 301N 3-89 A ST
2.2. % 3%

Top~down ¥4 FAZ A3 A7|ZH(self-
assembly)® Z-& Bottom—up H419] FHo] £83t
olfpE WQEM RO FFHo| §lojA WX
ofg] 308 27| 2Pt F AHE o|F= ol &
o] =YE|F. ojRY] F4 122 E(Hole)Z olFoA
e 9fjE 3 AAN0IE AMEIATE M 2E 5 8
HiolA] Aol BY B HAHQ A Yrj= 7Y
SRR QAR AE F A YR AR, A
Z23 gl Qo] V=it A S S/
AE sk W ofg] ZHAjoIARHLL] tHEAH R
Spin / Dip coating 5] #AlE0] AMEH E 7}7] o
E AT oo}t Zrt,

1% 3.a)= PMMA / PAA ZAAZ ERQ
Polystyrene(PS) 758 HHUL A Face Centered
Cubic, FCO*-22 1% AH33 A3EA, Core-
shell Bl&o] whet A7} v G2 27|15 24T 4= 3lof 7
Al A G gt A z4o] 7hsstct[12] $HH ut
& 2EE YA BEAO 9&E3A] g S 5 -

BYRe ol8st] 28T £= o b= PS &

a)

32l 2, Fabrication Methods for the scales of Morpho butterfly

a)

I8 3. Structural color using photonic crystals

30 OPTICAL SCENCE AND TECHNOLOGY January 2011

& % Sumln Glass sapersirate
R f o Prcamposte
e~ (10 elechode
propis Slass substrate
b) c)



PDMS ¢} H]—Eﬂ— o}o]] _Q_OH__l x]—EH =2 zﬂ}ﬁ o].o:‘ PDMS uh;]-
o] 3-ZRWL} Holo] YA OB WY AL o]
B3 113] o] A9 A Wde) 2717 AA Fo
& Wal, 2-ZR o] ui2 W WA =Y PDMSE o}

Al Ve 5% 0] HiAL 122 Blue-shiftdh= 'é"}fi}
A AUEE WEd oe 44345’}(%102) TE

Polyferrocenylsilane(PFS)$F 418 3. Ao © 7}51 =
Aol et Asid / prsel AR} o) 23t 4% - o
A& ol gsgich [14]

oY A5 A - RS AuEd o) $3 714

ollAl A ufde] 7)of et meirt Be glol 34 7}
Aol 7}@3}5}5 o] QAT Zkzkel M 7L o5
ofe] 7] vES 2he ke EAds)ok gk wo)
ALE. bl B 7R oA hA} ko] 2do] 7k
SfThe o) Qe MaRo= gojo) siaty B4
W3S B 29Hch= Aol W 57} L oy

o] itk & Al A% mF 3 AYL A 93
27 RS B2 T IR A AR =
L2 goplet.

38l 4. Structural color using grating structures

Deposited metal sk

38! 5. Schematic of the metallic morpho structure used in the study,

2.3, YBAX}

B i e S S B e B B Pt o= i e g
9] Bottom~up H4}8] AL AHEH GHHQ} e
29 4aks Dip 329 I 5§49 225 HIIAA
9 A @& Hojrt [15] o] oA gAat
AJH7Ee] Ao 2k HEwo] W / whE S
S ?JZ} E;‘L"ﬂ E944E fdsHA "ot 1 A

IRAOR A T
|84z} eigrg &
bl ol 0% 22 o2 A2 olgal
gHE Zlelek(16) Aolo} siaat s die B
U JREe nAeA AdS wet olFsiA = 2
EEPRES PR DR EEE EDED L LR
o) 3 Axo] Fgeich, 22 S UANE 3 q} TE
A2 HlaA g 342 S 7 EE ¢ ke
A Aol QIR ak We Ajofzhe B A8 = o)

jo_lm*

“rl

,._,

rl

3. Metaliic Morpho

WA T2A FHL Slet ol el Hito] o] 2
VA sleut ST 34 99, $IE 43 w0l 2

I 0431 Hl TAEe] o

24 Uy oyl wle o
7t gAole] 5 wpgte] Hepal %ﬂg% Yozt

15d 1= #oeE



Metallic Nano-particles for Structural Color

Plasmon energy (o)
35 36 28 kA 15 14 a5

o5
Hannshells, nannegg

Triangles
Lubes

Nanerice

Z18 6. Nanoparticle resonances.

