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Introduction

Superhydrophobic surfaces with an advancing water con-
tact angle (CA) larger than 150° and a water sliding angle
(SA) less than 10° are found on lotus leaves and butterfly
wings. These surfaces are interesting because of their vari-
ous applications for water-repellence and anti-sticking prop-
erties."” The lotus leaf is especially well known for its self-
cleaning ability. Rolling water droplets wash off contami-
nants and dust due to low surface adhesion. According to
previous studies,'” the surface dewetting is governed by the
surface energy of coating material and roughness of the sur-
face. Poly(dimethylsiloxane) (PDMS) and flucrocarbon based
materials have been used to artificially modify a surface due
to their low surface free energies.”® Nanotubes, nanofibers,
nanorods, and porous structures”" have been introduced to
create complex nano structures.

Theoretically, two distinct models (Wenzel and Cassie
models'>"’) were proposed to explain the effect of rough-
ness on a hydrophobic surface. Because roughness impacts
contact angles, they introduced the surface roughness factor
(), which is defined as the ratio between the actual and pro-
Jected surface areas. Wenzel derived a theoretical relationship
from the Young equation, which correlates the ‘apparent’ or
measured contact angle on a rough surface with a flat sub-
strate (Young’s model). His equation shows that an increased »
can enhance surface wettability, allowing water to penerate
the surface. Cassie and Baxter, on the other hand, propose
that an r above a critical level leads to a great decrease in
CA hysteresis, therefore increasing the receding angle. In
the Cassie model, water droplets partially sit on surface air
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pockets and can easily roll off.

In the previous study, we showed a simple method to
imitate the hierarchical lotus leaf structure using sol-gel
technology. Briefly, we used a micro lens array (MLA)
pattern to create ordered, micron-sized, large hills and
porous silica aerogel to create disordered nano structure,
and then chemically modified the surface with a PDMS
coating solution."

Nano-imprint lithography (NIL) is a promising technique
to fabricate patterned structures with high precision and
throughput in the micro/nanometer scale region. Addition-
ally, NIL is inexpensive and does not require a complicated
apparatus.’*!® In conventional NIL technology, hard molds,
such as silicon, dielectric material (e.g., silicon dioxide or
silicon nitride), and metal material (e.g., nickel) were used.'’
Recently, flexible mold technology was introduced, replac-
ing hard molds, making it easier to release the mold from
the polymer surface, providing better conformal contact
with the substrate to be patterned, and reducing the pressure
needed during imprinting."** In a previous study, Kim ez al.
introduced a simple NIL method to create a superhydropho-
bic surface with a flexible mold made from anodic alumin-
ium oxides (AAQs).?' Furthermore, Lee ef al. produced
well-defined, large, nanostructured polymeric and metallic
surfaces with nanoembossing or nanofibers and controlled
aspect ratios by employing AAOs or textured Al surfaces as
a replication master.”

In this study, we present a superhydrophobic flexible
film preparation with ultraviolet (UV) NIL technology
using a flexible master substrate with ordered micron-
sized patterns and disordered nano structure. The advan-
tage of this study is that it removes the surface treatment
step that is required in conventional imprinting. The sur-
face treatment allows for easy demolding due to the low
surface energy of the superhydrophobic and modified-
PDMS coating surface.

Experimental

Material. A large MLA sheet (120 cm x 120 cm) for the
display device was kindly donated by LG Micron. The MLA
sheet was prepared by micro-replication. Silicon coating
solution (1-2577) was purchased from Dow Corning and
used without further purification. The orginal coating solu-
tion consists of 60% dimethyl methylphenylmethoxy silo-
xane, 30% toluene, and 10% methyltrimethoxysilane. Aerosol
silica particles (Micloid, ML381) were purchase from
Dongyang Chemical, Co. The advertised average particle
size is about 1~5 pm and the particle porosity was ~1.5 mL/g,
as determined by the BET method. Norland Optical adhe-
sives (NOA 63), a mercapto ester-type UV curable prepoly-
mer was purchased form Norland Company.



Y.-W. Choi et al.

Coating. 30 g toluene was added to 70 g of original sili-
con solution to adjust visosity of coating solution. 1 g silica
powder was then poured into 9 g diluted coating solution.
The final silica concentration was 10% by wt. The mixed
solution was stirred for 24 h.

Imprinting. A flexible polymer mold was fabricated on a
PET substrate as shown in Scheme 1. The mold dispensed
with NOA 63 was pressed with PET and the assembly was
polymerized under UV lamps for 10 min. After peeling off,
the mold was post-cured for 30 min.

Characterization. All images were obtained using a filed
emission scanning microscope (FE-SEM) (Nova nanolab,
FEI), operated at 10 kV. We used the SEO contact angle
analyzer (Surface Electro Optics, Phoenix) to measure the
static and dynamic contact angles. Static contact angles
were measured by the sessile drop method and reported val-
ues are the average of five measurements. The sliding angle
measurement was performed with a lab-made sliding angle
measuring system. All angles were measured at ambient
temperature.

Results and Discussion

A polymer mold material for imprinting technology should
have a high modulus to withstand deformation during imprint-
ing. A commercial UV-curable polymer (Norland Optical
Adhesive (NOA) 63, Norland Products Inc.) is suitable for
nanometer-scale contact printing and imprint lithography
because NOA 63 has a modulus of 1,655 MPa. Furthermore,
the fabricated mold is highly flexible owing to the poly(eth-
ylene terephthalate) (PET) backplane that supports the NOA
63 nano-features. Hammond et al, showed that NOA 63 can
replicate 80 nm features by contact printing.'*? Therefore,
we used NOA 63 for the hard replication film and a hard
template as a son mold.

