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ABSTRACT: We report broadband and quasi-omnidirec-
tional antireflective (AR) structures inspired to the nipple
arrays of moth eyes. These nanocoatings, based on thin
elastomeric films, are prepared by simple self-assembly
processing of a co-polymer specifically designed to this
purpose, and PDMS replica molding. Typically, their surface
is covered by a compact distribution of hemispherical
nanodomes of about 250 nm in diameter and about 100 nm
in height. When these novel nanostructures are applied on a
single glass surface, a maximum of 2% transmission enhance-
ment (equivalent to a 50% reduction of the reflected
component) towards wavelengths ranging from visible to
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near IR region is obtained. A considerable AR power is observed also at a wide range of incident angles ranging from normal to
50°. These properties could be attributed to an optimized graded refractive index profile resulting from the randomly distributed
and close-packed nanodomes. Moreover, thanks to their elastomeric nature, these crack-free films can be easily applied on glass,
as stickers, and periodically replaced, thus offering the possibility of easy dirt removal from an optical device.
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B INTRODUCTION

Optical devices and many energy-related applications rely on
glass as a protecting barrier from external agents (such as water,
humidity and other impurities) and as a transparent window for
light propagation. However, the transmittance through a glass
window is limited by the naturally occurring Fresnel reflection,
always present at any interface separating different indices of
refraction (n). Standard glass typically reflects 8% of the
incoming light at a normal angle of incidence, and this
percentage is even increased at higher incidence angles.
Therefore, achieving higher optical transmittance in the visible
and near-IR spectra by an effective antireflection (AR) coating
is a key issue for overcoming some important obstacles for
optoelectronic devices, such as the losses due to the surface
reflection and the angular dependence of the reflectivity present
also for the standard multilayer coatings in photovoltaic (PV)
panels and concentration photovoltaic (CPV) systems, poor
light extraction efficiency in light-emitting diodes (LEDs), and
poor contrast and brightness in display devices."

Up to now, two main approaches have been followed to
fabricate efficient AR coatings: multilayer coatings and graded
index coatings. The former approach is based on the
preparation of inorganic layered thin films, which provide a
reflection reduction by destructive interference of light reflected
at different interfaces. The limitation of this approach is that
high transmittance can be achieved only in narrow ranges of
wavelength and incidence angles, which are defined by layers
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thickness and n values. To widen these ranges, more
complicated design may be used, which usually have to be
optimized by numerical algorithms, to obtain multilayers with
precise control of the thickness of each layer. What is more,
such coatings must be fabricated by physical vapor deposition, a
process difficult to be performed on very large-size optical
devices. The latter approach is the manufacturing of the so-
called graded index coatings, where # is gradually varied from
glass to air by the gradual variation of composition of a single
layer material. This is hard to be realized, however, since n for a
solid material like glass (~1.5) is significantly different from
that of air (~1).

Observations on the corneas of nocturnal moths indicate that
nature may have anticipated the solution to this problem.> In
fact, electron microscopy studies of the corneal lenses of moths
revealed that the outer surface is covered with a regular array of
conical protuberances, typically about 200 nm of height and
spacing, which may have the function to suppress reflections by
effectively providing a graded transition of n between air and
cornea tissue. These so-called nipple arrays on the surface of
moth eyes allow them to see very well in the dark and at the
same time eliminate glare from their eyes, preventing predators
from localizing them.> Therefore, the realization of artificial
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patterns able to mimic these natural occurring surfaces, appears
to be a handily solution to the problem.*

To make an artificial surface pattern to work properly, it is
necessary that the realized nanostructures are small enough
with respect to the impinging wavelengths. If we consider an
ideal nanocoating composed by nanospheres, it is possible to
use the Mie theory to estimate the maximum allowable
diameter of the nanospheres necessary to reduce the light
scattered by the coating surface thus improving the coating
transmission.” When the diameter of one sphere is close to the
wavelength, the resonant effects increase the scattered
component of the radiation thus preventing a good forward
transmission for all the wavelengths of the spectrum. When the
sphere size becomes much smaller than the wavelength
(typically sphere diameter <1 uym) the process follows the
Rayleigh model where the scattered power varies as the sixth
power of the particle size, and inversely with the fourth power
of the wavelength, thus reducing very much the scattered
components and allowing the operation as AR coating. The
Mie theory however is applicable when the spheres have all the
same diameter, they are randomly distributed on the surface,
and separated from each other by large distances compared to
the used wavelength. On the other hand, spheres are not
optimal for achieving a good AR effect because such shape
would not produce a uniform effective variation between the
two n (air and glass), as shown in Figure 1.

