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Inspired by the water-repellent behavior of the micro-
and nanostructured plant surfaces,1,2 superhydrophobic
materials, with a water contact larger than 150°, have
received a lot of research attention recently.3-17 It has
been suggested that contamination, oxidation, and
current conduction can be inhibited on such superhy-
drophobic surfaces,18 and the flow resistance in the
microfluidic channels can also be reduced using super
water-repellent materials.19 However, to fully utilize the

water-repellent properties of the nanostructured sur-
faces, it is necessary to investigate the relationship
between the nanostructure and the water repellent
behavior on surfaces and to fabricate the nanostructured
surfaces with desired surface hydrophobicity. In this
letter, we describe a simple fabrication method for
creating well-ordered nanostructured surfaces whose
surface hydrophobicity can be modeled and tuned.

To fabricate superhydrophobic surfaces, a typical
procedure is to create a rough surface covered with low
surface energy molecules, such as fluoroalkylsilanes,3
or to roughen the surface of hydrophobic materials.
Several superhydrophobic surfaces have been prepared
by these approaches including fluoroalkylsilane-modi-
fied inverse opal surfaces,4 plasma polymerization,5
anodic oxidation of aluminum,6 gel-like roughened
polypropylene,7 plasma fluorination of polybutadiene,8
oxygen plasma-treated polytetrefluoroethylene,9,10 densely
packed aligned carbon nanotubes,11 aligned polyacrylo-
nitile nanofibers,12 and solidification of alkylketene
dimmer.13 A common observation in these experiments
is that the water contact angle increases as the surface
roughness increases. However, in other experiments14,15

it has been demonstrated that smooth well-ordered
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microstructured surfaces could also produce super-
hydrophobic surfaces as long as the ratio of the liquid-
solid contact area to the overall projected area remains
small. It has also been pointed out16,17 that the three-
phase contact line plays a very important role in the
contact angle hysteresis, which determines the sliding
behavior of water droplets on surfaces. To clarify what
governs the superhydrophobic behavior, we have uti-
lized nanosphere lithography and oxygen plasma to
create well-ordered nanostructured surfaces with tun-
able liquid-solid contact area fractions.

Nanosphere lithography20-22 is a well-established
technique for patterning large-area periodic nanosphere
arrays. By spin-coating the monodisperse polystyrene
beads solution on substrate surfaces, self-organized
close-packed nanostructures can be easily achieved. In
previous experiments,21-25 it has been shown that both
single- and double-layer close-packed polystyrene arrays
over a few square centimeter area can be obtained by
adjusting the speed of the spin-coater and the concen-
tration of the surfactants in the polystyrene solution.
After close-packed nanostructures are formed, the liquid-
solid fraction of these nanostructured surfaces has been
varied by oxygen plasma etching (Oxford Plasmalab 80

Plus, 130 W, 20 sccm O2), which reduced the diameter
of the polystyrene beads while keeping their separation
distance constant. To create water-repellent surfaces,
the size-reduced polystyrene arrays were then coated
with a 20-nm-thick gold film and modified with octa-
decanethiol (ODT, Aldrich). Figure 1 shows the scanning
electron microscope (SEM) images of these size-reduced
polystyrene arrays. In this experiment, 440-nm-diam-
eter polystyrene beads (Bangs Laboratories) were used
to form single-layer arrays. As seen from Figure 1, the
diameter of polystyrene has been systematically reduced
to 190 nm by oxygen plasma treatment. As the result
of reducing the solid-liquid contact area fraction, the
apparent water contact angle of the modified polysty-
rene surfaces changed from 132° of 440-nm-diameter
polystyrene arrays (not shown in figure) to 168° of 190-
nm-diameter size-reduced polystyrene arrays (shown in
Figure 1d). The water contact angles measured on the
nanostructured surfaces were much larger than that of
an ODT-modified gold surface on a flat substrate (114°).
These results clearly indicate that it is the surface
nanostructure not the low surface energy molecules that
governs the superhydrophobic behavior of surfaces.

To learn more about superhydrophobic behavior of the
nanostructured surfaces prepared by nanosphere lithog-
raphy, it is necessary to model the apparent contact
angle as a function of the diameter of the size-reduced
polystyrene arrays. In general, there are two well-
established models to describe the water dewetting
behavior on a rough surface, which can be attributed
to Wenzel26 and Cassie and Baxter.27 In Wenzel’s
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Figure 1. SEM images (60°) of the size-reduced polystyrene beads and the water contact angle measurement on the corresponding
modified surfaces (insets). The diameters of polystyrene beads and water contact angles on these surfaces were measured to be
(a) 400 nm, 135°, (b) 360 nm, 144°, (c) 330 nm, 152°, and (d) 190 nm, 168°. Bar: 1 µm.
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formulation, it is assumed that the liquid fills up the
rough surface, therefore forming a wetted contact, and
the apparent water contact angle (θ*) can be written
as cos θ* ) γ cos θ, where γ is the roughness factor
which is the ratio of total surface area to the projected
area on the horizontal plane and θ is the intrinsic
contact angle measured on the flat surface. In Cassie’s
approach, it is assumed that the liquid forms a line of
contact on the rough surface with air trapped below the
contact line and the apparent contact angle can be
formulated as cos θ* ) φs (cos θ + 1) - 1, where φs is
the area fraction of the liquid-solid contact to the
projected surface area. For our system, Wenzel’s for-
mulation predicts that the apparent water contact angle
on hydrophobic surfaces will decrease as the size of
polystyrene beads reduces due to the reduction of the
total surface area (dashed line in Figure 2). This is in
contradictory to our measurement, which shows an
opposite trend (solid circles). To model our system with
Cassie’s formulation, it is necessary to know the area
fraction above the liquid-solid contact line. Because we
always have a hydrophobic surface, we assume that the
water contact line lies on the upper part of the nano-
sphere. Therefore, we adopted the modified Cassie’s
formula for the hemispherical case in reference 14
where the apparent water contact can be written as cos
θ* ) φB (cos θ + 1)2 - 1; φB is ratio of the cross-section
area of polystyrene beads to the projected solid surface.
The solid line in Figure 2 shows the calculated contact
angles using the modified Cassie’s formula (solid line).
It is very fascinating to see that such simple assumption
predicts pretty well the water dewetting behavior on the
nanostructured surfaces without any adjustable param-
eter.

