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ABSTRACT A polymeric composite material composed of colloidal gold nanoparticles (<10 nm) and SU8 has been utilized for the
fabrication of large-area, high-definition photonic crystal. We have successfully fabricated near-infrared photonic crystal slabs from
composite materials using a combination of multiple beam interference lithography and reactive ion etching processes. Doping of
colloidal gold nanoparticles into the SU8 photopolymer results in a better definition of structural features and hence in the enhancement
of the optical properties of the fabricated photonic crystals. A 2D air hole array of triangular symmetry with a hole-to-hole pitch of
~500 nm has been successfully fabricated in a large circular area of 1 cm diameter. Resonant features observed in reflectance spectra
of our slabs are found to depend on the exposure time, and can be tuned over a range of near-infrared frequencies.
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INTRODUCTION
hotonic composite materials, such as polymers doped

with nanoparticles, have recently attracted a great

deal of attention because of the relative ease and
flexibility of their engineering as well as improved perfor-
mance for application in photonic or optoelectronic devices,
biosensors, etc. (1 —10). Several properties of polymers such
as porosity and mechanical, optical, or electrical properties
can be easily modified by incorporating metal or dielectric
nanoparticles (4—12). SU8 photo polymer is well-recognized
in MEMS industry, because of its good chemical/biochemical
and mechanical stability and its high optical transparency
in the ultraviolet (UV) and visible-light regions. A major
drawback of SUS8 is its shrinkage after post-baking (95 °C),
which results in high stress; this behavior affects more
nanoscale-ordered patterned structures (9, 10). Dispersion
of noble metal nanoparticles into the polymer alters its
orientation and morphology, and quite often introduce great
differences in physical properties of their constituents
(7,9—11). It has been reported earlier that the incorporation
of gold nanopowder (>100 nm) into a polymeric matrix
allows for better defined patterns with reduced stress (10).
However, to limit the scattering due to incorporation of
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nanoparticles, the size of the nanoparticles should be less
than 100 nm. Because of the small size of the nanoparticles
(few tens of nanometer), they are uniformly dispersed in the
microdomain of the polymer, thus establishing a means of
harnessing both enthalpic and entropic interactions, and
thereby influencing the macroscopic behavior of the com-
posite material (11, 12). Hence doping of ultrasmall nano-
particles into the polymer is required for making high-quality
photonic crystals (PhCs) and nanophotonic devices (9—13).

PhCs are periodic dielectric structures spanning in one,
two, or three dimensions (1). They exploit the contrast of
the refractive indices of their constituent domains to control
the propagation of light, thus offering the distinct capability
of modifying the density of electromagnetic modes (2—6).
Losses are inevitably high in periodic structures with high
refractive index contrast. However, by altering the geom-
etry, a desirable band gap can be acquired even in materials
with a low refractive index contrast. For example, one can
achieve omni-directional photonic band gap in an SU8 epoxy
resin (refractive index ~1.7) photonic structure with trian-
gular air hole symmetry (5, 7, 8). PhCs, utilizing the richness
and flexibility of organic optical materials offers unique
opportunities toward the development of high-performance
photonic devices (2—5).

The periodic structures can be achieved in a composite
material using either electron beam lithography or two-
photon absorption lithography or multiple interference beam
lithography (MIL). MIL is generally considered an efficient,
cost-effective, and therefore commercially manufacturable
way to produce two-dimensional (2D) PhCs over a large area.
This method provides a precise control of geometry and
volume fraction, which is highly desirable for practical/
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FIGURE 1. Schematics of photonic crystal fabrication using MIL and
RIE processes.

commercial applications (8, 13). Typically, 2D array polymer
structures, fabricated using MIL, do not have smooth side-
walls when the constituent polymer thickness is on the order
of the wavelength of the incident light. To improve the
shape, a pattern transfer technique using reactive ion beam
etching (RIE) has been developed by our group recently to
transfer the pattern from top layer to the bottom layer (7).

