Materials Science and Engineering Publications

Materials Science and Engineering

2010

Semicrystalline woodpile photonic crystals without
complicated alignment via soft lithography
Jae-Hwang Lee
Iowa State University

Ping Kuang
Iowa State University, ping_kuang@hotmail.com

Wai Y. Leung
Iowa State University, wleung@iastate.edu

Yong-Sung Kim
Iowa State University

Joong Mok Park
Iowa State University, joongmok@iastate.edu
See next page for additional authors

Follow this and additional works at: http://lib.dr.iastate.edu/mse_pubs
Part of the Optics Commons, and the Semiconductor and Optical Materials Commons
The complete bibliographic information for this item can be found at http://lib.dr.iastate.edu/
mse_pubs/89. For information on how to cite this item, please visit http://lib.dr.iastate.edu/
howtocite.html.
This Article is brought to you for free and open access by the Materials Science and Engineering at Iowa State University Digital Repository. It has been
accepted for inclusion in Materials Science and Engineering Publications by an authorized administrator of Iowa State University Digital Repository.
For more information, please contact digirep@iastate.edu.

Semicrystalline woodpile photonic crystals without complicated
alignment via soft lithography
Abstract

We report the fabrication and characterization of woodpile photonic crystals with up to 12 layers through
titania nanoparticle infiltration of a polymer template made by soft lithography. Because the complicated
alignment in the conventional layer-by-layer fabrication associated with diamondlike symmetry is replaced by
a simple 90° alignment, the fabricatedphotonic crystal has semicrystalline phase. However, the crystal
performs similarly to a perfectly aligned crystal for the light propagation integrated from the surface normal to
30° at the main photonic band gap.
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We report the fabrication and characterization of woodpile photonic crystals with up to 12 layers
through titania nanoparticle infiltration of a polymer template made by soft lithography. Because the
complicated alignment in the conventional layer-by-layer fabrication associated with diamondlike
symmetry is replaced by a simple 90° alignment, the fabricated photonic crystal has semicrystalline
phase. However, the crystal performs similarly to a perfectly aligned crystal for the light propagation
integrated from the surface normal to 30° at the main photonic band gap. © 2010 American Institute
of Physics. 关doi:10.1063/1.3425756兴
Three-dimensional 共3D兲 photonic crystals 共PCs兲 or
photonic-band-gap 共PBG兲 materials1,2 are periodically patterned materials in which light’s propagation and interaction
with the material are significantly modified, in a certain
range of frequencies, from those in a homogeneous medium.
Because some PCs have a connected 3D network of voids,
for example, the inverse opal structure,3 the highly porous
character presents opportunities for novel applications
including, organic solar cells,4–6 and photocatalysts for
decomposing chemical waste.7,8 Moreover, it is predicted
that PCs could be applied to hydrogen production using
photoelectrolysis.9 Electrochemical reactions can be optimized by considering both the photonic performance and the
proper 3D structure. Compared to the inverse opal structure,
the layer-by-layer,10 or woodpile structure should have advantages for photochemical applications because of its robust
3D PBG effect11 and interconnected open-pores. There are
reports of a number of fabrication methods for the woodpile
PCs 共Refs. 12–17兲 which attempt to overcome the high cost
of conventional photolithographic fabrication,17,18 however,
they are still more costly and time consuming than the inverse opal methods mainly because of complicated interlayer
alignment. Recently, we have proposed the possibility that a
semicrystalline woodpile PCs, in which no a large size of
crystallite exists, would function as a perfect PC.19 Here, we
demonstrate soft-lithographical fabrication of the semicrystalline woodpile PC, and confirm that the semicrystalline
PCs indeed exhibit optical performance approaching that of a
perfect crystal for incoming light with incident angle ranging
from the surface normal to 30°. As the semicrystalline PC
can create a photonic band structure for perpendicularlyincoming light as well as well-defined short pathways
through the PC to a substrate for charge/mass transport, we
believe the fabrication method and the semicrystalline PCs
can be valuable in meeting the requirements for applying
a兲
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conventional photonics to photochemistry, which is inherently difficult for one-dimensional and two-dimensional PCs.
We have developed an alternative path to creating the
woodpile PC using a soft-lithographically fabricated polymer
template and titania slurry,20 and here, we report an advanced
fabrication technique for ceramic woodpile PCs via soft lithography to produce low-cost and high-quality PCs. In the
schematic illustration in Fig. 1, the initial polymer template
is fabricated by a soft-lithographic technique called twopolymer microtransfer molding21 on a sacrificial-layer 共AZ
6612KE, Clariant兲-coated glass plate using alignment by diffracted moiré fringes.22 As we stack the rods of each layer
perpendicular to those of the layer below without considering lateral position, the fabricated template has semicrystalline structure including face-centered-tetragonal 共FCT兲, tetragonal, and amorphouslike phases. Titania nanopowder
共Nanotek® titanium dioxide, Nanophase Tech.兲 is mixed with
distilled water to make a 20 wt % titania slurry, and sonicated in an ultrasonic bath for an hour to disperse the itania
particles. By centrifuging for 5 min at 6000 rpm, agglomerated particles in the slurry were removed. The remaining
slurry, ⬃15 wt % titania, is used for infiltration. After the

