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Soft biomimetic tapered nanostructures for large-area
antireflective surfaces and SERS sensing†

Bihter Daglar,ab Tural Khudiyev,ab Gokcen Birlik Demirel,ad Fatih Buyukserine

and Mehmet Bayindir*abc

We report a facile fabrication method for the fabrication of functional large area nanostructured polymer

films using a drop casting technique. Reusable and tapered silicon molds were utilized in the production of

functional polymers providing rapid fabrication of the paraboloid nanostructures at the desired structural

heights without the requirement of any complex production conditions, such as high temperature or

pressure. The fabricated polymer films demonstrate promising qualities in terms of antireflective,

hydrophobic and surface enhanced Raman spectroscopy (SERS) features. We achieved up to 92%

transmission from the single-side nanostructured polymer films by implementing optimized

nanostructure parameters which were determined using a finite difference time domain (FDTD) method

prior to production. Large-area nanostructured films were observed to enhance the Raman signal with

an enhancement factor of 4.9 � 106 compared to bare film, making them potentially suitable as free-

standing SERS substrates. The utilized fabrication method with its demonstrated performances and

reliable material properties, paves the way for further possibilities in biological, optical, and electronic

applications.
Introduction

Nature inspires scientists with the ordered nipple-like struc-
tures in the eyes of insects (such as moths and butteries) or
with the multi-functional surfaces of gecko feet and lotus
leaves.1–4 A number of lithography techniques have been
developed to fabricate these bio-inspired architectures: para-
boloid, triangular, cylindrical, or conical structures, for their
use in optical and electronic applications.5–7 Thanks to
advances in fabrication and characterization techniques,
various properties can be successfully transferred from nature,
such as excellent adhesion, antireectivity, and self-cleaning.
Hence, utilizing these micro–nano structures may bring many
conveniences into our daily life.
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One of the possible applications of biomimetics is antire-
ective surfaces. Reection occurs due to the refractive index
difference of the two media, and is explained with Fresnel
equations which state that a bigger refractive index difference
would lead to more reection. Tapered structures with
paraboloid, conic or triangular shapes provide superior anti-
reective properties due to the gradual change of refractive
index between these structures and the surrounding air.8–11

Alternatively, anti-reection coatings (single/multi-layer lms)
are used in order to prevent reection.12–15 However, they are
inefficient in terms of angle-dependence and are feasible only
for narrowband applications. Therefore, anti-reective struc-
tures (ARSs) are essential for optical devices, solar cells, light
emitting diodes (LEDs), and displays in order to prevent
undesired reection.16,17

Biomimetic surfaces are also used as efficient SERS
substrates for the detection of small amounts of molecules,
even down to the single-molecule level.18 Raman signals can be
enhanced electromagnetically and chemically using particular
SERS substrates. Hot spots created by plasmonic nano-
structures (i.e. electromagnetic enhancement) are responsible
for the major portion of SERS enhancement. However, it is still
a big challenge to produce large-area and reproducible SERS
substrates and designed biomimetic surfaces may ll this
demand.

There are many production techniques to fabricate biomi-
metic micro–nano structures, including nano-sphere lithog-
raphy, laser-interference lithography, decal transfer lithography,
This journal is ª The Royal Society of Chemistry 2013
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nanoimprinting lithography, and plasma etching, which are
used on various substrates such as glass, silicon, polymers,
etc.19–26 Nanostructured polymeric materials in particular, are
attracting interest due to their wide usage in biomolecular
sensing, optics and optoelectronic applications.27–30 In order to
produce polymer nanostructures, hot embossing through a
mold is applied in the pre-mentioned fabrication techniques.
During the hot embossing procedure, the system is heated
above the glass transition temperature of the polymer and a
desired pressure is applied.31–34 The utilized molds are
composed of different types of materials, such as anodized
aluminum oxide, silicon, or polymers.35–39