Umgixtel &abg] ZetriE 3o oM qixte]
FE, 2715 vlRe o4 7hA] 2909 JeFL W
9,07) 2 3Aell Qoia] ol vigte] a9 2o e
AR} A, Wlo] AL A2 ZAHQuasistatic
approximation)3t FA7|1A R 7HgshE 44 & 4
Atk AANG BHEets PEAL 2 7 mdy
=l(dipole)e HYsHA A)(De] ZIHE Pi=r,

. S S PN
By = hcx‘aha[é“‘ r—’s‘(xx**w**u)] .

o = dwa’ S Em .. @

L g4 ke o4l 2 2700 ue} B4 gioje) =
BB 3L 7 e, Aletol o) Mg viehdit)
18 62 359 247} 220 O Ay
oF ME Kot [19] URhE o R ARe| 22771 A%
7u mES B9 283 4R} FHEA] FHEC] &
ofA ARl A& HA7)7F AR Aip) gst A9
Red-shiftst#] €k, =g 22 o] go] AL4E
Quasistatic 21& AHsts 498 Hojuxn
Multipolee] B/ WA o] 717] m=r} dhaisiy o1
TSR] A He& yoiHct,
3.2. Metallic Morpho2 M3t L1%: X}
w59 RS F2E ZAstE 9lojA aEEo ok
T AR tha 2k AA, st e dolg ade
HE 7] A 734 G Holld Quasistatic 27
& WEANe 2718 Agks ook 3ln whebA] dipole
modeH& A Ysfop et EA, FHEH(host

material) 2] Z8E0| #H | wet AEEHo] Yo

o MO

32 OPTICAL SCIENCE AND TECHNOLOGY Jenuary 2011

- -

Ea00 . E%ismm 4: —3D| 1
5 o Rige 3 -

g o RJ:Q%nm @

2700 ; n=14 é

% 3 W

2

2600 - 0-350 500 600700
g e Wavelength [nm]

0 R

& s00 G i et
%] "o .
-‘% © Qe O
Baog

11 12 13 14 15 18 17 18 19 2
R2/R1 Core—-Shelt Ratio

% 7. Maximum scattering wavelength of SiO2-Ag nanoshells, as a
function of core-shell ratio. Inset: scattering efficiency of
(20,34)nm shell for the host matrix of n=1.32.

AE& Aesto] THash 2 Wl £& 2= ggo) A
Elojolgirt, A, det B&-S Hislslr] sl 7AF
A WY olM Rele (w)l=-2%m = WEHA static
polarizability”} Z|tH7} Ejojof g}, olAke] 2AES
HE UEAFE 3408 SSilver)e] Ed], 11 327
= R=30~50mm2 AZEe] ZHg0] 378t & &
Hout vl ol M= 27]7} o ZopAof gt

i ol QRRe] bt ube Gl o] FAE F
oJ8ll Red-shift@=Al%E o wghd ol gk
upeha] BB LYUYAE AN Morphotht]e] 1t
TS FESH= Aol Fal glov THIBA A 9
of thahAl Azt ab-S 28T 4 QxR A 1R E =9
aH3ict.[20]

T 7 R 49 Fol-4 Blgy) iyl 28E
of w 2o Akt o) WislE RojErt dhHo R
UARS Al dRI=7] LAt o3h Qe A3} Bk
Morphott¥] sigbal o] Algt sbAH(470nm)ye 78
8171 934 [RL,R21=(20,34Inm 2] A& Meisiolct, uf
2hA] A Gt PET 7|3 48 248 1329 28
T} 3 S AR AEseih 19 79 AlEe
ol 42 324 nano-shelld 23¢9 nano-—
cylinder Atgt A EGolt}, 3249 29| g4 A7
o go] agElng Tof sl 221 cylinderE 3
A3lgirt21]

3.3. W Aor

R 91X|2) LA TR Aozt MBS A7)



— Regudar |

EP e = A5tk

s 0. o=20nm | i

zo7 o=onm A wjde] A9 £

?, 0.6 e G=50NM 2}9—] -‘H 21 B ﬂ,;‘d}dfﬂ .&7],10“ tﬂ%} /\]o]:ZPo} 57}5}@
£ g 5} Film thickness=520nm Film thickness=320nm =To [CR =] 1 5

