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Biology provides a multitude of varied new paradigms for
the development of adaptive optical networks."7! Here, we
present the first example of synthetic, biomimetic microlens
arrays with integrated pores, whose appearance and function
are strikingly similar to those of their biological prototype, a
highly efficient optical element formed by brittlestars.*! The
complex microstructure is created directly by three-beam
interference lithography in a single exposure. We show
that i) the microlenses have strong focusing ability, and that
ii) light-absorbing liquids can be transported in and out of the
pores between the lenses, which provides the potential for a
wide tunability range of the optical properties of the lens ar-
rays.

We are interested in learning from natural optical systems,
whose hierarchical architecture and hybrid character offer
outstanding optical properties and enable multifaceted roles.
Recently, we characterized a spectacular example of a biologi-
cal, adaptive optical system—a close-set, nearly hexagonal
array of uniform microlenses formed by the light-sensitive
brittlestar, Ophiocoma wendtii (Fig. 1a).! The lenses were
shown to be involved in photoreception, acting as optical ele-
ments that guide and concentrate light onto photosensitive tis-
sue, and offering remarkable focusing ability, angular selectiv-
ity, and signal enhancement. An interesting design feature of
this bio-optical structure is the presence of a pore network
surrounding the lenses, which is essential to the diurnal migra-
tion of pigment-filled chromatophore cells.®! Because of the
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Figure 1. Structure of biological and biomimetic porous microlens ar-
rays. a) Scanning electron microscopy (SEM) image of the design of a
brittlestar lens. Scale bar: 50 um. b) Calculated light-intensity profile
from three-beam interference lithography. Beam wavevectors and polar-
izations are described in the Experimental section. c) Corresponding
SEM image of a synthetic, biomimetic microlens array with integrated
pores. Scale bar: 5 um. d) Schematic drawing of the beam polarizations
used (shown by double-headed arrow; viewed in the (0,0,T) direction) to
realize the biomimetic lens shown in (c).

presence of a pore network, the brittlestar microlenses can be
considered as an adaptive optical device that exhibits trans-
mission tunability with a wide range, achieved by controlled
transport of radiation-absorbing intracellular particles. The
chromatocyte pigment also allows other functions, including
diaphragm action, numerical-aperture tuneability, wavelength
selectivity, minimization of the crosstalk between the lenses,
and improved angular selectivity.

It is highly desirable to have small, complex photonic de-
vices that can mimic the unusual design of the optical ele-
ments of the brittlestar and their consequent outstanding opti-
cal properties, by creating a structure that combines microlens
arrays with the surrounding porous microfluidic system. The
fabrication of such structures using existing techniques—ink-
jet printing,[g] melting of patterned photoresists,[w] reactive
ion etching of silica and silicon, !} soft-lithography,[]zl or self-
assembly of monodispersed polymer beads!"*!—is, however,
not straightforward. Most of these techniques only create
lenses without pore structures and their optical properties are
not tunable. Multibeam interference lithography has been
shown to be a fast, simple, and versatile method of creating
two-dimensional (2D) and three-dimensional (3D) periodic,
defect-free, porous microstructures over a large area.!+18]
The symmetry and the porosity of the resulting structures can
be conveniently controlled by the wavevectors and polariza-
tions of the interfering beams.'>!”) None of the previous stud-
ies, however, have either paid attention to the integration of
the two different structures (lenses and pores) into a more
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complex photonic device, or shown resulting tunability of the
optical properties of the lenses produced.

In our approach, we use three-beam interference lithogra-
phy to create a synthetic, biomimetic analog of the brittlestar
microlens array. Ours is the first example that combines both
of the functional elements, the lenses and pores, in one struc-
ture. The geometry and polarizations of the laser beams were
determined on the basis of theoretical calculations. We found
that, while the wavevectors defined the translational symme-
try of the structure, the polarization vectors were the key to
the lens formation and its connectivity. For example, when the
wavevectors were kept the same and the polarizations of the
waves were parallel to each other (Fig. 1d), a periodic varia-
tion of light intensity with hexagonal symmetry was gener-
ated, and the simulated intensity profile resembled the shape
of the biological lens array (Fig. 1b). In comparison, when the
polarization of each wave was perpendicular to the difference
between the other two wavevectors, we observed a threefold
connectivity with a very small area of highest intensity, sug-
gesting little or no lens formation (Fig. 2).

