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High-quality templates of three-dimensional woodpile photonic crystals are fabricated in photoresist SU-8
by use of femtosecond laser lithography. The samples have smooth surfaces, are mechanically stable, and

are resistant to degradation under environmental and chemical influences.

Fundamental and higher-order

photonic stopgaps are identified in the wavelength range 2.0—8.0 um. These templates can be used for sub-

sequent infiltration by optically active or high-refractive-index materials.
220.4000, 220.4610, 230.4000, 160.5470.
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Photonic crystals’ (PhCs) are periodic dielectric
structures that are expected to play an impor-
tant role in optics and optoelectronics due to their
unique capabilities in controlling the emission and
propagation of light by means of photonic bandgap
(PBG) effects.? These capabilities can be best ex-
ploited in three-dimensional (3D) PhCs. Since direct,
large-scale 3D microfabrication of PhCs from semi-
conductors has proved to be tedious,®* cheaper and
simpler fabrication strategies are in high demand.
Some of these strategies involve microfabrication of
so-called PhC templates with more-feasible techniques
and materials. The templates can be subsequently
infiltrated by other materials with higher refractive
indices. For example, opal templates, obtained by
self-organized sedimentation of microspheres from
colloidal suspensions,>® have been infiltrated by Si,
InP, and other materials.”® However, this technique
is limited to opallike structures only, and it does not
allow the easy inclusion of nonperiodic defects, which
are indispensable for controlling electromagnetic
radiation in PhCs.

Laser lithography is a microstructuring technique
based on drawing using the focal spot of a focused laser
beam in the bulk of dielectric materials.>® High
power density, achieved by focusing and ultrashort
pulse excitation, allows multiphoton absorption to be
induced inside regions smaller than the diffraction-
limited focal spot size. Multiphoton absorption can
trigger permanent photomodification, thus permitting
the drawing of nearly arbitrarily shaped struc-
tures by translation of the focal spot. Such flexi-
bility makes 3D laser lithography a versatile tool for
the fabrication of PhC templates.!! So far, the most
successful results have been achieved in liquid resins
in which microstructures were generated through pho-
tosolidification.®'?'® However, resin-based structures
often degrade structurally after fabrication as a result
of shrinkage and their general susceptibility to various
environmental factors.!* In this respect epoxy-based
negative photoresist SU-8 seems to be an attractive
alternative. Periodic structures have already been
fabricated in SU-8 by use of the interference of mul-
tiple laser beams.® However, since this method is
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poorly suited for defect engineering, 3D lithographic
drawing would allow one to obtain structures with
much broader functionality. Here we report the use
of the latter technique for the fabrication of 3D PhC
structures in SU-8. The samples obtained have good
quality, exhibit signatures of photonic stopgaps at
infrared wavelengths, and can be easily tailored to
include structural defects.

The setup for 3D laser lithography used the pulsed
output of a Hurricane X system (Spectra-Physics)
with 7pu1ee = 120 fs and Apuiee = 800 nm as the light
source. The fabrication was performed in an opti-
cal microscope (Olympus IX71) equipped with oil-
immersion objective lenses (magnification of 60X
and 100X, with a N.A. of 1.4 and 1.35, respectively).
The 3D drawing was accomplished by mounting the
samples on a piezoelectric-transducer-controlled 3D
translation stage (Physik Instrumente PZ48E), which
has a maximum positioning range of up to 50 um
and accuracy of several nanometers. The samples
were films of SU-8 (Microchem)!® formulation 50,
spin coated to a 50-um thickness on glass substrates.
Single-photon absorption in SU-8 is negligible at Apyige
but becomes dominant at A = 400 nm.* Therefore
two-photon absorption is responsible for the photo-
modification by the cross linking of a polymer, which
renders SU-8 stable against subsequent chemical
development. The development removes unexposed
SU-8, leaving only solid exposed parts that have a
refractive index of n =~ 1.6 at infrared wavelengths
when suspended in air (n = 1).

For the experiments a woodpile structure, shown
in Fig. 1(a), was chosen. The woodpile structure is
widely popular because of its diamondlike character,
pronounced PBG properties, and the possibility of
layer-by-layer fabrication.'” Figures 1(b) and 1(c)
show scanning electron microscopy (SEM) images of
the woodpile sample recorded in SU-8. The record-
ing was done by translation of the sample in small
Al = 80 nm steps along the rod lines with single-pulse
exposure on each step. The low pulse energies
used (I = 0.55 nd) confirm that an unamplified
Ti:sapphire laser is sufficient for the fabrication of
SU-8.18
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Fig. 1. (a) Woodpile geometry and its main parame-
ters: Al, distance between the rods; Az, distance between

the layers; m, number of layers; Ad, focal spot scan step.
Note that the rods have elliptical cross-sectional shapes.
(b), (c) SEM images of the woodpile PhC template with pa-
rameters Al = 2.0 um, Az = 1.4 um, and m = 14 recorded
by translation of the sample in steps of Ad = 0.08 um with
I = 0.55 nJ pulses focused by a 60X, 1.4-N.A. objective.
(d) Demonstration of linear defect with a 90° bend; the
tentative light flow direction is indicated by the dotted
curve. For easier visualization the defect is formed at the
top of the structure.