Air Nair
discontinui
m e ty
Substrate Nsubstrate > Nair
n
Air Mair
Substrate Nsubstrate > Nair

Figure 1. Schematic comparison between spherical (top) and
hemispherical (bottom) nanostructures. On the right, the correspond-
ing predicted effective refractive index profile is reported.

Therefore, nanostructures that are more similar to hemi-
spheres are preferable in order to progressively increase the
amount of solid material while approaching the glass.
Moreover, poorly packed (i.e, with low area ratio) nanostruc-
tures would not produce a continuous variation of n, because
they would not completely eliminate the n step at the interface
between the disperse hemispheres and the substrate. For the
above reasons the considerations derived from the Mie theory
can be taken into account just for a preliminary assessment of
the nanocoating shape.

Surface structures with different shapes, specifically realized
to this aim, such as semi- yramids,6 nanorods,”® nano-
cones,'®™'? nanowires,'>™* hernis.pheres,16 and nano-
pores,'”” ! have been recently reported by different groups.
Such patterns can be produced by a number of different
technologies, including epitaxial growth,7 decal transfer
lithography,”* nanosphere lithography,'® thermal nanoimprint
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lithography, sol—gel methods,”* block copolymers phase
separation,'®** layer-by-layer assembly.”*™>* Among them,
nanofabrication techniques that are exclusively based on the
self-assembly of the materials involved, are advantageous
because of the simple technology required, and thanks to
theirzggg?erally facile, inexpensive, and repeatable applica-
tion.”™

In this study, we propose an unprecedented approach to
obtain a novel kind of disposable and crack-free organic
nanostructured films, that can be applied by simple adhesion
onto glass and operate as efficient AR coatings. For their
realization in fact, we employed for the first time a fast and low-
cost fabrication strategy based on breath figures (BFs)
formation and replica molding.

The application of BF templates to micro and nano-
fabrication has been already explored in many fields.**>*
Thin polymeric films having a distribution of micrometric
cavities arranged in hexagonal fashion are in fact readily
obtainable via BF process (i) through a fast (few seconds)
single step approach, (ii) with no need for lithographic steps,
and (iii) by means of very simple and accessible laboratory
equipment. BFs can be in fact regarded as a templating method
in which the template consists in the ordered array of water
droplets that simply evaporate at the end of the process.>
Clearly, this is convenient compared to most of the other
known templating approaches, where the templates need to be
removed after the use and in most of the cases they are not
easily prepared or eliminated. For these reasons, BF approach is
one of the most suitable methods for the fabrication of porous
polymer films. The same way, replica molding is a facile and
widely used technique for transferring patterns into PDMS,*’
and it has already been successfully applied to BF templates.*®

We have recently demonstrated that elastomeric arrays of
micrometric hemispherical lenses (10—20 um of diameter)
fabricated by replica molding of BFs can effectively be
employed for increasing the efficiency of light extraction in
organic LEDs.* Park et al. reported some years ago that a
grading multilayer porous film prepared by BFs showed AR
effect in the near-infrared regime.40 However, to the best of our
knowledge, replica molding of BFs have never been considered
before as fabrication method for nanostructured broadband AR
coatings, because they generally provide pore size exceeding the
micrometer. Here, by making use of a properly designed
templating polymer, we propose a new kind of PDMS layers
decorated with sub-micrometrical features, as accessible and
efficient AR coatings for glass.

