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Abstract: We report here a novel colloidal lithographic approach to the fabrication of nonspherical colloidal
particle arrays with a long-range order by selective reactive ion etching (RIE) of multilayered spherical
colloidal particles. First, layered colloidal crystals with different crystal structures (or orientations) were
self-organized onto substrates. Then, during the RIE, the upper layer in the colloidal multilayer acted as a
mask for the lower layer and the resulting anisotropic etching created nonspherical particle arrays and
new patterns. The new patterns have shapes that are different from the original as a result of the relative
shadowing of the RIE process by the top layer and the lower layers. The shape and size of the particles
and patterns were dependent on the crystal orientation relative to the etchant flow, the number of colloidal
layers, and the RIE conditions. The various colloidal patterns can be used as masks for two-dimensional
(2-D) nanopatterns. In addition, the resulting nonspherical particles can be used as novel building blocks
for colloidal photonic crystals.

Introduction involve the use of colloidal particlés-urthermore, in applica-
tions that require periodic structures, nonspherical particles can
provide new types of functionalities that would not be given
by spherical particle®. For example, photonic crystals of

The fabrication of colloidal particle arrays in 2-D or 3-D
arrangements has potential applications to biochips and bio-

sensorg, to electronic devicesand as templates for designed . . .
A P g nonspherical lattices can break the symmetry-induced degen-

nanostructure%.In particular, patterned arrays consisting of L . .
eracy of polarization modes and thus achieve complete photonic

nonspherical lattices are of practical significance in the fabrica- band . that otherwi Id exhibit onlv stop band
tion of metal dot arrays for magnetic memory devices and pand gaps in cases that otherwise would exnibit only stop bands

photonic crystals for optical devices. This interest derives from in limited directions: Recently, ellipsoidal or peanutlike particles

the fact that the remanence of magnetic metal dots and opticalor colloidal clusters such as dimmers and tetramers have been
properties of dielectric particle arrays are sensitive to particle fabricated by indirect methods that use geometric confinement

size and shap or viscoelastic deformation of spherical colloidal particle¥.

Thus far. most studies in these areas have used Spherica|—|owever it is difficult to make self-assembled structures with

particles because their monodisperse sample can be easll);1 long-range order using these separate building blocks of

prepared by various synthetic rouféd/hile spherical particles no:/lspherlrr]:.zlal asymmetnc S?al‘)"?- tion techni h ft
can represent the simplest form of building blocks that can be lith eanvxr/] '1(13' vzrllous ngr][o ? rea loFthec nlth%/es SUC” as so
self-organized into ordered structures, they are not ideal for all 'thography,” and faser interierence fithograpfryas well as

types of fundamental research or practical applications that E-beam and X-ray lithograp¥, ha_lve been_ used for 2D
patterned surfaces. Although these lithographic techniques based
(1) (a) Hagleitner, C.; Hierlemann, A.; Lange, D.; Kummer, A.; Kerness, N.; 0N a “top-down approach” are useful in pattern fabrication, cost

Brand, O.; Baltes, HNature 2001, 414, 293. (b) Velev, O. D.; Jede, T. i i imi i _
A Lobo, R Fr Lenhoff. A M Nature 1097 389 447, (0) Shi_ H. 0. and process considerations limit their usefulié&zlf-assembly

