2=0l= x| ZYHE ol2s AW

1. M2 ole] 7kA #HS 7 ek’ ged 9ol
ol x4 glo] 29 AH 9] A% fiany iy
2ol AA (Colloid crystal)o]sh g Aboj| of olal A|ZE Frxef wls] Aol B FLx7}
Al ek A2 dAES AP 21 (Self—assem— ARE ¢ glon, HE 27 2y Wl <A
bly)ell 9J&l e F7]14<1 23+ 52 34+ AE = A 72 25 &8 F a= 2 (Com—
Z5 ot ol A4 xR+ 3 v iﬂ plete photonic band gap) & $l3] ZL3 A4 %
2], F e A AYw, vlol e MA 5o et 7|4 b f1E 2k 7EE 7 fdvkeE A Tk o)
ARl &5 nlEste] Hg B A st 59 2 ot FARES Fd Wetse] uid A0 &
< B4 @S el oA Fast mds W3] Fpyo] gon ®Brl §Hd FEolt AA
AA sty 53] 2o %EO]‘ZJ 271 Z2HAE = A= vl lo] H2 2 d st wFAl Ts
AAR o ZHA e F71AR] FdE W wE
of Wle] 73y gkol} EE 2HT F e B

= (e}
A% (Photonic Crystal)

WHoE 4% wa gk, Ezol= A7)

Fgejsta eIt (b
Al 2~

Ae e BEAS |50 A A T
Z20] o BA AR AL @iy ol (44
vla) AdHow A FHol b, dgkel R
Asto] Q7] wel Qlxke] Z7)o] what 2 A ¢]A o
FARE 29 H G, AA ol x—ray Ao]A

[e)

MR BAlo] 9l 2 A Fo] JlssithE A 59

eys

1999 FAbeigta 5}2% ok (3D

2002 FFIHETIEd AT et
(A2h

2002~ #FAE)EA LA TS

A k)

Agiein Fset (Sab
Agsia st (b
Aol e AT AT

University of Massachusetts
Lowell (2FA})

University of Massachusettes
Lowell (Post—Doc.)
P& AT

s

Photonic Crystals Based on Colloid Self-Assembly

B 714d AAaAFE8E (Jeong Ho Park, Hye Young Koo, and Dong—Yu Kim, Department of Ma—
terials Science and Engineering, Gwangju Institute of Science and Technology (GIST), 1 Oryong—dong,
Buk—gu, Gwangju 500—712, Korea) e—mail:kimdy@gist.ac.kr

274 Polymer Science and Technology Vol. 15, No. 3, June 2004



A ARG o]Fo Ut & =FolA = old F
Fol= 27| S Fo 44 4] 7124 Ay
o F e Aol dial zhds] aolsta, FEolE
A7) Z2HAE ol &t FA AA Az HE AT
B Sof MHE Fa Ve R st

2. 220|E 2F d32f e

A2 A A Al 7P o] 2ol A R}
2 Aht EelaEteld, Zejddvela ey
O|E fFo 3z} To] glom ZRo|= gl ok
& =o17] Y3l BE Bl e HEkE He &
Az 9 A el Zlo] de] ARgdrh &
ol wakEl FEo|E7) 713k QoA ddE wWidE
o|FE o= FRoI= A 7] HHVH AF
g, gullel 71 Alel o] A5 (wettability), ¥y
2A2 Aol whE JAF 7F ZAF A7 (capillary
attractive force), £ 4 ¢+ 884 &5 5
9] o7 71A] Fo] FAlel Agsh= Hibet Aol
etk I8 12 &9 w2tk dAE9] 7
T 2A A &7] Z2H el ek BAEo|th Y

Azt wGE o] F= AL A F AR
2 F 3k (D) "F EBWoAFE] &9
of &3k YA thFA olwol kAl AL o

bl (o]

IEF Hor doful= WAle (2) A= ke A

we ot
folr 2t ofN ME

i)

([ ET TH e ]

Jd8 1. 8dd HEM AXES I8 ZMM K| =
Bloll 2tet A, Z0iol SEo 2510 2F g9l 7t
A2l FE o &2 FHIF Lopx(, &2 FHIH YRt
37|20t LOpXEHAM ARz 2|2 eI=o| A AHESt
Oof =L HjEO| FEECL

DEXE 7| Al 156 E 3 & 20049 6¥

—% N o -
A3t SH BAE 1Y A F HHE ARE
3t ol ARA RS T TEHUL wHA £
Aol w = AATIG 2e7]E0] AlRte] At
FEF Ko ZEls A vlue] vE, g
el 71R £Ho® FROIE JAbso] Kol &
T A A olai7t Tkt oW Aol =
A gdo] Ag 5 9 Rt AFee] T
ol dojupAl =d, g el 2o 9= =4
2 A 7 (&, 71k 57D ol AEshs )
e Ao FolA s Flo] dojstHow by
g AdeiolTt. o] AnkAQl WL FRO|E §of T
9] 713k AellA dolrkiz A7) 2ol 2z 4
& 7hest, 71we] AEdat 2E AFe 540
A7 Bl Fag aqlo] Ak olgA Roland
gl AAlE A WAL olF= W 4TE
Cla= T BEAIRE o, EARt 1 o

o

Aol Fkel o3l AA| T FAE YA A7 R
o} Zolxl s u AA-7|A Ade] WMol 9d f
Hrk’ ol WS A4 AP Frol= A T
Z FoA 7P gttt el FaE WA o
(face—centered cubic) Z#} Fxolch (AR 2)." ¥
B 5% QY 2] 24 glo] FRol= HAARS
A&ahs A @S Ay Az S v Es A
A 9 = gled, 9 9 728} hep (hex—
agonal closed packing) TZ¢ 2 A oyA
atol7b AL vA| k7] Wil o] 7 74 AXL
7H¢ Rl BAE, 7 ARk dA TRl AL

