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Bio-inspired superhydrophobic surfaces have attracted considerable attention due to their potential applications.
Although various techniques to fabricate artificial superhydrophobic surfaces have been demonstrated, most of
the methods lack water adherence or controllable wetting properties of the surfaces, which hinders their prac-
tical usage. In this paper, we present a simple approach to fabricate water-adhesive superhydrophobic silicon
nanowire (Si NW) surfaces by applying a thermal annealing treatment in oxygen ambient. The Si NW arrays
were fabricated using a metal assisted chemical etching method. After the cycled rapid thermal annealing
(RTA) process at 1000 °C under oxygen ambient, the water contact angle of the Si NW surface changed dramat-
ically from 0 to 154.3° with high water-adhesive properties. This drastic change of the wettability could be
attributed to the formed siloxane groups (−Si–O–Si–) on the thermally-treated Si NW surfaces; H2O is released
from two adjacent silanol groups (–Si–O–H) to form siloxane groups during the RTA process.When the annealed
Si NW was exposed in air, the wettability of the superhydrophobic Si NW was reconverted due to the
re-formation of silanol groups (–Si–O–H). The wettability conversion of Si NW between superhydrophilic and
superhydrophobic was repeated with good reversibility.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Artificial superhydrophobic surfaces (water contact angle (CA)>
150°) have received much attention for various potential applications
ranging from self-cleaning to oil spill clean-up [1–6]. The extreme
wetting property was often obtained by tailoring the surface energy of
micro- or nano-structured surfaces [7–9]. Particularly, in order to realize
the superhydrophobic surfaces, the increment of the surface roughness
is more significant than modification of the surface energy since the
maximum achievable water CA on a flat surface with a coated layer
with the lowest surface energy is only 119° [10]. Superhydrophobic
surfaces can be categorized into two states according to their droplet
adhesive properties. When the water CA hysteresis (advancing CA–
receding CA) is below 10°, the superhydrophobic surfaces are consid-
ered to be in the Cassie wetting regime, which exhibit self-cleaning
and water repellent characteristics. On the contrary, superhydrophobic
surfaces with a water CA hysteresis larger than 10° are in the Wenzel
wetting regime, which showwater-adhesive property [11,12]. Recently,
these Wenzel wetting surfaces have been actively researched where
water droplets could be firmly pinned with a nearly spherical shape
since they can be applied to advanced microfluidic applications such
+82 02 313 2879.
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as liquid transporting systems, biochemical separation, and single-
molecule spectroscopy [13–16].

Superhydrophobic surfaces with water-adhesive property have
been demonstrated using various organic and inorganic materials
including polystyrene [17], aluminum alloys [18], a mixture of poly
(methyl methacrylate) and amphiphilic polyurethane [19], and titanium
oxide (TiO2) [20]. Although the aforementionedmethods produce highly
water-adhesive superhydrophobic surfaces, they require complex pro-
cesses to obtain themicro- or nano-structures combinedwith chemically
functionalized surfaceswith a low surface energy. In addition, thewetting
properties of the demonstrated surfaces cannot be manipulated from
superhydrophilic (water CAb5°) to become superhydrophobic and are
not reversible.

Here, we demonstrate a method to obtain superhydrophobic
surfaces with a high water-adhesive property via simple surface mod-
ification of Si nanowire (NW). The vertically-aligned high-dense Si
NW arrays were fabricated using metal assisted chemical etching
(MACE) method. The surface of the as-fabricated Si NW exhibiting
superhydrophilic wetting properties could be modified to become a
superhydrophobic surface with a static water CA of 154.3° by means
of 10 cycles of rapid thermal annealing (RTA) at 1000 °C in oxygen
ambient. The extreme wettability change of the Si NW is supposed to
be due to the decreased surface energy of the Si NW induced by the con-
version of silanol groups (–Si–O–H) into siloxane groups (–Si–O–Si–)
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by releasing of H2O from two adjacent silanol groups during the
annealing treatment. The wettability of the Si NW was gradually re-
converted from superhydrophobic to superhydrophilic when the sam-
ples were stored under ambient conditions due to the re-formation of
silanol groups on the surface of the Si NW, resulting in an increase of
the surface energy. Within our experiment range, the wettability of
the Si NW could be reversibly switched by alternation of the cycled
RTA process and air storage.