Tsai, W. B.; Garrison, M. D.; Ferrari S.; Ratner, B. Rature 1999 398, techniques that use chemical or physical driving forces based
393, (@ Cul. Y- Wei, Q. Q. Park H. K.; Leiber, C. Micience2001, 293 on a “bottom-up approach” are an alternative; these techniques
(2) (a) Xia, Y.; Kim, E.; Zhao, X. M.; Rogers, J. A.; Prentiss M.; Whitesides,
G. M. Sciencel996 273 347. (b) Veinot, J. G. C.; Yan, H.; Smith, S. M.; (8) Yin, Y.; Lu, Y,; Xia, Y. J. Am. Chem. So2001, 123 771.
Cui, J.; Huang, Q.; Marks, T. Nano Lett.2002 2, 333. (9) Xia, Y.; Gates, B.; Yin, Y.; Lu, YAdv. Mater. 200Q 12, 693.
(3) (a) Jiang, P.; Bertone, J. F.; Colvin, V. 8cience2001, 291, 453. (b) Vi, (10) (a) Lu, Y.;Yin, Y.; Xia, Y.Adv. Mater.2001, 13, 415. (b) Manoharan, V.
D. K.; Yoo S. J.; Kim, D.-Y.Nano Lett.2002 2, 1101 N.; Elsesser, M. T.; Pine, D. &cience2003 301, 483.
(4) (a) Stuart, H. R.; Hall, D. GAppl. Phys. Lett1996 69, 2327. (b) Chou, (11) (a) Xia, Y. N.; Whitesides, G. MAngew. Chem., Int. EA.998 37, 551.
S.Y.; Wei, M. S.; Krauss, P. R.; Fischer, P. B.Appl. Phys1994 76, (b) Chou, S. Y.; Krauss, P. R.; Renstrom, PSdiencel996 272, 85.
6673. (12) (a) Shoji, S.; Kawata, SAppl. Phys. Lett200Q 76, 2668. (b) Campbell,
(5) (a) Imhof, A.; Pine, D. INature1997, 389, 948. (b) Velev, O. D.; Lenhoff, M.; Sharp, D. N.; Harrison, M. T.; Denning R. G.; Turberfield, ANAture
A. M.; Kaler, E. W.Science200Q 287, 2240. (c) Yi, G.-R.; Moon, J. H,; 200Q 404, 53.
Manoharan, V. N.; Pine, D. J.; Yang, S.-Nl.Am. Chem. So@002 124, (13) Todorovic, M.; Schultz, S.; Wong, J.; Scherer,Appl. Phys. Lett1999
13354. (d) Zhong, Z. Y.; Gates B.; Xia, Y. Nangmuir200Q 16, 10369. 74, 2516.
(6) (a) Moroz, A.Phys. Re. Lett.1999 83, 5274. (b) Jiang, P.; Bertone, J. F.; (14) (a) Chou, S. Y.; Krauss, P. R.; Renstrom, PJ.JVac. Sci. Technol., B
Colvin, V. L. Science200], 291, 453. 1996 14, 4129. (b) Albrecht, M.; Rettner, C. T.; Anders, S.; Thomson, T.;
(7) Larsen, A. E.; Grier, D. GNature 1997, 385, 230. Best, M. E.; Moser, A.; Terris, B. DJ. Appl. Phys2002 91, 6845.
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allow simple control of the pattern size and low-cost parallel  Here, we report a simple and novel approach to the fabrication
processes that use porous aluminajock copolymerg? and of 2-D or 3-D arrays of nonspherical colloidal particles of
colloidal particlesy’” Specifically, well-organized 2-D particle  various shapes through CL. Specifically, we created well-
arrays are important in applications of stamps for soft lithog- organized layers of nonspherical colloidal particles by using the
raphy?8 microlensed? carbon nanotube array$and colloidal anisotropic RIE of the spherical polymer latexes that were
lithography (CL); these applications use colloidal arrays as stacked layer by layer, with the top layer acting as a mask. Our
lithographic masks or templates to fabricate nanostrucfires. approach has several advantages. First, binary (or ternary)
CL has the advantage of being an inexpensive, inherently colloidal particle arrays with different sizes and shapes can be
parallel, high-throughput nanofabrication technigtlainly easily fabricated from identically sized spherical partiéfes.
single and double layers of colloidal particles have been used Second, the size and shape of the resulting nonspherical particles
as masks or templates for patterned polymers and metals. Inand interstices in the colloidal layer can be easily controlled by
these cases, the interstices between particles were used as a spattee crystal orientation, the number of colloidal layers, and the
for the infiltration of new materials. A close-packed colloidal RIE conditions. Finally, an exact assessment of a faced-centered
assembly usually forms a triangular-shaped interstice in the cubic (fcc) crystal structure or a hexagonal-closed packing (hcp)
single layer or a hexagonal-shaped interstice in the double layer.crystal structure is possible by simple and direct SEM of the
The in-plane diameters of the interstices in close-packed layersCL patterned structures. Such assessment is important in the
of colloidal spheres of diamet& are usually given bys, = research areas of colloidal science and photonic crystals. This
0.233 for single layers andp,. = 0.155D for double layerg! article is unique and significant in that it reports the results of
One disadvantage of CL that limits the application of the CL CL when either the (100) or (111) plane of fcc or hep colloidal
technique is its ineffectiveness in tuning the size and shape ofcrystals is exposed to an etchant flow under various RIE
a structure. The size and shape of a nanostructure are usuallgonditions. The resulting particle arrays show complicated
dependent on the original particle size. Recently, however, structures that cannot otherwise be produced. The structure of
several techniques for controlling the size and shape of nonspherical colloidal arrays could be used as templates or
nanostructures have been suggested, including angle-resolvednasks for subsequent deposition of magnetic metal dots or
depositior?? control of deposition thickness, and dry-etching etching processes. In addition, the resulting nonspherical
conditions?® These methods use the close-packed colloidal particles can be used as novel building blocks for colloidal
layers with the constant size of the interstices between particlesphotonic crystals.
as masks to control the size and shape of a nanostructure.