2. EXPERIMENTAL SECTION

2.1. Preparation of the AR Layers. The fabrication process is
schematically depicted in Figure 2. Poly[9,9-di(2-(2-tetrahydropyr-
anyloxy) hexyl)fluorene-alt-9,9-dioctylfluorene] (PFOTHP) was
synthesized in our laboratory by a properly controlled Suzuki
polycondensation, according to a previously reported procedure.*'
90 uL of a 1 mg mL™" solution of PFEOTHP in CS, is drop on a glass
coverslip (1.5 cm side) and let evaporate under a flux of moist nitrogen
(85% R.H.) at a flow rate of 150 L h™". The process is complete in 20
s, and a thin porous polymer film is left on glass (step 1). This
assembly is gently covered with 40 mg of PDMS pre-polymer/curing
agent mixture (Sylgard 184), an amount sufficient to obtain a film with
average thickness of ~100 ym, and let rest for 1 h to allow the PDMS
to fill the cavities (step 2). After this time, the substrate is baked in
oven for 10 h at 60 °C. Finally, the sample is soaked in
dichloromethane until the complete dissolution of the template,
which releases the PDMS layer (step 3).
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Figure 2. (a) Schematized drawing of the fabrication process. (b)
Drawing and photograph of application/detachment on glass.

2.2. Characterization of the AR Layers. A white light source
generating a collimated (0.6° divergence) light beam of about S mm in
diameter is used to probe the sample. The light beam crosses the
sample under test and is collected by an integrating sphere with a 9.5
mm circular input aperture. The integrating sphere is properly coupled
to a spectrometer operating in the spectral range 300—1000 nm. The
transmission measurement which is performed is of differential type.
The nanocoating is deposited on a clean flat glass surface that acts like
a movable support. A first spectral transmission measurement, which
will be used as reference, is performed by measuring the glass
transmission in an area where the nanocoating is not present. The
glass support is then shifted to measure the transmission of the glass
with the nanocoating applied on it. The percentage ratio between the
two measurements, called “normalized transmission”, shows the effect
of the nanocoating. If the transmission is increased with respect to the
uncoated glass, i.e., normalized transmission greater than 100%, it
means the nanocoating is reducing the reflected component thus
improving the transmission performances. The sample can be
displaced at different distances from the collecting aperture of the
integrating sphere so to evaluate also the presence of the scattered
light. The sample can also be tilted in order to measure the
performances at different incidence angles of the impinging light beam.
The measurement with and without the coating are performed by
moving the glass support of about 15 mm, so to minimize the errors
that could be caused by the non-uniformity of the glass support. For
the absolute transmission measurements, the spectra measured with
the uncoated glass, with nanocoated glass and of the impinging light,
were acquired separately using the same setup. The optical spectrum
of the white light source coupled to the spectrometer sensitivity
provided the best signal to noise ratio in the range 470—800 nm. In
this spectral range, the total measurement error was evaluated to be
about +0.3%.
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3. RESULTS AND DISCUSSION

3.1. Fabrication Approach. To realize nanopatterned thin
layers suitable for our purpose, porous films with cavities
smaller than 500 nm and with very high area ratio have to be
prepared, and successively used as templates for PDMS replica
molding. Even though most of the reported BF films have
porosity of 1—5 pm, by this technique it is feasible to regulate
the pore size to sub-micrometric size through the proper choice
of the polymer and control of the casting conditions. One of
the crucial points in the choice of the polymer is the presence
and amount of polar groups in its structure. In fact during BF
formation, the condensed water droplets are prevented to
coalesce by the formation of a thin layer of solid polymer which
surrounds them, and in this stabilization phenomenon the level
of amphiphilicity in the polymer chains is clearly involved.*
When the material includes a sufficient amount of hydrophilic
groups, the nucleation and stabilization of a great number of
water droplets is possible. If the solvent evaporation is complete
before coalescence starts, very small cavities are obtained in the
final film. In light of these considerations, we have developed an
alternated fluorene-based block copolymer, in which the lateral
alkyl chains of one of the two alternating units are terminated
with the partially hydrophilic tetrahydropyranyl groups (see
structure reported in Figure 2). The presence of hydrophilic
pendants all along the polymer chains, and not only at the end
of the chain, as in most amphiphilic materials, allows for the
realization BF films of porosity smaller than 400 nm.*" Such
dimensions match the requirements for AR structures. Since in
designing this material we chose to stress on the water
stabilization capability, the long-range order typical of BF arrays
is lost in our films. Nevertheless, a short-range (~2 um?)
hexagonal distribution is still preserved, which is enough to
guarantee a high surface coverage. We evaluated the packing of
pores in these films by applying the Voronoi tessellation on
SEM images, obtaining the value of entropy of conformation
(S) of 0.78, which is intermediate between perfect hexagonal
packing (S = 0) and random distribution (S = 1.71) (see the
Supporting Information). Hence, we manufactured the AR
structures as PDMS positive replicas of these porous films.