Bowen et al. described a new so-lithography patterning
technique to fabricate elastomeric stamps by decal transfer
lithography with triangular cross sections.40 Fabricated micron-
scale poly(dimethylsiloxane) (PDMS) decals indicate well-
controlled light–matter interactions and show antireective
properties. The produced surface is used as a SERS substrate
efficiently, however multi-step production and an embossing
step is required. In an alternative route, Choi et al. proposed the
fabrication of a tapered shape mold to produce paraboloid
nanostructures composed of poly(methyl methacrylate)
(PMMA).41 In this method, an anodized aluminum oxide (AAO)
membrane is used as a mold and the tapered shape is acquired
by multistep anodization and chemical etching processes.
Reection of the PMMA surface is dramatically reduced, but the
multistep produced AAO mold is not reusable and repeated
fabrication is required for each AAO mold. Eventually, the
fabrication of the nanostructured polymers requires multiple
production steps or specic conditions.

In this study, we proposed a facile method for the large-area
production of biomimetic nanostructures that utilize reusable
silicon molds and drop casting at ambient conditions to over-
come complex environment requirements and multistep fabri-
cation processes. To produce silicon molds, AAO membranes
are used as a mask during plasma etching and tapered nano-
pores are formed at the desired lengths with high packing
density. Polymer nanostructures are fabricated by drop casting
of the polymer solution directly on the siliconmolds. In order to
obtain the maximum antireection performance, design
parameters of the 3D nanostructures were simulated using an
FDTD method prior to the fabrication process. Inductively
coupled plasma (ICP) etch conditions (i.e. process duration and
pressure) were optimized for obtaining the desired lengths and
structure prole. Polycarbonate (PC) was chosen due to its high-
transmittance, biocompatibility, durability, high impact resis-
tance, and wide usage in electronic components.42,43 On the
other hand, the utilized PC material possesses a moderate
refractive index and ignorable absorption in the visible wave-
lengths, which makes it feasible for optical applications.
Besides the antireection feature, produced tapered structures
exhibit highly hydrophobic properties (145� water contact
angle). We also demonstrated our nanostructured polymer
surfaces as a free-standing SERS substrate and observed a 4.9 �
106 enhancement factor in average SERS experiments. A prom-
inent feature of our facile fabrication method is its versatile
nature that it can allow the production of biomimetic
This journal is ª The Royal Society of Chemistry 2013
nanostructures from different kinds of polymers and other
moldable materials.
Experimental section
FDTD simulations

FDTD simulations were performed using a commercial nite-
difference time-domain soware (Lumerical Solutions Inc.).
Simulations were done in three dimensional simulation
regions. We illuminated our structure with a broadband (400–
800 nm) planewave source. Frequency-domain power monitors
were used to collect the reected and transmitted light using
500 wavelength points. To decrease the simulation time we used
periodic boundary conditions. To obtain a transmission versus
height plot for double side and single side structure cases we
averaged the spectrum (400–800 nm wavelengths) in each
height point. Shapes of the structures were derived with related
equations which dene their edges. Edges of the paraboloid
(convex), paraboloid (concave), and cone shapes are propor-
tional with the equations y ¼ ax2, y ¼ bx1/2, and y ¼ cx,
respectively.
Fabrication of the silicon mold

The free-standing AAO membranes were obtained by a voltage
reduction protocol44 and were used as etch masks to fabricate
the silicon molds.37 First, nanoporous AAO lms were formed
on both sides of the Al foil by a two-step anodization method.
Here, high purity Al foil (99.998%) was polished with sand
paper and then electropolished at 15 V in a solution containing
95 wt%H3PO4, 5 wt%H2SO4 and 20 g l�1 of CrO3. The Al foil was
then anodized in 5 wt% aqueous oxalic acid solution at 8 �C
under 50 V against a stainless-steel cathode. Aer a 16 h long
rst anodization, the alumina lm was dissolved in acidic CrO3

solution and a 10 min second anodization was carried out again
under 50 V. At the end of this period, the voltage was gradually
decreased to 15 V by making 5% voltage reductions every 2 min.
In order to obtain free-standing AAO membranes, this sample
was immersed in 10 wt% H3PO4 solution until rapid bubble
formation was observed. The membranes were then collected
from the Al surface using a thin paralm backing paper.