Meanwhile, reactive ion (plasma) etching (RIE) has been used
to control the surface morphology and roughness and to enhance A schematic of our fabrication strategy of binary and ternary particle
surface hydrophilicity in polymeric and biological applica- arrays with nonspherical building blocks is shown in Figure 1. First,
tions24252 Recently, RIE was used to fabricate polymeric adueous colloidal polystyrene (PS) spheres with a diameter of 1.01
nanofibrillar surface® and patterned structures using colloidal #m were purchased from Magsphere, and PS spheres with a diameter
single layer® and double layerd, However, RIE of the qf 200 nm were _synthe3|zed_ by_emulsmer-free emuI_S|on polymeriza-
colloidal layers is limited either to the simple size-reduction of tuor!.2?~_3°|n emulsion polymerization, we used potassium persulfate as
colloidal spheres by oxygen RIE or to 2-D pattern formation an initiator to form the initiating radlcgls that were soluble in agueous
using double-layered colloidal sphere-assembly. As such phase and able to bind to hydrophobic styrene monomers. In the early

. » stage of polymerization, the short growing chain was amphiphilic, but
research on the control of nanostructures remains a challengegowing radicals in water lost their solubility owing to the increasing

Experimental Section

and new techniques are needed. hydrophobicity with increasing chain length. Thus, the hydrophilic parts
of precipitating chains tended to contact with the agueous phase while
(15) (a) Masuda, H.; Fukuda, KSciencel995 268 1466. (b) Choi, J.; the hydrophobic chains were likely to aggregate with each other, which

(16) \(’g‘;gﬂgﬁhg’_ ?:.%hﬁzekgﬁgvmm%t\fg iq%.lgégfém.mommen resulted in the formation of spherical organic microspheres with

M. T.; Russell, T. PAppl. Phys. Lett2001, 79, 409. (b) Zhao, D.; Feng, hydrophilic surface species. The hydrophilicity of PS surface was

J.; Huo, Q.; Melosh, N.; Fredrickson, G. H.; Chemelka B. F.; Stucky, G. H ili
D. Sciencel998 279 548, increased by adding a small amount of a hydrophilic comonomer of

(17) Chen, X.; Chen, Z.; Fu, N.; Lu, G.; Yang, Bdy. Mater. 2003 15, 1413. acrylic acid or sodium styrene sulfonate which was copolymerized with
88; \Ijvuol\(/llx\lv?lultleY %hol\'/l.\A('_l-:';Shhen'fﬂfé%itﬂézg%sﬁ 1065. hydrophobic styrene monomer. Due to the hydrophilic surfaces, the
u, M.-H; itesides, G. MAppl. Phys. Le , . ; i ;
(20) Hung, Z. P.; Carhahan, D. L.; Rybcynski, J.; Giersig, M. Sennett, M. PS beads were dispersed readily in water. The concentrations of the
Wang, D. Z.; Wen, J. G.; Kempa, K.; Ren, Z. Appl. Phys. Lett2003 PS suspensions were 0.7 wt % to 1.0 wt % for the LBLPS bead
82, 460. 0 0
(21) (a) Haynes, C. L.; Van Duyne, R. B. Phys. Chem. B001, 105, 5599. and 0.07 Wt % to _o'l wt % for the 200 nm PS bead. . .
(b) Hulteen, J. C.; Treichel, D. A.; Smith, M. T_; Duval, M. L; Jensen, T. A colloidal multilayer of PS beads was produced by raising either
R.; van Duyne, R. PJ. Phys. Chem. B999 103 3854. () Yi, D. K.; a clean flat glass substrate or a replica-molded polyurethane (PU)

Kim, D.-Y. Chem. C 2003 982. . . .
(22) H'g;,neS’ C. L_;e,\TC,:aﬂ?r:zfjA‘ D.?? Smith, M. T.; Hulteen, J. C.; Van Duyne, Substrate with V-shaped grooves, both of which had been previously

23) ?.)PKJ. ngsWChSt’ei:n. 550(3(2 lgﬁ lBgéh Mater2003 15, 2017. (b) immersed in the PS suspension. For the replica molding of PU, we

a, uo, C.-W.; I, J.-Y.; en, em. Mater ) . ~ H : : H

Kuo, C.-W.. Shiu, J.-Y.. Chen. P.: Somorjai, G.&.Phys. Chem. BO03 used a V-shaped diffraction grating (TGGO01, MicroMasch) as a master
107, 9950. _ mold. The angle between the edges of the V-shaped groove was 70

(24) (a) Egitto, F. D.; Matienzo, L. JBM J. Res. De. 1994 38, 423. (b) All of the glass substrates were cleaned using toluene, acetone, ethanol,

Nak tsu, J.; Delgado-Aparicio, L. F.; Da Silva, R.; Soberod, Rdhes. L . . .
Sg_é}rgghsﬁduég;%g ?53P?£')Cﬁé, Q.;'Lil?, Zl.?l?iiao', p?; E{;’ng, R_;e,ie, and distilled water in an ultrasonic bath (Bransonic 2510), and both
N.; Lu, Z. Langmuir2003 19, 6982. ) the cleaned glass and the PU substrates were exposedolagtna to

(25) (a) Powell, H. M.; Lannutti, J. Langmuir2003 19, 9071. (b) Taguchi,
K.; Ueguchi, T.; Ikeda, MJpn. J. Appl. Phys200Q 39, 5358.

