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ABSTRACT
A novel way of producing superhydrophobic surfaces by applying a self-assembled monolayer (SAM) to

silicon micro/nano-textured surfaces is presented in this paper. The micro/nano-textured surfaces on silicon
substrates were generated by the aluminum-induced crystallization (AIC) of amorphous silicon (a-Si)
technique. Octadecyltrichlorosilane (OTS) SAMs were then applied to the textured surfaces by dip coating.
The topography and wetting properties of the resulting surfaces were characterized using scanning electron
microscopy (SEM) and a video-based contact angle measurement system. The results show that by introducing
OTS SAMs on the silicon micro/nano-textured surfaces, superhydrophobic surfaces with water contact angles
(WCAs) of 155° were obtained, as compared to the WCAs of OTS-modified smooth silicon surfaces of about
112°. Surface topography was found to directly influence the WCA as predicted by the Cassie-Baxter model.
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Introduction

Superhydrophobic surfaces have attracted great
attention in the past decade due to their important
applications in surface self-cleaning, stiction
prevention, and drag reduction [1-3]. The most
well-known superhydrophobic surfaces are lotus
leaves [4]. The surfaces of lotus leaves consist of
micro-scale epidermal cells covered by nano-scale
epicuticular wax crystals. The combination of surface
roughness and wax coating renders the lotus leaves
superhydrophobic with a water contact angle (WCA)
of about 160°. Such water-repellent surfaces, along
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with very small sliding angles, enable lotus leaves to
stay clean through self-cleaning (i.e., dust particles
on the leaves can be easily removed by the water
droplets that roll off the leaves).

Lotus leaf-like superhydrophobic surfaces
have also been suggested to improve tribological
performances of various devices such as micro-
electro-mechanical systems (MEMS) [5, 6]. It is well
known that large adhesion and friction forces are
major issues that impede the commercialization
of MEMS devices consisting of moving parts [7,
8]. The current solutions to the tribological issues
with MEMS are either to increase the surface
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roughness through surface texturing or to improve
the surface hydrophobicity through chemically
modifying the silicon MEMS structure surfaces [7,
8]. Chemically modifying a smooth silicon surface
can only lead to a hydrophobic surface with WCA
of up to 120° [9]. However, by combining surface
chemical modification and topography modification,
superhydrophobic surfaces with WCAs above
150° can be achieved [2, 3], which enables further
improvement of the tribological performance of
MEMS devices.

Numerous methods of creating superhydrophobic
surfaces have been reported by combining surface
chemical and topography modifications, which
include using aligned carbon nanotubes [10],
electroless etching [11], electroplating [12], oxygen
plasma etching [6], soft lithography imprinting [13],
deep reactive ion etching [14], and many others.
Each of these methods, however, has advantages and
limitations. For example, some of them are not MEMS
fabrication process compatible. Here we report an
MEMS fabrication process compatible method that
is easily implemented to generate superhydrophobic
surfaces.

The superhydrophobic surfaces were fabricated
by applying an octadecyltrichlorosilane (OTS) self-
assembled monolayer (SAM) on silicon micro/nano-
textured surfaces produced by the aluminum-
induced crystallization (AIC) of amorphous Si (a-5i)
technique. OTS is one of the most extensively studied
SAMs for adhesion and friction reduction in MEMS
[15-17]. AIC of a-Si is an MEMS fabrication process
compatible technique which has been studied
extensively for production of large continuous
polysilicon grains for electronic and photovoltaic
applications [18-23]. For example, Nast et al.
improved our fundamental understanding of the
mechanism of AIC of a-Si by their discovery of the
layer exchange phenomenon ocurring during the AIC
of a-Si processes [18]. Schneider et al. investigated
the influence of annealing temperature profiles on
AIC of a-Si in order to improve the resulting silicon
polycrystalline films [19]. Recently, Zou et al. reported
the successful fabrication of silicon nanowires using
AIC of a-5Si [24]. Although both OTS and AIC of a-Si
have been extensively studied individually, this is the

first study combining OTS modification and AIC of
a-Si to create superhydrophobic micro/nano-textured
surfaces for potential applications in MEMS.

1. Experimental

1.1 Fabrication of micro/nano-textured surfaces

One-side polished p-type silicon wafers (100) were
selected as substrates for producing micro/nano-
textured surfaces using the AIC of a-Si technique. The
silicon wafers were cleaned by acetone, isopropanol
(IPA), and de-ionized (DI) water and then wet
oxidized at 950 °C for 8 h to grow about 2 um
thick silicon oxide films. The purpose of growing
thick silicon oxide films prior to depositing a-Si is
to prevent the crystalline structure of the substrates
from affecting the AIC of a-Si process.

