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Abstract Anti-reflection based on the mimicking of moth
eye subwavelength structures (SWSs) has several advan-
tages over conventionally used multilayer thin film antire-
flective coatings like broad angular and spectral responses,
polarization insensitivity and improved stability. In this
study, we present the low cost fabrication of moth eye
based SWSs on flexible polyethylene terephthalate (PET)
substrates using roll-to-roll ultraviolet nanoimprint lithog-
raphy. We have used a novel method to create a roller mold
with embedded nanopores that can be used for easy repli-
cation of SWSs without demolding issues. Pure aluminum
foil was wrapped around an acrylic cylinder (@ = 90 mm)
and a multistep anodizing and pore widening scheme was
employed to create well-ordered and periodic anodized alu-
minum oxide (AAO) nanopores with different aspect ratios.
Optical characterization of the antireflective PET film
shows a transmittance over 92%, an increase of 3% as com-
pared to bare PET, while reflectance can be reduced from
5.3 to 0.09% in the range of visible light. It was observed
that higher aspect ratio SWSs is more effective in reduc-
ing reflections at higher incident angles. Consequently, we
have demonstrated an economically feasible method for
fabricating large area polymer films that can be used to
reduce light reflections which impose severe limitations on
the performance of many optoelectronic devices like solar
cells, photodetectors and flat display panels.
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1 Introduction

An antireflective film helps to reduce reflection when
light impinges on an interface between two materials
with varying refractive indices and can be utilized in sev-
eral optoelectronic devices including solar cells (Phillips
et al. 2011) and display devices (Song et al. 2010). Tra-
ditionally, anti-reflective coatings have utilized the prin-
ciple of destructive interference of light waves by tuning
the thickness and refractive index of the coating film. An
anti-reflection coating of a quarter-wave optical thickness
is a well-known method for removing reflections of one
specific wavelength while multilayer coatings have been
used for broadband anti-reflection applications (Raut
et al. 2011). Multi-layer thin film coatings have been
extensively used for reflectivity modulation in various
optical components and consist of layers of nonabsorbent
dielectric materials with different refractive indices fabri-
cated by sequential sputtering in a vacuum chamber. The
downside to multilayer coatings is the high manufactur-
ing cost and low yield due to several issues such as poor
adhesion, limitations in material selection and instability
of stacking layers while also posing limitations for large
size requirements.

An alternative concept to antireflection which is
employed in this study takes inspiration from the nano-
structured topography of the corneal lenses found in moth
eyes. These cone-like protuberances have size features
below the wavelength of visible light and their continu-
ous gradient refractive index renders them almost perfectly
antireflective, creating an absolutely lusterless surface
(Bernhard 1967; Clapham and Hutley 1973). The progres-
sive bending of light and multiple internal reflections in
moth eye resembling sub-wavelength structures (SWSs)
results in maximum absorption of the incident radiation
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and could reduce reflection in the visible range down to
0.1% (Craighead et al. 1982). To date, various nanolitho-
graphic techniques like laser interference lithography and
electron beam lithography have been used for patterning
etching masks with nanoscale dot arrays on a photoresist
layer and SWSs can thus be achieved by wet or dry etch-
ing (Han et al. 2011; Jiao et al. 2013). Howeyver, the size of
the patterned area is limited by the e-beam writing system
and laser beam size with high manufacturing costs arising
from need of sophisticated facilities. To obtain low-cost
nanopatterning, colloidal lithography has been success-
fully used to fabricate SWS (Askar et al. 2012). However,
an ordered self-assembly of nanobeads is difficult to con-
trol over a long range, thus hindering the scaling up of this
technology. In conclusion, these techniques for fabrica-
tion of SWSs are not suitable for commercialization which
requires a combination of high-throughput, high-resolution,
large-area fabrication and low cost.

A promising technology that has gained widespread
attention for fabrication of SWSs is nanoimprint lithog-
raphy (NIL) where a prefabricated mold is pressed onto a
resist coated substrate to replicate an inverse of the mold
pattern via direct mechanical deformation. NIL can be
broadly categorized based on its two main operation fea-
tures, namely resist curing (thermal or ultraviolet) and
method of imprinting (plate to plate, roll to plate or roll
to roll). The major advantage of ultraviolet based NIL
(UV-NIL) over thermal or hot embossing methods is the
ability to operate at room temperature and elimination
of issues arising from thermal expansion between mold,
resist and substrate (Vogler et al. 2007). Furthermore, the
use of lower viscosity resists in UV-NIL enables imprint-
ing at substantially lower pressures and instantaneous cur-
ing using focused UV light, thus making it more suitable
for roll to roll NIL (R2R NIL) (Lee et al. 2008). R2R NIL
is preferred for industrial scale manufacturing of SWSs as
compared to other imprinting techniques as it is a continu-
ous process with improved speed for patterning large area
substrates, thus resulting in significantly higher throughput
(Ahn and Guo 2008). Furthermore, since it is a roller based
imprinting method, mold-substrate separation is easier and
requires much less demolding force, thus reducing defect
generation.

