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ABSTRACT: Optical polymers are attractive for lightweight and cost-effective
refractive optical components, yet they reflect part of the incident light. Traditional
vacuum-deposited antireflective films purely adhere to polymers and suffer from
mechanical stresses due to the difference in the thermal expansion coefficients.
Alternatively, reflection can be reduced by moth-eye structures; yet, their efficiency
strongly depends on their index-matching with the optical substrate, which has not
been demonstrated so far. Here, we introduce a new approach to engineering
highly effective antireflective structures on the surface of the optical polymer, with
an unprecedented ability to reduce the surface reflection from 5 to 0.1%. The
structures were produced by high-throughput nanoimprint lithography, and their superior optical performance was achieved due to
the precise matching of their index to that of the underlying substrate. We further applied these structures on different polymers and
showed that their antireflective effect correlates with index-matching. We demonstrated that these structures could be applied on flat
surfaces and curved lenses and produce high surface hydrophobicity. Overall, our work paves the way to an efficient and scalable
antireflective solution for polymer optics.
KEYWORDS: index-matching, polymer optics, UV-nanoimprint, antireflective structures, lenses

1. INTRODUCTION
Polymers are attractive substitutes for glass as optical materials
in the visible spectrum due to the low cost of their raw
materials and processing and high optical transparency.1−3

However, like any optical material, optical polymers reflect part
of the incident light, which causes blurriness and white spots
and reduces transmission. Currently, a broadly explored
solution for reflection from optical surfaces is moth-eye
structures that are effective within a broad range of
wavelengths and incident angles.4 An attractive approach to
fabricate optical structures in polymers is nanoimprint
lithography. Thermal nanoimprint can easily produce optical
structures within a polymer film on a solid substrate.5−9

However, all of the attempts to thermally imprint nanostruc-
tures directly on polymer substrates10−14 ignored the fact that
thermal imprint would deform the polymer bulk due to the
combination of the applied high pressure and temperature,
making such a process incompatible with polymer substrates
such as optical windows and lenses, whose shape must be
precisely maintained. Therefore, state-of-the-art thermal
imprint is not suitable for the fabrication of antireflective
structures on polymer-based optical components. Ultraviolet
(UV) imprint, on the other hand, is performed at room
temperature and thus does not deform the imprinted optical
components.15 Still, all of the attempts to produce UV-
imprinted antireflective structures on polymers produced very
poor antireflective performance, in which the reflection was
still about a few percent.16−18 Such a reflection is too high for

most practical optical applications, and it is much above the
theoretical potential of moth-eye structures to reduce
reflection.
While state-of-the-art works on polymer antireflective

structures are examined, it becomes clear that the reason for
their poor antireflective performance stems from the optical
properties of the imprinted polymer. Indeed, the fundamental
principle of the broadband antireflective structure is that the
structures and the underlying substrates have very similar
refractive indexes.4,19−21 This ensures, according to the
effective medium theory,22,23 a smooth gradient of the effective
refractive index from air to that of the substrate. The smooth
gradient, in turn, produces a highly broadband and omnidirec-
tional antireflective effect, which is analogous to that produced
by an infinite number of antireflective films with gradually
changing indexes (Figure 1a). Yet, so far, all of the
antireflective structures on imprinted polymers were made of
materials with random indexes, such as commercially available
UV imprint resist.16,24,25 The refractive indexes of these resists
did not match those of the substrates and produced
undesirable optical interfaces between the bulk and imprinted
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layers. It is clear that optimal antireflective structures must be
imprinted within a material whose chemical composition and
structure are similar to those of the substrate, as well as the
optical properties, including refractive indexes. However, such
index-matching between the polymer and imprinted structures
has not been demonstrated so far.
Here, we demonstrate highly effective imprinted moth-eye

antireflective structures on polymers, achieved by precise
index-matching between the polymer and the imprinted
structures. To that end, we developed a new strategy to
engineer an index-matching imprint material, which is based
on a monomer analogous to that of the repeating unit of the
polymer, to which we added a UV curing agent. In this way, we
achieved an index-matching of down to 0.01 between the
polymer and the UV-imprinted monomer. We then used this
new imprint material to produce moth-eye structures on the
bulk polymer, thereby reducing its reflection from ∼5 to
∼0.1% and increasing its transmission from 88 to 95%. As a
negative control, we also produced the same moth-eye
structures on another polymer whose refractive index was
quite different from that of a photocurable monomer. As
expected, in this case, the moth-eye antireflective structures
were not as effective as in the case of the index-matching
polymer. The effect of index-matching was also confirmed by
optical simulations for both polymers, confirming that precise
tuning of the refractive index is crucial for the material choice

for antireflective structures. We also demonstrated that these
moth-eye structures could be applied not only to flat surfaces
but also to curved optical surfaces such as lenses. Overall, our
findings open a new perspective for the scalable and highly
effective antireflective solution for polymer optics.