M
pe
2 2%
(]
<
—
=]
=]
1o
Zﬁ
=i
b
It
L
t i

Bo4 ki g ol & v Ffof =Eslgl
03
2% o, IR o188 4 Wbk 2 RS B 4 A
£0. N
Zott o L= (2l H3 BEQ] %4 520nm). BF FA ¥
o ey T m b w 371 A3 Ho S Kol mhgol|A o] HiARo)
2l 0w Z7e: AL Hol AFUES] Fabry-
32! 8. Normalized reflection spectra from the metallic-morpho thin - N 05
film, as a function of viewing angle, dispersion ¢ of particle Perot A7} FAMRAMAIHof| FE = AY S ]
position randomness, and film thickness t of host matrix. o 4= 911, ojof BE FAE 320nmE FA3} 3lo] Al
ok F{cle} s,
o]\ im0 AstAow T wute] EAS Aslnd 17 ot
a oaL\ o 8 1 2k, Fof 4kt mael 476nmoflA] 46%2] WAHES K
207 e SB0H + - - - o
Bos \\ | & 4 o 73nme) WE E(FWHME 7}k E3 114
08 /\ % 0> 500 so0 00 ~139.5° (Feh] 115 32 1010 712) ol 0|2 Je A
¢ 04 N\ Wavelength [nm] ~ -
503 AN ofZhe: 7HAT} Morphotiu]e] EAIT} vlwsl(3), 3
= 02 S 1 P
EI \\_\ * o ARt 22 460nmollA] 16nm red—shift3HHC.H,
% 10 2 30 40 50 60 70 8 9 WRARES: 55%ETY 9% FAstoltt, v =) 2
Angle [degreel 160nmell Al 27 7rashe) sk Ael=7} Az on HH)
2% 9. Normalized reflection spectra for the final design (=50nm, X 22 Morpho 4418 EA7 FAGE g & 4= ek
t=320nm), as a function of wavelength and viewing angle.
inset shows angle-integrated total reflectance, as a function of
wavelength.
[=]
4.3y

94, 15719 249 A YRS A3t Srlow

YASHE Lol fat whARgo) s AARAHFinite @A) AT Gl FRA okt oS AmuD 1
Element Method)& 45ttt UA7ko] 720 & IES dolmgich Hiof Sepz

$2 AR BORIAT QARIS] AT o] o 83 g
Aupyol o whAkgo] obAn] AR 1N BHAY RS ANSL TAM SRS Aulugirh G wAL
2 SR F0] golath, W Jxiztel Zhdol ¥ AuE Eal Morpho L) WELA Az ohS- Gak
o A AUERE S2o|E Ao I BAR S FIY

OPAITE MALES HolAltk ook B AFHE A gl TRl HolX 71Ze] Az vl msige
B3lol QA 1AL 250nmE B olFe] AZe) o] wh g 7Sk YRR FRE TEL S Ue Ao
A 917 BRSO el o2l Wel ANS & of

1581z FEMINE



Metallic Nano-particles for Structural Color

a1 29

Al

[11 L. Plattner, “Optical properties of the scales of Morpho
rhetenor butterflies”, The Royal Society, 1, 49-59 (2004)

[2] M. A. Giraldo, S. Yoshioka, and D. G. Stavenga, ‘Far
Field scattering pattern of differently structured butterfly
scales’, J Comp Physiol A, 194, 201-207 (2008}

[3] S. Kinoshita, S. Yoshioka, and K. Kawagoe,
"Mechanisms of structural color in the Morpho butterfly:
cooperation of regularity and irregularity in an
iridescent scale”, The Royal Society, 269, 1417-1421
(2002)

[4] A, R. Parker, N. Martini, "Structural colour in
animals—simple to complex optics', OLT, 38, 315-322
(2006)

[5] D. G. Stavengal, S. Stowe, K. Siebke, J. Zeil, and K.
Arikawa, "Butterfly wing colours: scale beads make
white pierid wings brighter’, The Royal Society, 271,
15771584 (2004)