To further explore the relationship between the size
of nanostructures and the superhydrophobic behavior,
we have measured the apparent water contact angle of
several close-packed polystyrene arrays formed by nine
different sizes of monodisperse polystyrene beads with
diameter ranging from 270 to 690 nm. Within our
experimental error, all the measured apparent water
contact angles showed the same value (131° ( 2°). From

the Wenzel’s formulation, the water contact angle on
these surfaces should be around 141°, assuming that
they all have the same roughness factor (γ), which
equals 1.9 based on the close-packed sphere geometry.28

However, the apparent water contact angle calculated
from the Cassie’s model is around 133°, which agrees
with our observation. This result again confirms that
the Cassie’s formulation provides a better description
for the water dewetting behavior on such nanostruc-
tured surfaces.

Despite the successfulness of the Cassie’s model in
describing the superhydrophobic behavior of the nano-
structured surfaces, there are still some discrepancies
between the experimental observation and the Cassie’s
model. First, it is assumed that the liquid-solid contact
line lies on the topmost layer of surface nanostructures.
Therefore, the water contact angle should not be affected
by the number of layers of polystyrene beads under-
neath the surface layer. However, the water contact
angle measurement on the gold/ODT-modified double-
layer polystyrene arrays always possesses a larger value
than those measured on the single-layer polystyrene
arrays under the same oxygen etching condition. Indeed,
the largest water contact angle measured in our experi-
ment was a surface coated with double-layer polystyrene
arrays prepared by 120 s of oxygen plasma treatment
(shown in Figure 3). The difference in water contact
angle between single- and double-layer arrays may be
explained by the defects formed during the nanosphere
lithography process. Even though the whole substrate
surfaces were covered with the close-packed polystyrene
beads, there were defects between domains of well-
ordered polystyrene arrays, which were estimated to be
less than 10% of the overall surface area. Since the
water contact angle is a macroscopic property, we
measured the averaged behavior of the nanostructured
surfaces and the defects (which are mainly consisted of
flat area) for single-layer polystyrene arrays. However,
for double-layer polystyrene arrays, the surface was
always covered with nanostructures even at defects (as
judged by the SEM images). Therefore, higher contact
angles were observed on double-layer polystyrene ar-
rays. Other important features that are not included in
the modified Cassie’s model are the surface fine struc-
tures caused by inhomogeneous oxygen etching and the
imperfect spherical shape of the etched polystyrene
beads. However, the agreement between experimental
values and the modified Cassie’s model seems to suggest
these features are not so important in the dewetting
behavior of surfaces.

It has been suggested15-17 that the water contact
angle hysteresis plays an important role for the sliding
behavior of water droplets. To measure the dynamic
contact angle, the sessile drop technique was utilized
in an experimental setup similar to a previous measure-
ment.28 The advancing and receding angles were ob-
tained by increasing or decreasing the drop volume until
the three-phase boundary moved over the surfaces. Both
advancing and receding water contact angles are listed
in Table 1 as a function of oxygen treatment time and
diameter of the size-reduced polystyrene beads. The
measured water contact angle hysteresis is relatively

(28) Nakae, H.; Inui, R.; Hirata, Y.; Saito, H. Acta Mater. 1998,
46, 2313.

Figure 2. Measurement of the apparent water contact angle
on various size-reduced polystyrene surfaces. The solid line is
calculated using the modified Cassie’s formulation. The dashed
line is calculated by Wenzel’s model. The star is the water
contact angle of double-layer polystyrene arrays that under-
went 120 s of oxygen plasma treatment.
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large. A similar hysteresis was observed by another
group17 using micrometer-size square post array. The
reason for such large hysteresis can be attributed to the
well-ordered nature of our system. It has been suggested
the three-phase contact line for such a well-ordered two-
dimensional system is more stable than the randomly
rough surfaces, which are tortuous in three-dimension.
Indeed, we observed that the water droplets remained

pinned but rotated continuously on these surfaces when
the surfaces were slightly tilted.

In summary, we have fabricated well-ordered, tunable
superhydrophobic surface whose water contact angle
can be tuned from 132° to 170° (on a double-layer
sample) using a combination of nanosphere lithography
and oxygen plasma treatment. The water contact angle
on these surfaces can be modeled by the modified
Cassie’s formulation without any adjustable parameter.
The dynamic water contact angle measurement indi-
cates that well-ordered two-dimensional nanostructured
systems have relatively large water contact angle
hysteresis.
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Figure 3. SEM image of a 440-nm-diameter double-layer polystyrene surface after 120 s of oxygen plasma treatment. Bar: 1
µm. (Left inset) The side-view illustration of the shape modification for double-layer arrays before and after the oxygen plasma
treatment. (Right inset) The water contact angle on the corresponding modified surface was measured to be 170°.

Table 1. Dynamic Water Contact Angle Data for Oxygen
Plasma-Treated Polystyrene Nanospheres

oxygen treatment
time (s)

measured
diameter (nm) θA (deg) θR (deg)

0 440 130 110
15 412 141 126
40 378 153 128
80 279 158 134

100 213 161 130
120 193 167 137
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