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Abstract

We fabricated patterned polymer photonic crystals by holographic lithography in conjunction with soft lithography. A patterned SU-8
photoresist film was created by preformed pattern of a hard-baked SU-8 photoresist, transferred by a PDMS mold. Then, four-beam holographic
exposure carved 3D photonic crystal structures onto the patterned photoresist. Because of refractive index matching of the photoresist and the
hard-baked photoresist, scattering, which might have caused a distortion of interference pattern, did not occur. Eventually, an f.c.c. polymer
structure with a line pattern was successfully created after development.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction lithographic mask with the interference pattern of multiple
coherent laser beams. While this method has many advan-
Photonic crystals (PCs) are optical materials whose tages of photolithography such as alarge areas and defect-free
refractive index is modulated with a period comparable processing, itis possible to fabricate 3D periodic structures.
to the wavelength of light. The fabrication of PCs has In addition to bulk photonic crystal structures, PCs con-
attracted a great attention because of their unique opticaltaining well-defined point and line defects are attractive be-
properties, especially photonic bandgaps (PBGs). Generally,cause they are essential to integrated photonic ¢bip&or
a polymeric substrate such as a photoresist is carved intoexample, PCs with line defects may be used as optical waveg-
periodic microstructures, which are used as templates foruides with unique properties, such as waveguiding through
novel materials. Periodic structures in two-dimensions (2D) wavelength-scale sharp bends and large group-velocity dis-
and three-dimensions (3D) have been made by stacking ofpersion[6]. In the case of colloidal self-assemblies, several
micromachined silicon waferfl], self-assemblies of col- methods have been proposed to control the growth of col-
loids or block copolymerf2,3], and recently by holographic  loidal crystals with controllable defects using soft lithog-
lithography[4]. Among these methods, holographic lithog- raphy or photolithography, i.e., self-assembly of colloidal
raphy uses standard photolithographic resists but replaces therystals onto patterned substrates or physical confinement in
microchannel arrayf/,8]. Soft lithography applies an elas-
* Corresponding author. Tel.: +82 42 869 3922; fax: +82 42 869 5962. {OMeric stamp to generate or transfer the pattern and offers a
E-mail addresssmyang@Xkaist.ac.kr (S.-M. Yang). simple and cost-effective technig{®j. Here, we combined
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holographic lithography and soft lithography for patterned 3. Results and discussion

3D polymer PCs. We made tailored defects with soft lithogra-

phy and then, created 3D periodic structures with holographic  Fig. 2shows our experimental procedure. The PDMS mold

lithography. was placed on the surface of a pretreated glass substrate to
form a network of empty channels between the mold and glass
[13,14] Afew drops of the SU-8 photoresist were then placed

2. Experimental atthe open ends of the channels, and this liquid spontaneously
filled the channels by capillary actiokify. 2a). After curing

The basic material in our experiments is SU-8 pho- the photoresistinto a solid by hard baking at 2QCafter an
toresist, which contained epoxy-based resin (SU-8, initialbakingat65'C, the PDMS mold was removedto reveal

glycidyl-ether-bisphenol-A novolac polymer), photoinitiator Patterned microstructures of the polyméig. 2b). A SEM
(octoxyphenylphenyliodonium hexafluoro antimonate) and image of the photoresist pattern prepared on a glass is repro-
photosensitizer (H-Nu 470, 5,7-diiodo-3-butoxy-6-fluorene, duced inFig. 3a. Then, photoresist solution was spin-coated
Spectra Group Ltd.), all dissolved irbutyrolactone. To  UP to cover the preformed patterfiig. 2c). It is noteworthy
optimize the contrast of the photoresist, we controlled the that the hard-baked photoresist did not dissolve in the pho-
weight percent of the photosensitizer, which donates elec-toresist solution and its refractive index (1.5929 at 633 nm, as
trons when excited by visible light and consequently extracts measured from Prism Coupler Analyzer, SPA-4000) matches
proton ions from the monomel0]. Previously, pattern  Very closely with that of the photoresist without hard baking
contrast has been optimized with an aliphatic amine such as(1.5925 at 633 nm). Therefore, the pattern was invisible when
triethylamine by termination of cationic polymerization due the photoresist was coatefig. 3v).

to its high basicity{4,11]. However, in our experiments we The photoresist on the hard-baked photoresist channel was
found that excessive use of aliphatic amine had a detrimental€xposed to the laser beam through a glass substrate. The ex-
effect on the photosensitizer (causing red-shifting of the Posure was conducted with four non-coplanar Ar-ion laser
photosensitizer's absorption spectrum, although the mech-beams at 514nm (Coherent, Innova 300C) with an etalon
anism is not yet clear) and made the photoresist unusablePlaced inside the cavity for more stable operation. To fabri-
within a few hours.Fig. 1 shows the sensitivity curve of cate 3D interference patterns of face-centered cubic (f.c.c.)
the SU-8 photoresist as a function of the exposure dose forlattice, a four-beam configuration was assembled using three
grating patterns constructed by two-beam interference andPeam-splitter cubgd5]. The exposure time was 0.5-1s con-
subsequent lithographic proceld®]. Here, the sensitivity trolled by an electronic shutter (Oriel). After exposure, a
represents the normalized pattern contrast defined as the feaSoft bake at 65C for 10-15min activated epoxide ring-
ture size @) scaled by the feature distang®.(The contrast ~ OPening polymerization and subsequent development with
of a negative-photoresist pattern is related to the rates of bothl-methoxy-2-propand acetate left behind a highly polymer-
polymerization and dissolution by a developer solution. A ized region by the holographic interference pattéig(d).
steeper change of polymerization with the dose energy will (Specifically, the transferred interference pattern is asymmet-
create a higher contrast of the pattern. Therefore, the slopedic f.c.c. withthe basis elongated in the [1 1 1] directjdf].)

of the sensitivity curves ifrig. 1indicate that the photoresist

with 0.5 wt.% photosensitizer creates a high contrast pattern. ®)
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