[o

275



b1 oy
29

lo

O ol > o AN

ez ZRol= AAe A%

oA sk A9 Ads I
I
el A

i o

€

2 = FERO|E A A7) =
4 Y F Az A B A AR Al
=13 )
=

b

4 1S
oL

n2
o
fe [ o e

e B, YA 1R e B
44 59 olg 74X AglEe] glon, 2z
A& B ARl AAH0Z S 919
18 Agol glo] tEAoR A9 TEE f
Qo] g 2el slgoletn & 4 itk webr
U A TES A Zzol= Al the

9

X

A

.1

_n_,l_n
_o|1_5

r
2T

. 2
i)
gt
o
e
o
i

e
o
1o

ol e g

3. Z+ HH=EZH (Photonic Band Gap, PBG)

3 W=7 (photonic bandgap)< 1 7Ido] 7]&
W= 4] 9] electronic band gap?l 4=} H]5=s}
AR FxE e BEEEL 1 BEFE A4S
A} B9 A AR wd® Qlste] 7]
R (potential) o] A A= FA el
nZt) o]& <¢late] A= Fodt Halo
(band gap) 2] B/dolt}. olgA B89
E43 oAUAE 71 dxte] e g
3ol w3k A=} (lattice) o FEA olUx]7
o BE F7 dyAE R dxs
e8] s i Qlk 2 iRl C7h
Hl2 WA (semiconductor) 94 A% (conduc—
tion band) 2} ¥xI71H (valence band) Alelel &)
sh= ¢ w314 (complete bandgap) ]t} 1987
@ Yablonobitch®} Johna Heof iy % L3t
w7tz Age] A4d 4 vty wxsgioh! W
of tiste] xrRIEE Zg3t= Flo] fAAo|RR o]
5 F714 07 ajdshd 3} w74 (photonic band
gap)o] A EA¢ S 7 AAp)eE A9
Aog ZTIANA % e = vty #Aad W
A2 (Maxwell equation) 2 ©]&3le] o220z
AlQkgk Aojrk. o]#gl Ak 1989 Yablono—
bitch Z1&F©°] ojxkd T3 FAAA A FAiu]
HAo] EAGTHE 21 AR 0w ST HYo
24 @AstEI0’ 1 F 19919 & 1Fo] vl
olaRgt Fikr JoolA 3xd FAAHS A

re

0
i
—

0;

SN

- -
to rlo i¥ o

-

(ST
ol

1o ofw 12 A B o2 & o & Lo

)
%
o [y

276

dlo] BAARo] AA axbw $88 F Ax T
B AN old) ofe RelA Tue AT} o] F
SEERER

oleist F WIEAO) o BL ThE e Avinm

= 4l Alojo] M (interference) & SO =
3l FAAAG el Az 719} vldt IS 7HA|
= Ho] &4 U F 3IxE URE 5948 gl
A Aok = 54 AAY F57F Sl o) Ak Y
2 &3] WRARE Sute] gl Aolth o]t Ak
ego] NS FEH R sk AL A
719ke] Hdufel] st WA B A (Maxwell equa—
Zx 7hsspet 0

A AT G FAAG e F8% B S 8t
= A3 = (defect mode) o]t} AFAAL -
Y FAAAE o] Fd SEFoks o] A% RE
£ ol&st AR FAAA ol TS 47
o7 7y d3hs 9o E FAANA I F4

A FHo7 73 =4 Ag ¥ (localization
of defect mode) 7} AsHA k! ole|st A%t
B9 Fire A8e of9A AASEle wet
x4 7hsettt oleldt Agk o] SAa3st SAS
F217] (resonator),"”” ¥EIE (waveguide),” %
Y (filter) 5" FAAH S-gol F23 54
o] #r}.

a3 B uE FREAg e EAoE 3 U
of| Al H1o] sbgel st Falre] Mgt = A4k (dis—
persion) > WSk Wi U #A L= Wg- tHE
EAS 7Ith 53] FAmzEE F9lelA = Ato]
Z3HA A== Aol waE=, I 2R
2% (superprism) #H° #F 75 A4 (photon de—

Elecinom moding Svough
wrray ol koo inoe wofld

Phaton mapsing throwgh armay
ol dm lscinc chipchs in 3 woikl

'TETE R *EEE R
[ B o N N K- [ NN [ ]
pe = e
'TEEE R " EEEE
[ B I N N L B N
[ X- B N N N LN N N N N ]
tardgap

=Ny

—

182! 3. Electronic band gap2}t Photonic band gap.

Polymer Science and Technology Vol. 15, No. 3, June 2004



1 scoeina

£ I LETTIN B e

8! 4. Intuitive picture of photonic band gap (Yablo—
novitch, Scientific American Dec. 2001).

lay) §ol'% gld ol spgthE 28 B4 (wa-
velength division multiplexing, WDM) o]t} 3%
744> =3l (photon delay line) £9]% 284 &
42 F QS Aog AFH QT