2. RESULTS AND DISCUSSION
In this work, we chose to use polycarbonate (PC)�a polymer
broadly used in optics due to its high transparency in the
visible spectrum and good mechanical stability26�as the
studied optical substrate. We also chose bisphenol A ethoxylate
diacrylate as a raw material for the moth-eye layer on
polycarbonate based on two hypotheses. The first hypothesis
states that because the chemical structure of bisphenol A
ethoxylate diacrylate is similar to that of the repeating unit of
the polycarbonate, the product of its polymerization will have
the same refractive index as the polycarbonate. The second
hypothesis postulates that because bisphenol A ethoxylate
diacrylate (Mn ∼ 512) is a viscous liquid with a viscosity in the
range of 800−1200 cps at 25 °C, it can be easily UV-
nanoimprinted at room temperature to produce a high-
resolution pattern. To verify the first hypothesis, we prepared
a thin film of photopolymerized bisphenol A ethoxylate
diacrylate on a piece of silicon wafer. For this purpose, we
added a small amount of commercial photoinitiator to an
ethanol-based solution bisphenol A ethoxylate diacrylate,27

Figure 1. (a) Ideal moth-eye structures vs state-of-the-art moth-eye structures imprinted on the polymer. (b) Schematic process flow of the
fabrication of moth-eye structures from an index-matched monomer. The inset shows the chemical structures of the bisphenol A ethoxylate
diacrylate monomer and the polycarbonate (c) structure of the polymer and monomer used for UV imprint. (d) Dispersion curves of photocured
bisphenol A ethoxylate diacrylate, compared to those of polycarbonate and PMMA. (e) Example of a high-resolution nanoimprint in a photocured
bisphenol A ethoxylate diacrylate film of nanoscale lines.
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spin-coated the obtained mixture on a silicon wafer, heated it
on a hot plate to remove the residuals of the solvent, and
exposed it to UV light to achieve complete curing (see details
in Materials and Methods). The resulting film was ∼0.5 μm
thick, as measured by profilometry. We then used ellipsometry
to obtain the dispersion of the refractive index of the obtained
film, as well as of the bare polycarbonate and PMMA (Figure
1d). As expected, the spectra of polybisphenol A ethoxylate
diacrylate and polycarbonate are almost identical, with a
negligible difference of a few percents in the visible range. The
index dispersion of polybisphenol A ethoxylate diacrylate was
quantified by a Cauchy model and was found to be approx.
given by n = 1.548 + (6280/λ2) + ((21.9 × 107)/(λ4)), (mean
square error of 0.76), as compared to that of polycarbonate
given by n = 1.558 + 9385.26/λ2.28

To verify the second hypothesis, we first produced a hybrid
PDMS mold29 by replication from an electron-beam patterned
master containing various patterns with minimal feature size
down to 35 nm. Using this mold, we imprinted the spin-coated
and baked film of bisphenol A ethoxylate diacrylate containing
a photoinitiator in a commercial UV imprint tool. We found
that the nanometric features can be replicated in a nano-
imprinted bisphenol A ethoxylate diacrylate film with a very
high pattern transfer fidelity. This minimal feature size is
comparable to that achieved with standard commercial UV
imprint resists,30 and it confirms that photocurable bisphenol
A ethoxylate diacrylate can be used to produce an imprinted
pattern with any arbitrary geometry, as shown in the
Supporting Information (Figure S1).

Figure 2. Three-dimensional (3D), top view, and X-section AFM, respectively, of (a−c) the nanoimprint mold. (b−f) Moth-eye structures UV-
imprinted in photocured bisphenol A ethoxylate diacrylate.