Scheme I shows the fabrication procedure for a negatively
replicated polymer film with a flexible master template that
has a hierarchically distributed micro/nano pattern structure.
As mentioned in a previous study, the mother mold was
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Scheme 1. Schematic illustration of the preparation of honey-
comb-like superhydrophobic film using a flexible ptimary mold.
The supported substrate is PET film at each step.
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Figure 1. SEM images of MLA patterns coated with porous silica
particles: (a) large area figure; (b) top view of close figure with
single lens; (c) deformed large area figure after imprinting; (d)
top view of close figure of deformed single lens. Inset of Figure
1{b) well shows nano-protrusion of coated large hill.

generated by bar coating with a mixed solution consisting of
porous silica particles and a PDMS modified solution with
50 micrometer MLA pattern substrates.

The scanning electron microscope (SEM) images in Fig-
ures 1(a) and 1(b) show well-generated hierarchical micro/
nano surface structure. The static water CA of the pre-
pared primary mold was about 155 + 2° and the sliding
angle (SA) was about 4 + 1°, with no pinned-on points in
the large area.

Typically, the nano-imprint lithography mold has a large
number of nano-meter scale extrusion/intrusion features on
its surface. These intrusions significantly increase the total
surface area contacting the imprinted polymer, leading to
strong adhesion between the imprinted polymer and mold.
The most common method is to form a self-assembled
mono-layer of fluorosilane release agent on the mold surface
from solution or vapour phase, or to apply a low surface
energy coating to the mold.”* There is no anti-adhesion sur-
face treatment step of our flexible master template because
the low-surface energies of both the PDMS coat and super-
hydrephobic surface act as an anti-adhesion layer.

The UV curable resin (NOA 63) with a PET flexible film
was printed on the hierarchical structure mold. The cylindri-
cal roller was then used to uniformly coat the mold with
substrate and prevent the formation of unpatterned regions
due to trapped air. After curing with UV light for 10 min,
the NOA 63 replica film was easily peeled off the mold.
The negative film was post-cured for 30 min with UV light.
The primary superhydrophobic mold was reused several
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times. One disadvantage of reusing the mold is deformation
of nano extrusion structure on the primary template. The
master was deformed after 5-10 uses due to a relative low
general PDMS film modulus (2.4-4.5 MPa). The SEM images
in Figures 1(a) and 1(c) show the surface before and after
imprinting. As shown in Figure 1(c), the coating surface gets
stripped off. A nano-protrusion feature (the top of a large hill)
was severely collapsed after 5-10 repetitions. As a result of
decreased surface roughness, the water CA decreased from
155+£2°t0 130 £ 5°.

Figure 2 shows an SEM image of a flexible negative film
replicated from a positive superhydrophobic master. Figure
2(a) shows a 45° tilted large arca SEM clearly showing the
inverse features of the original template. The top-view of the
negative film exhibits a honeycomb-like texture with sharp
edges and surface pores. The inverse pattern has an ordered
micro porous pattern and a randomly distributed sink nano
structure. Figure 2(c) shows a fine nano-intrusion feature
that is mimicked by extrusion of a primary mold. The
another evidence of transferability from mother to son mold
of unregular pattern is the quantitative analysis on the basis
of the AFM images although it is hard to compare good
transferability with roughness factor. The root-mean-square
roughness (R,) is 900 + 14 nm with projected patterns and
the R, is 1,000 + 30 nm with collapsed structures. These
figures demonstrate the ability of NOA 63 to transfer nano
pattern structures with a high accuracy.

Our honeycomb-like feature showed very similar mor-
phology to the superhydrophobic surface made by the Rub-
ner group.” His group created a honeycomb-like structure

Figure 2. SEM images of replicated negative patterns imprinted
with NOA 63: (a) tilted large area figure; (b) top view of close
figure with single lens; (c) magnified nano-sink feature of nega-
tive film; (d) the water contact angle of imprinted pattern.
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using a polyelectrolyte multilayer surface overcoated with
silica nanoparticles. Therefore, the static CA and sliding
angle were measured with this pattern to investigate the
hydrophobicity of the inverse mold. Although we know the
importance of reporting the advancing and receding CAs,*
measuring both CA angles due to water-repellence of the
surface was very difficult. Because of these experimental
problems, we report the sliding angles, which are related to
the contact angle hysteresis.”” Figure 2(d) shows the static
CA on the replicated surface. The static CA measured by
the sessile drop method was 152 & 2° and the sliding angle
measured with a home-made tilting device was 6 +2°,

In general, self-cleaning and dust-free surfaces are very
useful on glass for display and optical applications. The
micro porous superhydrophobic morphology was imprinted
on glass to show that imprinting can provide unusual
wetting to any surface, provided the surface can adhere to
NOA 63.

To show the self-cleaning effect of the imprinted pattern
on glass, we sprayed black carbon powders on the surface.
Figure 3 clearly shows that the superhydrophobic surface
self-cleans. When several water droplets were washed across
the surface, the contaminant was easily removed by rolling
water drops due 1o stronger adhesion to the water drop than
the surface. The arrow in Figure 3 shows the direction of a
water drop from (D), which is a mopped surface to ((2)),
which is polluted surface.

In summary, we introduced a simple preparation of a neg-
ative replication film with room-temperature UV-NIL tech-
nique using a flexible superhydrophobic coating mold without
additional anti-adhesion treatment. The honeycomb-like struc-
ture, that is an inverse imitation of the master, showed good
superhydrophobic properties. The sol-gel coating on a pat-
terned structure can enable manufacturing of a large area
template and this imprinting technique can allow for mass
production.

Figure 3. Demonstration of self-cleaning effect by rolling a water
drop to remove the carbon black powder. An arrow shows the
trace of a rolling water droplet.
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