[6] T. Wong, B. Robins, T. L. Levendusky, and M. C. Gupta,
"Color generation in butterfly wings and fabrication of
such structures', Optics Letters, 28, 2342-2344 (2003)

[7] K. Watanabe, T. Hoshino, K. Kanda, Y. Haruyama, and
S. Matsui, "Brilliant Blue Observation from a
Morpho-Butterfly~Scale Quasi-Structure’, Japanese
Journal of Applied Physics, 44, L48-150 (2005)

[8] T. S. Kustandi, H. Y. Low, J. H. Teng, I. Rodriguez, and
R. Yin, "Mimicking Domino-Like Photonic Nanostructures
on Butterfly Wings', small, 5, 574-578 (2009)

[9] A. Saito, Y. Miyamura, M. Nakajima, Y. Ishikawa, K.
Sogo, Y. Kuwahara, Y. Hiraia, "Reproduction of the
Morpho biue by nanocasting lithography", JVST B, 24,
3248-3251 (2006)

[10] A. C. Arsenault, T. J. Clark, G. V. Freymann, L.
Cademartiri, R, Sapienza, J. Bertolotti, E. Vekris, S.
Wong, V. Kitaev, I. Manners, R. Z, Wang, S. John, D.
Wiersma and G. A. Ozin, "From colour fingerprinting to
the control of photoluminescence in elastic photonic
crystals”, Nature Materials, 5, 179-184 (2006)

[11] G. Walters and I. P. Parkin, "The incorporation of noble
metal nanoparticles into host matrix thin films: synthesis,
characterisation and applications’, J. Mater. Chem., 19,
574-590 (2009)

[12] J. Wang, Y. Wen, H. Ge, Z. Sun, Y. Zheng, Y. Song, and
L. Jiang, "Simple fabrication of full color colioidal crystal
films with tough mechanical strength’, Macromol Chem
and Phys, 207, 596-604 (2008)

[13] H. Fudouzi and Y. Xia, “Colloidal Crystals with Tunable
Colors and Their Use as Photonic Papers®, Langmuir, 19
9653-9660 (2003)

34 OPTICAL SCIENCE AND TECHNOLOGY January 201t

[14] A. C. Arsenault, D. P. Puzzo, |. Manners, and G. A
Ozin, "Photonic—crystal full-colour displays', Nature
Photonics, 1, 468472 (2007)

[15] Y. Masuda, T. ltoh, M. ltoh, and K. Koumoto,
“Self-Assembly Patterning of Colloidal Crystals
Constructed from Opal Structure or NaCl Structure’,
Langmuir, 20, 5588-5592 (2004)

[16] S. Lee, G. Yib and S. Yang, "High—speed fabrication of
patterned colloidal photonic structures in centrifugal
microfluidic chips®, Lab on a Chip, 6, 1171-1177 (2006)

[17] K. L. Kelly, E. Coronado, L. L. Zhao, and G. C. Schatz,
“The Optical Properties of Metal Nanoparticles: The
Influence of Size, Shape, and Dielectric Environment’, J.
Phys. Chem, B, 107, 668-677 (2003)

[18] C. F. Bohren, D. R. Huffman, "Absorption and
Scattering of Light by Small Particles’, Wiley, New York
(1983)

[19] S. Lal, S. Link, N. J. Halas, "Nano-optics from sensing
to waveguiding”, Nature Photonics, 1, 641-648 (2007)

[20] E. Prodan, C. Radloff, N. J. Halas, P. Nordlander, "A
Hybridization Model for the Plasmon Response of
Complex Nanostructures', Science, 302, 419422 (2003)

[21] K. Ehrhold, S. Christiansen, and U. Gésele, "Plasmonic
Properties of Bimetal Nanoshell Cylinders and Spheres’,
COMSOL Conference, Hannover (2008)

il

2010.7. - present  Seoul National University,
Professor

2001.10. - 2010.1. Seoul National University,
Associate Professor

1997.3. - 20019.  Seoul National University,
Assistant Professor
Samsung Electronics,
Senior Researcher
19949, - 19966. AT&T Bell Laboratory,
Postdoctoral Research

1996.7. - 1997.2.

Fellow

1994 California Institute of
Technology, Ph.D. Applied
Physics

1988 Brown University, M.S,
Physics

1987 Seoul National University,
BS. Physics