(26) (a) Nositschka, W. A.; Beneking, C.; Voigt, O.; Kurz, §bl. Energy Mater. (28) Velikov, K. P.; Christova, C. G.; Dullens, R. P. A.; van Blaaderen, A.
Sol. Cells2003 76, 155. (b) Tada, T.; Hamoudi, A.; Kanayama, T.; Koga, Science2002 296, 106.
K. Appl. Phys. Lett1997, 70, 2538. (29) Lu, Y.; El-asser, M. S.; Vanderhoff, J. W. Polym. Sci. BL998 26, 1187.
(27) Matsushita, S. I.; Yagi, Y.; Fujishima, Lhem. Lett2002 524. (30) Yi, G. R.; Moon, J. H.; Yang, S.-MChem. Mater2001, 13, 2163.
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Figure 1. Schematic of CL for the fabrication of binary and ternary particle
arrays with nonspherical building blocks. The upper layer in the colloidal
layer acted as a mask for the lower layer; during anisotropic RIE the upper
layer was etched more than the lower layer, resulting in binary (or ternary)
particle arrays with patterned structures.
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the text, the RIE proceeded with a gas mixture of, G# sccm) and

0O, (60 sccm) at a pressure of 80 mTorr and a power density of 80 W.
The RIE conditions were sufficiently gentle for partial etching of
colloidal particles, without disturbing the ordered structure. In the RIE
process, the upper layer of the colloidal particle arrays acted as a mask
for the lower layer as a result of relative shadowing. During the
anisotropic RIE, the upper layer was etched more than the lower layer,
resulting in binary (or ternary) particle arrays with a patterned structure.
At this step, the reactive plasma was easily diffused into the voids of
the interstices between the particles, and it etched more severely around
the voids. The morphology was observed by SEM (Philips-XL20SFEG).

Results and Discussion

Colloidal spheres can produce fcc and hcp crystal structures,
which differ in the stacking of the hexagonally close-packed
(111) layers2 In the fcc structure, the sequence of stacked layers
alternates as “ABCABE-", while, in the hcp structure, the
stacking sequence is “ABABARB’ stacking. Of the two crystal
structures, the fcc structure is thermodynamically more stable
than the hcp stuctur@:33 A random hexagonal close packing
(rhcp) structure, however, which is a mixture of the hcp and
fce structures, is observed experimentally in the fabrication of
colloidal crystals under normal gravity. This phenomenon occurs
because the free-energy difference between the two phases is
very small, though the fcc phase is favored over the hcp piiase.

Figure 1A shows the fabrication scheme of binary particle
arrays from a double layer of spherical particles with a
hexagonal arrangement. Figure 1B shows the ternary particle
arrays from a triple layer of spherical particles with hcp
arrangement. The scheme of Figure 1C shows the fabrication
method of the ternary particle arrays from a triple layer of
spherical particles with an fcc order. The formation of different
patterns in hcp and fcc symmetry is possible because the

enhance hydrophilicity. The lift-up speed of the substrate was precisely interstitial spaces for plasma etching are different, as shown in
controlled by an automated step-motor (Sigma Koki, SGSP2-85) and Figure 1B and C. In the schemes of Figure 1B and C, a binary
a controller (Sigma Koki, Mark-202). This device generated 10 steps double layer can be created by completely etching out the top

of the lift-up speed starting from 0.026n/s to 2.0um/s. The lift-up layer from the corresponding original triple layer.
speed should remain as low as possible for the good ordered

arrangement of a colloidal layer.
The thickness of the particle arrays can be controlled usually by
adjusting the particle loading, lift rate, and evaporation rate; as the

solvent evaporates after the monodisperse colloidal suspensions are dip-
coated, capillary forces draw the particles, and the spherical particles

self-organize to assemble ordered colloidal arf&y4n our experiment,

Figure 1D and E display the schematics of CL when the (100)
plane of an fcc colloidal crystal is exposed to an etchant flow.
In this case, the pattern of the nonspherical particle arrays created
by anisotropic etching is expected to differ from the previous
case in which the (111) plane was exposed to the etchant flow.
Colloidal crystals are likely to grow in the (100) direction

the evaporation rate remained almost constant because the experimenté/hen there is a Confi_ned geometry such as mic_r(_)ChanneIs,
were performed at room temperature, and the lift-up speed was keptV-shaped grooves, or inverse pyramid pattéfrnSpecifically,

between 0.2«m/s and 0.5um/s. Under these conditions, the colloidal

a (100)-oriented crystal structure in the V-groove can be formed

layers showed good ordered structures and the number of the arrayedyy controlling the pitch and height of the V-groove and the

particle layers was mainly controlled by adjusting the particle loading.
As the particle loading increased, the number of colloidal layers

increased. For a given particle loading, the dip-coating produced a

colloidal assembly of a dominant structure with a specific number of
particle layers. However, some voids and mixed multiple layers of
single, double, and higher order layers appeared locally in the dip-

diameter of the colloidal particled?

