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We report a simple approach to fabrication of three-dimensional photonic crystal structures.
One-dimensional photoresist patterns (lines) are defined as templates using interferometric
lithography and silica nanoparticles are self-assembled around the photoresist patterns using spin
coating. Multiple-layer structures are formed by repeating these processing steps. The photoresist
patterns are removed through high temperature calcination to fabricate three-dimensional photonic
crystals with void channels in a woodpile structure. The optical properties of as-prepared photonic
crystal structures are in good agreement with simulation results. This approach provides a versatile
and facile technology to fabricate photonic bandgap materials and photonic crystals with defects.
© 2008 American Institute of Physics. [DOI: 10.1063/1.2971202]

Since the concept of photonic crystals (PCs) was pro-
posed in 1987, the fabrication and application of such
structures has attracted an increasing amount of interest.
While much effort has been devoted to one-dimensional (1D)
(Bragg reflectors) and two-dimensional integrated optics ap-
plications, three-dimensional (3D) PCs remain the most chal-
lenging to fabricate as well as having unique applications as
a result of the 3D photonic confinement. There are two main
fabrication approaches: “top-down” lithography and
“bottom-up” self-assembly. Top-down approaches utilize so-
phisticated conventional semiconductor lithography process-
ing, including photolithography, etching, metallization, lift-
off, and planarization to fabricate 3D highly periodic
structures in a layer-by-layer manner and to accommodate
defects (cavities, waveguides, etc.).3’4 Contrastingly, self-
assembly of colloidal microspheres, provides a simple and
inexpensive approach to fabrication of 3D PCs, however,
with relatively short range of ordering (grain boundaries) and
typically without any capability for programed defects.”® In
this communication, we present a novel 3D PC fabrication
approach using combined top-down [interferometric lithog-
raphy (IL)] and bottom-up processes (deposition of nano-
scale particles from colloidal suspensions) that provide both
the long-range order associated with lithography and the
ready possibility of introducing controlled pattern defects
while retaining the low cost fabrication advantages of self-
assembly.

One of most studied PC structures is a “woodpile PC.”
Woodpile structures are generally fabricated with intensive
top-down methods by layer-by-layer stacking of dielectric
rods with alternating orthogonal directions.” A related struc-
ture to woodpile PC is a void channel structure where the
adjacent void channel layers are separated by a thin solid
layer. These woodpile PCs can possess a complete bandga}g
and offer great flexibility in tuning the photonic bandgap.
While there has been an initial report of the fabrication of
woodpile PCs with a dual periodicity using photolithography
and self-assembly technique,9 the colloidal particle diameters
are in the several hundred nanometer range while the peri-
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odicity of the patterned strips of colloidal particles is in the
10 pum range. Thus the PC arises from the particle self-
assembly and is only weakly impacted by the lithography. In
contrast, we use much smaller nanoparticles (~50 nm diam-
eter) that form an effective index material ordered by the
~500 nm lithography pattern that defines the PC.

We have recently developed a simple templating tech-
nology for the formation of various surface patterns of nano-
particles using directed self-assembly, combining toP-down
IL and bottom-up self-assembly of colloidal particles. 01 we
reported a facile approach to fabrication of the porous
nanochannels'? and explored the application for biological
separation and detection. ' Here, we extend this demonstra-
tion to the fabrication of PCs and report on the correspond-
ing optical spectra.

IL can produce simple periodic structures (lines/spaces)
at scales across the entire range of interest for PCs and over
extended areas (>6 cm?). IL has been used to generate 3D
PCs in single photolithography step using multiple coherent
exposure beams, but there are some limitations associated
with the difficult phase adjustment between the beams.'*!3
For woodpile geometries, a layer-by-layer approach is nec-
essary. The interlevel alignment of the fringes with nanoscale
accuracy in IL is simple and inexpensive using projection
moiré approaches, thus, eliminating the requirement of a
high accuracy mask aligner.lé’l7 Compared to e-beam lithog-
raphy, IL is fast, inexpensive, and provides high uniformity
over a large area without stitching artifacts. With IL and
layer-by-layer construction, 3D woodpile PCs are readily
fabricated using high-refractive-index materials.'

In our experiments, a quartz slide was used as a substrate
for optical transparency and tolerance to high temperature. A
uniform silica nanoparticle film was first deposited on a
quartz substrate using spin coating.19 IL was used to produce
periodic 1D photoresist (PR) patterns atop the silica nanopar-
ticle film. IL with a 355 nm third-harmonic YAG laser source
at a dose of ~100 mJ/cm? was used to produce 1D periodic
patterns. The PR patterns acted as templates for subsequent
processing.20 Then, silica nanoparticles were spun onto the
PR patterns using nearly monolayer thickness spin-coating
cycles, filling the spaces between the PR and forming a uni-
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FIG. 1. SEM images of two-layer (x-y) void-channel structures with 1000
nm period and 50 nm diameter silica nanoparticles.

form, low roughness top layer over the PR, which served as
the substrate for the next level of the woodpile PC. The
5 wt % concentration, 50 nm silica nanoparticle colloidal
suspensions were diluted from Snowtex OL colloid silica
obtained from Nissan Chemical American Corp. Several
cycles of spin coating with spin speed of 4000 rpm were
used. Perpendicular 1D PR patterns were fabricated on this
silica nanoparticle surface and deposition of silica nanopar-
ticles to cover the second layer PR patterns was performed
using spin coating. Multiple layered structures were gener-
ated by repeating the above procedure. Finally, the PC fab-
rication was completed with a high temperature calcination
step (800 °C, air ambient, 2 h) to remove the buried 1D PR
patterns and to enhance the mechanical stability of the PC
structures by partial necking of the abutting silica nanopar-
ticles while the nanoparticle porosity and the spherical shape
of nanoparticles were maintained. ~ Compared with previous
fabrication methods for woodpile structures, our approach
eliminates many expensive processing steps. The one-step
calcination provides a uniformity advantage across the many
layers.