4. Z220|= 2F HMIE Y™

FAY AZPHS Akl 231 A A
Hel Y7374 (LiGA; Lithograph, Galvano—
formung, Abformung)TJr 22 top—down 23}
ojxtd F& 3xH FAAHE €& T e bot—
tom—up ‘%}*—}L AN ZHA 714 (self—assembly)
o] Slth. & =M vt shs tiEARl bot—
tome—up Ao 7P de] deixl FRol= A
A g8k s S AREE S~ b
= A7]9 Z20]= + (colloidal sphere) &) A7) 2
HAAZM F2 32 FAA, o 20 gt
AT A7t Wol B Hil Qlvk ol 54 F1t
T G Fdel oisk Al FAE JES o
Hof Hakgl ©HAF (monodispersed) 719 &2
o|= UAE 7} (sedimentation) oL} 2 (eva-—
poration) & &l A]43] @ﬂﬂ*lﬂoi de T
AUtk olgfst Frolt A|Z=HA Y EHEE F
2 FaEteldll (PS)olv &g uﬂE‘uﬂEE%iﬂOI
= (PMMA) 59 1827t F/HE o]Fo] gtoH
olef gt Mustol e A7)9) WA QA Azt
precipitation polymerization, emulsion polym—
erization, dispersion polymerization, seeded po—
lymerization, inversion emulsion polymerization,
swelling polymerization, suspension polymeri—
zation &% ©]°] FHE WHo] FE o] &H 1 gl
ow o]& 1992del Arshadyel && AAls] A

Al 15 A 3 3 20049 64

2lg uvp ek’ bl Aevht REAHow 3y
¥ Ag7} Eo] Stober—Fink—Bohn ¥4 $o8%
TR AXHY T F5 YA AtskE x5O
2 Az F2olt AW Sol st A7: &id)
A&7 Qo) $9 g2
ZEo|E 4] A7 xHel g3 @@i}ﬂt— RS
of thalie &M A3 vl QU iiOlC A7)
THOoRE FAPS I gndd S i &
oFstd th ¥ Zth

2 AAZ A7 (sedimentaion) > 84 At
2ot HAH F, oFE I g diEa W
o= FHof 23 JrtEo] tetgomA FRo|=
JAEe] M ARE 22 A HARA = Few
PAEo] 7Hg s A S ol T3 Hi Ao
o} olgjgt FZo|= ]izke] A JAkel 27|17}
=] Z]-_Q_ 7ﬂ0 ;2171—0] 01011,].7\] 0]—741,]. L—]l'} =

oE iy

ek
A5 ARpEe] Feel sl Jlwel A3 Beb
o so] QAE k] A7) 2AT AZFES o
#7h glolAth, wetd 249l do] WolXi= o
2 g & Qe olw 2zolte] wHe] okg
AekE 7S olgatel FAWRY W74 dol
Fol Ao Al A% FHYFOR YA AL

7458 Al7I 2 YA A FH o whd) g
Z ANEE HolFo] YAEel P EiE FxE
FR HEd FEI A0S T o] ek o)
T FEo|E Pt i el okst LHAskE vt
L& olgste] 7] 9B (electrophoretic
deposition) & ©]-&3to] A el A5 Yol
I ANAE HolFo] FEo|E YAE V¥ F
FAANE AR AdAE A7) AT 2
2ol #Hg N T ol o3 A3 54 W
sle] gisiM e B2 dEe] By H3 Qi

WA evaporation induced vertical deposi—
tion (A@ Doz oA Fmolt Ar|xHe] 4%
% wAUSZNA AFst A o] 7| ¥
PAE 3719 FRol= dgd 34 AAlel HWY
A (meniscus) 7t FAAE AL 74 FRo|= 4
ARke] AT @49 &3 9 AAV|A AsEs
off o3l 7|te] FxolE AR FAHAITIA HE W
How ZFRolt §H9 F% 7|9 ¥H AHY &
L, FEolE #Ae] pH, wabie] S £ gl
ab Ue] gl AE Sl o8l thekst 4749
A WMAYZe] B #a ok

aL
Al RAIE 7129 718 e RATIE Yk

(¢

277



©O=4-CTP+0DA capped I
Au clusters | -
I

s !
:5_ £ Dispersion
li| 1 L On
B . water
R i Barrier
i il =
H 2 .
Water Compression

8! 5. 2 LHI=XE langmuir—Blodgette BHHOZ 7|
mol| xp7| ZEstE 2AZ P

Z¢l Langmuir—Blodgett W o2 WA &
2} YAE 254 AP F TU-FE (FRo|= At

) ARl dFor JPEES B 5 o Y

A2 33 A2

Be F2 ARoEH THeE ol 9o
A gHe) we] wet 3391e] Frolt AL
P& 5 vt A" 5.2

I3 Xia 2FoM Bagt Yoz ygirow
Aokd A Yo FRo|E AAHS WEE o7 F
A2 7)Atolo] HAEZ FAE JpH e Babalz) w
A Uz 4= 9l A di'le] 84w 71 (spacer)
g ZYds T HAF )ee| 24
gtol g7 2 5E dErdo] FYE oA 1 ot % 7]
ol ]IAE0] AZFE o] A o]
of 4% e gl S Wi geEm 4
go] A7 Woltt. olu FRo|= AA F
A AHEE FZHA Q] Tl o8 AR EolA F
7hA] 2 UF-e] Az wel FRol= A9
W7k = 248 4 itk Aol gl (A’ 6).”

T3 BAE NS o]gste] FHAA AkE
7= HEE] FE Yol wyAASE A5t
Wakijzy Fabske] whel FEol= Ayt AR
o]Fm FEEE WHES o]&st AT AIx B