In Figure 2A to D, double-layered arrays of binary particles
with a “rounded” tetrahedral shape were produced after aniso-
tropic RIE of the double layer of 1.0&m PS spheres, which
were arranged into a hexagonal structure. Under these condi-

coating process due to surface defects such as larger particles andions, the top layer was etched more than the lower layer because

impurities, stacking faults, and crystal defett&€xperimental result

for the relationship between the particle loading and the number of

colloidal layers is shown in Table S1 of the Supporting Information.
For anisotropic partial etching of colloidal particles, RIE with plasma

was performed directly onto preformed, well-ordered colloidal particle

of relative shadowing. In Figure 2A, the average particle size
of the top layer was about two-thirds of that of the original

layer. When further RIE was performed, the particle size of the
top layer became smaller and the particles of the bottom layer

arrays with an RIE apparatus (VSRIE-400A, Vacuum Sciences). Except (32) Pronk, S.; Frenkel, DI. Chem. Phys1999 110, 4589.

for the experiments in which varying RIE conditions were specified in

(31) Dimitrov, S.; Nagayama, KLangmuir1996 12, 1303.

(33) Bolhuis, P. B.; Frenkel, D.; Mau, S.; Huse, Bature 1997, 388 235.

(34) (a) Yin, Y.; X|a Y.J. Am. Chem. So@003 125 2048. (b) Y|n Y.; Xia,
Y. Adv. Mater. 2002 14, 605. (c) Choi, D.-G.; Yu, H. K.; Jang, S. G.;
Yang, S.-M.Chem. Mater2003 15, 4169.
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particle arrays. The resulting shape of the etched colloidal
particles differs noticeably from the nonspherical particles

rw _r—y X
A AﬁﬂAAAAAA"B

*AAAA‘A‘AAA#

Y VY VYRS YY YV ; £ s produced by other techniqués'® The shape of the particles is
™ “‘."“““ Y- LYY . . A\ £ quite complicated because the 3-D profile of the particle is given
’.‘ - o A"’A“‘A‘A‘A : ! A as a shadow image of the upper layer. Detailed images of 3-D
AAOALLE A0 AAAA S g : e shape are shown in cross-sectional SEM images (see Figure S1
,“F‘_"‘_ﬂf‘_ﬁ_‘l LY. X O of the Supporting Information).
D y - mrpeeEl : Our method can be extended to ternary particle arrays from

a triple layer of spherical PS beads arranged hexagonally, as
shown in Figure 3. A close-packed triple layer array has either
hcp symmetry (*“ABA” particle array) or fcc symmetry (“ABC”
particle array). Figure 3A shows ternary particle arrays, and
Figure 3B shows binary particle arrays, all of which were
produced from spherical PS bead arrays in hcp symmetry. To
- produce the double-layered arrays of Figure 3B, the top of the
. = triple PS bead layers was removed by RIE for 2 min. We also
E» 'r.' VJ.‘“ LY F h ‘ l ‘ .‘ v > 5 produced ternary and binary particle arrays from the PS bead
- .‘ & M LR F F - W s arrays in fcc symmetry. The results of the ternary particle arrays
PYPOveooe9e AAAAALALAA are shown in Figure 3C, and the results of the binary particle
YoPeTIOONL A X 8088 arrays are shown in Figure 3D.

""_' e AN A A A 4S5 The interstitial structures and spaces for plasma etching differ
".""”".‘ .‘ L A- _‘ | &% in hcp and fcc packings, as do the particle shapes and
S00nm i i

arrangements created by anisotropic RIE. As shown in Figure
—— 3C, the bottom layer of the fcc structure had a more rounded
Figure 2. SEM images of particle arrays with nonspherical building blocks hexagonal shape and the central parts were more severely etched
from a double layer with a self-assembled hexagonal arrangemenbD)A than th fthe h truct b fth |ati had

Binary particle arrays and 2-D nanopatterns produced from a double layer an those of the hcp structure because of the relative shadowing
of 1.01um PS beads. The exposure times to RIE were 4, 6, 8, and 12 min, difference. In the case of Figure 3D, the rounded hexagonal
respectively. (E and F) Binary particle arrays and 2-D nanopatterns producedshape can be obtained for similar reasons as those given for
from a double layer of small PS beads (200 nm). The exposure times to Figure 3C. The top layer and second layer can be removed by

RIE were 1 and 1.5 min, respectively. . T

further etching, resulting in a monolayer or other 2-D patterns
were severely etched. Finally, a triangular 2-D structure like (see Figure S2 of the Supporting Information).
the Star of David (Figure 2D) was formed. In Figure 2E and F,  Controlling the crystal phase is important for producing
a double layer of 200 nm PS beads was etched to form binarycolloidal crystals with less stacking faults. Therefore, the

ba-"

Qf.u.; \; ocﬂ 244
o060 QQ
naooooooo

g e — 500nm

Figure 3. SEM images of ternary and blnary particle arrays with nonspherical building blocks from a triple layer with a hexagonal arrangement. (A and B)
Ternary and binary particle arrays produced from spherical PS bead arrays in hcp symmetry. (A) A ternary particle array produced after pahingRIE etc

of the PS bead (1.04m) array. The exposure time to RIE was 6 min. (B) A binary particle array produced after removing the top layer of the triple PS bead
(200 nm) array. The exposure time to RIE was 2 min. (C and D) Ternary and binary particle arrays produced from spherical PS bead arrays in fcc symmetry.
(C) Ternary particle arrays produced after partial RIE etching of PS beads/i1The exposure time to RIE was 6 min. (D) A binary particle array
produced after removing the top layer of the triple PS bead (200 nm) array. The exposure time to RIE was 2 min.