Several research works reported in literature have uti-
lized a wide variety of modified R2R NIL protocols to pat-
tern SWSs on polymer substrates (Nezuka et al. 2008; Liu
et al. 2014). Polymer antireflective films have gained wide-
spread attention owing to their attractive characteristics
as opposed to inorganic materials like ease in controlling
morphology and porosity, adherence to flexible substrates
and large area processing ability. Ahn and Guo (2009)
developed a high speed R2R UV-NIL process for large
area imprinting of nanostructures on a flexible web using
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a fluoropolymer mold and have also performed theoretical
analysis to predict residual layer thickness and effects of
mold separation direction on the pattern results. Yoshikawa
et al. (2013) used high speed R2R UV-NIL for fabrica-
tion of high aspect ratio line and space pattern while John
et al. (John et al. 2013) have developed a custom designed
R2R nanoimprinting system for patterning sub-micron fea-
tures on polymer substrates. One of the main challenges
during R2R-NIL is the fabrication of a low cost and large
area mold that is flexible enough to be wrapped around the
roller, has sufficient modulus and strength for successful
imprinting and possesses a low surface energy for ease in
demolding. Anodic aluminum oxide (AAO) provides a sim-
ple and inexpensive solution for large area mold fabrication
where periodic array of nanopores with hexagonal sym-
metry can be obtained with relative ease while control of
the pore shape, aspect ratio and periodicity can be achieved
by simply varying the anodizing voltage and duration. The
use of an AAO mold to fabricate SWSs for antireflection
purposes is not novel and has been previously investi-
gated. Nanopillars have been obtained by protruding sof-
tened polymer materials like polycarbonate (PC) or poly-
methylmethacrylate (PMMA) into the nanopore array of
AAO by casting or hot embossing methods (Hubbard et al.
2012; Choi et al. 2010). Kim et al. fabricated a dense high
aspect ratio nanopillar array inspired by gecko’s foot hair
via UV nano embossing using an AAO mold (Kim et al.
2007). However, these methods are unsuitable for large
scale manufacturing of antireflective films and require high
cost and time consuming replication protocols. While sev-
eral research works utilize R2R UV NIL for the fabrication
of SWSs, an AAO mold using this process has rarely been
reported. In this study, we have developed a high perfor-
mance antireflective coating with SWSs on a flexible PET
substrate using a continuous R2R UV-NIL protocol with an
AAO roller mold. The morphology of the AAO mold can
be controlled by adjusting anodizing times, thus resulting
in the imprinting of SWSs with different aspect ratios.

2 Experimental methods
2.1 Fabrication of AAO based roller mold

To create a roller mold that can be used to imprint moth-eye
based SWSs on a PET web during R2R UV-NIL, we used
an aluminum foil (99.9995% purity, 290 mm x 210 mm,
thickness of 0.25 mm) with impregnated AAO nanopores to
wrap around a roller having a diameter of 90 mm as shown
in Fig. 1a, b. In order to create a well ordered periodic AAO
template, the aluminum foil was subjected to a two-step
anodizing process as shown in Fig. 1c. The first long ano-
dization and subsequent etching of the oxide layer results
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Fig.1 a Large area AAO mold using high purity aluminum foil. b
AAO mold wrapped around roller. ¢ Two step anodizing process for
fabrication of AAO mold

in the formation of an ordered array of concaves on the foil
surface. During the second step, which consists of multiple
short anodization and pore widening cycles, the concaves
act as initiation sites for generation of an ordered arrange-
ment of holes from the surface. A constant power supply
[N5771A Power Supply, Keysight (Agilent)] was used as
a DC power source during the anodization protocol which
is carried out in a sealable chamber integrated with a circu-
lating cooling system. The first anodizing step was carried
out in 0.3 M oxalic acid solution at 4 °C under a constant
voltage of 40 V for 5 h to create an ordered-hole arrange-
ment. Next, the anodic alumina layer is removed during
a wet chemical etching step in a phosphoric acid solution
(chromic trioxide: phosphoric acid: deionized water = 2 g:
3.5 g: 100 ml) at 70 °C for 30 min. This was followed by
the second anodization process which consisted of a five
cycle treatment. Each cycle included a short-term anodi-
zation and pore-widening process. The conditions for the
short-term anodization were identical to that of the first

anodization process while three different time durations of
90, 120 and 150 s were used. The pore widening process
used in each cycle was carried out in 5 wt% phosphoric
acid solution at 32 °C for 15 min. Finally, the finished AAO
template was wrapped around the roller for use in R2R
UV-NIL.

