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Although recently fabricated biomimetic nanostructures exhibit superior performance compared to
corresponding nanostructures found in nature, their practical applications are limited due to the low
mechanical stability of the nanostructures and the low productivity of the fabrication processes
developed thus far. A nanoporous honeycomb structure that can alleviate any concentrated stress
effectively was fabricated using roll-to-roll processable thermal nanoimprint lithography for high
throughput and performance antireflection polymer films. A nanoscale positive (convex) antireflective
structure of the moth eye, which shows broadband and omnidirectional antireflection properties, and a
negative (concave) antireflective structure were produced using this process. The new nanoporous
honeycomb structure exhibited high performance AR and enhanced mechanical stability. Moreover, a
continuous process that can be used for industrial mass production was developed.

1. Introduction

Nano-scientists have been obtaining inspiration and design
principles from the various nanotechnologies that exist in nature
such as the superhydrophobicity of the lotus leaf, dry adhesion of
the gecko’s foot, attractive color of the butterfly’s wing, and
antireflection property of the moth’s eye. Furthermore, artificial
biomimetic materials produced based on the recent nanotech-
nologies might show properties that are even superior to the
corresponding ones in nature.' But their practical applications
are limited due to the low mechanical stability of the nano-
structures and the low productivity of the fabrication processes
developed thus far. These two common drawbacks have to be
overcome for the further development of currently associated
nanotechnologies.

AR coatings have been used extensively to enhance the optical
performance of various optical components requiring increased
transmittance, improved contrast and reduced surface glare and
considerable efforts have been paid recently to further improve
the AR performance. On the compound eyes of some nocturnal
insects (moths and some butterflies) are positive (convex) anti-
reflective structures (P-ARSs) of sub-300 nm size in non-close-

“Department of Advanced Fiber Engineering, Inha University, 253
Young-hyun-dong, Nam-gu, Incheon, 402-751, Republic of Korea.
E-mail: hslee@inha.ac.kr; Fax: +82-32-876-0193; Tel: +82-32-860-8841
" Department of Materials Science and Engineering, University of Illinois at
Urbana Champaign, Urbana, Illinois 61801, USA

‘Department of Mechanical Engineering, Inha University, 253 Young-
hyun-dong, Nam-gu, Incheon, 402-751, Republic of Korea

T Electronic supplementary information (ESI) available. See DOI:
10.1039/c2jm32706f

1 K.C., S.H.P contributed equally to this work.

packed nipple arrays. The ARS ensures the optical impedance
matching at two interfaces (air~rARS and ARS-substrate), which
is possible with the gradual reflective index (RI) profile along the
normal direction of the substrate. In contrast to the conventional
AR coatings, artificial ARSs biomimicking the compound eyes
were theoretically predicted to show broadband AR behavior of
up to one order of magnitude and omnidirectional AR for an
incidence angle of up to 80 degrees.®

Since the performance of an AR film having a P-ARS on the
surface can be controlled by various tunable parameters such as
period, height, and shape of the ARS, high performance AR
behavior can be obtained by carefully combining those param-
eters.”® According to the theoretical analysis, it is possible to
have an ideal AR performance showing the widest possible
bandwidth and almost omnidirectional AR property when the
ARS has fine period, very long size, and continuously tapered
shape from the top (air side) to the bottom (substrate side).!
However, it is almost impossible to have a vertically standing
ARS if a flexible material like a polymer is used to make ARS of
very high aspect ratio. The performance of an ARS is sensitively
determined by the shape of the ARS especially when the height of
the ARS is relatively short. In the case of a short ARS, the shape
of the ARS, therefore, has to be elaborately controlled to ensure
the desired ideal RI profile predicted by the theoretical calcula-
tion. Recently, a nanotailoring technique for the monolithic ARS
structure on a polymethylmethacrylate (PMMA) substrate has
been reported and high performance AR property was experi-
mentally confirmed by establishing a liner RI profile in the ARS
layer which was achieved by the short (about 200 nm) P-ARS on
PMMA."

