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We report a replication route to non-planar, three dimensional
microlens arrays with an antireflective surface nanopattern. Our
methodology uses the surface topography of the Artacus atlas
moth’s compound eye and a soft lithographic technique to fabricate
topographically faithful moulds that, in turn, are used to reproduc-
ibly replicate the original eye surface with nanoscale fidelity. In
addition to antireflection, the resulting poly(urethane) replica with
its “moth-eye” nanopattern also exhibits increased hydrophobicity
relative to the unpatterned polymer. The materials flexibility of the
perfluoropolyether mould fabricated via replica moulding enables,
for example, the embossing of antireflective nanopatterns in the
photoactive materials of organic solar cells.

Photonic phenomena in biology have been refined by evolution and
span diverse array of applications such as temperature control, mate
attraction,” antireflection,® and the efficient collection of low light
levels.* And, biomimicry of natural visual systems has been exploited
to enhance optical performance.>® The Attacus atlas moth® is an
insect that organizes its imaging system with a compound lens to
accommodate its low brain processing capabilities.”® The compound
lens is characterized by a myriad of hexagonally shaped ommatidia
each of which is an optical microlens that can produce an individual
image thereby endowing a large field of view without an increase of
the eye volume. Moreover, each ommatidium of the nocturnal moth
has a unique nanometre scale surface structure—an antireflection
(AR) nanostructure—which enhances photosensitivity in a dim
environment concomitantly reducing reflections that could be visible
to predators.’>'? The sub-wavelength AR nanostructure on the moth
ommatidial surface produces a gradual change in refractive index
between the air and the eye interior, thereby reducing the reflection of
incident light. Here we describe a method for direct and facile bio-
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replication of both micro- and nanoscale features of the Attacus atlas
moth compound eye with a soft imprint lithographic method (replica
moulding) that derives from a process called PRINT™ (Pattern
Replication In Non-wetting Templates).'®

3D Microlens arrays have a large field of view'®* hence, potential
applications in wide angle imaging."> Currently, planar microlens
arrays are fabricated with soft-lithography,'® ink-jet printing,"” an
etched glass master,"™ 3D diffuser lithography,' thermal flow pro-
cessing,® stimulus responsive hydrogels, the hydrophobic effect,
three-beam interface lithography* and other advanced photolitho-
graphic methods. Polymerizing polydimethylsiloxane (PDMS) under
humid conditions has also been used to fabricate such arrays,® and
the artificial ommatidium fabricated with self-aligned waveguides®
can potentially lead to truly biomimetic compound-eye sensors. Sub-
wavelength, artificial AR moth eye surface patterns have been
fabricated to improve optical performance using a variety of
methods: colloidal crystal self-assembly,? colloidal lithography,>*°
self-masked dry etching,® and imprinting,3?3* for various optoelec-
tronic devices®*” where the lowest reflectance and the highest
transmittance are required. In summary, many attempts to combine
the advantages of planar microlens arrays with AR properties have
been explored. 34

To date, however, only a limited number of curved 3D microlens
arrays**>* have been reported because of complications associated
with traditional fabrication methods. Addition of an AR surface
nanostructure on a curved 3D microlens array further limits fabri-
cation options. Herein, we replicate the ommatidial surface with its
micro- and nanostructure to yield a 3D microlens array with AR
properties. Our soft imprint lithographic method" is a replica
moulding scheme employing an elastomeric perfluoropolyether
(PFPE)* to fabricate multiscale surface features. PFPE proved to be
advantageous relative to PDMS when replicating elaborate biological
samples due to its low surface roughness, chemical inertness, poly-
merization characteristics, and its non-wetting, very low surface
energy. We have captured the curved lens array of the Attacus atlas
moth eye with its variable scale, hierarchical surface features in
a PFPE mould that, in turn, was used to generate polymer replicas
having all of the superficial features of that compound eye. Replicas
made from UV curable polyurethane formulation (PU) act as 3D
microlens arrays exhibiting AR properties as well as increased
hydrophobicity.