7022 J. AM. CHEM. SOC. = VOL. 126, NO. 22, 2004
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L 2 L 3’ o ) = 3
Figure 4. Observation of the crystal structure from a direct in-plane SEM

image. The structure was formed with 1,0h PS spheres. The RIE time
was 6 min.

manufacture of a pure fcc phase rather than a mixeetticp y 7 ok  aa _ _
phase is needed to decrease the plane stacking faults. Sever#&s i o JETIIRD TR S - 500nm
sophisticated methods have been developed to fabricate a pur&igure 5. SEM images of particle arrays from a colloidal monolayer of
fcc phaseé®s 38 If the meniscus at the ahwater interface in ~ PS beads (1.04m). The exposure time to RIE was (A) 4 min, (B) 6 min,
dip-coating is slowly swept across a substrate by solvent (C) 12 min, and (D) 12 min. Images C and D differ in magnification.
evaporation, the fcc phase is more favorable and a colloidal
structure with less defects can be fabricate#.Recently, the
transformation from a hcp to an fcc structure of colloidal spheres
larger than 400 nm has been enhanced by applying a thermal
convective flow to the solution via a temperature gradient to
minimize sedimentatioff In some cases, raising the temperature - o .
of the solutiod” and shear-induced alignmawere attempted chain scission of PET, as well as increased temperature.
. - . Therefore, the PET film was exposed to reactive plasma,
for the same purpose. From this point of view, the exact assess-

ment of whether a crystal structure is an fcc or a hcp structure producing a two-phase' material, i.e., a thin moblle ;urface of
is an important issue in the research of colloidal sci¢fice. polar low-molecular-weight fragments over an immobile apolar

5a i i i
However, determining the exact characterization of the fcc and Pizj;gﬁgéén(\j/ir;?il?;iiljl(z\? gzgzg:rcvirlgcg\gg& :l?ly%)rnmﬂ d
hcp crystal structures is generally difficult from simple and direct P . y
. . i ep -~ because of the dewetting phenomena between the polar surface
SEM images. This problem is due to the difficulty of determin- )
; and the apolar substrate. The final surface morphology depended
ing the exact angle between fcc and hcp structures from cross-

. . S . strongly on the gas compositions and RIE conditions, which
sectional SEM images. As a result, estimating which crystal : - o .

. . " : influenced the chain scission and temperature increft@nt.
face is shown is also difficu? By using RIE, our method

enables us to easily show the crystal structure from a direct !N this work, we used a mixture of {and Ch as reactive
in-plane SEM image as shown in Figure 4. ion source to etch close-packed PS beads on a glass substrate

We also prepared a 2-D colloidal monolayer of PS beads of instead of continuqus polymer film. As observed in the previous
1.01 um by controlled dip-coating to create RIE-induced study on thg PET filn¥>2exposure to RIE plasma ngtonly broke
patterns. As shown in Figure 5A, the diameter of polystyrene the _PS chains to produce polar Iow-molecular-_we|ght fragments
particles was gradually reduced with an increase of RIE time. PUtincreased the surface temperature. In particulaar@ Ck,

A similar technique for the formation of a size-controllable When mixed together for use in plasma etching, create the
nanostructure array has been developed using PS beads whos%?(yﬂuo”_de ion, which is "?‘ hlgh!y reaqtlve etching agent fgr
diameters could be arbitrarily reduced by RIE with oxydén. polymeric substances. Thl_s ion is particularly adept at cutting
In the present study, however, structures with “hexagonally (€ carbor-carbon bonds in the polymer backbdiieMore-

networked protrusions” appeared when the exposure time to RIECVE": although pure GFplasma etches silicon oxide slowly,
with O, and CF; plasma exceeded 6 min (Figure 5B). Similar the presence of Owill increase the fluorine free radical
polygonal patterns were observed when thin PS films preparedconcentratlon and increase the etching rate of silicon d%tle.

on silicon wafers dewet spontaneously above the glass transitionconseguently, use of5 CF, mixture plasma not only reduces

temperaturd? Recently, Powell and Lannutti conducted a the wettability of the glass surface by the preferential fluorination

comprehensive study on the formation mechanism of the of silicon oxide but also increases the surface temperature. As
shown in Figure 5A, in the early stage of RIE, using~@F,

polygonal structure produced by RIE of poly(ethylene tereph-
thalate) (PET) film with various compositions of reactive