It is important to maintain high mechanical stability of the
P-ARS fabricated on the AR film because the ARS layer can be
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exposed to external environments in many practical applications.
Even though the P-ARS has been frequently fabricated to obtain
high AR performance, its low mechanical stability has been a key
drawback to be overcome for the practical application of AR
products.'®™* In the case of macroscopic physics, structures such
as truss, honeycomb and dome are typical examples that effec-
tively redistribute the stress concentrated on a certain point of
the structure to secure high mechanical stability while main-
taining the specific original function.’>'® In this study, a
macroscopic design technology was applied to nanoscale struc-
ture fabrication to enhance the mechanical stability of polymeric
nanostructures necessary for the high throughput and perfor-
mance of AR surfaces.

2. Results and discussion
2.1. Optical and mechanical calculation

The AR performance is inevitably affected by the RI profile of
the interphase, which is determined by the precise structure of the
ARS, i.e. period, height (or depth) and shape of the ARS.™®
Provided that the RI profile in the interphase layer is identical,
different ARS morphologies can give the same AR behavior.
Fig. la and b show two different ARSs of the solid of revolution
shape, P-ARS and negative antireflective structure (N-ARS),
respectively. As long as the period (d) of ARS is sufficiently
smaller than the wavelength of incident light in the medium (A/n),
the effective RI (n.g) of any depth (z) can be approximated by

Ne(2) = {fou@noui”” + [1 = four@lnai” 3> (1

Here, fuu(2) is the bulk material fraction at any depth (z), and
npu and ny; are the RI of the bulk material and air, respec-
tively.®® By controlling the f,u(z) at any height of the P-ARS to
be identical to the corresponding depth of the N-ARS, it is
possible to have the same RI profiles along the normal direction
in the interphase of the P-ARS and N-ARS layers. Both the P-
ARS and N-ARS are optically identical as far as the AR
performance is concerned. As confirmed in Fig. 1a, each P-ARS
is isolated from the neighboring ARSs. On the other hand, each
hole in N-ARS in Fig. 1b is “interconnected” structurally to all
the holes in the hexagonal lattice through the bulk material. Since
a mechanical stress applied to any point of the N-ARS structure
can be redistributed to the neighboring holes in a nanoscale
honeycomb structure, a higher mechanical stability of the
N-ARS structure can be expected.'>!”

To fabricate a N-ARS with high AR performance experi-
mentally, it is essential to calculate theoretically the expected
reflectance and transmittance from ARSs of various periods and
depths. The ARS shape ensuring a linear RI profile in the ARS
layer was reported to be one of the best structures in terms of its
relatively low surface reflectance.®'® A model surface was
designed with ARSs in a hexagonal lattice of 200 nm, which is
small enough not to have any significant Mie and Rayleigh
scattering at visible wavelengths.®'® The reflectance from that
model surface showing a linear RI profile in the ARS layer was
calculated using the rigorous coupled-wave analysis (RCWA)
method." Figure lc shows the result for an ARS height up to
400 nm and over the range of visible wavelengths. As shown in
the inset of Fig. lc, the mean reflectance initially decreases
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Fig. 1 (a and b), Schematic shapes of a P-ARS (a) and a N-ARS (b)
showing an identical refractive index profile inside the interphase layer.
The refractive index at any position along the normal direction of the film
is plotted as a red dotted line. The area covered by the material and the
resultant refractive index in three selected layers are also displayed. (c)
Calculated reflectance from one surface showing a linear RI profile in (a)
and (b) is displayed as a function of the wavelength for an ARS height of
up to 400 nm. Mean reflectance as a function of the ARS height is also
included.

rapidly and reaches approximately 0.1% at an ARS depth/height
of 200 nm. Slight increases in reflectance have been observed with
further increases in ARS depth/height to approximately 310 nm.
In this study, an ARS depth/height of 200 nm was selected as a
target value to maintain a low surface reflectance.

The mechanical stabilities of both P-ARS and N-ARS were
calculated numerically using the finite element method.?® Fig. 2a
shows the changes in morphology of P-ARS and N-ARS
occurring during increasing normal stress. Fig. 2b presents the
resulting stroke-stress curves obtained. As expected, N-ARS can
be confirmed to undergo relatively smaller deformation for the
same normal stress, compared to the corresponding P-ARS
sample.