By subjecting a negative-tone photoresist, SUS8, to the for-
mer interference light pattern, we have successfully created
porous, hexagonal microlens arrays (Fig. 1c) that are mark-
edly similar to their biological prototype (Fig. 1a). During
exposure, the highly exposed regions of the photoresist cross-
linked and became insoluble in an organic developer solution,
while the unexposed or weakly exposed regions were dis-
solved away to reveal holes in the film. When the intensity dif-
ference between highly exposed and adjacent weakly exposed
regions was above threshold, formation of a lens contour was

induced. The lens contour may have been amplified by factors
such as the quantum efficiency of the photosensitive mole-
cules (i.e., sensitizers and photoacid generators); the strong
nonlinear relationship between the dose, polymerizability,
and solubility change of the photoresists; as well as the shrink-
age of the resist film during drying. We could control the lens
size (diameter: 1.5-4.5 wm; height: ~200 nm-1.0 um), shape,
symmetry, and connectivity by adjusting the beam wavevec-
tors and their polarizations, while the pore size and porosity
were determined by the laser intensity and exposure time, re-
spectively (porosity of about 10 to 80 %).

The ability of the thus-synthesized lens structures to focus
light was studied using lithographic experiments, in which a
film of a positive-tone photoresist, AZ5209, was illuminated
through a synthetic lens array (Fig. 3a). When the illumination
dose was fixed slightly below the sensitivity threshold of the
photoresist (Ip) to avoid exposure through the pores, the
photoresist film appeared to be selectively exposed under each
microlens because of their strong focusing activity. The pattern
in the photoresist revealed hexagonally packed holes (Fig. 3b)
that closely matched the microlens arrays seen in Figure lc.
The size of the features in the resist layer, a, could be effec-
tively controlled by placing transparent spacers with different
thicknesses, /4, between the lens structure and the resist film
(Fig. 3a). For example, for a lens diameter of ~4.1 um, the fea-
ture sizes in the photoresist gradually changed from ~3 um to
~700 nm near the focal point with #=8 um (Fig. 3c). When the
illumination dose was set above the lithographic threshold in-
tensity, we observed one hole surrounded by six others under
each lens, which originated from the pores in the lens arrays.
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Figure 2. Formation of 2D structures in three-beam interference lithography using two different configurations of beam polarizations (shown by dou-
ble-headed arrows) viewed in the (0,0,T) direction. In each panel, the left image shows the calculated total-intensity distribution using the consequent
beam polarizations. The brightest region corresponds to the highest intensity of light. When calculating the intensity distribution for different beam po-
larizations, the change in polarization caused by reflection at the air/photoresist (SU8) interface was taken into account. The right image is the corre-
sponding SEM image from the experiment. An enlarged SEM image is inserted in (a) to better demonstrate the lens. Scale bar: 5 um.
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Figure 3. Focusing of light by the microlens array. a) Schematic representation of the experiment. b) SEM of features on a positive-tone photoresist ex-
posed through the lens array near the focal point. Scale bar: 5 um. c) Dependence of the size of the produced features, a, on the distance between the

array and the photoresist film, h.

Another application of the biomimetic microlens array is
based on using the porous network as a microfluidic system
that mimics pigment movement in the brittlestar stereom. We
studied the possibility of actuating photoactive liquids within
the microlens array. The thin film with the porous microlens ar-
rays was assembled between two copper grids and a light-ab-
sorbing liquid was introduced from one side (see Experimen-
tal). When a dye-containing liquid was pumped through the
pores (to mimic the migration of pigment-filled chromato-
phore cells in photosensitive brittlestars), the reduction in
light transmission was detected under an optical microscope
(Fig. 4). We observed a change of transmission ranging from
0 to 100 %, depending on the dye concentration and/or thick-
ness of the dye layer covering the lens. This result clearly dem-
onstrates that the presence of pore networks will allow the
dynamic tuning of the optical properties of the lens. One po-
tential application is as an optical shutter that turns light on
and off in an optical interconnect. By using different liquids
(e.g., liquids with varying refractive index and/or dyes that can

Light—absorbing liquid
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Figure 4. lllustration of the transmission tunability through the lens ar-
ray, using controlled transport of a light-absorbing liquid in the channels
between the lenses. Light micrographs were recorded in transmission
mode near the focal point a) without, and b) with the light-absorbing lig-
uid between the lenses.
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absorb at certain wavelengths) as the surrounding medium be-
tween the lenses, we can introduce further control over the lens
focal length, numerical aperture, and wavelength selectivity.
Fabrication of microlens arrays with integrated pores, as
reported here, is a first step toward creating and mimicking
complex optical devices that are prominent in nature. The op-
tical properties, tunability, and application of the synthetic
structures presented clearly demonstrate that the lessons
learned from sophisticated microlens arrays evolved by brit-
tlestars for successful survival and adaptation may improve
our current capabilities to construct new, microscale, adaptive
optical devices that are potentially useful in a wide variety of
technological applications. The knowledge we gain from fabri-
cating these complex structures will provide important in-
sights into creating novel, multifunctional, hybrid structures.