In this article, we have studied the structural/optical
properties of colloidal gold nanoparticles (<10 nm) doped
SU8 PhCs by fabricating large area (1 cm diameter circle)
2D slab using MIL and subsequent RIE. Dark-field micros-
copy images were taken to show an uniform dispersion of
colloidal gold nanoparticles in the polymeric matrix. We
have also investigated the influence of gold nanoparticles
incorporation in SU8 on the optical properties of fabricated
PhCs. Reflectance and absorbance spectra were examined
to characterize the structures. Scanning electron microscopy
imaging was utilized to quantify the periodicity and unifor-
mity of the pattern.

RESULTS AND DISCUSSION

Figure 1 shows the procedure for photopatterning and
transferring the pattern to the gold-doped polymer layer. A
double layer fabrication scheme was utilized for transferring
the pattern to bottom layer, i.e., gold nanoparticles doped
polymer layer (from here on called the composite layer)
(7, 14). The composite layer was overcoated with a photo-
sensitive layer. Photosensitive layer was patterned via mul-
tiple laser beam interference to create a large-area mask.
Pattern was transferred from the top layer to the bottom
layer via RIE. After being cured and cooled down, the
patterned samples were stored in dehydrated chambers for
further characterization. There was no evidence of sample
degradation even after storage for a longer period of time
(~6 months). Figure 2 shows the dark-field image of the
gold-nanoparticle-doped polymer film that is used as a
bottom layer of the proposed structure. It is clear that the
nanoparticles are uniformly dispersed in the polymer.

Figure 3a shows the TEM and HRTEM images of the
prepared gold nanoparticles (Au NPs) with the average
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FIGURE 2. Dark-field image of unpatterned SU8 film doped with 1
wt % gold nanoparticles.

diameter between 7 and 8 nm, Figure 3b presents the
absorption spectra of the colloidal gold nanoparticles with
the characteristic surface plasmon resonance (SPR) peak
centered at around 530 nm, and Figure 3c demonstrates the
diffraction pattern from the fabricated PhC illuminated with
the 457 nm laser beam, with a beam size large enough to
illuminate whole area of PhC. The diffraction pattern was
obtained from a sample with the area of 0.2 cm?, as after
final fabrication the whole sample was divided in 4 parts for
further optical characterization.

The diffraction pattern consists of 6 bright spots,
though one spot is not visible in Figure 3c, as it was
shadowed by the stand holding the PhC. The diffraction
pattern from the triangular lattice PhC with the regular
spacing of bright spots clearly indicates that the pattern is
very uniform and has the hexagonal symmetry with do-
mains having the same crystallographic orientation that is
very typical of single crystals (15).

Figure 4 shows the scanning electron microscopy (SEM)
images of (a) the SU8 PhC and (b) the gold-nanoparticle-
doped SU8 PhC, with a hole-to-hole pitch of ~500 nm. It is
quite evident from the SEM images that the presence of gold
nanoparticles helps in defining the pattern. This is further
confirmed by examining the distribution of eccentricities of
holes contained within two equal spots of the crystals
(histograms in Figure 5). As one can see, the number of holes
with small eccentricities is greater for the gold-nanoparticle-
doped PhC. Required laser exposure time for photopoly-
merizing the top layer was reduced from ~8 s in undoped
polymer layer to ~5 s in gold doped polymer layer. We
attribute enhanced geometry to the high specific heat capac-
ity (0.128 /g °C) of the gold nanoparticles, because of which
they function as a heat sink for the unwanted heat gradients
while performing RIE; this ultimately results in enhanced
circular symmetry of the air holes in gold-nanoparticle-
doped SU8 PhC. Enhanced absorption of laser light by the
gold nanoparticles present in the polymeric matrix should
also help in improving the crystal geometry, as the plas-
monic peak of the gold nanoparticles (530 nm) coincides
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FIGURE 3. (a) TEM image of gold nanoparticles (inset, HRTEM), (b) absorption spectrum of gold nanoparticles, (c) diffraction pattern from

photonic crystal.