p-Type silicon[100] wafer was cleaned before the ICP etching
process (STS LPX SR F) with acetone, isopropanol, and water
respectively. The AAO membrane was placed on the silicon
surface with the branched layer side facing up using iso-
propanol. The branched layer of the AAO was removed by an Ar
plasma pre-etching step (10 mTorr, 40 min). Tapered nanopores
were formed using optimized mixtures of Ar and Cl2 gases. Ar/
Cl2 plasma etch was applied in three steps in series for different
pressures; 25 mTorr, 20 mTorr, and 5 mTorr, respectively. The
plasma etching steps were accomplished in a few seconds and
the detailed durations for the different nanostructure heights
are given in the ESI, Table S1.† The AAO membrane was
removed using 17% phosphoric acid and then the silicon
surface was cleaned with 40% HF in 2 minutes. The silicon
mold was coated with 1% (v/v) 1H,1H,2H,2H-peruorodecyl-
J. Mater. Chem. C, 2013, 1, 7842–7848 | 7843
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trichloro silane (FDTS) in n-heptane. Coated silicon was cured at
100 �C under vacuum for 1 h.
Fabrication of the PC paraboloid nanostructures

PC solution (6%, w/v) in dichloromethane (DCM) solvent, was
carefully drop casted on the silicon mold. An overnight waiting
period allowed complete solvent evaporation and polymer
diffusion into the pores at ambient conditions. The dried
polymer was then peeled easily from the surface by hand. Bare
lms were produced using the same drop casting conditions as
in the nanostructured lms to prevent potential experimental
errors in the optical measurements.
Fig. 1 Schematic representation of the silicon mold fabrication. (a) AAO
membrane–silicon wafer [100] assembly is shown after the branched side of
membrane is removed. (b) Tapered pores are formed in the silicon using an Ar/Cl2
plasma etch in three steps. (c) The AAO membrane is removed from the silicon
surface using phosphoric acid wet etching and then the mold pore is function-
alized with fluorinated ligands. Cross section views of the etched silicon mold are
also shown. Top view SEM images of (d) the AAO membrane and (e) the silicon
mold after removing AAOmembrane are given (the inset shows a cross section of
the silicon pores, the sample was prepared using FIB). The SEM images show that
the hexagonally packed uniform pores of the AAO membranes were successfully
transferred to the silicon surface. In addition, the pore shape was obtained as
paraboloid, which entails the best antireflective property for the PC
nanostructures.
Surface characterization

Tapered nanostructures of the porous silicon mold were
analyzed by a focused ion beam (FIB) (Nova 600i Nanolab)
system and scanning electron microscopy (SEM) (Quanta 200
FEG). Using FIB, a cross section of the pore was cut by depos-
iting platinum and then imaged by SEM. Fabricated PC para-
boloid nanostructures were coated with Au/Pd using a precision
etching coating system (PECS, Gatan 682) prior to SEM char-
acterization to prevent charging, and then imaged with a tilting
angle of 30�. The hydrophobicity of the PC lms was charac-
terized using a contact angle measurement system (Data-
physics, OCA 30). In addition, the uorination of the silicon
molds was controlled by checking their water contact angles
(Fig. S4c and d†).
Optical measurements

The transmission and reection of the bare and nanostructured
lms were determined by a spectrophotometer (Cary 5000 UV-
Vis-NIR Spectrophotometer). Specular reection was measured
using an external DRA attachment for a wavelength range of 400
nm to 800 nm with a 1 nm interval.
SERS measurements

SERS and Raman spectra of the fabricated lms were collected
by a Raman module (WITEC Alpha 300S). Prior to the
measurements, 150 nm nanostructured PC lm and reference
PC bare lm were coated with 40 nm silver using a thermal
evaporator. 5 ml of 10�7 M and 2 mM rhodamine 6G (R6G)
solutions in ethanol were dropped on the nanostructured and
bare lm, respectively. SERS and Raman spectra were acquired
by a 532 nm laser source at 50 mW power with 2 mm spot size.
Results and discussion
Fabrication of the silicon mold and biomimetic
nanostructures