£
M
2
=)
rr
ok
L
i—";

i

5.1 HHEZH AIX|L|0{&! (complete or full photonic band
gap)

278

-z

rubber tube
=l

glass tube
! e

aqueous dispersion
of polymer beads

bottom
substrate

channel
* photoresist pattem

Sonicate, assemble
evaporate water, and
remove top substrate

Z Mgtel & ol E220|= URE FY
= Yz 3 Fh HHE TR
SUA (spacenofl 20| & F2 Fgsf L& 4+ A=
AN mHEO] =X StH Z=0|= HE0| gt Ao

olofl o3 olRollM A L2 FIEICH

A AFE vk ol FAAYS o] &g FaA
9] F&obellA 83 A3 REQ E=4le glof
W=7 (complete or
full photonic bandgap) 2] ¥/del &t Zojt}. o]
T YRbF o 7] 2Hol o3t FRe|E FAA
TF27F WA AW olmE FA] AA Wk u
ot FEs e Fapu MEARS] 7177 o &
A} W=7 (pseudo photonic bandgap) E4del 7]
Az AR A Faz)t Azt Slof A4 WU
of Al FMEA] EAFE A et oA
o] & RS S W e AFVF Q7 EHU] o
Foluh, wehd ol ed MEAS yxle FAb
ARE AA 2 Axs] A3 TS A7 A
ot 53] =
ol AAe] AS 2 7 A gA €& T U
© 3k FRolEE dRbF o R [ i
T2 YA T 22 FARE o] TR e HPo]

1o oftt off

AT & AAE G P

=

Polymer Science and Technology Vol. 15, No. 3, June 2004



gap) S zteth AR 7). wekd 38 7 @l B
ol A¥ o] A|EYHE o] FU|FHe| =
AEo] 2 242 A9 ¥ &Y o B4
Aoz AAS: WHeE 25 JAAAY
FAlol Fe FHE AFE ol sS4 )
W= dxYojgo] AgtEojghtt o]#s o
Ad eZFx7l ¢dE 33 wMENs zh] 9
e wd F71e 24E n7F HAE 2.8 9]
7o) Hojof sh=d A 7 (b) oA Bl = A
7} Zo] AEEe FdEe] 34 AEE s 3
2 FMEAE 7 FEAl iRl 1.4~1.6 um
NA F57F GloERE (FE de] HAEd B
elolEf o} (TiO) & AHS) A WaFelx FFal 3t
ol o] Ws 99% WHARAZA £ 9l H

uls

rir
iIh)
_E
il

Frsauancy s Do)
'

-
!

__ IV

38 7. (o) A HEHE JXlE 2 FX9| ZA X}
HHEC0|0{ O3 (b) RE QETZT (inverse opaline struc—
ture)Q BAITQt AME|E HX QmO| SEM ARl ¥ AZ|E
=X 2Zo| WE rojoja 7

-
=

Freaquency o (7 mchl

ZXE 7 Al 15 A 3 & 20049 6€

[

AZTh? st Aol AR} A EAS
7[R0 R st Qlorg A &g Sl 77}
=0kl F7) sejA] ol 9l

oyt dHE oF Fxo 3z Py

d 7hFsAdele Etekal Al Fetaate] 857
o= W=Ajo] Fws] HA Fshthe wAol QLo
olE FHE] AT MER =4 TEE ARket
T W Also] dado] gtk 1 Ad) ok <
Hek Hkel o] tholopE o] w’hAYUATE wjdd
A7} 2 APAA (tetrahedron) T37F 71 W
FWEANS 7ol Buwlar 1o wef ol gt
A4 F2E tololEE FxE sy W
ATEe] e 7lEela glvh OB 82 -

2% (Nano—robot) & o]&3t 32 A4 A|xZA
I 3 AATE Bideta wHERAololx A4l
oA FHS WA= oL FRo|EE ©
3 ARA A Ades S99 gl
Hugtas & 5 ek

antel] FRolE YgAE Foj-d Fx2E W
ARkARl WA o, WAl P xR ASAIE
HEFo] Fof (F4 B4, & 2489 4 (&
2 =4, 9 2459 v vl we} Wty
o= 3ol o] opd TUS YAE o]Fozl FA
oA dAA = FHEHRG AJFE] FgE] A

oo

(i

oA o4 2

v 53], 5% whAuldA e H2 gi=
S M 5 gles wEst v 9ok olg) ws=d
AFEHN Fo] HFE2 nlof 9lu A Fito] uFEat
AR Yo 9lom 9o EASh= interstitial
void Fi& #4850 ¥ E4=Z A & P
Mol FAEo] e Bl AF AFe gk o)=
Qb HolFE Ay Mg #4E BEE /R E A
ozx d At Fo] (FH) -4 (ZEAD —in—

8 8. Lt % (nanorobotic)E 0|23l0 Diamond
TEE JHlE 2202 ZXRETEY SEM AR (Lt Xt
o A2 900 nm).®

279



terstitial void (¥7])2] & Fxzepd Hel A
3o (F7D) -4 (ZFAD —interstitial void (F%)
o] Rt FZEM ShA o] EZR1 Aol &3t tho]
OoHEE o] Aol HlEl] AFAQl SHeA L A
Lgba & ¢ gl

52 A™ AR == (EE0|= HIZ|EdA))

FAL ARo] b= 3 W Ao B4 ot oo of
2O ZHolyt =2 v] Y ¥ WM 7 7o) At
< 98lA, HEe] dAe F2ole A% Fxl WA
A 7= o]9e HgE AR Fx2E A&she AT
7} o] FolA L k. FEol=e] Uyd 2] ¥
FeE Mg gGA 24T F e e EE U
of B4t AR FHE b+ ¥EYE (template)
T9l5te] EA wigkS VX A FERE f
= golt}?! o] Z Eo], van Blaaderen & K
9] HxFHel HEo] gli= 713E o]&3te] (100)
(110) W&o Aoz gy F+2E Az
At olglst FRo] 9= 7 Be HEZER o]
43t 9= Yodh, Ozin 715 Sol 98] &uts] o
THUeH Axp FH ol9leln AR =4 Reke]
dd P25z 3d eF 4% 58 HZgE
olgst] MER TEoE AY TE£E FEF
o] B =¥

& ot ok afu

i H

38 1o0.

