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We have introduced line defects into a three-dimensional (3D) photonic crystal by combining the techniques of

optical photolithography, self-assembly, and template replication. The template is a colloidal crystal film that is

grown on a silicon or glass substrate patterned with photoresist lines, and the 3D photonic crystal with air-core

line defects is obtained by infiltrating the colloidal crystal film with silica and removing the template by

calcination. SEM and optical transmission spectra show that the resulting 3D PC structure has high structural

integrity and crystalline quality. This approach can introduce defects at the desired places of 3D photonic

crystals, which may be useful in making 3D photonic crystal-based air-core waveguides.

I Introduction

Photonic crystals (PCs) are a promising platform for the
realization of integrated optoelectronic circuits.1 Recently,
there has been considerable interest in fabricating three-
dimensional (3D) PCs and PC-based devices designed for
optical wavelengths.2–4 A simple and inexpensive route by
which to fabricate 3D PCs with a photonic bandgap of optical
wavelength is through the self-assembly of colloidal micro-
spheres.5–11 Though the currently available colloidal crystals
do not have a full photonic bandgap because of their low index
contrast, the self-assembled colloidal crystals provide an ideal
template for the creation of porous structures with a full
photonic bandgap by infiltration of the template by a material
of high refractive index and then removal of the template.12–19

Most of the applications of PC based devices require exact
placement of well-defined line or point defects in the interior of
the PCs, which cannot be obtained through self-assembly
alone. For example, if a line defect is introduced into a photo-
nic crystal, a wavelength (l)-scale optical waveguide can be
fabricated, and such a PC waveguide can have unique pro-
perties, such as an arbitrary refractive index core, waveguiding
through a l-scale sharp bend, and extremely large group-
velocity dispersion.20–22 Combination of the self-assembly
approach with defect engineering is an important issue for
making PC based devices. If intentional defects can be
introduced into self-assembled colloidal crystals, it will be
feasible to make PC-based devices using a self-assembly
approach. However, few methods have been proposed to
introduce defects at the desired places of colloidal crystals.
Recently, Lee et al. demonstrated the multi-photo polymeriza-
tion of 3D patterns in colloidal crystals by using a laser
scanning confocal microscope.23 Here, we show that air-core
line defects can be introduced into inverse colloidal crystals by
simply growing them on top of lithographically patterned
substrates. SEM and optical transmission spectra measure-
ments show that the resulting 3D PC structure has good
crystalline quality.

II Experimental

Four steps were involved in the fabrication of the air-core line
defects in 3D inverse colloidal crystals. (1) Standard photo-
lithography was used to pattern the line structure on the

substrate. Both (001) p-type Si substrates and glass substrates
were used. Samples fabricated on glass substrates were used for
optical transmittance measurements. The line patterns were
defined in a 1 mm thick layer of photoresist (Shipley 1811) that
was spin coated on the substrate. The line patterns were 1 mm
long. (2) A convective self-assembly method was used to grow
colloidal crystals on the patterned substrates. The substrate
was placed vertically into a vial containing an aqueous
suspension of either 300 or 400 nm diameter polystyrene
spheres. The volume fraction of the solution was around 0.5%
wt. The vial is kept in a temperature-controlled oven. The
drying process of the suspension (~5 mm day21) is observed
from the top to the vial as water slowly evaporates from the
aqueous colloidal solution. After completion of the drying
process, an iridescent array of colloidal crystal film was
deposited onto the substrate.8,9 The thickness (i.e. the number
of layers) of the colloidal crystal was controlled by the
concentration of the suspension. The resultant colloidal crystal
film is of good quality, is stable in ethanol, and can be further
inverted into macroporous SiO2 film by using a sol–gel process,
as demonstrated in our previous work.24 (3) The photoresist
lines on the substrate were removed by dipping the samples into
ethanol for several minutes. During this step, the photoresist
line arrays dissolved, leaving air cores surrounded by the
colloidal crystal film. (4) The colloidal crystal film was further
replicated to make an inverse opal structure. The voids in the
colloidal crystal film were first infiltrated by silica via a
modified sol–gel process process involving the acid-catalyzed
hydrolysis and condensation of an organic precursor, tetra-
ethylorthosilicate (TEOS), in ethanol.24,25 A home-made dip-
coating apparatus was used. The substrate containing the
colloidal crystal with the air cores in the vertical direction was
lowered into the precursor solution and then slowly withdrawn.
Using this vertical dip-coating method, all the colloidal
spheres, including the spheres surrounding the line defects,
are coated with a very thin layer of silica sol,24 leaving the line
defects open. The sample was dried in air for 10 min. As a result
of exposure to moisture in the air, the TEOS was hydrolyzed
and most of the solvent in the precursor was removed, with the
colloidal spheres being coated with a thin layer of silica gel. The
cycle of infiltration, reaction, and drying was repeated several
times until the voids in the colloidal crystal were completely
filled with silica gel. Because the line defects are much bigger
than the voids around the colloidal spheres, air cores appear at
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the positions of the line defects, though their cross-sectional
area exhibit a little shrinkage. The polystyrene spheres were
then removed by calcination at 450 uC for 30 min. During this
step, the polystyrene spheres decomposed, leaving behind air
spheres in an SiO2 matrix, as demonstrated in our previous
work.24