Biomimetic sub-wavelength paraboloid nanostructures on the
polymer surfaces were produced via drop casting of the polymer
solutions onto precise silicon molds which were produced
according to the schematic given in Fig. 1a–c. AAO membranes
with 50–60 nm pore sizes were used as ICP etch masks. AAO
membranes offer a high-density ordered nanoporous
7844 | J. Mater. Chem. C, 2013, 1, 7842–7848
architecture with hexagonal symmetry. In the rst step, the
mask was placed on silicon wafer [100] and the branched side of
the membrane was pre-etched by Ar plasma (Fig. 1d). Tapered
structures of the nanopores were formed using Ar/Cl2 plasma in
ICP system in three steps in series for decreasing pressures. The
detailed pressure and duration parameters of the plasma steps
are given in Table S1.† Aer the plasma etching process, the
AAO membrane was removed using a phosphoric acid wet etch
and the silicon surface was cleaned with hydrouoric acid (HF).
Finally, the mold was coated with 1% (v/v) 1H,1H,2H,2H-per-
uorodecyl-trichloro silane (FDTS) in n-heptane solution in
order to prevent polymer adherence into the pores.

A top view SEM image of the silicon mold aer removing the
AAO mask is given in Fig. 1e. The formation of the tapered
structures within the nanopores was proven by using the FIB
technique and a cross section image of the pore was also
introduced at the inset of Fig. 1e. As observed in the SEM
images, silicon pores have a paraboloid shape and the aperture
of the pores begins at 50–60 nm, which is consistent with the
mask pores.

At the last step of our production method, drop casting was
used at ambient conditions. On the contrary to other produc-
tion techniques, drop casting doesn't require any complicated
devices, or equipment. The PC solution (6%, w/v) was simply
drop casted on the silicon mold, we waited for the solvent to
evaporate, and then the formed lm was peeled from the
surface (Fig. 2a–c, ESI video†). Nanostructures at different
heights were fabricated using appropriate molds. The area of
the nanostructured surface directly depends on the large-area
AAO membrane which was used as the ICP etch mask.45 Molds
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 Fabrication steps of the tapered polymer nanostructures. (a) PC solution is
drop casted on the silicon mold, (b) the polymer film is then peeled from the
silicon surface. (c) Nanostructured polymer film is obtained as a free-standing
substrate. Drop casting is applied at ambient conditions which does not require a
complex environment and allows the large-area production of nanostructured
films.

Fig. 3 Optical analysis of the tapered nanostructures. (a) Simulated reflection
spectra for different shapes (cone, cylindrical rod, convex paraboloid, and concave
paraboloid) for the 400–800 nm wavelength region. Structure period and height
are kept constant and different shapes are compared with the bare film to find
out the lowest average reflection. (b) The two-dimensional transmission map of
tapered PC film (for 95 nm period) as a function of nanostructure height and
wavelength of the incoming light. The vertical dashed lines correspond to the
optimum heights of the nanostructures. (c) The calculated transmission values of
single and double-side nanostructured PC films are given as a function of nano-
structure height.
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were used for several times aer washing the remaining
polymer. We imaged the PC nanostructures aer using the
mold ten times, and proved no deformations formed at the
mold pores (Fig. S1†). This introduces a facile method of
producing paraboloid PC nanostructures that offers a simple,
low-cost, large-area, and reproducible fabrication of biomimetic
surfaces.
PC nanostructures as antireective and hydrophobic surfaces