2.2. N-ARS fabrication with a RTNIL

The roll-to-roll thermal nanoimprint lithography (RTNIL) can
be an efficient process for making a monolithic nanoporous
N-ARS on a thermoplastic surface with high-throughput.?*>3
The production of a special roller mold is essential for making
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Fig.2 Finite element analysis results of P-ARS and N-ARS. The structure changes in P-ARS (up) and N-ARS (down) occurring during the application

of normal stress (a) and the resulting stroke—stress curves (b).

continuous roll-to-roll imprinting possible. The polymer film
with the desired ARS on its surface needs to be sufficiently
flexible to be wound around the circular roller. Moreover, the
ARS itself needs to have a sufficiently high modulus, strength,
and thermal stability to imprint its structure precisely onto a
molten poly(methyl methacrylate) (PMMA) surface. Further-
more, it should have a low thermal expansion coefficient to
minimize the deformation caused by the temperature change
during the imprinting process, and also needs to have a low
surface free energy for clean mold release from the imprinted
PMMA surface.?®** Although polyimide (PI) has a relatively
high surface energy (38.9 dyne per cm) compared to
fluoropolymers or polydimethylsiloxane, which are typically low
surface energy materials, it has a very high modulus (3.2 GPa),
strength (75-90 MPa), and glass transition temperature
(>400 °C) and a very low thermal expansion coefficient (5.5 x
1073 K Y. In this study, PI was used as a roller mold material
because it has many of the desired thermal and mechanical
properties essential for the RTNIL process during which high
temperatures and pressures are experienced. For clean mold
release, the surface area of the PI mold was kept as small as
possible by forming an ARS with a minimum permissible height
showing high AR performance.”® As shown in Fig. 1c, an ARS
with 200 nm depth and period was chosen as the target value for
the experimental fabrication of an ARS. The ARS with an
aspect ratio of one was expected to show enhanced mechanical
durability (see the ESIT for details).

Multilayer anodized aluminum oxide (AAQO) containing a
tapered pore array in its pseudo-hexagonal lattice was initially
prepared using a multistep anodization process, the schematic of
which is shown in Fig. 3a.2¢ The shape of the ARS (and fyun(z)
eventually) can be tailored at any depth of the ARS layer to
ensure the desired RI profile by carefully controlling the anod-
ization and etching time in each step of the multistep anodization
process.’® By increasing the number of steps in the multistep
anodization process, the shape of the pores in AAO approaches
that of the continuously tapered morphology, as shown in the
last figure in Fig. 3a (see ESIt and ref. 10 for details). Fig. 3b
shows the top and side view images of the AAO template fabri-
cated using the 5-step anodization and etching process. The
tapered pore shape in the multilayer AAO could be confirmed.

Both the pore depth and average value of the broadly distributed
period were approximately 200 nm, which is consistent with the
target value suggested by prior theoretical calculations. In
addition, the intersections in a pseudo-hexagonal lattice are
elevated slightly (by approximately 20 nm) from the common
base plate, as indicated by the arrow in Fig. 3b.

A flexible PI mold with a positive structure on its surface was
prepared by a template wetting process using a multilayer AAO
template, the schematic diagram of which is shown in Fig. 3c.
The pores in multilayer AAO could be filled with the PI
precursor (Aldrich) using the difference in the surface tension
between the aluminum oxide wall (solid) and imide precursor
(liquid).?”*® Upon thermosetting the precursor in the pores, a
flexible PI mold was obtained by separating mechanically from
multilayer AAQO. Since this replicated PI mold could be prepared
repeatedly using an identical multilayer AAO, the RTNIL used
in this study might be an economical process for keeping the
master multilayer AAO mold intact.?® Fig. 3d shows the top and
side scanning electron microscopy (SEM) images of the PI mold
with a positive structure on its surface. Both the period (top view)
and height of the tapered positive structure (side view) in a
pseudo-hexagonal pattern were approximately 200 nm. The
tapered pore array in the multilayer AAO appeared to be
transferred almost precisely to the positive structure in the PI
mold. Note that most of the positive structure stands vertically
on the surface, possibly due to the relatively low aspect ratio. The
PI mold film, approximately 5 cm in diameter, fabricated in this
study, was wrapped around a stainless steel roller.