FIG. 1. 共Color online兲 Schematic illustration of the fabrication procedure.
共a兲 Template fabrication on a sacrificial-layer-coated glass plate. 共b兲
Vacuum-assisted wetting of titania slurry. 共c兲 Multiple spin-coating and drying. 共d兲 Silicon wafer bonding with a photo-curable prepolymer. 共e兲 Separation of glass plate by dissolving the sacrificial layer. 共f兲 Firing.
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FIG. 2. 共Color online兲 SEM micrographs of a template 共a兲 unfilled, 共b兲
under-filled, and 共c兲 over-filled are shown to visualize the change on the
morphology of the template as titania slurry is spun multiple times. The
scale bar in the micrographs is 1 m. 共d兲 Reflectance of the template is
monitored during the infiltration. The spectral reflectance is averaged in the
range from 500–750 nm in wavelength.

FIG. 3. 共Color online兲 SEM micrographs of a 12-layer titania PC. Tilted
SEM image of a cleaved edge at 共a兲 lower and 共b兲 higher magnifications; 共c兲
top view.

reflectance drops after the first spin-coating due to large scattitania slurry is applied to the template in a chamber at room
tering of light by many voids and sharply increases when a
temperature, the pressure is reduced until the water in the
homogeneous over-layer is formed over the template. By this
slurry starts to boil and then the system is allowed to recover
method we can consistently form an over-layer, approxito atmospheric pressure. Five cycles of depressurization are
mately 0.5 m thick. This simple and versatile infiltration
performed to remove air captured in the template. Excess
method can be applied to other PC fabrication techniques
slurry is subsequently removed by spinning. After the first
using polymer templates.12,13
infiltration, several consecutive spin-coatings of the slurry
We fabricate PCs having two to twelve layers, where 4-,
are performed in air until an even over-layer is formed. After
8-, and 12-layer PCs are semicrystalline. A 12-layer PC is
drying of the infiltrated slurry, a 4 ⫻ 4 mm2 piece of doubleshown in Fig. 3 as an example of the results of infiltration.
polished silicon wafer is bonded to the sample with a photoThe PC has a total thickness of over 14 m and 3.5
curable prepolymer 共J91, Summers Optical兲. By UV expo⫻ 3.5 mm2 in lateral dimensions. Each rectangular rod is
sure from the glass side, the prepolymer is fully cured while
0.9 m wide and 1.0 m high and the center-to-center
applying a pressure of 4 g / mm2 to the silicon wafer. The
spacing is 2.5 m, which corresponding to a filling ratio of
sample is transferred to a silicon substrate by completely
36%. A low-magnification scanning electron microscope
dissolving the sacrificial layer through submersion in isopro共SEM兲 image 共tilt angle of 60° to the surface normal兲 shows
panol. Then the polymer template is removed by firing at
a well-defined large-area structure 关Fig. 3共a兲兴. In a closer
550 ° C in air for one hour after a 1 ° C / min ramp-up. Since
view 关Fig. 3共b兲兴, all 12 layers are clearly visible with an
an air gap between the titania structure and the silicon wafer
underlying layer, 共which was once the over-layer兲. The qualremains, adhesion is achieved by applying diluted titanium
ity of the resulting structure is very high and edges of each
diisopropoxide bis共2,4-pentadionate兲 共TDBP兲, 2 wt %. Exbar are as sharp as those in PCs made using conventional
cess TDBP is removed by blowing air.
photolithography17 due to the nonoptical nature of the fabriFor functionality, the removal of the over-layer is essencation. As previously stated, the structure is not aligned over
tial as it deteriorates the optical performance of a 3D PC by
the whole crystal but there are some partially aligned areas as
causing optical surface resonance.23 Moreover, the uniform
seen in Fig. 3共c兲. There is no significant volume-shrinkage of
over-layer obviously isolates the internal space of a 3D PC
the titania structure after firing.
from the outside, and results in poor electrochemical exThe reflectance spectra of titania PCs on silicon wafers
changes for some applications. We eliminate the effect of the
having different numbers of layers are measured by a
thick titania over-layer without an additional etching proFourier-transform infrared spectrometer with a microscope
cesses by flipping the ceramic-infiltrated template over to
共Bruker Hyperion 1000, 36⫻ Schwarzschild objective mirexpose the open structure previously in contact with the subror, numerical aperture⫽0.5, and liquid nitrogen cooled
strate.
mercury-cadmium-telluride detector兲 with a sampling area
Figure 2 shows how the slurry infiltration of a template
of approximately 100⫻ 100 m2. In Fig. 4, the reflectance
is performed and controlled. Unlike gas-phase deposition,
spectra are shown with the reflectance spectra of a bare silithe solid content is carried by capillary action of the aqueous
con substrate and a bare titania plate from the same slurry.
For a 2-layer PC 关Fig. 4共a兲兴, the reflectance spectrum shows
slurry into the structure’s channels leaving the ceramic solid.
no distinctive peak and follows that of silicon in the longer
Consequently, many voids remain inside and on the surface
wavelength region 共 ⬎ 4 m兲. The reflectivity is slightly
of the template as it dries as seen in Fig. 2共b兲. Through
multiple spin-coatings, we can form an even layer of titania
lower as the 2-layer PC scatters light rather than reflects
over the template without voids as seen in Fig. 2共c兲. The
coherently due to its incomplete half unit-cell. We also see an
over-filling of the slurry is readily discernable by monitoring
intrinsic absorption feature of titania in that region. The reconsid- to IP:
flectance
at wavelengths
shorter than 4.5 m drops
the reflectance
ofasa indicated
templateinas
in Reuse
Fig. 2共d兲.
The
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FIG. 4. 共Color兲 Measured reflectance spectra of PCs having different numbers of layers are plotted 共solid red兲. A bare silicon wafer 共dashed dotted兲
and a bare titania plate 共dashed兲 are also measured under the same conditions as references. 共d兲 For comparison, calculated spectra for the 12-layer
PC of FCT 共green dotted兲 and tetragonal 共blue dotted兲 structures are also
coplotted.