To investigate the optimized fabrication parameters (i.e. shape
and size) of the nanostructured PC antireective surfaces, FDTD
simulations were performed. Initially, simulations were derived
to determine the best 3D shape for a xed height (200 nm) and
period (95 nm). Fig. 3a shows the simulation results of reec-
tion by comparing a bare PC lm with different surface archi-
tectures: cone, paraboloid (convex), cylinder, and paraboloid
(concave). The average reection observed for the bare polymer
surface (no nanostructure) was about 5.5%. All the proposed
nanostructures reduce the reection compared to bare lm.
Paraboloids with a 95 nm period exhibit the lowest average
reection for PC material. Therefore, we chose and imple-
mented paraboloids for antireective surface design. In addi-
tion to the shape of the nanostructure, minimization of the
reection depends on the height and lattice constant. In our
case, the lattice constant (�95 nm, which is appropriate for the
wide range of spectrum) of the nanostructure array was dictated
by the AAO membrane. To optimize the paraboloid (concave)
height for the nest antireection performance in the visible
region, FDTD calculations were derived (Fig. 3b). The trans-
mission increases starting from 150 nm up to 300 nm
This journal is ª The Royal Society of Chemistry 2013
paraboloid heights. Maximum transmission points were pre-
dicted for three paraboloid heights; 150 nm, 200 nm, and 300
nm (Fig. 3c). We described the single-side fabrication of nano-
structures, however the double-side nanostructured case, which
could be important in unique applications, such as lens
surfaces, can be obtained by further optimization of our tech-
nique. Therefore, we also provide simulation results for the
double-side nanostructured case in Fig. 3c.

Based on the theoretical calculations, all experimental
conditions were optimized to produce paraboloidal (concave)
shaped polymer nanostructures. It is possible to tailor the
heights of the structures by altering the etching duration during
silicon mold production. Fig. 4a, c, and e present the SEM
images of the fabricated PC paraboloid (concave) nano-
structures which have average heights of about 150, 200, and
300 nm respectively, which correspond to the minimum
reection parameters conrmed by calculations (high resolu-
tion SEM images are also shown in Fig. 4b, d and f). The anti-
reection performance of the single-side nanostructured
surfaces was compared with the bare lm, as shown in Fig. 5a
and b. We observed up to 4% difference for both the reection
and transmission values between the paraboloid structured
lms and bare lms. Interestingly, the specular reection
and transmission of the surfaces with 150 nm and 300 nm
structure heights are better than that with a height of 200 nm.
This difference depends on the average homogeneity (unifor-
mity) of the structures on the lm. It also may arise due to the
J. Mater. Chem. C, 2013, 1, 7842–7848 | 7845
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Fig. 4 SEM micrographs of the PC paraboloids for (a and b) 150 nm, (c and d)
200 nm, and (e and f) 300 nm heights. Images on the right column show high
magnification images of the same nanostructures as in the left column. Imaging
was performed at a 30� tilting angle to identify the tapered form of the nano-
structures. The 150 nm nanostructured films appeared to be more uniform than
the 200 nm and 300 nm nanostructured films. While extending the polymer
nanostructures, bending may occur on the structures due to their soft nature.

Fig. 5 Optical characterization of the nanostructured film. Measured (a) spec-
ular reflection and (b) transmission spectra for the 150 nm, 200 nm, 300 nm
nanostructured films and bare film are given over a wavelength range of 350 nm
to 800 nm. The 150 nm nanostructured film demonstrates the lowest reflection
compared to the 200 nm and 300 nm nanostructured films. The optical trans-
mission could reach 92% for the paraboloids with 150 nm height.
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defects on the silicon surfaces which originate from the AAO
mask. In addition, the measured and calculated transmission
properties of the lms are compared in Fig. S3,† consequently
the FDTD simulations were conrmed by experimental nd-
ings. The designed nanostructures also display substantial
increases in the transmission within the NIR region, which is
critical for several applications, such as optical telecommuni-
cation in free space, and thermal imaging for security purposes
(Fig. S2†).