Figure 1 shows scanning electron microscopy (SEM)
images of a two-layer (x-y) woodpile structure formed with
50 nm silica nanoparticles using negative PR. The rectangu-
lar cross sections of the first layer channels end on to the
image (around four-particles high) are evident, while the sec-
ond layer channels are perpendicular to first layer channels.
The fracture of the substrate was slightly misaligned relative
to the top channel layer, so an interior wall is visible. The
channel inside wall is smooth and the channels are continu-
ous. The loose particles in all of the figures are a result of the
fracture of the substrate and are not inherent to the fabrica-
tion. With this approach, it is easy to fabricate PCs with
additional layers, as shown in Fig. 2, for three-layer and
four-layer PCs. In these structures, the periodicity appropri-
ate to the PC is set in the transverse directions by the IL and
in the vertical directions by the thickness of the PR. The
nanoparticles are small compared with the PC dimensions
and an effective medium model is appropriate. Sample di-
mensions were typically ~6 cm? with good uniformity
across the entire area.

It is easy to vary the PC dimensions using IL. Figure 3
shows the SEM images of four-layer woodpile void
nanochannels using positive PR and 50 nm silica nanopar-
ticles on a Si substrate. The period of channels was 500 nm
and the space ratio of channels is small due to usage of
positive PR. The nanochannel cross section is 150
% 350 nm?. By fracturing a sample in two perpendicular di-
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FIG. 2. SEM images of void channel structures with 1000 nm period and 50
nm silica nanoparticles. [(a) and (b)] three-layered structures (x-y-x). [(c)
and (d)] four-layered structures (x-y-x-y).

rections, the long-range extent of the pattern is verified in
both directions, as shown in Figs. 3(a) and 3(b).

The optical transmission of the as-prepared PC struc-
tures (Figs. 1 and 2) for two-layer (x-y), three-layer (x-y-x),
and four-layer (x-y-x-y) PCs at normal incidence using a
Fourier-transform infrared spectrometer is shown in Fig. 4.
The spectrum was normalized to the transmission of a clean
quartz substrate. The optical spectrum of a planar silica col-
loidal nanoparticle film on a quartz substrate was measured
for comparison as well. The 2.73 um absorption is caused
by intrinsic absorption of silica nanoparticles (H,O) and
scales as the total thickness of the nanoparticles. The PC stop
bands (transmission minimum) around 2um are clear for
these samples. As the number of layers increased, the trans-
mission dip around 2 um becomes obvious and shifts to
shorter wavelength. The transmission dip for the four-layer
PC is around 73%. The transmission dips around 1 wm for
these samples are due to the second-order Bragg diffraction
peak. The observed features do not correspond to photonic
bandgaps as the dielectric contrast of the silica nanoparticles
to the air spaces is too low to provide a complete gap. The
silica nanoparticles can be replaced with higher-index nano-

FIG. 3. SEM images of four-layered void channel structures with 500 nm
period and 50 nm silica nanoparticles from two different directions.
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FIG. 4. (Color online) The transmission spectra of the 3D crystals shown in
Figs. 1 and 2 measured with FTIR from silica nanoparticle film, two-layer,
three-layer, and four-layer PCs. The three main dips are from intrinsic ab-
sorption (H,0) in the silica nanoparticles (2.73 um), stop band (2 um),
and second-order Bragg diffraction (1 um).

particles to enhance the photonic behavior such as TiOz,21 or
metallic nanopar*[icles.22

The experimental transmission measurement is comple-
mented by simulation using a rigorous coupled-wave analy-
sis (RCWA) model.” The basic idea of RCWA is to expand
the dielectric function of the structure into a spatial Fourier
series that couples the terms of the Flouquet electromagnetic
field expansion.24 The effective refractive index of silica
nanoparticle  film can be  estimated by25 Mot
=\fin3+(1—-f,)n3, where n; and n, are the refractive index
of component 1 and 2, respectively, and f; is the filling vol-
ume fraction of component 1. For the silica nanoparticle re-
gions, nsio,=1.45 and ny;=1.00, f is 0.74 for ideal dense
packing of spherical particles and the effective refractive in-
dex is ng~1.34. The curves in Fig. 5 show the RCWA-
simulated transmission for three-, four- and eight-layer PCs.
The simulated results agree reasonably well with the experi-
mental spectra for the three- and four-layer samples. The
strength of the transmission dip increases with the number of
layers; 40% transmission is calculated for an eight-layer
structure.
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FIG. 5. (Color online) Experimental and RCWA-simulated transmission
spectrum at normal incidence.
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This approach can easily extend to further fabrication of
artificial defects in 3D PCs through introducing extrinsic
point, linear, and planar defect patterns in the formation of
the PR pattern, combining IL, and conventional optical li-
thography, or in the self-assembly or using a second type of
nanoparticle film layer for a portion of selected layers.26 Our
fabricated PCs have potential applications for sensing mate-
rials because of their inherent optical properties and dual
porosities (channels and voids among nanoparticles).

In summary, we have demonstrated a simple and inex-
pensive approach for fabricating 3D woodpile PC structures
with void channels using interference lithography and self-
assembly of nanoparticles. The morphology of PC structures
is easily tunable in the lithography and spin-coating steps.
The as-prepared photonic structures exhibit interesting opti-
cal behavior that agrees well with model results. The com-
plete bandgaps will be achieved through using of high refrac-
tive index nanoparticles and the void channel structures may
have technical importance for fluid sensing.
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