The hierarchical structure of the Attacus atlas moth eye is shown in
a sequence of SEM (scanning electron microscope) pictures at

6404 | Soft Matter, 2011, 7, 6404-6407

This journal is © The Royal Society of Chemistry 2011


http://dx.doi.org/10.1039/c1sm05302g
http://dx.doi.org/10.1039/c1sm05302g
http://dx.doi.org/10.1039/c1sm05302g
http://dx.doi.org/10.1039/c1sm05302g
http://dx.doi.org/10.1039/c1sm05302g
http://dx.doi.org/10.1039/c1sm05302g

Downloaded by University of North Carolinaat Chapel Hill on 13 July 2011

Published on 06 May 2011 on http://pubs.rsc.org | doi:10.1039/C1SM05302G

View Online

Fig. 1 SEM (Scanning Electron Micrographs) of (a) the Attacus atlas moth eye showing the compound eye structure; (b) the PFPE mould of the
Attacus atlas moth eye; (c) a compound eye PU replica made by photopolymerizing the PU monomer in the PFPE mould. The inset of (c) shows the
curved surfaces of the replica. The scale bars are respectively 100 um for the top images (inset: 20 pm), 5 pm for the second row images, and 500 nm for

the third and fourth row images.

different magnifications in Fig. 1: (a) the original moth eye, (b) the
PFPE mould, and (c) the PU moth-eye replica. Fig. 1a shows that the
moth eye is composed of an hexagonal array of the micrometre scale
lenses. An AR nanopattern on the surface of each lens is apparent at
increasing magnifications (top to bottom). A globally concave mould
(“negative”) comprised of the non-wetting PFPE is produced when
the PFPE precursor in contact with the biological moth eye is pho-
topolymerized (Fig. 1b; see Fig. S1 in the ESI} for detailed proce-
dures). This unique elastic fluoropolymeric material not only
reproduces the hemispherical global eye shape, but also captures the
individuated convex lenses and delineates each lens’s sub-200 nm
features. A comparative study of the moulding properties of PFPE
and PDMS to produce reusable concave microlens arrays was per-
formed. (See Fig. S2 in the ESIt.) SEM analysis showed that the
PDMS moulds exhibited excessive distortion and wrinkling, involved
harsher conditions of polymerization, and PDMS replication has
problems with liftoff which damaged the biological sample. These
disadvantages are not encountered with PFPE.

The negative mould is used to produce a “positive” replica of the
original eye topography from conventional photopolymer such as
PU (Norland Products Inc., NOA 73) as shown in Fig. Ic. The
fidelity of the fine structure of the moth eye is reproduced on
a nanometer scale and the PU replica exhibits features identical to
that of the original natural moth eye. The moth eye replica is ~4 mm
diameter with a hemispherical global shape.

The compound eye of the moth produces an individual image of
a projected object where the resolution of the image is restricted by
the ommatidia number.*® This is demonstrated for the moth eye
replica when the symbol in Fig. 2a is projected into the microscope
through the replica with the projected images captured by a camera.
In Fig. 2b and c, each of the hexagonally arranged lenses in the moth
eye replica generates an inverted image working as an individual lens.

Interestingly the multiple images are produced by projecting a single
object, and the size of the created images produced by the microlens
replica is a function of the distance between the object and the replica.
This might be exploited, for example, to generate multiple micro-
patterns on a photoresist coated surface.* It is known that moth eyes
are superposition compound eyes and thus the images from each
facet are not optically isolated producing superimposed images on the
image plane (retina) and therefore yielding increased photosensi-
tivity.** This originates from the fact that in the natural eye each
optical element underneath each facet bends the incident light to form
overlapping images on the retina. Here, the projected image is
transmitted across a clear region underneath each lens facet, and the
superposed images are focussed on a retina.* However, in our study
only the exterior of each microlens is replicated resulting in multiple
images by simple projection optics. Further optical manipulation of
the projected images within the bulk of the replicated eye is required

(a)

Fig. 2 Micrographs of multiple images generated by the moth eye
replica. When the 2D symbol (3 mm length and 0.3 mm line width),
printed on a transparent glass slide (a) is projected into the microscope
through the moth eye replica (replicated 4 mm diameter PU microlens
array), the multiple inverted images (b), shown at higher magnification in
(c) are obtained by projecting the single object (a). The scale bars are 1.5
mm for (a) and 20 um for (b) and (c).
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to develop a single, superimposed image with enhanced intensity,
a potentially useful goal for advanced optical devices.