Figure 3. Reflection spectra of (a) polycarbonate and (b) PMMA for different angles of incidence. Red, bare substrates; green, moth-eye structures,
and blue, simulation of moth-eye structures.
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We then used the same imprinting process to produce moth-
eye antireflective structures on polycarbonate. To that end, we
used a commercial master mold with periodic conical
structures (NIL Technologies), from which we replicated a
soft-hard PDMS-based mold as described previously. We then
spin-coated an ethanol-based solution of photocurable bi-
sphenol A ethoxylate diacrylate on a sample of polycarbonate
(optical grade, 2 cm × 2 cm, size 2 mm thickness), baked it,
and imprinted it using the same process condition as described
in the previous section. The pattern fidelity of the imprinting
process was verified by comparing atomic force microscope
(AFM) images of the mold (Figure 2a) and the imprinted
pattern (Figure 2d). It can be seen that the features whose
vertical dimensions and periodicity on the mold were ∼300
and 300 nm, respectively, were completely and precisely
transferred to the imprinted material.
The ability of the imprinted moth-eye structures to reduce

the reflection of polycarbonate was characterized by
spectrophotometry at different angles of incidence (Figure
3a). The three graphs show the measured specular reflection
spectra of bare polycarbonate and polycarbonate imprinted
with moth-eye structures for 6, 10, and 15°. Remarkably, the
backside of the imprinted polycarbonate was ground with
sandpaper prior to the measurement to eliminate backside
reflection. Structuring the surface of the polycarbonate with the
moth-eye morphology produced the reflection ∼0.1% for an
incident angle of 6°. This reflection is extremely low compared
to t ∼ 5% reflection of bare polycarbonate, which is was
obained by measurement an by calculation based on its
dispersion (Figure S2). As expected, the reflection increases for
the higher angles of incidence, yet it still stays mostly below
0.2% even for the 15° incident angle. This reduction in the
reflection of the polymer by moth-eye structures is
unprecedented, and it is strikingly greater than all of the
previously reported moth-eye structures on polymers.17

Indeed, a state-of-the-art moth-eye antireflective structure
imprinted on a polymer could reduce the reflection of

polycarbonates only by half.16 The reduction in the reflection
we achieved is also superior to that achieved by moth-eye
structures fabricated by thermal imprinting on a polymer.31

This experimentally obtained antireflective effect greatly
matches that predicted by simulations, which we have done
using software developed in-house that is based on the effective
medium theory.32 This theory does not take scattering into
account, yet it can still sufficiently predict the antireflective
behavior of the structures with the used periodicity.33 These
simulations considered the precise geometry of the obtained
moth-eye structures, as well as the residual layer of the
imprinted material. Notably, the oscillations in the simulated
spectra are due to resonance in the residual layer of the
imprinted material, whose thickness is in the range of a few
microns. These oscillations, however, do not appear in the
experimental spectra, most probably due to the nonuniformity
in the thickness of the residual layer. In addition, to emphasize
that the observed antireflective effect was due to the imprinted
structure, we measured the reflection of the plain cross-linked
film of the monomer on a polycarbonate and found that it is
nearly identical to that of a bare polycarbonate (Figure S3)
To verify that the matching in the indices of the substrate

and the imprinting material is critical for obtaining an
antireflective effect, we repeated these experiments with a
PMMA substrate, whose index, as shown before, is different
from that of the photocured photocurable bisphenol A
ethoxylate diacrylate by ∼0.1. The reflection spectra are
shown in Figure 3b. It is clearly seen that in contrast to
polycarbonate, here, the reflection was reduced to the range of
0.6−0.7%, both experimentally and by simulations. Since all of
the parameters of the antireflective structures were the same as
previously, it is obvious that the mismatch in the refractive
index is the only reason for such a relatively lower antireflective
effect. Still, the obtained antireflective effect could be sufficient
for many practical applications. Of course, this reflectivity can
be further reduced by using an imprint material whose index
sufficiently matches that of PMMA.