2.2 R2R UV-NIL system

We have designed a roll to roll system that can be used for
continuous imprinting of moth eye based SWSs on a flex-
ible PET web (100 wm thickness) using UV-NIL as shown
in Fig. 2. The fed in PET web is first coated with a UV
curable resin followed by a doctor blade mechanism that
adjusts the uniformity and thickness of the coated resin.
Next, a preheating protocol is used to reduce the viscos-
ity of the resin to enable more efficient penetration into
the AAO roller mold cavity. The resist is cured instanta-
neously via crosslinking during the imprinting step due to
the presence of a focused ultraviolet light source (400 W
high-pressure mercury lamp with dominant wavelengths
of 253 and 365 nm) located close to the imprinting roller,
thus resulting in the formation of well-defined SWSs on
the PET web. The feeding speed can be varied in the range
of 0.5-15 m/min by the active roller located at the end of
the R2R process that winds the imprinted PET web while a
torsion control system is used to adjust the tension of web.
The optimized process parameters used in this study for
imprinting of SWSs include a feeding speed of 0.56 m/min
and a web tension corresponding to a torque of 0.58 kg cm
(after unwinding) and 1.45 kg cm (before winding), while
the thickness of the coated resin on the web via the doctor
blade mechanism is maintained at 80 pm.

Tension control |

I Microlens
system !

| Scraper 'I
1

1UV coating
imechanical

uv
adhesive

PET film 3

Fig. 2 R2R UV-NIL process used to fabricate SWSs on PET. a Coat-
ing the PET web with an 80 wm thick layer of UV resin. b Preheat-
ing to reduce viscosity and improve flow properties of UV resin.
¢ Nanoimprinting SWSs on the coated resin using the AAO roller
mold followed by curing using UV light irradiation
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3 Results and discussion
3.1 Effects of anodizing time on AAO mold

It was observed that increasing the duration of the sec-
ond anodizing step from 90 s to 120 s and finally to 150 s
increased the aspect ratio of the AAO nanopores from 1:2.5
to 1:3.1 to 1:3.8, respectively, as shown in Fig. 3. The effect
of the anodizing time on the morphology of the obtained
AAO nanopores can be seen in the series of SEM images
shown in Fig. 4. The structure of the AAO can be described
as a closely packed array of columnar cells where each cell
contains an elongated cylindrical nanopore that is normal
to the underlying aluminum surface.

Furthermore, the morphology of the nanopores varies from
saddle to cone shaped as the anodizing time increases from
90 to 150 s as observed in the schematic illustration shown
at the top right of each SEM image obtained via a computer
graphics software. Thus we can conclude that increasing
the anodizing time increases the nanopore depth and conse-
quently the aspect ratio of the obtained AAO template.

1‘!

*1‘\‘ ]

120sec

Fig. 4 SEM images of large area AAO mold obtained at different anodizing times of a 90 s, b 120 s and ¢ 150 s while inset shows the schematic

cross sectional view of the corresponding AAO nanopores

SWSs (aspect ratio 1:2.2)

Fig. 5 SEM images of the imprinted SWSs on PET having aspect ratios of a 1:0.5, b 1:1 and ¢ 1:2.2 that are obtained using an AAO roller mold
containing nanopores with aspect ratios of 1:2.5, 1:3.1 and 1:3.8, respectively
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Fig. 6 Transmittance spectra in the visible light region for different
aspect ratio SWSs

3.2 Imprinting SWSs using AAO roller mold

We have used AAO molds with varying aspect ratios to
imprint the SWSs on the PET web during R2R UV-NIL pro-
cess as shown in Fig. 5. The three AAO molds with aspect

ratios of 1:2.5, 1:3.1 and 1:3.8 result in imprinted SWSs
with aspect ratios of 1:0.5, 1:1 and 1:2.2, respectively, as
shown in Fig. 5. Thus the aspect ratio of the obtained SWSs
was lower than that of their corresponding AAO molds. The
nanopores in the AAO mold are wider on the top and taper
towards the bottom. This causes incomplete filling of the
nanopores with UV resin during the imprinting step, thus
resulting in lower aspect ratio SWSs. Further optimization
of process conditions is required to improve duplication of
geometry and achieve a replication ratio closer to 1:1.

