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Holographic three-dimensional polymeric photonic crystals operating

in the 1550 nm window
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A polygonal prism based holographic fabrication method has been demonstrated for a
three-dimensional face-centered-cubic-type submicron polymer photonic crystal using both positive
and negative photoresists. Special fabrication treatments have been introduced to ensure the
survivability of the fabricated large area (~1 cm?) nanostructures. Scanning electron microscopy
and diffraction results proved the good uniformity of the fabricated structures. With the proper
design of the refraction prism the authors have achieved the required band gap for S+C bands
(1460—-1565 nm) in the [111] direction. The transmission and reflection spectra obtained by Fourier
transform infrared spectroscopy are in good agreement with simulated band structure. © 2007
American Institute of Physics. [DOI: 10.1063/1.2709641]

The prediction and the confirmation that periodic dielec-
tric structures can be used to manipulate electromagnetic
wave propagation affect significantly the development of the
micro- and nano—optoelectronics.]_5 There is a great diversity
in the fabrication approaches for making two-dimensional
and three-dimensional photonic crystals. Despite the remark-
able progress in the fabrication of two-dimensional photonic
crystals,” there remain significant challenges for the fabrica-
tion of three-dimensional (3D) photonic crystals. Many fab-
rication approaches have been studied. Among them, layer-
by-layer stacking using nanoimprint,7 microassembly of
planar semiconductor layers8 and multiphoton absorption9
have been investigated to create certain microstructures.
However, for the aforementioned approaches multiple pro-
cessing steps are generally required and they are not suitable
for larger scale (cm? size) fabrication.

Recently, after Campbell et al."® demonstrated the holo-
graphic fabrication of 3D photonic crystal, holographic li-
thography has gained more attention in the fabrication of 3D
polymer photonic crystals. By controlling the multiple laser
beams one can generate a desired 3D interference pattern to
expose the photoresist and render the exposed area soluble or
insoluble depending on the material type in use. And it has
been proven theoretically that all 14 Bravais lattices can be
constructed using such a method.'" In the early days of this
approach multiple beams were formed by independent opti-
cal components. Such setups were complicated and required
careful alignment. Recently, Divliansky et al."? introduced a
diffraction mask to create the four desired beams and Wu
et al.”® demonstrated another idea using a single refracting
prism to split and combine the desired beams. With the use
of a single optical element, sophisticated antivibration sys-
tem and alignment are avoided. However, the photonic band
gap effect of most of these devices created by a single optical
element did not fall in the optical communication windows
due to the relatively large period. Here based on the diffrac-
tion prism approach we used a He—Cd dual wavelength laser
to fabricate submicron 3D photonic crystal structure using
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the negative i-line resist SU8 with a 325 nm wavelength and
the positive g-line resist AZ4620 with a 442 nm wavelength.

The optical setup for the fabrication using SUS is illus-
trated in Fig. 1(a). The uttraviolet (UV) laser beam coming
from the He—Cd laser was expanded using on UV objective
lens. The spatial filter afterward cleaned up the unwanted
scattering in the optical path to ensure a good beam quality.
After the laser beam was collimated it hit normally on
the specially designed top-cut prism. The three sidewalls
of the prism created three side beams by beam refraction.
The center beam of this umbrella interference configuration
was formed from the central part of the collimated laser
beam going through the top and bottom surfaces of the
prism. The four beams overlapped at the bottom of the
prism. In our design shown in Fig. 1(b), L;=1 cm,
L,=4 cm, and H=1.5 cm. The resulting wave vectors were
Gy=27/N\0,0,-1), G;=27/\(-0.331,-0.191,-0.9234),
G,=2m/\(0.331,-0.191,-0.924), and G;=27/N(0,0.383,
—0.924), where A=325 nm for the use of SU8 and 442 nm
for the use of AZ4620. The interference pattern can be cal-
culated by
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FIG. 1. (Color online) (a) Schematic of the holographic lithography setup.
The collimated laser beam is reflected by a mirror towards the prism and the
glass substrate. (b) Coupling prism has a symmetric structure. The top and
bottom surfaces are equilateral triangles with edges of L; and L,,
respectively.
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FIG. 2. (Color online) (a) Simulation of intensity distribution in the photo-
resist without considering the absorption. (b) Simulation of intensity distri-
bution in the photoresist considering the absorption.

the phase difference of the beam relative to the center beam.
With the polarization of the incident laser beam aligned with
the x axis in the system, the resulting polarizations for
the four beams are e;=(1,0,0), e;=(0.941,0.06,-0.339),
€;=(0.941,-0.06,0.339), and e;=(1,0,0).

In the fabrication a bottom black glass plate was used to
reduce the back reflection and all the interfaces used index
matching liquid to avoid the unwanted reflections at the
glass/air and polymer/air interfaces.

To model the 3D holographic lithography process more
accurately we need to consider the absorption inside the
photoresist.14 With reduced size, the reliability of the fabri-
cated structures would be more influenced by such absorp-
tion. Figures 2(a) and 2(b) show the computer simulations of
a fcc (face-centered-cubic)-type photonic crystal structure
with and without absorption using the K vectors obtained
before and an SU§ absorption of 0.1/um at 330 nm. The
blue volume enclosed by the green surface has an exposure
dosage above the polymerization threshold and would be in-
soluble after development for a negative resist. Particularly,
it is critical to ensure good substrate adhesion and avoid the
structural damage originating from the capillary drainage of
the rinsing liquid during the drying process for a small fea-
ture size structure.”> From the simulation results with the
absorption, it is obvious that the bottom part of the resist
receives less dosage. Therefore less resist would remain at
the bottom part after development, and it is highly suscep-
tible to damage. The standard SUS rinsing liquid is isopro-
panol with a surface tension y of 23 mN/m and a contact
angle #=20°. On the contrary, when considering the wetting
characteristic, although de-ionized (DI) water has a higher
surface tension of 73 mN/m, it has a contact angle of 81°.
As the capillary force is proportional to y cos(6), the capil-
lary force exerted by water is about twice smaller than that
by isopropanol. Then we switched to DI water as the rinse
liquid for all the samples, and no peel off was observed.