7

2 03 04 05 06 07 08 09
Eccentricity

Counts

03 04 05 06 07 08 09
Eccentricity

FIGURE 5. (a) Eccentricity of the holes histogram for SU8 PhC; (b) eccentricity of the holes histogram for gold-nanoparticle-doped SU8 PhC;

insets show processed SEM images.

with the laser wavelength that we used for photolithography
(5632 nm). However, attempts to record the plasmonic peak
with the spectrometer were not successful. We tentatively
attribute this to instrument limitation as the nanoparticles
loading were small (1 % by weight).

Optical properties of the sample were studied by measur-
ing spectral reflectance using a UV—vis spectrophotometer
in the wavelength range from near-infrared to ultraviolet.
The incidence angle was set to 2.5° with the respect to the
normal to the patterned surface. In the PhCs, wave vector
takes the form K; + G, where K; is the initial wavevector and
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Gis reciprocal lattice vector. For the incidence angle of 2.5°,
parallel component of K; is very small but G still provides
some nonzero values (16). Illuminated area for all the
spectroscopic characterization was about 0.2 cm?. For refer-
ence, we have recorded the reflectance spectra of all refer-
ence layers (see the Supporting Information). Reference/
background correction was done using a plain glass substrate
in all the cases. In the UV—vis spectrophotometer, grating
and photodetector change took place at the wavelength of
700 nm, as evidenced by the observation of a noise near
that wavelength in all the spectra. By varying the grating and
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FIGURE 6. (a) Reflectance spectra of SU8 PhC and gold-nanoparticle-doped SU8 PhC; (b) effect of exposure time on reflectance of SU8 PhC

and gold-nanoparticle-doped SU8 PhC.

detector change position to various wavelengths values near
700 nm, we confirmed that there is no reflectance feature
near 700 nm from the PhC itself. The reflectance features
were greatly enhanced in the gold nanoparticles doped PhC
(Figure 6a). The 2-fold enhancement factor can be attributed
to a better definition of the PhC structures produced by the
presence of gold nanoparticles. Even with the greatly im-
proved structures in samples doped with the gold nanopar-
ticles, nonuniformity over a large area (remember that the
reflectance spectra is collected from the whole 0.2 cm? area)
could not be completely alleviated, thus resulting in spectral
broadening. The first resonant feature is centered at 1050
nm, whereas the second one is around 570 nm.

The effect of laser exposure time on PhCs was also
studied. With a small variation in the exposure time above
a certain threshold value, corresponding to the radiation
dose above which the polymerization begins, one can tune
the PhC stop bands to the desired wavelength position. As
shown in Figure 6b, by increasing the exposure time by 2—3
s above the threshold value (corresponding to the beginning
of photopolymerization), the peak wavelength of the stop
band can be red-shifted. The reason for the red shift is
smaller holes size due to the increased energy uptake by SU8
polymer from ~1 J/cm? to ~1.5 Jlcm? (negative photoresist).
The band structure calculations confirmed that increase of
the radius-to-pitch ratio results in a blue shift of the stop
bands. PhC obtained with even longer exposure time deliver
more red-shifted but comparatively inferior optical quality
spectra than the optimum exposure time PhC, tentatively
attributed to unwanted heat propagation in PhC that de-
stroys the pattern.

Finally, Figure 7 shows the TE/TM band structure diagram
of an ideal hexagonal PhC, which was calculated using
commercial software package RSoft (17). The ratio of the
hole radius to the lattice constant was set to 0.4, and
dielectric constant of 3.2 was assigned to SU8. The actual
radius to lattice constant ratio is also in good agreement with
this value as estimated from the SEM images. Two stop
bands are identified, the TE stop band in the frequency range
of 0.45 to 0.5, and a narrow TM stop band in the frequency
range of 1.125 to 1.15. The positions of the stop bands
coincide with the experimental reflection peaks at ~1050
and 570 nm. The abundance of leaky modes close to the
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FIGURE 7. Computed band structure of SU8 PhC.