=
o 7| =8

d& 3% (layer by layer)oll 25t 2@
X (REH). F /K 2% E20|E X+ Z

280

220l ZF X (2, Jied)9
-IOI 7:!x|. 37[2 xx-l }.E l:é)l:g

g7 F2ol AR 54 wige 44 T
FEdte 45 4 oggA g} fARE g
123te] FZ20]= o ’A] (Colloid epitaxy)
FE7|% gty HEYES o]&ste WY 9
AMZR Az 25 AFehs HeE, 277
o2 F 7HA Ao 249 (binary) ZEo|= AA
o] Qlt}. van Blaaderen 5 @3 5 H#H 374
(layer by layer) ¥ 522 ZA] 488 7% o
o8 OB 107 22 & dA=E FAE @5 &
< AR FEE 29 EFRolE AAE Sl
tr o] whell e FRolm A A AVNE 2H
st e 739 A il BH B v
A QJAE o] gah= Wo] Yk

FA A FxAAM T Fas

Ryt 2

=2 Moo N

=3E g sk
© 7HA] AR Ao dYelA Sl 2 W
TSz gz geld & 5 gk olefdt
el Fitele AEd =Y A dd, S 7P T
39| Brillouin zones Zt= W4 % 734 tho)
o= (diamond) At %ol 2 ¥ido] FopA|aL
Atk Bee WA i AR g xug E2 odE @
Z (inverse opal) T&7F & & W= Aol A4
A% WAeL obF WA M= Alo]ol A YEh= Y
of & W Ao Aol wli-g- wiztetAl Eel= &

-
»

]
a%a"
o S et el B B

aly¥e

ol2 ol ofs Yg= EfRE X}
£ 59| ofjo|ct*®

Polymer Science and Technology Vol. 15, No. 3, June 2004



Hol glom, tolohRs Ax FEE o B§
oleidt BANS wE F otk e voloprs
Tz wols) ok 349 Ee) B el @
& g BQPYE Fol7] mpe] QAR e
g 23 WHol} WEES olgd WHomE

S5 o]t FEo)E YA}
i shE sk W OoRE tolotRE FRE
A wp QIek® A717h e uEA g s Qlat
9} Alg)7F Y12 4191 mbee (mixed body—centered
cubic) TFZXE ”]'L T, Zef=u) oHS B 2
g2 e AR ow AAste i, 8 59
e 1:]-0]0]- = ﬁx]- Tzo %3 ].zsﬂ/ﬂgr,]_
o] Bro%= FRHEoA 28] thE dlg-o] ARt
2ol SlolmZ Aoy Adgo] Qo= At
':—4 wfERA gl FRolE AN F2E ES{Is

39 2UE WA RS FE L
BPATIEA 22Ol A AR 278 24
o omeh] 3 Us Y AXE 2AtE ATERE

gurs] J3s 1 gl
53 24 Wl 28 == { 4% =mele] ciHEE
FEO|E 2] AT 2= oy 7 7 2F A
& (A A A A, b, W 33 5)2 oA
o] I AHow AHAoR S WS A
of =o] ¥al Qlr} oldst FEolt AA Yo Fx
2 Aol digt A= A F A E vk A,
Fgo|t AAS FxA AT glo] AA Ll s}
wel a8 # AR §& 7 e i)
st A, B4, B4 axE 83 Al F=2o)
E 244 Fx2A del B4 9l 9= A
Lk Aeoltk A9 A9 Ozin 5ol HZ &
2714 Fke] 9%k 2}71%% (isothermal evapo—
ration induced self—assembly) H%7 o & Z3g
o] gl tiHAe] FxolE AAS AXste] Bist
fom A8 1D, 274 Tl shtel =27l A
2 dgidst Ha Qs FAlelt 4k S A
Aglo|} A gr‘ﬂ e 43k S =S AH F+x 2]

Y= Yo Elste] ZFuA Hol Ay FrutE,

A A7 velaz R Sol §8% < otk A
CO,JO]-—‘:— o Re o]FFA TEukselu o]
58 o83l e Felwt v fdE&E 7
e =AY b a2l A4 F &
As ASAAA BE DTS sk P
Ack (A’ 12).

o rlo fr Xk

DEXE 7| Al 156 E 3 & 20049 6¥

O 11, 220|E ZF9| of
of olsf C{HACc R MME Z2o|= AF =Ml SE
AI_X‘_I.(W

Ml

T8 12. 220|E XA LHO| CVDE S8 == mH
ZBto| TiH SEM AHRLY

6. E20|= AHEE 0|SoHM &=t aXiof
S8 Al

olfgt FRo|E FAAYL oA A FiAte
A Zol glo] Uld Ay} vzl A7 sle] oy
+ 5 2 7HA dolotd Aol EAEht 2
AT IF=S FEolt FAHY FF A 7
of eulE FiL A FAaAEAL] A Lol gt Al
S5 e ok aF 7P oisEARl Zo] FEo|
= 7bA 3¢ 347 (tunable colloidal photonic
crystal) o]tk URHHQl FRolt FAY & oF +
Zof|A] 7] Fghef] A "leE = i Alelul G o] (111)
WO R Al FAWER o] EAsh=H, o] FWMER
o] FHE FRO|E FHA A FEo|E YA
A7 {111 W A", B4 fFasdE
5o WFE 2Este] HNEA S FoE HSHA

281



71= Aotk 29 A (DolA] FRol= FAa%
ol (111) kol F=Me] Fuls=9] A& L}
Ei AT

Amax = 2414/, — €, 5107 0 = (8/3)"?