Amorphous silicon films of thickness ranging
from 100 nm to 400 nm were then deposited on
some of the wafers using plasma-enhanced chemical
vapor deposition (PECVD). The RF power, chamber
pressure, substrate temperature, and SiH, flow rate
were controlled at 20 W, 1 Torr, 250 °C, and 85 sccm,
respectively. After a-Si deposition, the samples were
removed from the PECVD system and exposed to
air for three days to form a thin layer of native oxide
on the top of the a-Si. The native oxide increases
the consistency and repeatability of the AIC of a-Si
results. These samples were then transferred to an
evaporator for thermal deposition of an 800 nm thick
aluminum layer.

The samples were then cut into small pieces of 1 in x
1 in. and annealed in air in a conventional furnace
at about 850 °C for 5 s. After annealing, the excess
Al was removed by wet selective etching, resulting
in textured surfaces with micro/nano-structures. It
should be emphasized that the annealing conditions
were drastically different from those of traditional
AIC of a-Si studies where the annealing temperatures
are normally below 500 °C, and the annealing
durations are in hours [18-23].

1.2 OTS SAM deposition

The textured samples, along with thermal oxide-
coated smooth silicon substrates, were then soaked
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in piranha solution (H,O,:H,SO, = 3:7 by volume)
to remove contaminants on the sample surfaces
and to grow a fresh oxide layer on the substrate
surfaces to facilitate assembly of OTS on the surfaces.
After piranha cleaning, the samples were rinsed
with DI water and toluene and blow-dried with N,
gas. The samples were then dipped into an OTS/
toluene solution to allow the OTS to uniformly self-
assemble on the sample surfaces. Finally, the samples
were rinsed with chloroform (CHCI,;), cleaned
ultrasonically in chloroform, rinsed again with
chloroform, and then dried in air.

1.3 Sample characterizations

Samples were characterized by scanning electron
microscopy (SEM), energy dispersive X-ray
spectroscopy (EDS), X-ray diffraction (XRD), and
transmission electron microscopy (TEM) to obtain
information on topography, elemental composition,
and crystallinity of the textured features formed on
the surfaces.

A video-based contact angle measurement system
was used to measure the WCAs of the samples. The
static WCAs of each sample were measured 5 times
across the sample surface using the sessile drop
method by dispensing 7 uL drops of DI water on the
sample surfaces. Sliding angles were measured by
dropping a water droplet on a sample positioned on a
tilting stage. The tilting angle of the stage was adjusted
by a micrometer with a resolution of 0.03°. All WCA
measurements were taken under ambient laboratory
conditions with temperatures of about 20 °C and
about 45% relative humidity.

2. Results and discussion

2.1 Micro/nano-textured surfaces

The topographies of the samples after the AIC
of a-Si process were characterized by SEM. SEM
micrographs of different magnifications were taken
across each sample to examine the micro-scale
uniformity of the micro/nano-textures. Figures 1(a)
and 1(b) show representative SEM micrographs of a
smooth oxidized silicon sample before the AIC of a-Si
process, and a nano-textured sample after the AIC of

(b)
Figure 1 Representative SEM micrographs of (a) a smooth oxidized
silicon sample before the AIC of a-Si process and (b) a micro/nano-
textured sample after the AIC of a-Si process

a-Si process, respectively. Figure 1(b) shows that after
the AIC of a-Si processes, the sample surface was
textured by irregularly-shaped nano-scale islands
with various sizes. Since the sample was thoroughly
etched to remove Al, these should not be Al islands.
EDS was used to investigate the elemental
composition of the islands. Figure 2 shows a
representative EDS spectrum taken from an island.
The spectrum contains a large amount of Si and O
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Figure 2  EDS spectrum taken from a nano-island. The spectrum

shows a large amount of Si and O
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but no Al, which indicates that these islands are
made of silicon. The O signal probably comes from
the thermal SiO, film underneath the island and from
the native SiO, surrounding the island.

To determine whether the islands on the textured
surface are crystalline silicon, XRD measurements
were performed on both textured samples and a-Si
coated silicon substrates. Although XRD cannot be
performed on each individual island, it gives the
spectrum of a collection of many islands. Figure 3
shows the XRD spectra of two sample surfaces: a
textured sample surface and an a-Si-coated sample
surface. The textured sample surface showed a
strong peak around 28.5° , while the a-Si coated
sample surface did not have any obvious peaks. The
peak around 28.5° indicates that the islands on the
textured surface were crystalline silicon with (111)

orientation.
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Figure 3  XRD spectrum of a textured sample and an a-Si-coated

substrate. The peak around 28.5° indicates that the islands on the
textured surface are crystalline silicon with (111) orientation

Figure 4 is an electron diffraction pattern collected
from an island that was detached from the substrate.
The sample was prepared by scratching the crystallite
from the substrate into an electron diffraction grid.
The image shows both diffraction spots and rings,
which indicates that the sample is a combination of
polycrystalline and amorphous silicon. There are
two possible explanations. One is that residual a-Si
was transferred from the substrate to the TEM grid
during TEM preparation. The other is that the islands
are indeed a mixture of crystalline and amorphous
silicon. This will be investigated in the future.