I'-point around the second-order stop band explains rela-
tively narrow resonant feature at around 570 nm. At the
same time, the leaky modes of the slab around the first stop
band are spaced farther apart, giving rise to a broad resonant
feature centered at around 1050 nm. Gold doping was not
considered in the calculations. Our estimation based on the
effective medium theory showed that a small change in the
effective dielectric permittivity of SU8 (with the addition of
low volume fraction of gold nanoparticles) will not result in
substantial change in the position of the stop bands. This
observation is consistent with our experimental results.

CONCLUSION
In this article, we have demonstrated that colloidal gold

nanoparticle (<10 nm) doped SU8 composite material PhC
have better structural and optical properties as compared
to undoped SU8 PhC. Gold nanoparticles enhance the ab-
sorption of photo patterning laser light as well as reduce the
unwanted heat propagation, while performing RIE, and thus
improve the overall quality of the PhC. We have successfully
fabricated large-area, high-definition tunable near-infrared
PhCs with triangular lattice of air hole design, based on
colloidal gold-nanoparticle-doped (<10 nm) SU8 polymer.
Detailed studies have been performed to investigate various
parameters affecting the crystal geometry and optical prop-
erties. The scanning electron microscopy images are in good
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agreement with the results obtained from optical character-
ization and numerical simulations. Our method paves the
pathway to the time- and cost-effective fabrication of good-
quality and large-area-tunable PhCs.

EXPERIMENTAL SECTION

The polymer SU8 was purchased from MicroChem Inc. and
the gold nanoparticles in the organic phase were prepared by
the previously reported method (12). To fabricate the composite
periodic structure, we loaded the gold nanoparticles into the
polymeric matrix. Gold nanoparticles were suspended in chlo-
robenzene, which is compatible with cyclopentanone, the
solvent for SU8. A 10 wt % SUS8 solution with a small amount
of photosensitizer was prepared and mixed via ultrasonication
with gold nanoparticles (1 wt % SUS8), slowly and dropwise, and
immediately spin-coated at 3500 rpm onto a precleaned glass
substrate. This bottom composite layer was then polymerized,
cured, and cooled to the room temperature. The thickness of
this layer was around 200 nm.

The exact recipe for preparing a photosensitive layer is
described elsewhere (7) and we give only a brief description
here. SU8 was mixed with a photosensitizer (Rubrene (Sigma-
Aldrich)) and a photoacid generator (diaryliodonium hexafluo-
roantimonate (Polyset PC-2506)). Tributylamine, which func-
tions as a photoinhibitor, was also admixed. The 35 wt % SU8
solution was spin-coated on the composite bottom layer at 2500
rpm to achieve a thickness of approximately 800 nm. After
curing, it is normally difficult to remove SU8, thus no washing
off was observed for the second layer coating. After spin-coating
the top photosensitive layer, the film was baked on a hot plate
at 65 and 95 °C successively to remove any excess amount of
the solvent from the film. After being cooled to room temper-
ature, the film was exposed to the laser light (532 nm). The
exposure dose used was between 1 and 2J/cm™2. Three beams
laser interference lithography was employed to pattern the film.

A continuous wave Nd:YVO4 laser (Coherent Verdi V6),
operating at 532 nm, was used for creating the interference
pattern. Laser beams formed 120° angles between each other,
and the incident angle between the beams and the normal to
the substrate was 23°. All three beams interfered within the
sample plane to create a spatial variation of intensity. After
exposure, the film was postbaked on a hot plate at 75.5 °C for
a short period of time, allowed to cool for 5—10 min, and then
dipped in propylene glycol monoether acetate (PGMEA) to
remove the unpolymerized part of SU8. Final washing was
carried out in isopropanol.

Finally, RIE was used to transfer the pattern to the bottom
layer using the top layer as a mask. A radio frequency (RF)
power of 80 W was used for etching with the etching time of 1
min. The RIE was performed with a benchtop RIE system (RIE-
1C; SAMCO Inc.). The oxygen flow rate was 12.5 sccm and the
CF, flow rate was tuned to 3.0 sccm. It is worthwhile to note
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that one can simultaneously realize the pattern transfer and
mask removal by properly designing film properties and process
parameters, as reported in our previous publication (7).
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