Iplasmas??f’1 In their case, the PET film was unsupported and
initially a single phase material. Exposure to reactive plasma
produced relatively polar low-molecular-weight fragments via

(35) van Blaaderen, A.; Ruel, R.; Wiltzuis, Rature 1997, 385, 321. mixture plasma, the diameter of the PS beads was reduced, and
\36) Vlasov, Y. A. Bo, X.-Z.; Strm, J. C.; Noris, D. Slature200%, 414 the reduced PS beads were flattened on the substrates. With an
(37) Im, S. H.; Park, O. OLangmuir2002, 18, 9642. increase of RIE time above 6 min, however, the hexagonally

(38) mmos, R. M.: Rarity, J. G.; Tapster, P. R.; Shepherd, Phys. Re. E networked protrusions around the flattened spheroidal dots were

200Q 61, 2929. S -
(39) (a) zhu, J.; Li, M.; Rogers, R.; Meyer, W.; Ottewill, R. H.; Russel, W. B,;  created as shown in Figure 5B to D. As we shall see shortly in
Chaikin, P. M.Nature1997, 387, 883. (b) Vlasov, Y. A.; Astratov, V. N,;
Baryshev, A. V.; Kaplyanskii, A. A.; Karimov, O. Z.; Limonov, M. F.

Phys. Re. E 200Q 61, 5784. (42) Sharma, A.; Reiter, Gl. Colloid Interface Scil996 178 383.
(40) Jiang, P.; Bertone, J. F.; Hwang, K. S.; Colvin, V.Qhem. Mater1999 (43) (a) Kogoma, M.; Kasai, H.; Takahashi, K.; Moriwaki, T.; OkazakiJS.
11, 2132. Phys. D: Appl. Phys1987, 20, 147. (b) Min. J.-H.; Hwang, S.-W.; Lee,
(41) Haginoya, C.; Ishibashi, M.; Koike, KAppl. Phys. Lett1997 71, 2934. G.-R.; Moon, S. HJ. Vac. Sci. Technol., 2003 21, 1203.
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arrays was partially etched. The reactive plasma then easily
diffused into the interstices. Further RIE resulted in the structure
of Figure 6.

In a few recent studies, pure;@lasma has been used for
the fabrication and size control of colloidal patterns, though these
studies were limited to colloidal monolayers and double
layers?6:27 Here, we extended these results to colloidal multi-
layers with different orientations. Figure 7 shows the SEM
images of 2-D or 3-D arrayed patterns produced from colloidal
multilayers when the (111) planes were exposed toward a pure
O, plasma. The RIE conditions were exactly the same as those
of previous results except that pure B0 sccm) was used
instead of a gas mixture of GFand Q. The results of the
monolayer (Figure 7A to C) and the double layer (Figure 7D
and E) are similar to those of other researc&#éThe particle
size was reduced with RIE time without forming the kind of
polygonal patterns seen in Figure 5, which were produced by
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Figure 6. SEM images of binary and ternary particle arrays with
nonspherical building blocks when the (100) plane was exposed to RIE.

g7 —

The PU substrate with patterned grooves was fabricated by replica molding
with a V-shaped diffraction grating. The angle between the edges of the
V-shaped groove was 70Nonspherical binary particle arrays produced
from a double layer of PS beads of 200 nm (A) and k61(C). (B) SEM
images at lower resolution for nonspherical particle arrays of 200 nm particle

RIE with a gas mixture of CFand Q. The sizes of the
interstices in the double layer can be tuned by RIE conditions.
In Figure 7D and E, the sizes of the interstices of a close-packed
colloidal double layer of 1.0km PS particles increased from
160 nm to a range of 450 nm to 600 nm with RIE time. As

arrays with the (100) plane facing to the etchant flow within the V-shape . . ;
groove. (D) Nonspherical ternary particle arrays produced from a triple layer Shown in Figure 7E, the central part of each PS bead in the

of 1.01um PS beads with the (100) plane normal to the etchant flow. The bottom layer was severely etched because of RIE etching
RIE exposure times were 1 min for the 200 nm PS beads and 6 min for the through the voids of the interstices, and the particles of the
1.01 PS beads. L . ’

wm eads bottom layer were then divided into three parts.

