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This letter describes an approach for recording three-dimensi@mal periodic structures in a
photosensitive polymer using a single diffraction element mask. The mask has a central opening
surrounded by three diffraction gratings oriented 120° relative to one another such that the three first
order diffracted beams and the nondiffracted laser beam give a 3D spatial light intensity pattern.
Structures patterned in this polymer using 1.0 and Q.56 grating periods have hexagonal
symmetry with micron- to submicron-periodicity over large substrate area. Band structure
calculations of these low index contrast materials predict photonic gaps in certain high symmetry
directions. ©2003 American Institute of Physic§DOI: 10.1063/1.1560860

Three-dimensional3D) photonic crystals(PCg with silicon substraté? This approach was extended by Campbell
partial or complete photonic band gaps give rise to a numbeet al° and Shojiet al® by introducing up to two additional
of unique optical properties such as optical confinerhand  laser beams to create low index contrast 3D structures with
the superprism effeétwhich may be exploited in the future face- or body-centered cubic like symmetry. This technique
to fabricate high-density optical integrated circuits. In theseproduced defect free, nanometer-scale structures over large
synthetic crystals, the artificial periodic dielectric structure ofsubstrate areas in a single step fabrication. However, fabri-
the PC creates a photonic band gap, much as the crystehtion strategies that rely on interference of multiple inde-
potential of a semiconductor produces an electronic ban@endent beams can introduce alignment complexity and in-
gap® Complete gaps between bands correspond to forbiddeaccuracies due to differences in the optical path length and
wavelengths, a feature of particular utility for passive photo-angles among the interfering beams as well as vibrational
nic devices such as filtefswaveguides, and resonant instabilities in the optical setup.

cavities® Structures with partial gap§.e., in restricted di- Here we describe an approach for fabricating 3D peri-
mensionymay also have application in the emerging field of odic structures using a single diffraction element mask to
PC-based optical elemerfts. create a four-beam interference pattern recorded in a photo-

Photonic band structure calculations predict partial andensitive polymer. The mask has a central opening sur-
complete band gaps for a number of periodic dielectric latrounded by three diffraction gratings at 120° relative to one
tices including 3D simple cubic, face-centered-cubic, andanother. This single mask implementation can improve the
hexagonal-close-packed latticksApplication of conven-  alignment and stability of the optical setup, making it more
tional semiconductor micromachining techniques to fabricatgobust than the multiple beam setups implemented previ-
such PCs with near-infrared or visible band gaps is difficultously.
and time consumingRecently, alternative approaches based  The earlier research of Berger al. showed that a single
on interference lithograph§ and self-assembled 3D lattices optical element consisting of three diffraction gratings ori-
of silica sphere¥ have emerged as lower cost alternatives.ented 120° relative to one another can produce a 2D inter-
Infiltration of these structures with high dielectric media al-ference pattern with hexagonal symmetry. The diameter and
lows fabrication of PCs without the constraints imposed pritch of the high- and low-intensity regions of the interfer-
photolithography and dry etchirtg. Moreover, structures ence pattern are determined by the laser wavelength and the
made by interference lithography inside polymeric liquid angle of the first-order diffracted beams with respect to the
crystals have shown excellent optical properties despite theycoming beam. In this letter, we introduce a fourth laser
low index contrast difference between the polymer ( peam to provide structure in the third dimension as shown in
=1.5) and the liquid crystalr(=1.57-1.60)"> Fig. 1. A fraction of the nondiffracted laser beam propagates

Interference lithography was first proposed and implethrough the central opening in the mask and interferes with
mented by Bergeet al. to fabricate two-dimensionalD)  tne first order diffracted beams from the gratings.
hexagonal patterns in a photosensitive polymer, which sub- 14 predict the 3D periodic structure produced by this
sequently served as an etch mask for transfer to a high-indegptical element, we modeled the spatial intensity distribution
| of the interference pattern from four coherent beams with
dElectronic mail: tsm2@psu.edu arbitrary intensity, polarization, and angle:
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FIG. 1. Schematic representation of the diffraction element used to produce
the 3D periodic structure in a photosensitive polymer.
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. . . . . beams using the single diffraction element mask \ahL.0 »m period, and
E; is the maximumE-field amplitude andk; is the wave (b) 0.56 um period gratings. The shaded regions correspond to all points

vector ofith wave. where the intensity exceeded 45% of its maximum value.
The 3D structures predicted for interference of four 355
nm laser beams with polarization parallel to theaxis at L . .
P P b4 structure is similar to that reported in Ref. 17, with laser

angles corresponding to those produced by diffraction ele- ; . :
ments with grating periods of 1.0 and 0.56n are shown in source, beam expander, and single diffraction element. The