We have chosen PDMS as functional material of our AR
coatings because (i) its n is very close to the one of glass, (ii) its
elastomeric nature prevents the nanostructured layers from
cracks, (iii) it firmly sticks to cleaned glass so that no glue is
needed and periodically replacement of damaged coatings is
straightforward, and (iv) it is easily processable and patternable
by soft lithographic techniques. Such potential advantages of
PDMS with respect to other materials (inorganic semi-
conductors, SiO,, non-elastomeric polymers) are confirmed
by the fact that PDMS has been recently proposed for AR
applications, not only as structure-transferring medium, but also
in the final device.”>**

Figure 2 schematically describes the preparation of a
nanostructured AR layer. Initially, as reported in details in the
Experimental Section, a porous film is prepared by casting a
polymer solution under controlled BF conditions. Then, the
PDMS AR layer is obtained by replica molding of this
polymeric template. After the template is exhaustively removed
by solvent dissolution, the layer appears as a thin transparent
patch, which can be applied by its flat side to a glass surface, as
shown in Figure 2b.

Different kinds of nanostructures, realized introducing slight
variations in the fabrication process (cast volume and nitrogen
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flow rate during the BF film preparation) have been tested
during several months. Patterned films with hemisphere
diameter exceeding 400 nm revealed to be partially ineffective,
producing a strong attenuation of light transmission at the
wavelengths closer to the sphere size, as indicated by the Mie
theory (Mie resonant absorption). For this reason, we carefully
tuned the conditions of the manufacturing technique in order
to enhance the performances, as discussed later. The reason for
this enhancement is ascribable to the optimized surface
morphology of the layers at the nanometric scale. A
comparative view of a nonperfect milky layer with an optimized
nanocoating is shown in Figure 3.

ORIy TTee 29 30
& ®0 Ni Cu Zn

: 46 47 48

g

Bh ) Pd Ag Cd

Figure 3. Picture of nonperfect nanocoating (left) and good-
performing nanocoating (right).

3.2. Morphology and Structure. Microscopy images of
the patterned surface of an optimized AR coating, as well as the
porous structure used as template (previous fabrication step),
are presented in Figure 4. The template surface is covered by a
closely packed arrangement of pores of 100—300 nm of
diameter, with a minimal non-holed surface fraction (Figure 4a,
b).

The PDMS nanocoating is the positive replica of this
structure, with domes of approximately hemispherical shape in

the place of pores. Because each dome is in contact with its
neighbors, the roughness of the coating is smaller than the
single dome height, resulting in a maximum roughness of 132
nm and an average one of 65 nm (measured by AFM, Figure
4c, d). 1t is important that the BF process is well-controlled in
order to achieve patterns with the required quality. In fact, if the
process is not fast enough, i.e.,, decreased moist nitrogen flow
rate or increased cast volume, porosity of slightly bigger
dimensions can be obtained. Specifically, we achieved a
reduction of average pore diameter from 400 to 250 nm by
keeping a cast volume of 90 yL and increasing the nitrogen
flow rate from 50 to 150 L h™". Similarly, by keeping a nitrogen
flow of 150 L h™" and decreasing the cast volume from 200 to
90 uL, a reduction of pore diameter from 1 gm to 250 nm was
observed (Figure 4e). On the other hand, increasing too much
the evaporation speed or decreasing further the cast volume led
to poorly packed or poorly homogeneously distributed domes.