2. Experimental procedure

2.1. Fabrication of vertically aligned Si NW arrays

Vertically aligned Si NW arrays were obtained using the MACE
method and the details are described elsewhere [21–23]. The (100)
oriented p-type Si wafers (1–10 Ω·cm) were successively rinsed with
acetone, isopropyl alcohol, and de-ionized water. Subsequently, the
native oxide removal process was carried out by immersing the sub-
strate in a 5% HF aqueous solution for 3 min at room temperature. The
cleaned substrate was immediately dipped into an aqueous solution
containing 30 mM AgNO3 and 4.9 M HF at 70 °C for various etching
times (te). The undesired by-products (silver dendrites and silver
nanoparticles) generated during the NW fabrication process were
removed by successive rinsing with a 30 wt.% HNO3 aqueous solution.
The removal of the oxide layer and H-termination on the surface of the
Si NW was carried out by dipping the Si NW in 5 wt.% HF for 3 min,
followed by cleaning with de-ionized water at room temperature.

2.2. Surface treatments of Si NW

To modify the surface of the as-fabricated Si NW, the RTA process
was carried out at 1000 °C for 10 cycles under oxygen ambient where
the pressure was maintained at 13.3 Pa. In each cycle, the temperature
of the chamber was ramped up under N2 ambient for 65 s followed by
1 µm

SiO2

Ag nanoparticle

HF/AgNO3 solution

e-

Si substrate

-
-

- -
-

--
-

--
-

--
-

-

Ag+

(a)

(b) (c)

Fig. 1. (a) A schematic of the fabrication mechanism of Si NW arrays on the Si surface in a
surface of a Si substrate. (c) Typical SEM cross-sectional image of fabricated Si NW arrays.
the annealing process under O2 ambient at 1000 °C for 30 s and then
rapidly cooled down under a vacuum ambient. The same surface treat-
ment process was also carried out on a flat Si substrate as a reference.

To compare the wettability changes caused by different surface
treatments, H-terminated, ~30% F and ~70% H-terminated, and
dodecyltrichlorosilane (DTS)-coated substrates for both flat Si and Si
NW were prepared. To obtain H-terminated substrates, the as-prepared
samples were dipped into a Teflon beaker containing a 49 wt.%
HF solution for 3 min. Reaction of the H-terminated samples with
liquid anhydrous methanol at 65 °C for 12 h led to ~30% methoxy-
terminated surfaces. Then, the ~30% methoxyl-terminated surfaces
were immersed in a 49 wt.% HF solution for 3 min where the methoxyl
groupswere altered by thefluoride groups, resulting in ~30% F and ~70%
H-terminated substrates. The DTS-coated substrates were obtained by
immersing the flat Si and Si NW samples in a 3 mM solution of DTS
dissolved in hexane for 30 min at room temperature. The samples
were cleaned with ethanol and then subjected to a baking process at
150 °C for 1 h to obtain a dense DTS layer.

2.3. Surface characterization

The surface morphologies of the Si NWwere characterized using a
JEOL JSM-6360 field emission scanning electron microscope (FE-SEM)
and a FEI Tecnai F20 high resolution transmission electron microscope
(HR-TEM) with operating voltages of 10 kV and 200 kV, respectively.
For TEM analysis, Si NW were cut using surgical blade and dispersed
in ethyl ethanol, followed by ultrasonication for 30 s. The Si NW solu-
tionwas then dropped onto carbon films on copper grids. Fourier trans-
form infrared (FTIR) spectra were measured using a Bruker Vertex 70
spectrometer equipped with an attenuated total reflection accessory
in the range of 400 to 4000 cm−1. Water CA measurements were car-
ried out using ~5 μL droplets of de-ionized water with a CA instrument
(Phoenix 300, SEO Co. Ltd.) equipped with a dynamic image capture
camera.
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n aqueous HF/AgNO3 solution. (b) SEM image of silver dendrites branched at the top
(d) Typical top-view SEM image of the fabricated Si NW arrays.
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Fig. 2. (a) Photographs of a water droplet on the as-fabricated (left) and cycled RTA-
treated Si NW with a te of 25 min. (b) The length of the fabricated Si NW as a function
of te. (c) Advancing and receding water CA values of the cycled RTA-treated Si NW as a
function of te. The circle symbols represent the advancing CA results and the square
symbols represent the receding CA values. (d) Photographs of a water droplet on
cycled RTA-treated Si NW at different tilt angles of 0° (left), 90° (middle), and 180°
(right).
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3. Results and discussion