Figs. 2a)—2(b). We accounted for the change in laser wave-tgird harmﬁnig of a Nd:yttritiurg—aluminum—garnet laser
length and interference angle within the polymer film rela—( pectra-Physics F?rlo-Senes 230at generates 355 nm, 10
tive to that of air assuming a polymer index of refraction ns pulses at repetition rate of 10 Hz was used as the laser

—1.6. The shaded areas correspond to regions where iource. The diffraction element consisted of a mask with a 7
intensity exceeded 45% of its maximum value, which is neafMm diameter central opening surrounded by three 8

the sensitivity threshold of the photosensitive polymer used<8 mrr? diffrgction gratings with periods of 1.0 or 0.
in our experiment. Experimentally, regions of low intensity oriented 120° relative to one another. These phase gratings

correspond to air voids, while regions of high intensity pro-Were fabricated in a thin polymer film on optically flat glass
duce the interconnected 3D polymer structure. plates using a cgnventhnal holographic technitfliehe en-

The structure has a hexagonal lattice with an in plan&'@y diffracted in the first order beams is approximately
lattice spacing of 1.150r 0.65 um and a perpendicular 25%-30% of the total incoming energy, which is four to five
lattice spacing of 8.9or 2.7) um for diffraction masks with times higher than for amplitude gratings. This lowers the
grating periods of 1.0or 0.56 um, respectively. The polar- €Xposure time of the photopolymer and makes the recorded
ization of the incident light defines a preferred axis in spacestructure less vulnerable to vibrational distortions.
which then produces a basis that reduces the point group The samples used to record the 3D structure were 1-mm-
symmetry of the dielectric structure to orthorhombic, but thethick glass substrates coated with SU8 photore@diitro-
effect is very small and is irrelevant for the threshold inten-Chem Corp, which is a negative tone polymer sensitive at
sities considered here. The underlying Bravais lattice re355 nm. The photoresist was spun onto the glass substrates at
mains hexagonal. The features are slightly elongated with ah200 rpm for 20 s, and soft baked on a hot plate for 3 min at
approximate aspect ratig.e., feature diameter-to-lengtf ~ 65 °C and 7 min at 95 °C to achieve a film thickness of 30
6.5 and 4.0, respectively. The aspect ratio is a function of thgem. During exposure, the samples were placed 37 mm be-
angle between the nondiffracted beam and the three difaind the mask, at the focal plane of the interference pattern.
fracted beams, which is modified by changing the gratingThe photoresist was exposed for 2 s, followed by a post
period. This approach can be readily extended to smalleexposure bake for 1 min at 50°C and for 5 min at 95 °C.
grating pitch to achieve 3D PC structures with sub-arh  Developing the photoresist in PGMEA developg@icro-
pitch, which is of interest for fabricating PCs at visible and Chem Corp. for 10 min and rinsing with isopropyl alcohol
near infrared wavelengtHs. removed regions illuminated with low intensity light.

The optical setup used to fabricate the 3D PC polymer  Scanning electron microscog8EM) images of the re-
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FIG. 4. Photonic band structure for the low-index contrast structure fabri-
cated using the 0.56m diffraction mask. A gap opens in the-Z direction

at a frequency of 0.47. The gap in the-X direction at a frequency of 0.37

is slightly overlapped by higher bands.

bandgap or they could be replicated by infiltratioror
electrodepositioH of a high index material.

This letter describes an approach to fabricate 3D peri-
odic structures by using a single diffraction mask to create a
g_'f?- 3. SEM ilinages of the ?E lpgindiC S_tfl:ftgfes fat?ficate,dh UOSisng thefour-beam interference pattern patterned into a photosensitive
" petod, and) trocs-sectional view with L period. Tis mage nas  POIYMe layer. Masks with a 1.0 and 0.66n grating period,
large sample tilt and was not used to measure the perpendicular lattic@roduce micron- and submicron-scale 3D features with good

constant. definition and uniformity over large substrate areas.
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