D +(1= f)ai—nisin’0 (1)

o] 7] 4 dm=2R<2/3>“2 F4749 (111) 4%
Fow A4 WE Alol9] AgE YEUY, §&
FRAET &= f€p+(1 Deav YA 74 4 &
g} A% o] T2l AYAE A (371D As
=19 4 359} 747491 —‘?—ﬂ )&l o 2
4 A &3

1o

o) A% Ay Pk U G A £ = 07401

rg
()
1o
o 1N,
Y
N
AC)
i
E
&)
>
N
rr
%
E
|o
Hu
2 Ay 1o

of 9 T3 89 pHE WA LFAR] Al

T 9%k swelling®|t} contractions W37+
W 4 e37128) 182} (theromo—responsive) &
FAE A el dell g 1A swell—
ingo]\} contraction®] 3t W, *? 27 ke] wks-a)
v 542 FEAe 949 725 s AUt
¥ 2717 Aol whet AR; 7FA o] WslE = W
Y AL e aEA 24 Yol 3AHS A%
sto] Q)] hEHolu el o5 A 1+
& Azl Al 13) s2t 5 5 ook
I3 FEIEES AEA717] Y8 A9dE o2

I8 13. BYS JIE DER Yol BR0|S BYS &
QUsta 9| Y=ol wskaol wet YEFO| ARt 2
o Zaz olsiol BHCHOl DO SO R olSaHE
ok Ty YAl BAEY

282

2ol wjgke] W ZAEO WiE Yws
2 WA 7= AR (R 149UP Fof 9
]

e

© 4 o2
}4

T B4E % A9 o] def| g3 =
A7) AR 5 B2 ATt B 5
. dbel 1EY HolAE YAtsto] BAad
v A @l B S o] 83t &
S HSIAAA HZ2] FAA O ALt
=7 Ry g3 Qe
o £9)el o] Fk AFGE
@‘{V\]' of 2Ja)A J_JJ'E]% BT e
d FroRe] A9 90% =& e
1 A% 1 %5'— %2 (bending loss) 2
95 714 Aozt 7|d¥ 1 git) o] AdA o
2 FFs7] 93 Al G2 3xY F=Ro)
E A7EHAel o34 53 (two—photon poly —
mer1zat10n)€ 3 90% = B FEne
o AFE ARkst AT AHE & 5 ded AA
Rl BFE4 @J’P# HolA|= gkgront 1 AIF A
o] Aie] 9o} WO 7bpS wre ojtolr). o] 3
;‘(}.Q]O_F']__ A=l /\l,:/];v} B = | q]oﬂ RS do

=
(R
Yo el

r2 ol o Kl Eqﬁ Sy 12
il
Loy [
ATy
L

AR
o Ny
k&&—ﬂ
> F

jad
-
a2/

-3
(CREN

oﬁL o |o
ﬂlﬁﬁ

o]

2y

717 = AEgt 288 22 G=FAE A9
B3 ol PR TS o]&El FAY el 2HS &
Fo] FTFS 0% Fo] HEF AS FAA
7] BNk SEAE Ao R A A, CVD WH e
2 FAHYS Ao A F BAF HH oz A
g7t 75 dgHow AAT v HEHOR o]F

LG modermies m woids

polymes
i A weena opal
ghass subatales with
phpcinoafic
8 14. IE2XZE O|R0{M INE Q% FX Lo Y

2A8 FYstn HIOZRE QIiE FIIF ol A
of HjE0| HSEOR OIs) BMEO TS WA
YHS LEHE B4E

Polymer Science and Technology Vol. 15, No. 3, June 2004



%}QX* =32E g4 A7) Aol (A 15).%
vlo] BAA EAS MEH O Z swelling?l7]
= %‘l‘i% ARgato] AEH 0% swelling®l 29
FA7% AR o] Wstal ol wt 7hAG 9
FERo] WA He dEE olgete] FA F
o] (photonic paper) 2H=" o]0 7 tJAZgo] &
A2 o] AG % Agnt Stk o]glem FEolE
FARE o] & vhFet FAaAe] A8 AETF Al
Y= Uk
2 AFANNE A2 AEe 7 9 FAH
< AR vl g, dRbAEQl Ayl 2o i
Ape} #FHEO] F EHE BAE o] gl A-F
& Bl 7|vkm Fyst WEFo R FRAH S E
X5 Ve AR Fx2E FEsRih ol 3
e A1) W] wEr (111) WFezE HxFl
WM FIrE T TEREA T 1y4 F
Z2xo] Fdo) 543 2oz JdEct (A& 16).Y
g d T, FRo|E FRE o843}
WS JAsH= FAH T w2 des
&l ]@_ T Qe AR TRE AR
ZolE YJR}e o]F TREA, &

Sedimentation of
colloidal crystal

(s}
a O Q l-ﬂ'
-:;'!"E%E.:-" ;,fﬂ;lDﬁ.
L i 1

Drying under vacuum
And light sintering

o

Addition of monomer
And photoinitiator

Rinsing and infiltration
with dye for imaging

Sample inversion and
photopolymenzanon

8 15, P. V. Braun OE0IAM XNAISH 220|E ZZH WK
of O|&X S&E 0|85t Zde & HZIts FHAF|
= upy ®

DEXE 7| Al 156 E 3 & 20049 6¥

g7 HT 22 FRolE QRS FAA s 7]
A9l FHAIZ & FEO|E A FEol micro
contact printing WHeE E% A= 7= A
M TEAE do] A7]aL T F-9)e thA] Rt
2 = e F7)9 FRo|E QIAE &
AbE Bk FHE TSIt ol Rk
Ak HLX]”L (antl—reﬂectlon film) 9] & =}
(moth eye) :r"z°ﬂ 7]—771-—.— F/Hi

‘

o E A

ZA %k JAL 2] e 2 "Jé}oﬂ‘i}w °] o:]
T A3 HT “Nanoscale snowmen look blank”
g AFOE dojHqxe FAZ AlEnt
ad 17.