Figure 7A to E, the RIE with pure Oplasma alone did not Novel “flower shape” patterns (Figure 7F) were fapricz?\ted
produce the polygonal protrusions. Moreover, thermal annealing When further RIE was performed on the pattern shown in Figure
above glass transition temperature without the RIE process was’ E- These patterns were induced because the thin central parts
not able to produce the polygonal protrusions and simply made ©f the bottom layer, which have a polygonal shape, were
the PS beads sintered together without reducing particle sizeCOMPletely removed before the top layer was removed by further
(see Figure S3 of the Supporting Information). Therefore, these RIE (see Figure S4A). This approach was extended to a triple
patterned protrusions were also induced by Rayleigh instability [ayer, as shown in Figure 7&.. A different pattern (Figure
arising in such a way that the unremoved polar low-molecular- 7G) that could be described as “a dog’s paw morphology” was
weight fragments produced by the RIE process spontaneouslyformed using a triple layer with hcp (*ABA”) symmetry. The
dewet the fluorinated glass surfa@4243The Rayleigh insta- exp(_erimental conditions of Figure 7G were identical to those
bility was also facilitated due to the viscosity reduction and the Of Figure 7F. As a second layer was removed by further RIE,
temperature increment both caused by-OF; mixture plasma. the f_Iower-shaped_ patterns S|m|lar to those in Figure 7F were
After sufficient exposure to RIE to induce spontaneous dew- OPtained from a triple layer (Figure 71).
etting, novel polygonal patterns such as a hexagonal network We also produced different patterns from a triple layer with
with flattened spheroidal dots in the center were formed, as fcc (*“ABC”) symmetry. The results are shown in Figure 7J and
shown in Figure 5C and D. K. The RIE exposure time of Figure 7J was the same as that of
As mentioned earlier, we prepared multilayered PS bead Figure 7G. Patterns described as a “donut with a triangular hole”
arrays using replica-molded PU substrates with V-shaped were produced by further RIE (Figure 7K). The formation of
grooves. Owing to the confined geometry of the V-shaped different patterns in hcp and fcc symmetry is due to the different
groove, the (100) plane was parallel to the substrate and normalinterstitial structures into which plasma flows when the colloidal
to the etchant flow. We expected the prepared patterns andlayer is exposed to RIE. Figure 7L shows the results of using
particle shapes to differ significantly from the results shown in @ quadruple layer (“ABCA” symmetry). In Figure S4 of the
Figures 2 and 3, in which the etchant flow was directed toward Supporting Information, we included SEM images of situations
the (111) plane. The SEM images of Figure 6A and B show in which either a (100) plane of a triple layer with fcc symmetry
the resulting nonspherical rectangular particle arrays preparedwas exposed to £plasma or a (111) plane of a quadruple layer
from 200 nm PS beads with the (100) plane facing to the etchantof hcp (*ABAB”) symmetry was exposed toplasma.
flow. Indeed, the shape and arrangement of the etched PS Finally, we investigated the effect of thermal annealing of
particles were distinctively different from the previous cases the PS colloidal arrays on the RIE-induced surface morphology.
with the (111) plane normal to the etchant flow. Binary and In doing this, double-layered PS beads were annealed above
ternary particle arrays with rectangular structure were also glass transition temperature prior to exposure to reactive ions.
produced by using double and triple layers of 101 PS beads,  As the annealing time increased, sintering occurred between
respectively; the results are reproduced in Figure 6C and D. slightly flattened particles because of the increased polymer
As shown in Figure 1D and Figure 6, the rectangular mobility at the high temperature. Then, the annealed particle
interstices were enlarged when the upper layer of the particle array on the glass substrate was exposed to reactive plasma

7024 J. AM. CHEM. SOC. = VOL. 126, NO. 22, 2004
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Figure 7. SEM images of 2-D or 3-D arrayed patterns produced from colloidal multilayers when purRéEOwvas used. (AC) Patterns produced from
a monolayer of PS particles. The exposure time to RIE was (A) 4 min, (B) 6 min, and (C) 8 min, respectivefy.RBtterns produced from a double layer.
The exposure time to RIE was (D) 4 min, (E) 6 min, and (F) 8 min, respectivelyLj®atterns produced from a multiple layer of PS particles with a hcp

structure (“ABA” symmetry) (G-I) and an fcc structure (“ABC” symmetry) {iL). The exposure time to RIE was (G) 8 min, (H) 10 min, (I) 12 min, (J)
8 min, (K) 10 min, and (L) 10 min, respectively.

were dependent on the crystal orientation relative to the
substrate, the number of colloidal layers, and the RIE conditions.
The structures produced by anisotropic RIE can lead to the
creation of new types of 2-D nanopatterns or 3-D colloidal

particle arrays. In principle, our approach can be extended to
quadruple (or higher order) layers to create more complicated
structures that cannot otherwise be produced. We have also

3
il T P ~ - 3 - b ~

: ) _ & - 1pm demonstrated that, by using RIE, CL is a versatile and useful
Figure 8. SEM images of 2-D arrayed patterns produced by RIE of technique in the field of .nanopa'\tt(.ern fabrication. The resulting
colloidal double layers of PS beads (1 /h) after annealing at 12TC for structures of nonspherical building blocks can be used as

30 min. The exposure time to RIE was 6 min. (A) Patterns produced when templates or masks for microscale or nanoscale 2-D patterning
the (111) plane faced the etchant flow. (B) Patterns produced when the or 3-D layered colloidal crystals
(100) plane was normal to the etchant flow. ’
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