Fig. 3e shows a schematic diagram of the RTNIL process used
in this work to fabricate the N-ARS AR film. The stainless steel
roller was initially wound with a soft polydimethylsiloxane
(PDMS) film to improve contact between the PMMA (M, =
100 000 g mol ™!, Polysciences) film and the PI mold film, which
was wrapped on top of the PDMS surface. The roller mold was
pressed against and rotated on the PMMA film surface, which
was preheated to above its glass transition temperature (105 °C).
The PMMA film with the imprinted N-ARS on its surface was
rotated and advanced with the roller, and then cooled with cold
air before being demolded. Clean mold release was possible
without any additional surface treatment of the PI mold prob-
ably because the positive structure on the PI film has a relatively
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Fig. 3 (a) Multistep anodization and etching process for the fabrication of multilayer AAO with continuously tapered pores. (b) Top and side SEM
images of the pores in multilayer AAO. (c) Schematic process to prepare a PI roller mold. The pores in multilayer AAO were filled with a PI precursor.
After thermosetting, a flat PI mold film was detached from the AAO. The PI mold film was wound around a stainless cylinder, which had been covered
with a thin PDMS film. (d) Top and side SEM images of the positive structures in a PI mold film. (e) Schematic diagram showing the roll-to-roll
processable, thermal nanoimprint lithography used to prepare the N-ARS on a PMMA surface. (f) Top and side SEM images of the pores in the PMMA
AR film. The red arrows in (b) and (f) correspond to the slightly elevated spots at the intersections of neighboring pores.

low aspect ratio, which serves to minimize the contact area
between the PI mold and PMMA film.?** Fig. 3f shows the top
and side views of the imprinted PMMA film with N-ARS on its
surface. The tapered porous morphology of N-ARS was
confirmed, and the depth and mean period of N-ARS were
approximately 200 nm, as expected. The slightly depressed areas
at the intersection points in the pseudo-hexagonal lattice
(denoted with the arrow in Fig. 3f) appear to correspond to the
slightly elevated points in the multilayer AAO master template
(see the arrow in Fig. 3b). This suggests that the imprinted
PMMA film with N-ARS is a conjugate copy of the PI film with
positive structures, and the tapered pore array in the multilayer
AAO master template is transferred almost precisely to the
N-ARS in the PMMA film.

2.3. Optical property of ARS films

The AR performance was evaluated by measuring the total
reflectance (with an 8° incidence angle) and transmittance
(normal incidence) of the imprinted PMMA film with N-ARS on
one surface. Fig. 4a shows the reflectance results. Data obtained
from the corresponding AR film with P-ARSs on one PMMA
surface and from a flat PMMA film are also included in the figure
for comparison (see ESI for preparation of the P-ARS PMMA
film). The reflectance data calculated based on the theoretical
models shown in Fig. 1c are also included.

As expected from the theoretical prediction (approximately
3.9% reflectance from one PMMA flat surface), the reflectance

from the flat reference sample with two flat surfaces was some-
where between 6.5% and 7.5% for a wavelength range from
400 nm to 800 nm. On the other hand, the corresponding mean
reflectance of the N-ARS and P-ARS films was approximately
4.19%. Considering the 3.9% reflectance from one flat surface,
the reflectance only from one ARS surface (either P-ARS or
N-ARS films) would be approximately 0.29%, which is signifi-
cantly smaller than that from the flat surface. As expected, very
similar AR performance was observed from two different
samples with identical RI profiles in the ARS layer despite their
different ARS morphologies.

The AR performance was also evaluated by measuring the
transmittance. As shown in Fig. 4b, the transmittance of a flat
PMMA film ranged from approximately 92 to 93% over the
visible wavelength range. On the other hand, the film with the
N-ARS and P-ARS showed a mean transmittance of 95.5% and
95.55%, respectively. The data of both (N-ARS and P-ARS)
correspond to approximately 98.8% transmittance provided that
identical ARS structures were formed on both (front and back)
surfaces. The slight difference between the theoretical and two
experimental values especially at low wavelengths might be due
to the small absorption of PMMA, which was neglected during
RCWA calculation.

