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Photonic crystals (PCs) or photonic band gap (PBG)
materials have attracted rapidly growing interest because of
their potential applications in photonié$ Self-assembly of
colloidal microspheres offers a simple and inexpensive route
to three-dimensional (3D) PC©ver the past decade, various
methods have been demonstrated to fabricate colloidal
PCs#* 7 Particular efforts have been made at minimization

of the presence of intrinsic defects such as dislocations and

cracks to achieve perfect and large-scale colloidal crystils.
However, the incorporation of different kinds of extrinsic
defects such as planar, line, and point defects into the
colloidal PCs is also of paramount importance. Device
applications of PCs, such as low-loss waveguides, optica
cavities, zero-threshold microlasers, light-emitting diodes,
optical switches, all-optical transistors, and tunable filters
all require an exact placement of well-defined defects in the
interior of the PC4! Defect engineering for self-assembled
PCs has thus been of great research intéte’$tin addition,
photonic crystal heterostructures with multiple photonic band
gaps provide the potential of controlling and modulating the
flow of light more elaborately?

Template-directed self-assembly of colloidal spheres has
been widely used to produce size-controlled colloidal
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clusters?-22 oriented colloidal crystal$?* and photonic
crystal heterostructuré@Most of these template patterns are
defined on a flat solid substrate using lithography tech-
niques?>25-31 Here, we show that various patterns can be
constructed on the surface of a colloidal crystal film (host
opal). By directed self-assembly of another kind of colloidal
crystal (guest opal) within these patterns, followed by
sequential growth of the host opal, one can embed 3D
extrinsic defects with desired shapes in the interior of a self-
assembled colloidal PC.

The fabrication procedure is schematically illustrated in
Figure 1. Monodisperse silica colloidal microspheres with a
diameter of 0.39um, which were synthesized using the
Stber-Fink-Bohn metho& were assembled on a silicon
substrate with a vertical deposition metfom form a
colloidal crystal film. The thickness of the film can be
precisely controlled with manipulating the concentration of
the silica colloidal suspension. The silica opal film was
slightly annealed at 45TC for 3 h toenhance the mechanical
integrity. Because of the low annealing temperature em-
ployed, the colloidal crystal film retained its original crystal-
line structure and no cracks were formed upon the annealing
process. After spin-coating of a photoresist layer (either AZ
P4620 or AZ 5214, Clariant Pte Ltd), conventional photo-
lithography technique was used to construct a variety of
linear channels on the surface of the silica opal film (see
Supporting Information for the details of the photolithogra-
phy process). Then, vertical deposition or spin-coating was
employed to grow polystyrene (PS) colloidal crystal (guest
opal) within the channels. The PS spheres were synthesized
using an emulsifier-free emulsion polymerization techniue.
The detailed experimental description of the fabrication of
the PS guest opal can be found in the Supporting Information.
After drying at room temperature followed by heat treatment
at 100°C for 10 min to slightly anneal the PS guest opal,
the photoresist was removed with ethanol. Subsequently,
vertical deposition was carried out again to re-grow the host
silica colloidal crystal, resulting in a 3D PS guest opal strip
embedded in the interior of the silica host opal. Images were
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Figure 1. Schematic illustration of introducing three-dimensional (3D)
extrinsic defects into self-assembled colloidal PCs.

)

Figure 2. Scanning electron microscopy (SEM) images of (a) a silica
colloidal crystal film (0.3%m in diameter), (b) after spin-coating of a layer
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photoresist layer of less than/m was obtained using a
spinning speed of 5000 rpm for 0.5 min, while when
photoresist AZ P4620 was used, a spinning speed of 5000
rpm for 0.5 min resulted in a photoresist layer of about 7
um in thickness. When a multiple-coating process was used,
photoresist layers thicker than 10n were also obtained).
During the spin-coating process, the photoresist penetrated
the voids between the silica colloidal spheres as revealed
by the SEM image shown in Figure 2b. After photolithog-
raphy and development, micrometer-scale X95 um)
channels were constructed on the top of the silica opal film
as demonstrated by the SEM image of Figure 2c. The guest
PS opal was fabricated with the same vertical deposition
method. The silica film with patterned channels was dipped
in a PS colloidal aqueous suspension in a way that the linear
channels were oriented perpendicular to the liquid surface
of the suspension. A proper PS colloidal suspension con-
centration must be used to ensure PS colloids to crystallize
only in the channels. As can be seen from Figure 2d, both
the PS colloidal crystal (0.5am) within the 9um-wide
channel and the underneath silica colloidal crystal (39

are well-structured. Figure 2e shows the PS colloidal crystal
strip loaded on the top of the silica colloidal crystal film
after the photoresist was removed. Dipping in ethanol ensured
the complete removal of the photoresist on the top of the
silica colloidal crystal film, as well as those penetrating the
underneath silica colloidal crystals. The well-defined archi-
tecture of the PS colloidal crystal strip and the close-packed
hexagonal surface plane of the silica opal underneath the
PS opal strip are clearly seen. It can also be observed that
the PS guest opal strip contains some cracks, which are likely
due to the shrinkage of the self-assembled PS spheres during
the drying process. After re-growth of another layer of silica
colloidal crystal, a 3D PS colloidal crystal strip fully
embedded in the interior of the silica colloidal crystal was
obtained, which can be seen from Figure 2f. Figure S1 in
the Supporting Information shows the enlarged section of
the PS guest opal strip surrounded by the silica host opal. It
is hard to distinguish the interface between the original silica
opal and the re-grown one, indicating a perfect periodicity

of photoresist, (c) a photoresist linear channel patterned on the surface ofgf the 3D ordered structure inherited when the top layer silica

the silica colloidal crystal film, (d) PS guest opal (0.661 in diameter)
strip in the channel, (e) after removal of photoresist, and (f) a PS guest
opal strip embedded in the interior of the silica colloidal photonic crystal
(host opal). The white rectangle highlights the embedded guest opal. All
scale bars are pm.