7. 4&
oA AWE wis} e FolE AL YA
Az Holug AA3t dAYUSE ol oidt A5

ak

R

CCLEE R LT Ty

Light source
Spectrometer ol
J2 16, 220/ WEY0| THEQY DEX HHE
g3l AdSes Sof dAFal AXof w2t HrEe!
HE BZXE JHEHSE 510 ?IX| JHH mHE HEHEZEMC
EMg Eo|_ graded—index HZY 79| 2AZ ¥

Ot-.'rLH.IQ

a8 17.

Z=o0|= Yxle| 0)F X
EHel LR E TS0 YAl 2EX[Eto| ﬂJ-FE Hol E20|E
27O SEM ARRI¥®

283



Aro g 3] we RS = #Alo] §
At e Al Gkl #8el gleiA 0}
2 W WAE A g, el 34 7
AATE A7)z 2k A g o] @idel 7
skaL Q7] wistel] oleh 9 ke B W
= Qe Agee] el wrhusits Sl
Aol st px] Aol FErhs W]

HE7E SAE WA ek gl A
o] dddolrt. AA Fdds olgstl AA A& 7t
TR AaAbEe] i FuES ARg o mEs
éﬁr—“—O] w1 glont o= AL HA-

o AlFEE 2xFd FAEA L
= 7ke] guleh 22F Alge] glo] W2 A
Foljaffof GPEP‘ Sl Etekal a1
F27% 72 Aoy} sbssitis SHdA
3 5% 2o A2 9 A7
Rule] AraEEel 3] Astel Hu oW
Ho Zzol= FAAFel UFt AT Fusol %
% BaE I glon Sue] B ATl 11 v
A AGE ol Frhskn Brol= YAty &
Nzl g FAQ) ot FAe
% AYHE Ao Hol, 7)E AT
E]—Oi ;\Hi—y r/]_oka]- U}\HJ,}. /\]I:7} 7_-”_/_-':
oAtk Fro= A7 XA @A
At s Bleiy 2 FA 7=
=4 AR WA gl Aer 2 AREE
Eissg

al

b4 1 Ag

r
5:&‘“
B
¥
= 0
)
é
dlil

o N K o= 2 of
i

o Kl
g Mo g

L

L
o S

ik
o

nt

1. E. Yablonovitch, Phys. Rev. Lett., 58, 2059 (1987).
2. (a) S. John, Phys. Rev. Lett, 53, 2169 (1984). (b)

S. John, Phys. Rev. Lett, 58, 2486 (1987). (¢) J. H.

Holtz, S. A. Asher, Nature, 389, 829 (1997).

3. V. L. Colvin, MRS Bull, 26, 637 (2001).

4. (a) C. A. Murray and D. H. van Winkle, Phys. Rev.
Lett, 58, 1200 (1987). (b)P. A. Kralchevsky,
and K. Nagayama, Langmuir, 10, 23 (1994).

5. P. A. Kralchevsky, V. Paunov, 1. Ivanov, and K.
Nagayama, J. Colloid Interf Sci., 151, 79 (1992).

6. Y. A. Vlasov, X. Z. Bo, J. C. Sturn, and D. J.
Norris, Nature, 414, 289 (2001).

7. V. Woodcock, Nature, 385, 141 (1997).

8. E. Yablonobich and T. J. Gmitter, Phys Rev. Lett.,
63, 1950 (1989).

284

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

E. Yablonobich, T. J. Gmitter, and K. M. Leung,
Phys Rev. Lett., 67, 2295 (1991).

J. D. Jounnaopoulos, R. D. Meade, and J. N.
Winn, Photonic Crystals: Molding the Flow of Light
Princeton University Press, new Jersey (1995).
E. Yablonobich, T. J. Gmitter, R. D. Meade, A.
M. Rappe, K. D. Brommer, and J. D. Jounna—
opoulos, Phys. Rev. Lett., 67, 3380 (1991).

O. Painter, R. K. Lee, A. Sherer, J. D. Yariv, J. D.
O'Brien, P. D. Dapkus, and I. Kim, Science, 284,
1819 (1999).

A. Mekis, J. C. Chen, S. Fan, P. R. Villeneuve,
and J. D. Jounnaopoulos, Phys. Rev. Lett., 77, 3787
(1998).

S. Fan, P. R. Villeneuve, J. D. Jounnaopoulos,
and H. A. Haus, Phys. Rev. Lett,, 80, 960 (1998).
H. Kosaka, T. Kawashima, A. Tomita, M.
Notomi, T. Tamamura, T. Sato, and T. Kawa—
kami, Phys. Rev. B, 58, R10096 (1998).

A. Imhof, W. L. Vos, R. Sprik, and A. Lagendijk,
Phys. Rev. Lett,, 83, 2942 (1999).

H. Kosaka, T. Kawashma, A. Tomita, M. Notomi,
T. Tamamura, T. Sato, and T. Kawakami, Phys.
Rev. Lett., 83, 2942 (1999).

S. Lan, S. Nishikawa, and O. Wada, J. Appl. Phys.,
90, 4321 (2001).

R. Arshady, Colloid. Polym. Sci., 270, 717 (1992).
W. Stober, A. Fink, and E. Bohn, J. Colloid Inter-
face Sci., 26. 62 (1968)

M. Holgado, F. Garcia—Stamaria, A. Blanco, M.
Ibisate, A. Cintass, K. MIguez, C. J. Serna, C.
Molpeceres, J. Requena, A. Mifsud, F. Mese—
guer, and C. Lopez, Langmuir; 15, 4701, (1999).
S. H, Im, Y. T. Lim, D. J. Suh, and O. O. Park,
Adv. Mater, 14. 1367 (2002).