Figure 4. (a) Moth-eye antireflective coating on the surface of the polycarbonate substrate. Transmission spectra of bare (red) and imprinted
(green) polymer substrates. (b) Photographic image of a full-cover lens with imprinted antireflective structures. (c) Two-dimensional (2D) and 3D
AFM of nanoimprinted polycarbonate.
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To demonstrate the attractiveness of the described
imprinting approach for polymer-based refractive optics, we
assessed the ability of the fabricated moth-eye structures to
improve the transmission of polymer optical substrates. To
that end, we sequentially imprinted bisphenol A ethoxylate
diacrylate moth-eye structures on both sides of the
polycarbonate and characterized the polycarbonate trans-
mission for different angles of incidence (Figure 4a). The
fabricated structures increased the transmission by about ∼7%
up to ∼98% for the highest part of the visible spectrum.
Interestingly, this value of transmission is lower than what
could be expected based on the ultralow reflection shown in
Figure 3. Therefore, there are some losses of the optical signal
beyond those caused by reflection. We attribute these losses to
scattering, which was likely caused by the periodicity of the
imprinted structures that were at the same scale as the
wavelength. As mentioned above, this scattering was not
considered in the effective medium theory that was at the base
of the optical simulations in this work. Experimentally, this
scattering can be minimized by reducing the periodicity of the
imprinted structures to a size a few times smaller than the
wavelength. The minimal feature size of 35 nm demonstrated
here confirms that imprinting such structures is easily
achievable by the fabrication approach described here.
To date, we have demonstrated the fabrication of the moth-

eye structures on flat substrates. However, the great advantage
of soft imprinting is that it can be applied to curved substrates.
In the context of polymer optics, this unique feature of soft
imprint makes the fabrication described here attractive for
producing antireflective structures on curved optical compo-
nents, such as lenses. Here, we produced moth-eye structures
on the surface of a convex lens using exactly the same
methodology as described previously for flat surfaces. The
diameter of the lens was 3.4 cm, and the radius of curvature
was 3.2 cm. Figure 4b shows a photograph of the imprinted
lens, and Figure 4c shows the 3D and cross-section AFM of the
imprinted structure taken at the center of the lens. The
uniform imprint on the lens surface was possible due to the
used commercial tool (Nanonex B200), which applies isotropic
pneumatic pressure on the soft mold through the elastic
membrane. It is seen from the AFM that the dimensions of the
imprinted features correspond to those of the features on the
mold, as observed previously for the imprint on a flat surface.
On the other hand, the periodicity of the imprinted structures
should be, in principle, affected by the curvature of the
substrate due to the stretching of the soft mold induced by the
full contact with the substrate. To verify that the geometry of

the imprinted structures is uniform through the lens surface,
we scanned the lens surface in a position located 1 cm away
from its center and found that the structure geometry is
identical to that in the center of the lens (Figure S4).
Therefore, if there is any possible effect of the mold stretching
on the imprinted structure, it is negligible.
Finally, besides the antireflective effect, the imprinted

nanostructures are also supposed to be water-repellent.34

This water-repellence is also inspired by nature and is often
called the “lotus leaf effect”.35 Such an effect is beneficial for
optical surfaces since it prevents continuous contamination
that originates from ongoing condensation and evaporation of
water. The combination of antireflective and self-cleaning
properties of nanostructured surfaces has been studied before
on various optical materials.36 Here, we demonstrate that
moth-eye structures UV-imprinted on a polymer possess
similar hydrophobic properties, which, in turn, can contribute
to the long-term stability of optical devices onto which these
moth-eye structures are implemented. To characterize the
hydrophobicity of the imprinted polycarbonate, we assessed
the advancing contact angle (ϑ) of water−ethanol mixtures at
different ratios and compared them to those of bare
polycarbonate (Figure 5a). As expected, for most of the liquid
compositions, there was not a high difference between the
patterned and nonpatterned surfaces. Yet, the difference for
pure water was striking�from 77° on a flat polycarbonate to
130° on a patterned polycarbonate. To analyze this super-
hydrophobic effect, we plotted cos(ϑ) of the moth-eye surface
vs cos(ϑ) of the flat polycarbonate (Figure 5b).36 The
obtained plot fits the well-established model of wetting on a
surface covered with fractal structures.37 Here, the points in
the upper right corner can be attributed to the Wenzel state, in
which the surface morphology is entirely wetted by the liquid.
On the other hand, the point on the bottom part of the graph
can be attributed to the Cassie−Baxter state, in which the
liquid incompletely wets the surface due to the air traps
between the structures.38

In summary, we demonstrated here an innovative and facile
approach for highly effective and robust moth-eye antireflective
structures on polymer surfaces. At the crux of our invention is
the matching between the indices of the optical surface and the
material for the moth-eye relief structures. Due to this
innovation, we achieved an unprecedented reduction in surface
reflection, which reached its theoretical limit. By varying
different optical substrates using the same imprint material, we
demonstrated the critical importance of the choice of a moth-
eye material with the same index. Our approach was