Experimental

In the interference experiment, we used a continuous wave (CW)
diode-pumped solid-state laser (4 =532 nm) to photopolymerize SU8
(Shell Chemical). The primary laser beam was split into three beams
which were overlapped onto a spot of diameter of 4-5 mm. For the
lens structure shown in Figure 1, the wavevectors were arranged as:
ki =2m/a [0.035,0,0.999],  k,=2m/a [-0.017,0.03,0.999],  k;=2m/a
[-0.017,-0.030,0.999]. The polarizations of the waves were parallel.
The resist was formulated by dissolving 2 wt.-% of Irgacure 261 (Ciba
Specialty Chemicals), which acted as a photoacid generator sensitive
to green light, and SUS8 in cyclopentanone (~30-50 wt.-%). The solu-
tion was then spin-coated on a precleaned glass substrate, followed by
soft baking at 90 °C to completely remove the solvent. The film thick-
ness was in the range of 5-15 um, depending on the spin speed and
resist concentration. When exposed to a laser beam (output of 2 W)
for 1-6 s, photoacids were generated in the regions corresponding to
the interference pattern. The ring-opening reactions of epoxy groups
were initiated at a post-exposure bake and the acids were regener-
ated, resulting in a highly crosslinked film. Finally, the film was devel-
oped in propylene glycol methyl ether acetate (PGMEA) to remove
unexposed or weakly exposed film, thus forming pores.

In the lithographic experiment that demonstrated the focusing abil-
ity of the synthetic microlens, a 1 um thick film of AZ5209 (Clariant
International Ltd.) was spun on a glass substrate, followed by casting
a polydimethylsiloxane (PDMS) film of varying thickness on top of
the resist, to act as a transparent spacer. The lenses attached to a glass
substrate were then placed directly on the PDMS spacer for confor-
mal contact (Fig. 3a). First, we studied the minimum dose required to
realize patterns (i.e., holes) in the resist. Then, we set the illumination
dose just below the lithographic threshold and the photoresist was
only exposed in the area where the beam was focused by the lenses.
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For the microfluidics assembly, we sandwiched a film (3-4 mm in di-
ameter) with lens arrays between two copper grids (3.05 mm diame-
ter, 50 mesh) and sealed it with instant epoxy. We then carefully glued
two micropipette tips on both sides of the copper grids and pumped a
dye-containing liquid, e.g., water, tetrahydrofuran, or PGMEA, from
one end using a syringe.
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Colloidal Crystal Capillary Columns—
Towards Optical Chromatography**

By Ulrich Kamp, Viadimir Kitaev,
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and Scott A. Mabury

Pressure-assisted colloidal-microsphere assembly in capil-
laries (PACMAC) is a novel technique that enables us to cre-
ate monolithic colloidal-crystal capillary columns (C*s) sever-
al centimeters long. Invariance of optical-diffraction spectra
to rotation and translation over large length scales is demon-
strated for these colloidal photonic crystals. PACMAC pre-
sents a fast, convenient, versatile, and robust synthetic
approach to continuous polystyrene (PS) or silica capillary
colloidal crystals with a wide range of microsphere and capil-
lary diameters, which are shown to be suitable as templates
for synthesizing inverse colloidal crystal capillary columns
(IC’). Until now, capillaries have been completely filled with
colloidal crystals by sedimentation, a process that requires
weeks for completion.!! Alternatively, colloidal crystal sur-
face-coating films have been formed in capillaries, which
requires meticulous control of the meniscus of the colloidal
dispersion.”! The micromolding-in-capillaries (MIMIC) tech-
nique has been used to confine the nucleation and growth of
colloidal crystals to microchannels in a polydimethylsiloxane
(PDMS) elastomeric stamp held in conformal contact with a
planar substrate.”!

In contrast to other colloidal-crystal formation methods,
PACMAC does not occur at an dispersion—substrate interface
by capillary forces!! or by a sedimentation process.[l] The mi-
crosphere dispersion is forced into and through the capillary
system of considerable length to the open end, and the result-
ing assembly exceeds the achievable length scales of other
capillary techniques.”! A colloidal-crystal plug or nucleation
site is formed at the open capillary end by solvent evapora-
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