The transmittance was also measured as a function of the
incidence angle at 525 nm with N-ARS, P-ARS, and flat films,
and the results are shown in Fig. 4c. Compared to the flat
reference film, the ARS films showed greater improvement in the
AR performance over all wavelengths and incidence angles
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Fig. 4 (a and b) Reflectance and transmittance of visible light through a
flat reference film (black solid line) and two AR films with either P-ARS
(red line) or N-ARS (blue line) on only one surface. The calculated values
are also included (black dashed line). SEM images showing N-ARS and
P-ARS are also shown. (c¢) Transmittance of a 525 nm wavelength
through a flat reference film, P-ARS, and N-ARS films as a function of
the incidence angle. The data in (a and b) were obtained with an inte-
grating sphere and the data in (c) were obtained without an integrating
sphere.

measured. This behavior would be extremely useful for the
application of an AR film to many optical devices, such as solar
cells and flat panel display units, which require high trans-
mittance at various incidence angles.!®31:32

Fig. 5 presents the reflectance of the N-ARS film and flat
PMMA film. The film on the left-hand side is a N-ARS film
with porous ARS structures on both surfaces and the one on the

Fig. 5 Digital images of an AR film with N-ARS on both surface (left)
and the reference flat film on the LCD monitor of a notebook computer.

right-hand side is the flat film. Both films were placed on the
LCD monitor of a notebook computer. Although the flat film
appeared to be opaque due to surface reflection, the N-ARS film
was clear and transparent.

2.4. Mechanical stability of ARS

The mechanical stabilities of N-ARS and P-ARS were tested by
monitoring the change in transmittance after the two films had
been pressed mechanically with the given normal pressure. Fig. 6
shows the fractional transmittance (ft = (T — Ta.)/(To — Tqar)),
which is the ratio of the transmittance difference between the
pressed sample (7) and flat sample (7g,) to that between the
initial un-pressed sample (7,) and flat sample, as a function of
the applied stress for the N-ARS and P-ARS samples. After
applying a stress of up to 4.2 MPa, both samples maintained a
fractional transmittance (f1) of approximately 0.9. In the case of
the P-ARS film, fr begins to decrease rapidly upon further
increases in applied stress, and its value reached approximately
0.4 at 14 MPa pressure. On the other hand, in the case of the N-
ARS film, approximately 0.9 of fT remained at 14 MPa pressure.
As expected, the N-ARS structure showed a considerable
increase in mechanical stability, probably due to the “bridge”
material in the honeycomb structure connecting the neighboring
porous ARSs.

Si Wafer

ARS Film
v N-ARS
A P-ARS

Fractional Transmittance

0.0
0 2 4 6 8 10 12 14

Pressure /MPa

Fig. 6 AR performance change as a function of the applied normal
stress for P-ARS and N-ARS films. A schematic diagram showing the
accessory used to apply a normal stress is included.
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Fig. 7 AFM topographies and height profiles obtained at the position
denoted with a red line before (left) and after (right) the application of 14
MPa stress to P-ARS film (a) and N-ARS film (b). Corresponding SEM
images are also included in the insets.

The surface morphologies before and after maximum surface
stress (14 MPa) had been applied were observed by atomic force
microscopy (AFM) (Fig. 7a and b). SEM images are also
included inside the AFM images. The topological profiles
obtained from a given position denoted with the red arrow in the
AFM images are also displayed under the corresponding AFM
data. After applying 14 MPa pressure, the P-ARS appears to
have been compressed noticeably resulting in a significant change
in surface morphology. On the other hand, N-ARS appears to
maintain most of its initial structure. This difference between
P-ARS and N-ARS can be also confirmed from the SEM data
and topological profiles. Overall, the AR film based on the
N-ARS showed much higher mechanical stability than the
corresponding one based on the P-ARS, even though both AR
films exhibit similar AR performance.

3. Conclusion

In this study, an AR polymer film based on a negative nano-
porous structure was fabricated efficiently using a roll-to-roll
processable, thermal nanoimprint lithography method. A high
performance AR could be achieved by nanotailoring the surface
profiles of N-ARS and P-ARS using a multistep anodization
process to have a similar linear RI profile in the interphase layer.
Furthermore, the AR properties of the N-ARS film were
confirmed to be broadband and omnidirectional. Compared to
the conventional P-ARS structure, the N-ARS in a honeycomb

pattern was found to maintain high AR performance with little
structural deformation under strong compressive stress. This
study suggests a new type of ARS and its fabrication process,
which can be utilized in the industrial production of flexible AR
films. The mechanical stability of many nano-devices might be
enhanced significantly by applying the well-established technol-
ogies of macroscopic structure physics to nanoscale structure
physics.