The SEM images in Figs. 1(b) and 1(c) demon-
strate that the sample is a perfect parallelepiped
with dimensions of 48 um X 48 um X 21 pum. Its
size in the x—y plane is limited only by the range of
the translation stage, whereas along the z axis it is
limited to approximately 40 um by the requirement
to maintain uniform, aberration-free focusing. The
structures retain their shape even after being dis-
lodged from the substrates and have not degraded
within at least several months after fabrication. The
individual rods have smooth surfaces and elliptical
cross sections with diameters of 0.5 um (x—y plane)
and 1.3 um (z axis) adjustable within a certain range
by changing the pulse energy. Elongation in the
focusing direction by a factor of approximately 2.6
is due to the ellipsoidal shape of the focal region
and forces an increase in the distance Az to avoid
an unacceptably high overlap between the neighbor-
ing layers tantamount to monolithic SU-8. For the
sample shown in Figs. 1(b) and 1(c), Az/8l = 1//2,
which corresponds to stretching of a face-centered-
cubic unit cell by a factor of 2.

Figure 1(c) demonstrates the possibilities of the de-
fect engineering. The missing halves of two rods in
the two neighboring top layers are connected to form a
waveguide with a 90° bending angle as proposed in the
literature.*’ Although the refractive index of SU-8 is
too low to achieve real waveguiding, this example illus-
trates that defects with the required geometry can be
easily created by simply shutting off the laser beam for
appropriate time intervals during the recording. This
would be impossible to achieve by recording with mul-
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tiple beam interference fields, which can generate pe-
riodic patterns only.

Figure 2 shows the reflection spectrum of the
sample shown in Figs. 1(b) and 1(c) measured along
the z axis by a Fourier transform infrared spectrome-
ter (Valor III, Jasco) with a microscope attachment
(Micro 20, Jasco). Two major high-reflectance re-
gions can be seen centered at A = 7.0 and 3.6 um,
along with two weaker peaks centered at 2.6 and
2.1 um. Their shapes and relative amplitudes are
well reproduced by the theoretical spectrum obtained
by the transfer-matrix calculations,?® shown in the
same figure. The model structures consisted of
elliptical rods with n = 1.6; major and minor axes of
1.3 and 0.5 um, respectively; and other parameters
(Al, Az, m) matching those of the sample. At shorter
wavelengths of A = 1.6-2.8 um, both experiment
and calculations yield two reflectivity peaks, but
their spectral positions and amplitudes do not match.
These differences are most likely due to unaccounted
experimental factors, such as disorder, spread of the
incidence angles, and others. Nevertheless, the two
spectra are qualitatively similar, even at shorter
wavelengths.

Figure 3 shows the measured reflectivities of three
other structures with lattice parameters scaled down
compared with the previous sample. The spectral
positions of the major reflectivity peaks in these
samples depend on the lattice scaling factor in agree-
ment with Maxwell’s scaling behavior?’ (see inset),
which constitutes clear evidence of their photonic
band nature. Observation of multiple reflectivity
peaks can be explained by the presence of multiple
stopgaps or forbidden spectral ranges existing along
certain directions only. Higher-order stopgaps are
evidence that good structural quality was achieved,
because higher photonic bands are more susceptible
to disorder. In addition, they can be exploited to
achieve PBG effects in structures with larger struc-
tural parameters.”” The shortest wavelength of a
reliably detected stopband, 2.11 pum, is already fairly
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Fig. 2. Infrared reflectivity spectrum of the sample

shown in Figs. 1(a) and 1(b) (solid curve) and the same
spectrum calculated using the transfer-matrix technique
(dashed curve). The small dip at A = 6.6 um in the
experimental spectrum is due to the intrinsic absorption
of SU-8. The center wavelengths of various peaks are
indicated by numbers.
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close to the optical communications spectral region
(1.1-1.6 um). In the future it may become possible
to reach this spectral region by further scaling down
the parameters of the woodpile structure. This can
be achieved by reducing the laser wavelength and by
using photoresists with single-photon absorption onset
at shorter wavelengths.

In conclusion, 3D woodpile structures were fab-
ricated in SU-8 by means of femtosecond laser
lithography. The flexibility of the fabrication method
allowed large-scale samples to be obtained and allowed
defects to be easily introduced into them. The use
of a commercially available photoresist SU-8 allowed
structures to be obtained that are mechanically stable
and can withstand a wide range of thermal and
chemical influences. The structures were found to
exhibit pronounced signatures of fundamental and
higher-order photonic stopgaps in the infrared wave-
length range 2.0-8.0 um. Although the fabricated
samples were not optimized for infiltration by any
particular material, they are potentially applicable as
templates for 3D PhCs.
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