Figure 4  Electron diffraction pattern taken from a silicon nano-
island showing diffraction spots from crystalline material and rings
from amorphous material. This indicates the nano-island is a
polysilicon nanocrystallite

2.2 Optimization of OTS deposition conditions

Although the application of OTS SAMs on smooth
silicon surfaces has been studied extensively [25,
26], the application of an OTS SAM on micro/nano-
textured silicon surfaces has not been reported
before. Therefore, we performed three experiments
in order to find the most suitable conditions for
applying the OTS SAMs on the textured surfaces,
including finding the appropriate cleaning conditions
for the substrates, deciding the OTS reaction time,
and optimizing the OTS concentration.

Three substrate cleaning conditions were studied
for smooth Si samples: (1) soaking samples in
piranha solution at 90 °C for 30 min; (2) soaking
samples in piranha solution at 20 °C for 1 h; (3)
soaking samples in piranha solution at 20 °C for
2 h. The results showed that samples processed
under the first conditions had the highest average
WCA of 111.2°, but it was only 1.4° higher than that
of samples processed under the second conditions
(109.8°). Since piranha solution is dangerous to
use when heated, the increase in WCA when using
piranha solution at 90 °C cannot be justified on
safety grounds. Samples processed under the second
and third conditions had similar WCAs (109.8° and
110.1°), which are close to the reported WCAs of
smooth Si surface modified with OTS SAMs [25].
Since the second condition took less processing time,
it was chosen as the substrate cleaning condition for
subsequent experiments.
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Two OTS SAM-reaction times were studied on both
smooth and textured silicon samples: (1) 10 min and (2)
1 h. The selection of these two-reaction times is based
on the growth kinetics of OTS SAMs on Si(100)/SiO,
surfaces. It has been reported that the initial adsorption
of an OTS SAM on a silicon substrate is very fast. A full
surface coverage can be reached in approximately 1
min, depending on the OTS concentration [25]. Longer
reaction time only increase the WCA by a few degrees.
We chose 10 min as one reaction time to allow sufficient
time for the maximum WCA to be reached and 1 h as
the other reaction time to see if there is any change on
extending the reaction time further. Six textured and
two control samples were used in this study, four for
each reaction time. The WCAs of the smooth samples
with 10 min and 1 h reaction times were 111° and
114°, respectively. All three textured samples dipped
for 10 min were superhydrophobic, but only one of
the three textured samples dipped for 1 h showed
superhydrophobicity. Therefore, a reaction time of 10
min was chosen for subsequent experiments.

Two OTS/toluene solution mass concentrations
(OTS : toluene) were studied: (1) 0.1% and (2) 1%.
Six textured and two control samples were used in
this study, four for each concentration.
The WCAs of the smooth samples
dipped in 0.1% and 1% solutions were
111.2° and 111.7°, respectively. The
WCAs of the three textured samples
produced with 0.1% concentrations
were 141.5°, 141.7°, and 137.4°, with
an average of 140.2°. The WCAs of
the three textured samples produced
with 1% concentrations were 140.2°,
141.2°, and 141.1°, with an average
of 140.8°. Because the WCAs of the
samples dipped in 1% solution are
more reproducible than those dipped
in 0.1% solution, 1% was chosen as
the OTS concentration for subsequent
experiments.

2.3  Wetting properties of the
textured surfaces

Figure 5
QTS deposition, and SEM micrographs of the smooth Si surface (c) before OTS deposition,
and (d) after OTS deposition

The effects of surface texturing on
the wetting properties were studied

by comparing the WCAs of the textured surfaces
with the WCAs of the smooth Si surfaces before
and after OTS SAM modifications. The optimal
conditions determined above were used when
applying the OTS SAM to the surfaces. Figures 5(a)
and 5(b) show that OTS modification of a smooth
silicon surface increased its WCA from 46° to 112°,
which matches the WCA of a full coverage of OTS
SAM on a smooth Si surface reported in Ref. [25].
Figures 5(c) and 5(d) show no detectable surface
topography changes before and after the OTS self-
assembly on the surface, suggesting uniform OTS
assembly on the surface.