3.3. Numerical Calculations. We deduced the effective
refractive index (n.) gradient of the obtained nanostructures
from the effective medium theory, by applying the equation
proposed by Stavenga et al. for nipple arrays

() = {fE(W)nfpys + (1 — £(h) Ind }4 (1)

where g is 2/3, nppys and n,, are respectively the refractive
index of PDMS and air, and ff(h) is the fill factor, defined as the
area ratio of the nanodomes to the total substrate surface at
height (h), which was obtained from the AFM analysis. Figure
S shows the calculated .4 for two different wavelengths. A full
AFM image and some examples of its planar sections taken at
different h, are also shown. These sections were used for
evaluating the ff(h) values. The plot clearly shows that the
nanocoating is able to provide a gradual variation of n.4 from air
to PDMS substrate, the only residual step being due to the n
difference between PDMS and glass. Compared to the
calculated n.g variation for an ideal array of hemispheres of
the same size (as the one schematized in Figure 1 bottom),
reported in dashed lines in Figure S, the real nanocoating
behaves even more efficiently, since it is able to suppress the n
step at h = 0, because of the fill factor geometrical limit (for
more details, see the Supporting Information). We can explain
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Figure 4. (a, b) Top-view SEM image of the nanoporous film used as template for nanocoating, at different magnifications. Scale bars are 2 ym and
200 nm, respectively. (c, d) AFM images of the nanocoating, at different magnifications. (e) SEM tilted view of the nanocoating. Scale bar is 1 ym.
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Figure S. Comparison between the real (solid line) and theoretical
(dashed line) effective index of refraction profiles of the nanocoating,
from glass to air. The two curves were respectively obtained from the
analysis of the AFM image of the nanostructure (line) and supposing a
hexagonal packing of ideal hemispheres (dashed line). Full AFM image
of the nanocoating and some examples of planar sections at different
heights, used for this calculation, are also shown.

this effect with the fact that, thanks to our approach, in the real
nanocoating, the hemispheres have slightly different sizes and
shapes, so that a superior packing with respect to the ideal case
is possible.

The grading n.g ability of these nanostructures, estimated on
the basis of their shape, will be shown to play an important role
in suppressing the undesired reflectance.

3.4. Antireflection Properties. As light passes through a
glass window, its total impinging power splits into different
contributions: reflected, transmitted, absorbed, forward scat-

tered, and backward scattered. While for a smooth and
transparent surface such as naked glass, the first two
contributions are the most relevant ones, in a more complex
system such as glass coated by a patterned layer, all the
contributions must be taken into account. For this reason, we
evaluated the performances of the manufactured AR nano-
coatings by performing transmission measurements. In this
contest in fact, transmission is more significant than reflectivity,
since the former is a direct measurement of the amount of light
which effectively passes through glass, so that it can reach (or
be extracted by) the device. We also want to remark, for a
correct comprehension of the results, that some of the studies
published in this field consider both surfaces coated by an AR
system, so that the final AR effect is doubled. Our aim is to
focus on the application of the nanocoating to the external
window of an optical device; hence, we here considered only
one coated surface, because in the real case the second face
would be in contact with the device surface.

In Figure 6a, the normalized transmission (previously
explained) of some PDMS nanocoatings with respect to an
uncoated glass surface is reported. The ratio between the two
measurements shows the effect of the nanocoating. Where the
normalized transmission is higher than 100%, the nanocoating
is improving the transmission performances of the uncoated
glass, thus reducing the reflected component. Conversely, for
values lower than 100%, the coating is reducing the light
transmitted through glass window.