For a positive resist, the exposed volume will be re-
moved during development. With the absorption there is a
decrease of dissolution volume with the increased depth of
photoresist. Moreover, the effective development time for the
upper resist is longer than that for the lower part. Combining
these two effects, we would have overdeveloped and dam-
aged the top structures before the desired 3D structure is
formed at the lower part of the resist. So we have flipped the
recording glass plate and let the laser beams incident on the
glass substrate at first then go into the resist.'® In this way,
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FIG. 3. (Color online) (a) Cleaved 3D photonic crystal on SU8 with a 1.1 s
exposure with a light intensity of 5.37 mW/cm? at 325 nm. The upper-left
corner inset shows the cm? size photonic crystal. The lower-right corner
inset shows the fcc-type (111) diffraction pattern. (b) SEM image of the
(111) plane structure of AZ4620 with 10 s exposure with a light intensity of
10.2 mW/cm? at 442 nm. The lower-right corner inset shows the fcc-type
(111) diffraction pattern.

we reversed the intensity distribution in the resist then the
lower dosage of the surface part would compensate the
longer etch time and maintain the surface structures.

In the experiments we used photoresist coated on a glass
substrate for the 3D structure recording. The negative resist
we used was SU8. After the spin coating, the substrate was
baked at 95 °C and we achieved a thickness of about 10 um.
The 325 nm line from the He—Cd CW laser was used to
expose the sample. The index matching liquid was silicone
oil which does not react with SUS. After the exposure we
applied a postexposure bake at 95 °C. The unexposed film
was removed by propylene glycol methyl ether acetate and
rinsed in DI water. For the positive photoresist, we used
AZ4620. The coated film was about 8 um thick. After the
100 °C prebake, the 442 nm line from the He—Cd laser was
used to expose the sample in the flipped fashion mentioned
before. We used the same index matching liquid as in the
SUS case. No postexposure bake was necessary here.

Figures 3(a) and 3(b) show the scanning electron micros-
copy (SEM) images of the fabricated 3D polymer photonic
crystal structures. The total area is just the size of the top
surface of the prism. Figure 3(a) exhibits the whole size and
a fracture of the cleaved 3D fcc-type structure using SUS.
Figure 3(b) shows the structure on (111) plane of the AZ4620
resist. For the structures fabricated in the SU8 resist under
the SEM observation, (111) in-plane and perpendicular lat-
tice spacings are measured to be 0.61 and 2.02 um, respec-
tively. The simulation results showed the lattice spacings to
be 0.63 and 2.10 um, which are slightly larger than the fab-
rication results. Such differences can be attributed to the size
error of the prism and the shrinkage of the photoresist after
the bake process. As for the AZ4620 based structures, the
lattice spacing in the (111) plane is 0.82 wm which is just
1.37 times the one we get in the SUS case, and such a ratio is
consistent with the ratio of the laser wavelengths we used for
the two materials. From these observations we have shown
that with careful modification to the conventional holo-
graphic fabrication process we can obtain a generic approach
for fabricating submicron 3D photonic crystal using positive
and negative photoresists. In addition, we used the 325 nm
laser normally incident on the (111) plane of 3D photonic
crystals in both materials to observe the diffraction patterns
which are equivalent to x-ray diffraction normal to the (111)
plane of a fcc single crystad.]7 The diffractions from both
materials exhibit similar patterns as shown of the insets of
both figures in Fig. 3 except for different first order diffrac-
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FIG. 4. (Color online) (a) Normalized
Fourier transform infrared transmis-
sion and refection spectra in the [111]
direction. (b) Comparison of the calcu-
lated band and the measured reflection
spectrum shows good agreement for
the S+C band (1460—1565 nm). The
right-hand side has the same reflection
spectrum as in (a).
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tion angles of 35° and 23° due to the different periodicities.
The periods calculated from the diffraction angles are in
good agreement with the SEM measurements and such dif-
fraction patterns further assure us of the formation of good
3D periodic microstructures.

We have characterized the optical transmission and re-
flection properties of the SU8 photonic crystals with an esti-
mated filling factor of 45% using a Fourier transform infra-
red spectrometer. The surface of the sample, which was the
(111) plane, was aligned perpendicular to the optical axis in
the setup. In Fig. 4(a) the dip in the transmission and the
peak in the reflection spectrum both occur around 1.5 um
and the band covers 1460—-1565 nm. In addition, the bulk
SU8 transmission is almost 100% in the whole spectrum
range and it is an indication that the fine structures in the
spectrum are not related to the absorption of the SU8 mate-
rial. Compared with the band structure in the [111] propaga-
tion direction calculated by plane wave expansion, the posi-
tion of the dip in the transmission is in good agreement with
the simulation. Due to the roughness of the structures on a
10 nm scale we have also observed a decrease of the trans-
mission towards shorter wavelength.

In conclusion we have demonstrated the fabrication of
submicron 3D polymer photonic crystal structure for both
negative and positive photoresists. Using this method and
with similar lattice constant one can fabricate photonic crys-
tals to demonstrate other effects such as superprism and su-
percollimator. And by backfilling the porous 3D structure
with liquid crystal or electro-optic polymer, tunable photonic
crystal devices can be generated.
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