Figures 6 (a) and 6(b) show that the WCA of a
textured silicon sample was 37°, but after coating
with OTS SAM it was increased to 155°, which is in
the superhydrophobic range. The measured sliding
angle of this superhydrophobic sample was smaller
than 1°. The much higher WCA of the OTS SAM
modified textured silicon surface compared with that
of the OTS SAM modified smooth silicon surface
suggests the importance of surface texturing in
improving the surface hydrophobicity. Figures 6(c)
and 6(d) also show no detectable surface topography

46° 112°

@ (b)

C))

WCA pictures of a smooth Si sample (a) before OTS deposition, and (b) after
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37°

(a)

Figure 6 WCA pictures of a textured sample (a) before OTS deposition, and (b) after OTS
deposition, and SEM micrographs of the textured sample (c) before OTS deposition, and (d)
after OTS deposition

changes before and after the OTS self-assembly on
the surface, suggesting uniform OTS assembly on the
surface.

The superhydrophobicity of the OTS SAM
modified textured Si surfaces is due to both
chemical and topographic factors. As for the former,
before OTS self-assembly, the terminal groups of
the oxidized Si surface were O atoms, which are
hydrophilic by nature. When the OTS self-assembly
was complete, the hydrophilic O atoms were no
longer available and the surface became hydrophobic
because of the hydrophobic alkyl chain of the OTS.
As for topography, air was trapped between the
textured features, which prevents the the water
droplet from wetting the surface and thus improves
the hydrophobicity of the surface.

Because surface topography has significant
effects on the surface wetting properties, as can be
seen from a comparison of Figs. 5 and 6, such effects
were further studied by investigating the wetting
properties of various topographies. In this study,
three groups of samples A, B, and C with different
topographies were produced by changing the a-Si

thickness and annealing conditions.
Samples from group A were produced
with 400 nm a-Si, annealed at 800 °C
for 15 s; samples from group B were
produced with 200 nm a-Si, annealed
at 800 °C for 20 s; and samples from
group C were produced with 300 nm
a-Si, annealed at 750 °C for 10 s. The
reason for selecting these process
parameters is that they produced three
distinct topographies. Figures 7(a)-7(c)
show representative SEM micrographs
of the micro/nano-textured surfaces
from groups A, B, and C, respectively,
after OTS SAM modification. Figure
7(a) shows that the surface of the
sample A was covered by extruded
networks of large silicon grains with
a small number of grain boundaries
extruding further from the surface.
Figure 7(b) shows that the surface
of sample B was covered by isolated
polycrystalline silicon islands, instead
of by a polycrystalline silicon network. The micro-
sized silicon crystallites are randomly distributed on
the surface, forming a micro-textured silicon surface.
Figure 7(c) shows that the sizes of silicon crystallites
in sample C are significantly smaller than those in
sample B (Fig. 7(b)). These randomly distributed
nano-sized crystallites form a nano-textured surface.
The WCAs of these three topographies are very
different. The measured WCAs of the OTS modified
textured samples are 133°, 143°, and 155° for the
samples with silicon grain network (A), micro-
sized textured features (B), and nano-sized textured
features (C), respectively. Even though these surfaces
have different WCA values, they are all much larger
than that of the OTS modified smooth Si (112°).

The impact of surface texture on surface WCAs
can be explained by the Cassie-Baxter model [27] that
describes the wetting of rough surfaces. The Cassie-
Baxter model assumes that a water droplet contacts
the top of a rough surface with air trapped in between
the rough asperities on the surface. Therefore, the
droplet contacts both the rough asperities and the air
in between the asperities. In this case, the apparent
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Figure 7

WCA, 8%, is given by
cos @ * =fcos O-f, 1)
fitfhi=1 2)

where f; is the surface area fraction of the solid and f,
is the surface area fraction composed of voids filled
with air. In this study, values of f; were calculated
using Image] developed by the National Institute
of Health. It was found that the values of f; for the
samples from groups A, B, and C are 55%, 34%, and
15%, respectively. Applying these values and the
WCA value of the OTS SAM modified smooth silicon
surface of 112° to Egs. (1) and (2), we calculate the
WCAs of the SAM modified micro/nano-textured
silicon surfaces to be 131°, 142°, and 155° for the
samples shown in Figs. 7(a)-7(c), respectively. The
predicted WCAs are in very good agreement with the
measured WCAs.

3. Conclusions

In summary, this work explores the utilization of
a combination of OTC and AIC of a-Si to fabricate
superhydrophobic surfaces. It was shown that
this novel technique can significantly improve the
hydrophobicity of a silicon surface, resulting in
superhydrophobic surfaces with a WCA of 155° and
a sliding angle of less than 1°. Since the chemistry
of OTS SAMs is well developed and AIC of a-Si has
been extensively studied in the semiconductor and
MEMS industries, using a combination of such well-
developed technologies to produce superhydrophobic
surfaces has great potential in the MEMS industry.

SEM micrographs of the samples with three different topographies: (a) 50% of the surface is covered by textured features and the
WCA is 133°; (b) 34% of the surface is covered by textured features and the WCA is 143°; (c) 15% of the surface is covered by textured features
and the WCA is 155°
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