Self-cleaning hydrophobic interfaces with high water contact
angles, observed in various plants, insects, and animals, are
among the most spectacular examples of natural functional
surfaces.46–48 The main reason of the improved hydrophobicity
is the micro/nano-structure and the surface and low surface
energy. The same phenomenon can be observed with the
nanostructured PC lms. In our studies bare PC lms demon-
strated a 120� water contact angle, whereas the nanostructured
PC lm exhibit increased hydrophobicity with a 145.4� water
contact angle (CA) (Fig. S4a and b†). We observed that, besides
the antireection property, the nanostructured polymer lms
also display hydrophobic behavior, which could be important in
self-cleaning surface applications and more reliable optical
performances.
7846 | J. Mater. Chem. C, 2013, 1, 7842–7848
PC nanostructures as a surface-enhanced Raman scattering
(SERS) sensing substrate

There has been a huge effort in the enhancing of Raman signals
for very small amounts of biological and chemical
compounds.49,50 The detection of the analytes strongly depends
on the interaction between the molecule and the Raman active
area of the surface. However, it is still a big challenge to produce
large area, sensitive, and reproducible SERS substrates. The
order of enhancement factors varies between 105 and 108 for the
reported SERS substrates, such as honeycomb structures,
nanopillars, or nanotubes for average SERS experiments.51–53

Ordered hexagonal close-packed 3D nanoparaboloid
surfaces are promising as large area, high resolution, and
reproducible SERS substrates. A 150 nm nanostructured lm as
a SERS substrate and a bare polymer lm as a control sample
were coated with �40 nm silver using thermal evaporation. A
SEM image of the silver coated nanostructures is given in
Fig. 6a. To reveal the Raman enhancement performance of the
prepared paraboloid PC substrate, R6G was used. Raman
signals are detected very sharply from the nanostructured
surface, while the signals are hardly observed on the bare
substrate (Fig. 6b). The main Raman active modes of the R6G
were obtained.54,55 The average enhancement factor was deter-
mined to be about 4.9 � 106 for the Raman peak at 613 cm�1

(experimental and calculation details are given in the ESI†).
This journal is ª The Royal Society of Chemistry 2013
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Fig. 6 Large-area nanostructured surfaces as a SERS substrate. (a) SEM image of
the 40 nm silver coated nanostructured PC film. Inset shows a high magnification
image of the same coated surface. 40 nm silver does not fill the lattice space
between the nanostructures and the tapered form of the paraboloids are
preserved. (b) SERS spectrum of the 10�7 M R6G generated by a silver coated 150
nm nanostructured film and the not enhanced Raman spectrum of the 2 mM R6G
by the silver coated bare film are given. The Raman active modes of the R6G are
significantly enhanced and highlighted by dashed lines, while the signals are
barely detected on the bare film. In addition, the enhancement factor was
calculated as 4.9 � 106 with respect to the peak at 613 cm�1.
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Conclusions and future directions

A facile, large-area and cost-effective method to produce nano-
structured polymer surfaces was reported. The performance of
the nanostructured polymer lms was investigated on different
surface applications. The fabricated nanoscale paraboloid
structured polymer surfaces showed antireectivity and nearly
superhydrophobic properties. Aer coating with silver, the PC
lms also function as a sensitive SERS substrate. The experi-
mental parameters were optimized in accordance with the
FDTD simulations. Initially, the optimization of the nano-
structure geometry was conducted via these simulations to yield
the highest transmission. The optimum shape for improving
the transmission of polymer lms was determined to be para-
boloid (concave) nanostructures. The nanostructure heights
that provide the highest transmission were predicted as 150,
This journal is ª The Royal Society of Chemistry 2013
200, and 300 nm. Tapered features were formed on the silicon
mold using an ICP etch process for desired pore sizes. The AAO
membrane was used as an ICP etch mask, which provided a
high density of hexagonally packed nanopores. The produced
molds are suitable to use for multiple times (at least ten times).
Polymer lms were structured using these molds by drop
casting. The fabricated paraboloid structures showed enhanced
antireective properties compared to bare polymer surfaces.
The single-side nanostructured lms showed up to 4% higher
transmission than the bare lms and the measured values are
notably in agreement with the calculated ones. In addition, we
observed that nanostructured PC lms are highly hydrophobic
with a water contact angle of 145.4�. Hexagonally packed para-
boloid nanostructures also provided a large Raman active area
that rendered them useful as SERS substrates with an average
enhancement factor of 4.9 � 106. The demonstrated fabrication
method of nanostructured polymer lms may be used in
sensing, optic and optoelectronic applications.
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