These measurements are obtained by placing the coated glass
close to the input area of the integrating sphere used to collect
the radiation after the sample. An example of a non-optimized
pattern is provided by curve 2, where light attenuation for
wavelength smaller than 420 nm is clearly visible. Similar
attenuation of light transmission was observed when the
hemisphere size was comparable to the impinging wavelength.
After morphology optimization, the nanopatterned layers
showed an increase in the light transmission of more than
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Figure 6. (a) Transmission of PDMS nanocoating normalized in percentage to the transmission of an uncoated glass surface (normalized
transmission), placed at 0 cm from the collecting area for an incidence angle of 0° (curve 1); same measurement performed on a nonperfect
nanocoating (curve 2), and on the first coating after six months of ageing (curve 1’). (b) Comparison between absolute transmissions of an uncoated
glass and a glass with the PDMS nanocoating applied on a single surface at normal incidence. (c) Normalized transmission at 1 cm from the
collecting area, for incidence angles in the range 0—30°. (d) Normalized transmission at S cm from the collecting area, for incidence angles in the

range 0—50°.
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2% over a single glass surface (curve 1). When the coated glass
was brought at a certain distance from the collecting area, we
observed a reduction of the performances (not shown). This
confirms that part of the light transmitted by the coating is due
to the scattered components which are not collected when the
sample is far from the collecting area. However, the purpose of
the coating is to increase the transmission of the optical
windows, so in this case also the amount of light scattered from
the surface must be included in the optical balance.

In order to visualize a direct comparison between naked glass
and glass coated on one surface, we plotted also their respective
absolute transmissions (Figure 6b). The lower transmission at
longer wavelengths for both curves is due to the glass
absorption caused by some residual impurities of Fe,O;
impurities.

As shown here, the application of the AR nanocoating on one
face of the glass enhances its transmission of 2% over the whole
spectral range. The maximum transmission is reached at 500
nm, where values of 92.8% and 95% for the uncoated and the
coated glass, respectively, are recorded.

Further tests have been performed to characterize the coating
at different incidence angles of the impinging beam, and the
results are summarized by plots ¢ and d in Figure 6.
Intriguingly, the transmission is not significantly affected by
the incidence angle (Figure 6c), meaning that the nanocoating
is capable of minimizing the light reflection on glass that usually
increases with the incidence angle. The dependence on the
angle of incidence becomes evident when the sample is quite
far from the collecting area (5 cm) thus preventing the
scattered light to be collected by the input aperture of the
integrating sphere. By using this setup the shorter wavelengths,
which are scattered at higher angles, cannot be collected, as
expected by the scattering theory. In that case the performances
with respect to an uncoated glass surface placed in the same
position progressively deteriorate until an angle of 40°, whereas
an improvement is observed at 50°, as shown in Figure 6d. This
latter observation is most probably due to the fact that the
behavior of the uncoated glass surface used as reference is
approaching the total internal reflection (TIR) angle for glass.
Because the nanostructured surface does not suffer from TIR as
a flat surface, the transmission of the coated case is not reduced
as strongly as for the uncoated case, hence the normalized
transmission increases when approaching the TIR angle. The
better performances observed in the IR region can be explained
because in such spectral region the size of the nanospheres can
be considered much smaller with respect to the impinging
wavelengths, so they act more efficiently.

To properly evaluate the performances achieved, they have to
be compared with the typical response of an uncoated glass and
with the performances of standard commercial coatings.

The typical Fresnel reflection of an uncoated glass surface,
referred to unpolarized light, is shown in Figure 7 (black
line).** The reflected light is slightly higher than 4% of the total
impinging light. As discussed above, by using an optimized
nanocoating, a 2% increase in the glass average transmission
was observed here for a single glass/air surface, considering
both the optical polarizations and in the visible/near IR
spectrum (400—900 nm).

Therefore, such 2% improvement means a 50% reduction of
the reflected component. To visualize it in the same reflectance
plot, we reported the performance of the realized PDMS
nanocoating (red dotted line) by assuming that the
contribution of both adsorbed and scattered light is equal to
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Figure 7. Single surface reflection curves taken at normal incidence for
uncoated glass (black line), typical MgF, reflection curve (blue dashed
line), and patterned PDMS coated glass (red dotted line).

zero, hence we consider back reflection as the only
phenomenon responsible for the entire transmission loss.
This is obviously an approximation, useful to make a direct
comparison of performances. As discussed above, the real
reflectivity of the PDMS coating is most likely lower than this
value.