3.3 Optical properties of PET with imprinted SWSs

The optical measurements of the PET film with imprinted
SWSs were obtained using a spectrophotometer (V670,
JASCO). It can be seen from Fig. 6 that the transmittance
improves for all PET films with imprinted SWSs of differ-
ent aspect ratios as compared to bare PET for wavelengths
in the range of about 450-700 nm. The highest transmit-
tance in this range is observed for SWSs with the largest
aspect ratio (1:2.2) with values obtained over 92% which
is about 3% higher than bare PET. The observed increase
in transmittance for higher aspect ratio SWSs shows good
agreement with results obtained in literature using Finite
Difference Time Domain (FTID) analysis for moth eye
based SWSs (Han and Chang 2014). We have also per-
formed reflectance measurements at incident angles of 5°
to 60° as shown in Fig. 7. It was observed that reflectance
at an incident angle of 5° can be reduced from over 5%
for bare PET to less than 1% for PET with different aspect
ratio SWSs over the visible range of about 400-700 nm.
The reduction in reflectance was more prominent for higher
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Fig. 7 Reflectance spectra in the visible light region at incident angles of 5° to 60° for different aspect ratio SWSs
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Fig. 8 Antireflective properties of PET films with and without SWSs

aspect ratio SWSs. Generally, reflectance increases as the
angle of incidence increases. However, high aspect ratio
SWSs (1:2.2) showed a reflectance of less than 1% even
when the incident angle was increased to 30°. Further-
more, the reduction in reflectance increased considerably
for SWSs as compared to bare PET as the incident angle
increased from 30° to 60°. For example, reflectance was
about 8% lower for high aspect ratio SWSs as compared to
bare PET at an incident angle of 60°. Thus improved opti-
cal properties over a wide range of incident angles can be
achieved by using an antireflective PET film imprinted with
high aspect ratio SWSs.

3.4 Practical applicability of antireflective PET films

PET films, with and without imprinted SWSs, were placed
on top of a printed paper and fixed in position as shown in

Fig. 9 Comparison of photo-
electric conversion efficiency

Fig. 8. It can be seen that the bare PET film without SWSs
causes reflection of the light source present in the room
(indicated by the dotted red circle) while no such reflec-
tion is observed for the PET film with imprinted SWSs.
This shows the viability of using these antireflective films
for display applications. The efficiency of solar cells can
also be improved by reducing reflections and maximizing
the conversion of incident light rays into electricity. Several
techniques have been researched to increase the light har-
vesting efficiency of solar cells which include utilization of
light scattering layers, photonic crystals and antireflective
coatings (Lee and Lee 2014; Colodrero et al. 2009; Rah-
man et al. 2015). In particular, biomimetic moth-eye based
anti-reflective coatings as developed in this study exhibit
ultra-low reflections for omnidirectional light incidences and
broadband wavelengths. Furthermore, high throughput man-
ufacturing using a roll to roll process on low cost polymer
substrates provides a facile approach for obtaining antireflec-
tive coatings on large area solar cells. We demonstrate the
viability of achieving improved efficiency by simply coating
the surface of a test solar cell with the PET film containing
imprinted SWSs. We chose SWSs with an aspect ratio of
1:2.2 for which optimal optical performance (transmittance
and reflectance) can be achieved as shown in Figs. 6 and 7.
The performance of the solar cell was compared with and
without the film coating and tests were performed outdoors
under direct solar illumination. The antireflective film coat-
ing resulted in improved solar cell performance with a higher
open circuit voltage (V,.) and short circuit current (I,,) and
consequently an increase in the observed efficiency from
8.26 to 10.43% as shown in Fig. 9. Furthermore, since the
SWSs can minimize reflections over a wide range of incident
angles, improved photoelectric conversion efficiency can be
attained without relying on a tracking system. Consequently,

of solar cell a without an < — .
antireflective film and b with an < >
antireflective film (21
AAAAAEAEAﬁAA
Solar cell (A:4 x 4cm) Voc(V) Isc(mA) n (%)
(a) solar cell 0.566 328.6 8.26
(b) With AR film 0.573 399.1 10.43
- Solar cell 2.17% f
[0 eeT (@) (b)
AAAAAAAAAAAA
M ity Solar cell Solar cell
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we have demonstrated the practical applicability of polymer
antireflection films with moth eye based SWSs fabricated via
high throughput and low cost R2R UV-NIL.

4 Conclusion

We have successfully fabricated large area broadband antire-
flective films by imprinting SWSs on flexible PET substrates
via a custom designed R2R UV-NIL process. We have
developed a novel roller mold based on a periodically pat-
terned AAO nanoporous structure and the morphology of the
obtained AAO mold can be varied by controlling the ano-
dizing duration, thus resulting in SWSs with varying aspect
ratios. The highest transmittance (over 92%) across the vis-
ible light region was observed for SWSs with the highest
aspect ratio of 1:2.2, with significantly reduced reflectance as
compared to bare PET, especially at higher incident angles.
The developed roll to roll process is a promising, cost effec-
tive and high throughput method for the industrial production
of moth eye nanostructure arrays for antireflective coatings.
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