acquired using a filed emission scanning electron microscopy

(FESEM, JEOL JSM-6700F) and a scanning electron mi-
croscopy (SEM, JEOL JSM-5600LV).

The SEM images shown in Figure 2 demonstrate the opal
structures obtained in each step. Figure 2a shows a silic
opal film produced using the vertical deposition method. It

is seen that the film possesses a face-centered cubic (fcc}

close-packed structure with the (111) plane parallel to the

substrate surface. Figure 2b shows a side view of the silica

opal film after spin-coating of a @m layer of photoresist
AZ P4620. The thickness of the photoresist layer can be
controlled by the spinning speed and time. It is also

dependent upon the photoresist properties. (For example, WithS

photoresist AZ 5214, which has a lower viscosity, a

a

colloidal crystal was grown on the surface of the original
silica opal film.

In addition to the vertical deposition method, the spin-
coating methotf-*%3*was also utilized to fabricate guest PS
opals. The spin-coating technique is especially useful for
fabrication of guest colloidal crystal from spheres with a
larger diameter or having a higher density (i.e., silica), for
which the conventional vertical deposition method is not
effective because of particle sedimentation. The concentration
of the PS colloidal suspension and the spin speed were
optimized to ensure the crystallization of the PS colloids to
ake place only within the channels. As an example, Figure
3 shows a 3D PS colloidal crystal (the diameter of the PS
spheres was 1.4m) strip embedded in a silica colloidal
crystal (the diameter of the silica spheres was @.39. The
structural order of the PS guest opal fabricated using the
pin-coating method can be clearly seen.
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Figure 3. A three-dimensional PS colloidal crystal (luin in diameter)
strip embedded in a silica colloidal crystal (0.88 in diameter). The PS
guest opal was fabricated by means of the spin-coating technique.

Besides straight linear channels, other complex channels
such as S-bend, Y-branch, X-cross, and ring-like channels
have also been patterned on the surface of silica colloidal
crystal films following the route described in this work. Thus,
guest opal with a desired shape can be introduced into 3D
self-assembled systems with the same method. As an
example, Figure 4a shows the SEM image of a Y-branch
channel patterned on the surface of a silica opal film. The
high-resolution SEM image of the branch section (Figure
4b) and the cross-sectional view (Figure 4c) clearly illustrate
the well-defined channels and the hexagonal-packed surface
plane of the silica opal underneath the channels. A Y-shape
PS guest opal strip loaded on the silica colloidal crystal film, Figure 4. A Y-branch channel patterned on the surface of a silica colloidal
which was directly grown within the Y-branch channel, can crystal fiIm._(a) A top view at low magnifiqation, (b) a close view of the

. . . . branch section, and (c) a cross-sectional view. (d) A Y-shape PS guest opal
be seen from Figure 4d. The insets in Figure 4d show the strip loaded on the silica host opal film. The top and bottom insets in Figure
top view of the PS guest opal (top) and the silica host opal 4d illustrate the top view of the guest PS opal and the host silica opal,
(bottom). The PS guest opal strip was prepared using therespectively.

spin-coating method. The poor ordering of the PS colloidal gjanorate optical properties because of the different PBG
spheres (see the enlarged SEM image shown in Figure SZtfects between the host and guest opal structures, offering
in the Supporting Information) is most probably due to the e possibilities of controlling and modulating the flow of

incommensurability of the diameter of the PS spheres (0.26 jight. |n addition, the presence of such extrinsic defects in a

#m) and the dimension of the channely{# wide and 2xm 3D ordered porous system may act as buried microchannels
height)?!#5-37 and/or the un-optimized spin-coating param- |,sed in fluidics systems.

eters. An S-bend shape PS guest opal strip loaded on a silica
host opal film can be seen in Figure S3 in the Supporting  Acknowledgment. The authors thank the Science, Technol-
Information. ogy and Research (A*STAR) of Singapore for financial support.
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within self-assembled colloidal photonic crystals has been Mask fabrication.
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assembly o _CO oidal spheres, p O,to ithograp y on a pre- raphy process for constructing linear channels with different height;
formed colloidal crystal, template-directed colloidal crystal 5y faprication of PS guest opal within the photoresist channels:
growth, and sequential growth of colloidal crystal. The (3) an enlarged SEM image of Figure 2f; (4) an enlarged SEM
heterostructured colloidal crystals are expected to exhibit image of a Y-shape PS guest opal strip loaded on a silica colloidal
crystal film; (5) SEM image of an S-bend shape PS guest opal
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