Nocturnal survival probably dictated the evolution of the sophis-
ticated structure of the moth eye.” The eye must effectively pass
incident photons through the ommatidial surface while minimizing
reflection. The latter is accomplished with a periodic array of sub-
wavelength surface protrusions (Fig. 1a and 3c). The quasi-hexagonal
nanopattern of protrusions with subwavelength periodicity causes
a gradual transition between the air and the nanopatterned substrate
resulting in low reflectance over a broad wavelength range in the
visible.* This can be quantitatively analyzed by measuring reflection
spectra for the natural moth eye and its replica relative to a flat
polyurethane substrate. Such measurements were conducted with an
optical microscope connected to a spectrometer using unpolarized
white-light at normal incidence. Comparisons of the reflection from
the replica and flat PU substrates in Fig. 3a show that the AR
nanopattern significantly reduces reflection by as much as 5-fold.
Remarkably, both the natural moth eye and its replica show less than
1% reflectivity in the visible region confirming the fidelity of the
replicated AR nanopattern. The details of the latter are as follows:
a quasihexagonal array of ~200 nm high parabolic protrusions of
diameter ~100 nm (top) increasing to 170 nm (bottom), with a sub-
wavelength periodicity of ~200 nm that is anticipated to exhibit
significant broadband AR properties.*” The observed AR trends can
be checked by optical calculation (RSoft DiffractMOD) where
a comparable nanopattern (155 nm height and 200 nm periodicity) is
considered using the refractive indices of PU as measured via spec-
troscopic ellipsometry (see Fig. 3a, S3 and S4 in the ESIt} for
refractive indices of PU and reflection calculation details). In order to
check the nanopatterns’ contribution to the reduced reflection for the
moth eye replica, we prepared a PU replica with the same global
shape with a smooth surface (i.e., we replicated a hemisphere from
a ball bearing with curvature comparable to the moth eye) and
measured the reflection (data are not shown) that was roughly equal
to that of a flat PU film.

Besides improved AR properties, advantageous wetting charac-
teristics are a by-product of the nanostructure. Fig. 4 shows contact
angles assumed by water droplets on the PU moth eye replica. In
order to remove the effects of macroscopic curvature on the apparent
wetting properties, wetting of a comparable size (~4 mm diameter)
PU sphere is also reported (Fig. 4b). A qualitative increase in the
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Fig. 3 Moth eye reflectivity and hierarchical surface structure. (a)
Measured reflectivity for unpolarized light at normal incidence for
a natural moth eye, its replica, a flat PU substrate, and an optical
calculation. (b and ¢) SEM images of the replica. The parabolic protru-
sions result in broadband, anti-reflection. The scale bars are, respectively,
30 um for (b) and 500 nm for (c).

Fig. 4 Images of a water droplet on (a) a flat PU substrate, (b) a PU
smooth sphere, and (c) the PU moth eye replica. Enhanced hydropho-
bicity of the PU replica with the moth eye AR nanopattern is apparent.
The same PFPE mould used for the moth eye replica (d) is re-used to
generate (e); identical dimension and feature shapes are derived from the
second use of the PFPE mould. Scale bars in (d) and (e) are 500 nm.

apparent contact angle*® shows that the nanoscale protrusions on the
moth-eye replica enhance hydrophobicity relative to the flat and
spherical PU control substrates, advantageous for self-cleaning
microlens arrays.* The mould is reusable. Fig. 4d and e show that
identical nanopatterns created in the first and second replicas, i.e., the
soft imprint lithographic method with PFPE enables facile fabrica-
tion of multiple replicas.

Lastly, in an effort to emphasize the optical advantages of moth
eye AR nanopatterns in general, it has been recognized that applying
a superficial synthetic AR-coating on the surface of organic photo-
voltaic cells yields improved performance.®® In this spirit, we
embossed a microlens array with its AR surface nanopattern in the
most widely used photoactive polymer for organic photovoltaic cells:
a 1:0.8 blend of P3HT (poly(3-hexylthiophene) : PCBM(phenyl-
C61-butyric acid methyl ester) (Fig. 5; see also the ESIf (Fig. S5) for
the replication procedure details). Ongoing research™ is exploring.
such device applications, however the feasibility of using soft imprint
lithography to emboss nanopatterns in photoactive material is
apparent.

Fig. 5 SEM images of embossed P3HT:PCBM. (a) The compound eye
shaped facets are replicated using the PFPE mould of the Attacus atlas
moth eye; magnified SEM images of the patterned PV-active blend of
P3HT:PCBM (b—d). Scale bars are (a) 50 um, (b) 3 um, (c¢) 500 nm and (d)
500 nm, respectively.
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In conclusion, we have demonstrated a general way to simply
fabricate 3D microlens arrays using naturally occurring biological
structures. The fidelity of a replicated natural insect eye in conjunc-
tion with the range of materials compatible with the PFPE replica
mould enables one to tailor microlens arrays of variable materials,
sizes, shapes, and curvatures through this simple extension of bio-
mimicry. The combined advantages of anti-reflectivity with hydro-
phobicity afforded by the multiscale micro- and nanopatterns are
apparent. Compared to other methods of fabricating curved micro-
lens arrays, we find this replication technique to be very easy,
reproducible, and cost effective. The advantages of nonplanar
compound microlens arrays produced with this methodology could
be readily integrated into photovoltaics, optical sensors and opto-
electronic devices.
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