erably because of diffraction from the PC structure and additional scattering from structural roughness. However, for
4-, 8-, and 12-layer PCs 关Figs. 4共b兲–4共d兲兴, the reflectance at
the main PBG around 5 m consistently increases as a function of the number of layers over that of silicon in contrast to
other peaks. For 4- and more layered PCs, the baseline of
reflectance is closer to bare titania rather than to bare silicon
because optical effect from the silicon substrate is shielded
by the multiple layers. The peak reflectance of the 12-layer
PC is about 0.8, which is almost tenfold higher than that of
titania at the same wavelength. The theoretical reflectance
spectra of FCT and tetragonal structures are calculated using
the transfer-matrix-method24,25 to evaluate the experimental
results of unaligned structures. To consider the microporosity
of the dried titania slurry, the refractive indices of crystalline
anatase titania26 are used in the calculations after reducing
the indices 20%, where the reducing factor is determined by
the measured reflectance of a titania slurry film prepared using similar procedures. Because the objective mirror of the
microscope collects light within a range from 8° to 30°, the
associated optical effect is accounted for by averaging reflectance spectra of different incident angles in that range. The
calculated reflectance spectra in Fig. 4共d兲 are in very good
agreement with the measured spectrum in the frequency region of the main band gap and at longer wavelengths. The
discrepancy between the calculation and the experiment is
obvious at shorter wavelengths because the optical effects
from diffraction and alignment are considerable. It is worth
emphasizing that the semicrystalline woodpile PC with only
90°-alignment could be very advantageous for applications
utilizing its main PBG because its optical functionality is
comparable to that of a perfectly aligned crystal.
The highest reflectance achievable is 0.8 共not unity兲.
This saturation arises from two main sources, a low refractive index and absorption of the anatase-phase titania 共n
⬃ 2.0兲 in the mid-IR range.26 However, the demonstrated reflectance is comparable or even higher than that of other
woodpile PCs made of higher refractive index materials such
as germanium16 and As2S3 glass,14 which implies that the
structural fidelity of structure is also critical. Therefore, further improvement in reflectance is anticipated if higher refractive index materials were used.

In conclusion, in demonstrating a method of fabricating
semicrystalline woodpile PCs by titania-slurry infiltration of
polymer templates made by soft lithography, we show that
high-quality woodpile PCs are achievable through nonoptical
means without stringent interlayer alignment. The fabricated
semicrystalline PCs have the main PBG at 5 m and the
reflectance approaches 0.8 for a 12-layer PC, almost the
same values expected from the perfectly aligned PC for integrated incident angles up to 30°, in spite of non-negligible
absorption in the material and the low refractive index of
anatase phase titania. Because alignment is less important for
the main PBG, we believe that this approach is quite promising and facilitates the use of woodpile PCs for more diverse applications including nonlinear-optical and photochemical devices with appropriate scaling.
This work is supported by the Director for Energy Research, Office of Basic Energy Sciences. The Ames Laboratory is operated for the U.S. Department of Energy by Iowa
State University under Contract No. DE-AC02-07CH11358.
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