4. Experimental section
4.1. Roller mold fabrication

For the fabrication of the PI mold shown in Fig. 3c, poly(amic
acid) (PAA) (Aldrich) was used as a PI precursor and was dis-
solved in N-methyl pyrrolidone (NMP) to produce a 15-16 wt%
solution. The PAA solution was then dropped onto the AAO
surface to infiltrate the PI solution into the negative pores in
AAO via template wetting.>**> Upon further spin coating of the
PAA solution on AAO (4000 rpm, 1 min), the AAO was placed
in a furnace (TF-150VG, Intec) under a nitrogen atmosphere.
The furnace was then heated to 100 °C at a heating rate of 5°C
min~! and maintained for 20 min to remove the NMP solvent.
The PAA infiltrated AAO was then cured on a hot plate at
150 °C for 30 min, followed by heating at 200 °C for 30 min, and
then at 250 °C for 60 min under nitrogen. A PAA solution was
spin coated twice more (500 rpm, 1 min) on the cured PI/AAO
and cured again using the previous curing process. The cured PI
film was then detached mechanically from the AAO mold to
produce a PI mold (50 mm diameter, 100 pm thickness) with
positive ARSs on its surface. The PI mold was wound on a
stainless steel roller (41 mm diameter), which had been covered
with a 3 mm thick poly(dimethylsiloxane) film to finally prepare
the PI roller mold.

4.2. N-ARS fabrication

An approximately 200 um thick PMMA film was prepared by
melting PMMA (M,, = 100 000 g mol~', Polysciences) at 150 °C
for 5 min and then applying a 2000 kgf force with a melt presser
(Carver, 2697) between two flat PI films (Kapton JP, DuPont).
The pressed film was then quenched in ice water to freeze the
shape of the film, and the PI film on one side of the PMMA film
was then removed. As shown in Fig. 3¢, PMMA with a PI film on
one side was placed on a hot plate. After heating the PMMA film
to 150 °C, the PI roller mold prepared above was placed on an
edge of the PMMA film. The roller mold was then pressed
against and rotated on the PMMA film surface. Any air bubbles
that formed between PMMA film and PI roller mold could be
removed during thermal nanoimprint lithography. The PMMA
film with the N-ARSs imprinted on its surface was then cooled
immediately below its glass transition temperature by blowing
cold air before being detached mechanically from the PI roller
mold. The PMMA film with N-ARS on its surface could be
fabricated by removing the remaining flat PI film.

4.3. Optical simulation

The reflection spectra in the visible wavelength range (A = 400—
800 nm) were calculated using RCWA for the ARS with a
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linear RI profile. In the RCWA calculation, a five-step
graded surface layer from ng;, = 1.0 to npyyma = 1.49 with a
step index of An = 0.082 on a PMMA substrate was assumed.
Each layer had the same thickness and increased simultaneously
as the total height was increased from 0 to 400 nm. The
calculated reflection spectra were similar to that of a nearly
linear-graded surface layer with An = 0.01. For simplicity, the
dispersion and absorption of a PMMA film were not
considered.

4.4. Stress analysis

Finite element (FE) models consisting of 1140 (in P-ARS FE
model) and 3054 (in N-ARS FE model) numbers of 20 node iso-
parametric brick elements were used for nonlinear elasto-plastic
finite element stress analysis using the explicit module of ABA-
QUS V6.10. For FE analysis, a typical PMMA material stress—
strain curve was used. The material density and Poisson ratio
used were 1.195 g cm > and 0.5, respectively.

4.5. Optical measurements

The reflectance and transmittance values in Fig. 4a and b were
measured using a spectrophotometer (Perkin-Elmer lambda 650)
equipped with an integrating sphere for the wavelength range
400-800 nm at 1 nm intervals. Deuterium and tungsten lamps
were the light sources. The reported reflectance and trans-
mittance are the mean values of several datasets obtained from
various spots of an identical sample. The transmittance values at
different incidence angles shown in Fig. 4c were obtained without
an integrating sphere.

4.6. Mechanical stability measurements

A small sized accessory, the schematic of which is shown in
Fig. 6, was prepared to apply a normal stress to both AR films.
Initially, an AR film was placed on the fixed bottom plate, and a
small Si wafer (6 x 6 mm?) was attached beneath the movable
top plate. The top plate was then lowered by turning the central
shaft with a torque wrench. The normal pressure applied was
measured using a load cell.
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