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Porous materials have potential applications in pho-
tonic crystals,! membranes,? and data storage® and as
catalyst supports.* Increasing interest in these areas has
driven extensive research efforts to explore novel ma-
terials and processes. Although significant progress has
been made in the development of new lithographic
procedures for the fabrication of two-dimensional (2D)
structures, it remains technologically challenging to
rapidly create highly ordered, true three-dimensional
(3D) structures with submicrometer periodicities and
comply with demands such as controlling defects in a
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large area and fabrication at low cost. Self-assembly of
block copolymers,® crystallization of colloidal particles,”
and soft lithography?® are simple and fast techniques for
the 3D fabrication, yet random defects are inevitable
in large areas. Two-photon absorption at near-1R3° on
photosensitive materials is a promising lithographic
technique to construct defect-free 3D structures. How-
ever, the serial pinpoint writing in a two-photon process
may not be suitable for massive production. In com-
parison, the multibeam interference method is much
faster and more straightforward, and Turberfield and
co-workers® have successfully demonstrated the con-
struction of 3D structures using UV light with a pulse
laser. Unfortunately, to obtain good reproducibility of
interference patterns using a pulsed laser is still chal-
lenging, and the low efficiency of the penetration of UV
light may limit the thickness of the films, thus hamper-
ing the broader application of the multibeam interfer-
ence method on a variety of photosensitive materials.
Here, we report an alternative lithographic route based
on interference of three or four beams of visible light in
continuous wave (cw) mode and laser-initiated cationic
polymerization of epoxy. The novelty of this method lies
mainly on two aspects. First, cw laser offers stable beam
output and the resist is sensitized by visible light, which
is more flexible and applicable to a wide range of
photosensitive materials. In the visible region, the
transmission increases significantly; therefore, interfer-
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Scheme 1. General Scheme of Photosensitized
Cationic Polymerization (S, Sensitizer;
RH, Solvent or Epoxy Monomer)
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ence of visible light will provide a more even exposure
throughout the thick films and better control of the
interference pattern. Second, we control the photochem-
istry carefully by the addition of an amine neutralizer
to eliminate the background exposure caused by non-
coplanar polarization of the multiple beams. Then, the
polymerization is controlled in a two-step reaction
(exposure and postexposure bake) without perturbing
the interference patterns. A series of 2D and 3D defect-
free porous structures with periods of 0.9—8 um in an
area larger than 1 mm are created by this method.
Epon SU-8 is a multifunctional epoxy derivative of a
bisphenol-A novolac.'! It is chosen here as a photosensi-
tive material because of (i) its high solubility in many
organic solvents that enables preparation of thick films
and (ii) its high transparency in the near-UV and visible
region.’2 Here, we formulated the resists based on
visible-laser-initiated cationic polymerization of epox-
ides.1314 This initiating system typically includes a
photosensitizer, which absorbs the visible light and
electron transfers to an onium salt via the formation of
a charge-transfer complex to generate the acids (see
Scheme 1). The photoacids initiate ring-opening reac-
tions of epoxy groups and the acids are regenerated in
the subsequent steps.’®> The polymerization is thus
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chemically amplified, resulting in a highly cross-linked
film. Detailed studies of the mechanism of photosensi-
tization can be found elsewhere. 131516

We studied the photosensitizing efficiency of two
xanthene dyes, 2,4,5,7-tetraiodo-6-hydroxy-3-fluorone
(1a, H—Nu 535 from Spectra Group Limited) and Rose
Bengal (1b, from Aldrich). Consistent with the litera-
ture,'” we found that 1a with a small hydrogen group
at the C-9 position has a much higher quantum yield
to donate electrons to the oxidizing agents compared to
1b.

In our experimental setup, 1la is selected as a photo-
sensitizer and diaryliodionium hexafluoroantimonate (2,
SR1012 from Sartomer) is chosen as a photoacid gen-
erator because of low reduction potential of iodionium
salts for energy transfer. They were first dissolved in
tetrahydrofuran (THF) and then mixed with SU-8 (from
Shell Chemical) in a weight ratio of 1:2.5:100, respec-
tively, to form a clear solution. The solution was cast
or spun at a speed of 200 rpm on a cover glass and baked
in an oven at 65 °C to evaporate the THF and to obtain
a solid 4—10-um-thick film. The baking time was de-
termined by time-resolved Fourier-transform infrared
(FT-IR) spectroscopy following the disappearance of the
solvent peak at 924 and 1076 cm~! (C—O—C stretching).
In the FT-IR experiment, the film was cast on a KBr
window and mounted on a Mettler hot stage (FP82HT)
in the sample compartment of a Nicolet Megna-IR 560
spectrometer. The resolution was 4 cm™1,