III Results and discussion

The 3D structures of the samples were characterized by a
Philips XL20 W scanning electron microscope (SEM). Fig. 1
shows cross-sectional SEM images of the samples. Fig. 1(a)
shows the patterned substrate. The photoresist pattern is
periodic line arrays 1 mm high 6 3 mm wide with 11 mm
spacing. Fig. 1(b) shows the colloidal crystal multilayer film
grown on the patterned substrate. The sphere size in this case
was 400 nm. Fig. 1(b) shows that the photoresist lines are
completely surrounded by 3D colloidal crystals. The polysty-
rene spheres are aligned into a face-centered cubic (FCC) close-
packed lattice oriented in the (111) direction both in the
channels between the photoresist lines and on the top surface of
the photoresist lines. The plane normal to the photoresist lines
is the (110) plane. Multilayered structures of up to 10 layers
have exhibited excellent crystalline properties, and crystallized
multilayers can be made up to 50 layers thick by increasing the
concentration of the sphere suspension. Fig. 1(c) shows the 3D
PC film after removing the photoresist lines. The cross-
sectional image shows no sign of the phototresist lines. The
resulting air cores keep the shape of the photoresist lines, and
are surrounded by well-ordered 3D ordered colloidal crystals.
The colloidal spheres do not collapse into the air channels until
the channel width exceeds 4 mm. As the SEM is a cross-sectio-
nal image, the air-core structure shows that the photoresist
lines were completely removed. Fig. 1(d) shows 3D photonic
crystals with air-core line defects obtained after inversion of the
crystal. The SEM image indicates that silica infiltration does
not alter the width of the air channels surrounded by
macroporous SiO2, and there is little shrinkage in the lateral
direction of the film. The size of the air spheres in the SiO2

matrix exhibits shrinkage of ¡15% in the direction perpendi-
cular to the substrate when compared with the polystyrene
spheres, but the macroporous SiO2 retains the 3D close-packed
crystalline order of the initial template.

Fig. 2 shows optical transmission spectra at normal inci-
dence, with curves b, c, and d obtained from macroscopic areas
of the samples shown in Fig. 1(b), (c), and (d), respectively. The
colloidal crystal multilayers show a clear stop band at 950 nm,
which arises from the Bragg reflection of the (111) planes. The
full width at half maximum (FWHM) is less than 10% of
the center frequency of the band gap, as shown in curve b. The
clear presence of the band gap confirms the high crystalline
quality of the colloidal films inferred from the SEM images.
The differences between spectra b and c may be due to removal
of the photoresist lines, but the center position and FWHM of
the stop band does not move because the removal of the
photoresist lines does not damage the crystalline ordering of
the structure. The crystalline ordering is still kept after the
crystal is inverted by SiO2 infiltration, so the macroporous SiO2

film also exhibits a band gap. The central position of this band
gap is shifted to 630 nm because of the change in the effective

Fig. 1 (a) SEM image of the patterned substrate. The photoresist pattern is a periodic line array with 1 mm high6 3 mmwide lines, spaced at 11 mm.
(b) SEM image of the patterned colloidal crystal multilayers, assembled using 0.4 mm polystyrene spheres. (c) SEM image of the patterned 3D
colloidal crystal film after removing the photoresist lines. (d) SEM image of the air-core line defect embedded into inverse 3D colloidal crystals.

Fig. 2 Optical transmission spectra at normal incidence, where curves
b, c, and d are spectra of the samples shown in Fig. 1(b), (c), and (d),
respectively.
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refractive index of the structure and the shrinkage in the
direction perpendicular to the film.
To explore the mechanism of the growth of colloidal crystals

on patterned substrates, colloidal films were deposited onto
substrates at a low concentration. Fig. 3 shows a cross-
sectional SEM image of a sample. The concentration of the
suspension in this case was about 0.15 wt%. Fig. 3 indicates
that the growth of colloidal multilayers begins in the channels,
which serve as physical traps for the polystyrene spheres. In
particular, as the solvent evaporates from the surface of the
substrate, a horizontally directed capillary force is induced on
the spheres that are positioned on top of the photoresist lines.
This force drives the spheres into the channels between the
photoresist lines, where they assemble into a close-packed
lattice due to immersion capillary interaction between adjacent
spheres. After the channels are completely filled, the crystal-
lization of polystyrene spheres will extend towards the top
surfaces of the photoresist lines, as shown in Fig. 1. Stacking
faults are minimized when the ratio of the height of the
photoresist line to the sphere diameter is 1 1 n(23)

0.5, where n is
an integer. Previous work has revealed that substrate patterns
have an effect on the symmetry of the colloidal arrays if the
sphere size is comparable to the pattern spacing.26–30 In
addition to hexagonal symmetry, centered rectangular sym-
metry can also occur. However, in this experiment, because the
pattern spacing is large in comparison to the size of the
polystyrene spheres, the substrate patterns have no effect on
the symmetry of the colloidal crystalline films.

IV Conclusions

To summarize, by combining the colloidal crystal self-assembly
technique and lithography, air-core line defects can be
introduced at the desired places of 3D inverse colloidal
crystals. Here, as an example, we report the fabrication of a
silica photonic crystal with line defects. Moreover, we also find
that this approach can yield colloidal crystal templates with line
defects grown using y1 mm diameter polystyrene spheres,
whose band gap is in the infrared region. Our next goal is to
invert colloidal crystals with amorphous silicon (a-Si) to
integrate an input coupler and an output coupler into the air-
core structures, with a view to examining the efficiency of such
a material as a waveguide. It has been demonstrated that
colloidal templates can be filled with a-Si using low-pressure
chemical vapor deposition (LPCVD) and plasma enhanced
chemical vapor deposition,18,19 Due to its high refractive index
contrast, a-Si PCs have full band gaps in the infrared region. If
a substrate is pre-coated with a film of omnidirectional one-
dimensional PCs with the same band gap as that of an inverted

a-Si PC, the air-core line defects fabricated in a-Si PCs can
behave as waveguides, which means that this approach may be
useful in making air-core waveguides in 3D PCs.
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