One of the most common high-performance broadband
coatings is MgF,. This is a single layer coating that, when
optimized for the visible spectrum, exhibits an excellent AR
power, as shown by the blue dashed curve in Fig. 7. As it can be
noticed, MgF, produces a minimum value of reflectivity of
1.3%, but this value becomes higher than 2% at the edges of the
spectral range. Moreover such coating is sensitive to the
incidence angle and even its minimum reflectivity becomes
greater than 2% at an incidence angle of 45°.*° The same
limitation is provided by commercial multilayer coatings. In
fact, the reflection of such coatings rapidly increases at the
edges of the spectral range and they are also very sensitive to
the incidence angle. In comparison, the manufactured nano-
patterned layers exhibit an excellent behavior in terms of both
efficacy at the spectral edges and low sensibility to the incidence
angle. In particular, it is worth noticing that the performances of
our PDMS AR coating clearly overtake commercial MgF, in the
near IR spectral region. Considering that a great effort is being
made nowadays to enhance the PV systems efliciency
specifically in the near IR portion of solar spectrum,*® our
AR coatings are able to fit the development in this field.

The nanocoating performances were tested again after
keeping them in the laboratory, under the action of light and
dust, for a period of six months, to evaluate possible ageing
effects. After this time, the average transmission was still better
than the naked glass (see Figure 6a, curve 1’). It is important to
emphasize that PDMS is one of the most resistant polymeric
materials; its salient properties include thermal and oxidative
stability, resistance to weathering, low surface tension, high
resistivity, and chemical and biological inertness.*”** We
ascribe the observed efficiency reduction as due to dust
accumulation and repeated manipulation of the samples.
Microscopy analysis of the aged samples confirmed that,
apart from augmented superficial dirt, surface morphology is
comparable to fresh samples. Because such a kind of coating is
cheap and easy to remove and replace, like a sticker, this last
observation suggests that it can be used as AR and protective
anti-dust coating for at least six months, and then be replaced
by a new one. The coatings are currently subjected to tests
under standard conditions of use for longer periods.

dx.doi.org/10.1021/am500687f | ACS Appl. Mater. Interfaces 2014, 6, 5827—5834
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4. CONCLUSIONS

In conclusion, we have successfully applied the BF approach to
obtain a new elastomeric AR coating comprising hemispheres
having an average size smaller than 300 nm. It was possible
thanks to a properly synthesized templating polymer, by means
of a cheap and easy self-assembly technique. This nano-
structured material applied on a glass surface improves the
transmission at normal incidence of more than 2% in the 400—
900 nm spectral range, which corresponds to a 50% reduction
of the reflected component, thus demonstrating its potential as
graded index nanocoating. After 6 months, a transmission
improvement of at least 1% is retained. The coating exhibits
also a considerable AR power at different incidence angles.

The proposed fabrication technique relies on the use of the
BF methodology, a self-assembly process that is advantageous
in terms of costs and realization handiness, but it is also scalable
to industrial production, as proved by the recent realization of
large scale fabrication prototypes.*” The main efforts are now
devoted to reduce the size of the patterning in order to improve
further the transmission performances, to investigate the effect
of aging and to study the consequence of a certain degree of
randomization in the sizes and distribution of the hemispheres
by using proper simulation software. Indeed the efficacy of our
coatings may be also due to the fact that these nanostructures
lack of a long range distribution order, similar to the nipple
arrays of moth eyes.> Such controlled disorder, which is not
easily achievable with electron beam or laser lithographic
processes, is probably the reason why our nanocoatings provide
a more gradual n variation than in the case of a perfect
hemisphere array.

Further studies shall also investigate the coating damage
threshold, which is an important parameter in high light
intensity applications such as CPV.

Because these patterned films are affordable with a low-cost
and low-technology manufacturing process, and given the easy
application and replacement of these sticky elastic patches to
glass surface, we propose our AR nanocoating as a practical
solution for both LED and PV system applications.
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