The exposure of the films was conducted at room
temperature on a horizontal stage with three or four
non-coplanar beams of an argon ion laser (Coherent
Innova 90) for ~1 s. The laser generated 514-nm light
in a continuous wave (cw), which provided a uniform
beam profile and stable output of 1 W. The beam
diameter was several millimeters and the beam geom-
etry is arranged in a way similar to that in the
reference.1? After the exposure, the film was baked in
the oven at 65 °C for 25 min to accelerate the cationic
polymerization of epoxy. The unexposed film was re-
moved by propylene glycol methyl ether acetate (PG-
MEA), followed by drying in a supercritical CO, dryer
(CPD 7501 from Polaron Range) to avoid pattern col-
lapse. We found that the low surface tension of super-
critical CO, is especially advantageous in removing
solvents from films with high porosity and high aspect
ratio features.

The relatively high glass transition temperature of
SU-8, 50 °C, plays an important role in minimizing the
acid diffusion before the postexposure bake. Polymeri-
zation during exposure is not desired because it would
disturb the original interference pattern because of the
change of refractive index of the cross-linked film. When
the film is exposed at room temperature and then baked
at 65 °C, the beam interference stage is separated from
the film cross-linking stage.

The partially nonparallel polarization of three or four
non-coplanar laser beams produces a non-zero back-
ground of optical intensity (lp > 0) and, therefore, a non-
zero background of generated acids (Cy > 0) (Figure 1).
This results in the formation of shallow patterns
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Figure 1. Non-zero backgrounds (slashed area) of the light
intensity and the resulting acid concentration generated in the
interference pattern of nonorthogonally polarized beams.

Figure 2. Scanning electron micrographs of micropatterned
3D films. (A—B) Top view of the fcc-like structures formed in
the absence (A) and in the presence (B) of TEA. (C) Cross
section of the fractured, continuously porous film shown in (B).
The top surface is a (111) plane and the fractured surface is a
(100) plane. The scale bar is 2 um.

without fully opened holes throughout the films (Figure
2A). Although the non-zero background of the interfer-
ence intensity might be minimized by fine-tuning of
beam polarization, we suggest an alternative chemical
approach by introducing triethylamine (TEA) in the
resist. Thus, tedious optimization of polarized beams can
be avoided and the unnecessary polymerization can be
further reduced during exposure. Conventionally, ali-
phatic amine, such as TEA, is considered as a termina-
tor for the cationic polymerization because of its high
basicity and is carefully avoided.® We anticipated that
the addition of an appropriate amount of TEA would
partially neutralize local photoacids generated during
exposure by lg, thus eliminating the homogeneous cross-
linked background. However, the addition of amine
should not interfere with the polymerization during
postexposure bake. Several controlled experiments were
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performed to study the role of TEA in the multibeam
interference process. First, TEA in increasing concen-
trations was added to the film. At the molar ratio of
TEA/la = 0.03:1, open holes were observed, indicating
the neutralization of background acids at the concentra-
tion of C; < Cy (Figure 1) and the resulting partial
removal of the crosslinked background. With further
increase of the TEA concentration, the porosity of the
patterned films increased. At TEA/la = 0.3:1, highly
porous patterns with fully opened holes throughout the
films were obtained (Figure 2B,C). It suggests that the
amine concentration was close to the threshold acid
concentration, Cp, and the background is nearly re-
moved. The interference pattern was completely washed
out when the TEA concentration reached a 1:1 molar
ratio of 1, apparently near Cnax (See Figure 1).

Time-resolved FT-IR spectroscopy has been used to
study the extent of photoinitiation and polymerization
of both films with and without amine. Films were
exposed to a single laser beam for 1 min and were then
put into the FT-IR chamber to collect infrared spectra.
The kinetics of the curing process at 65 °C was moni-
tored by following the decrease of absorbance at 914
cm~1 (asymmetrical ring stretching of epoxy). The
results suggest that while the addition of TEA removes
the non-zero background, the polymerization of epoxy
during postexposure baking is not inhibited nor signifi-
cantly retarded compared to that in the films without
TEA. By varying the concentration of amine, exposure
time, intensities, beam orientations, and polarizations,
films with different lattice constants (0.9—8 um), sym-
metry (hexagonal, square, and face-centered cubic), and
porosity (10—70%) have been created defect-free in an
area larger than 0.1—1 mm.

In conclusion, by interference of multiple non-copla-
nar laser beams and taking advantage of the stable
output of a cw laser and high transparency of resist
films for visible light, we microfabricate various 2D and
3D porous structures, defect-free, in a large area within
seconds. We believe that this lithographic procedure is
applicable to a wide range of photosensitive materials
and provides a flexible way to engineer porous materials
for potential applications in catalysis, data storage, and
photonic band gaps.
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