Figure 5. Wetting properties of the imprinted polycarbonate surface. (a) Advancing contact angles of the water−ethanol mixture for imprinted and
bare surfaces. (b) Wetting diagram indicating the transition between different wetting states of the imprinted surface.
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demonstrated on a specific pair of materials�polycarbonate
for the substrate and photopolymerized bisphenol A ethoxylate
diacrylate for the imprint. However, the great variety of liquid
optical materials and curing agents available in today’s market
enables one to fit an appropriate photo-imprint-able material
for any optical substrate and for any spectral range. The
demonstrated ability to imprint a curved lens paves the way to
the fabrication of antireflective structures on free-form polymer
optics, which is an emerging, simple, and cost-effective
alternative to complicated systems assembled from distinct
optical components. Overall, this work opens a route to
numerous applications that require cost-effective yet high-
quality polymer-based optical devices and components.

3. EXPERIMENTAL SECTION
3.1. Fabrication of Soft Stamps. Hybrid PDMS soft stamps

were replicated from a commercial nickel master patterned with
moth-eye conical nanostructures (NIL Technology) by directly
casting their precursors onto the patterned master mold. For this
purpose, we first mixed 3.4 g of vinyl PDMS prepolymer (VDT-731,
Gelest corp), 18 mL of platinum catalyst (platinum divinyltetrame-
thyldisiloxane, SIP6831.2LC Gelest Corp.), and 5 mL of modulator
(2,4,6,8-tetramethyl tetravinylcyclotetrasiloxane, Sigma-Aldrich) and
degassed the mixture for 1−2 min. We then gently added 1 g of
hydrosilane prepolymer (HMS-301, Gelest Corp.) to the mixture,
gently stirred it, immediately applied a thin film of the resulting new
mixture onto the master by spin-coating, and cured it at 60 °C for 30
min. After cooling the cured film, we poured onto it a mixture of
PDMS (Sylgard 184 PDMS, Dow Corning) and its hardening reagent
(10:1 v/v), degassed it, and further baked it at 60 °C for 1 h. Finally,
we peeled the obtained mold off the master.29

3.2. Preparation of the Photocurable Bisphenol A Ethox-
ylate Diacrylate Film. 1.2 gr of a low-molecular-weight monomer
(bisphenol A ethoxylate diacrylate, Mw = 512, sigma) was mixed with
0.02 gr of a photoinitiated powder (2,2-dimethoxy-2-phenylaceto-
phenone 99%, ALDRICH) and 2 mL of ethanol.27 The mixture was
sonicated for 5 min to form a uniform solution. Then, the solution
was spin-coated on a 1 in. square polycarbonate substrate, followed by
soft baking at 50 °C for 6 min on a hot plate to remove the residual
ethanol. Spinning at 7000 rpm for 30 s produced a film thickness of
∼10 μm.
3.3. Direct UV-Nanoimprint. The imprint was done in a

Nanonex 200B nanoimprint tool. A coated polymer surface with a
photocurable film was first brought in contact with a soft stamp. The
two were placed between two silicone elastomeric membranes and
positioned inside the pressure chamber. The chamber was vacuumed
to prevent the formation of air bubbles between the imprinted surface
and the stamp. Then, the substrate was heated to 35 °C, and a
pressure of 400 psi was applied, along with UV light, for 10 min.
Finally, the chamber was left to cool gradually to room temperature.
The imprinted patterns were characterized by AFM (FlexAFM,
Nanosurf).
3.4. Optical Measurements. The reflection and transmission

spectra of the imprinted and bare polymer samples were measured in
the visible range using a spectrophotometer (Cary 5000, Agilent) at
three different angles: 6, 10, and 15°. For reflection measurements,
the backside of the samples was ground with sandpaper to cancel the
reflection of the backside. For the transmission measurements, both
sides of the samples were patterned with moth-eye structures. The
refractive index of the photocured bisphenol A ethoxylate diacrylate
was measured by an ellipsometer tool (spectra ray) in the wavelength
range of 400−850 nm and 70° angle of incidence.
3.5. Optical Simulations. The simulations were done using a

MATLAB code based on the effective medium theory. For the
calculation of the reflectance, the textured medium is replaced by an
effective medium consisting of 40 stacked films of equal thickness. For
each film, the effective refractive index is calculated using the

Maxwell−Garnett formula.32 The reflectance of this structure is then
calculated using the transfer matrix method.22
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