Z. Zhou and X. S. Zhao, Langmuir, 20, 1524
(2004).

(a) M. Bardosoca, P. Hodge, L Pach, M. E.
Pemble, C. Smatko, R. H. Tredgole, and D.
Whitehead, Thin Solid Films, 437, 276 (2003).
(b) Sastry, M. Gole and A. Patil, V., Thin Solid
Films, 384, 125 (2001).

(a) S. H. Park, D. Qin, and Y. Xia, Adv. Mater:, 10.
1028 (1998) (b) R. M. Amos, J. F. Rarity, P. R.
Tapster, T. J. Sheperd, S. C. Kitson, Xia, Phys.
Rev. E., 61. 2929 (2000).

J. H. Moon, S. Kim, G.—R. Yi, Y. H. Lee, and
S.—M, Yang, Langmuir;, 20, 2033 (2004).

Polymer Science and Technology Vol. 15, No. 3, June 2004



27.

28.

29.

30.

31.

32.

33.

34.

35.

(@) T. A. Vlasov, X. Z. Bo, J. C. Sturm, D. J.

Noris, Nature, 414, 289 (2001). (b) A. Blanco, E.

Chomski, S. Grabychak, M. Ibisate, S. John, S.
W. Leonard, C. Lopez, F. Meseguer, J. P.
Mondia, G. A. Ozin, O. Toader, H. M. van Drier,
Nature, 405, 437 (2000).

(a)F. G. Santamaria, H. T. Miyazaki, A. Urquia,
M. Ibisate, M. Belmonte, N. Shinya, F. Mese—
quer, and C. Lpez, Adv. Mater., 14, 1144 (2002).
(b) F. G. Santamaria, C. Lpez, F. Mesequer, F.
L. Tejeira, J. S. Dehesa, and H. T. Miyazaki,
Appl. Phys. Lett,, 79, 2309 (2001).

K. P. Velikov, A. Moroz, and A. van Blaaderen
Appl. Phys. Lett., 80, 49 (2002).

G.—R. Yi and S.—M, Yang, J. Opt. Soc. Am.,18,
1156 (2001).

(a) O.D. Velev, A. M. Lenhoff, and E. W. Kaler,
Nature, 287, 2240 (2000). (b) P. M. Tessier, O.
D. Velev, A. T. Kalambur, A. M. Lenhoff, J. F.
Rabolt, and E. W. Kaler, Adv. Mater, 13, 396
(2001), (¢) (@) S. H. Park, D. Qin, and Y. Xia,
Adv. Mater, 10. 1028 (1998), (d) Y. Lu, Y. Yin,
and Y. Xia, Adv. Mater, 13, 34 (2001). (e) Y. Yin,
and Y. Xia, Adv. Mater, 14, 605 (2002).

A. van Blaaderen, R. Ruel, and P. Wiltzius,
Nature, 385, 321 (1997).

(@ K. H. Lin, J. C. Crocker, V. Prasad, A.
Schofield, D. A. Weitz, T. C. Lubensky, and A.
G. Yodh, Phys. Rev. Lett., 85, 1770 (2000). (b) S.
M. Yang and G. A. Ozin, Chem. Commun. 2507
(2000). (c) D. K. Yi, E. M. Seo, and D. Y. Kim,
Appl. Phys. Lett., 80, 225 (2002).

K. P. Velikov, C. G. Christova, R. P. A. Dullens,
and A. van Blaaderen, Science, 296, 106 (2002).
(a) K. P. Velikov, T. van Dillen, A. Polman, and

DEXE 7| Al 156 E 3 & 20049 6¥

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.
49.

50.

A. van Blaaderen, Appl. Phys. Lett, 81, 838 (2002).
(b) Y. Lu, Y. Yin, and Y. Xia, Adv. Mater,, 13, 415
(2001).

K. Lee and S. A. Asher, J. Am. Chem. Soc., 122,
9534 (2000).

S. Wong, V. Kitaev, G. A. Ozin, J. Am. Chem. Soc.,
125, 15589 (2003).

W. M. Lee, S. A. Pruzinsky, and P. V. Braun, 4dv.
Mater., 14, 271 (2002).

N. Tetreault, H. Miguez, S. M. Yang, V. Kitaev,
and G. A. Ozin, Adv. Mater, 14, 1805 (2002).
(a) P. Jiang, G. N. Ostojic, R. Narat, D. M.
Mittleman, and V. L. Colvin, 4dv. Mater, 13, 389
(2001). (b) E. P. Lidon, J. F. G. Lpez, B. H.
Juarez, and C. Lopez, Adv. Mater,, 16, 341 (2004).
Y. J. Lee and P. V. Braun, Adv. Mater, 15, 563 (2003).
D. Justin and L. A. Lyon, J. Phys. Chem. B., 104,
6327 (2000)

X. Xu, G. Freidman, K. D. Humfeld, S. A. Ma—
jetich, and S. A. Asher, Adv Mater, 13, 1681 (2001).
(a) S. A. Asher, J. Holtz, L. Liu, and Z. Wu, J. Am.
Chem. Soc., 122, 4997 (1994). (b) Y. Iwayama
fall authors, 19, 977 (2003).

M. Ozake, Y. Shimoda, M. Kasano, and K. Yo—
shino, Adv. Mater, 14, 514 (2002).

Gu, Z. Z. A. Fujishima, and O. Sato, J. Am. Chem.
Soc., 122, 12387 (2000).

X. Hu, Q. Zhang, Y. Liu, B. Cheng, and D. Zhang,
Appl. Phy. Lett., 83, 2518 (2003).

H. Fudouzi and Y. Xia, Adv. Mater, 15, 892 (2003).
J. —H. Park, W. S. Choi, H. Y. Koo, and D. =Y.
Kim, Adv. Mater., in submission.

H. Y. Koo, D. K. Lee, S.J. Yoo, and D. =Y. Kim,
Adv. Mater, 16, 274 (2004).

285