Fig. 1(a) shows a schematic of the mechanism of the MACE method
used to fabricate the vertically aligned Si NW arrays. The formation of
the Si NWcan be ascribed to the electrochemical reactions of the Si sub-
strate in the solutionmixture of AgNO3 andHF.When the Si substrate is
dipped into the solution, Ag+ ions near the surface obtain electrons
from the valance band of Si and the Ag ions are deposited on the surface
in the form of Ag nanoparticles. Since the deposited Ag nanoparticles on
the Si surface are more electronegative than Si, they strongly attract
electrons from Si which lead to the negatively charged nanoparticles
[24]. These charged Ag nanoparticles act like catalysts which induce
subsequent reduction of Ag+ ions in solution and facilitate Si oxidation
at the interface between the Si and Ag nanoparticles, as shown in the
left schematic in Fig. 1(a). As the reaction proceeds, more Ag+ ions
are deposited around the nanoparticles and further oxidation simulta-
neously occurs at the Si beneath the Ag nanoparticles. The generated
SiO2 layer at the interface is subsequently etched by the HF solution
and this sequential oxidation and etch process create highly dense
etch pits. Some large Ag nanoparticles which could not enter the etch
pits form silver dendrites on the top surface of the substrate, as shown
in the right schematic in Fig. 1(a). With increasing immersion time,
the produced silver dendrites cover the entire surface, blocking the
additional deposition of Ag into the etch pits. An SEM image of silver
dendrites produced on the top of the surface is shown in Fig. 1(b).
Fig. 1(c) and (d) are typical SEM cross-sectional and top-view images,
respectively, of Si NW fabricated on a Si substrate using the MACE
method with a te of 25 min. As shown in Fig. 1(c), it was observed that
the obtained Si NW arrays were vertically aligned over a large area
with uniform lengths (~14 μm) and diameters ranging from 100 to
150 nm. In addition, the vertically aligned Si NW arrays formed Si NW
bundles at their tips, as shown in Fig. 1(d). The formation of Si NW
bundles may be ascribed to the capillary force of the liquid during the
drying process of the substrate.

The water CAs of the as-fabricated and cycled RTA-treated Si NW
were evaluated to identify the effect of the thermal treatment process
under oxygen ambient on the wettability of the Si NW. Interestingly,
thewettability of the Si NWwith a te of 25 min was drastically changed
from superhydrophilic (left image of Fig. 2(a)) to superhydrophobic
(right image of Fig. 2(a)) by the cycled RTA treatment. To investigate
the structural effects on the wettability change of the RTA-treated Si
NW, the water CA values were measured by varying the length of the
Si NW. The length of the Si NW can be adjusted by varying te. Fig. 2(b)
exhibits the relationship between the length of the fabricated Si NW
and te where the length of the Si NW increased proportionally with
increasing te. The average length of the NW increased from 0.94 to
14.8 μm as te was increased from 5 to 35 min and the etching rate of
Si becomes saturated when te is greater than 25 min. Fig. 2(c) shows
the measured advancing and receding CAs of the water droplets on
the cycled RTA-treated Si NW as a function of te. The water CAs were
measured at five different locations on the substrate and then averaged.
As the length of the Si NW increased, the surface roughness of the
substrate increased and the resulting wettability of the cycled RTA-
treated Si NW changed from the hydrophilic regime (CAb90°) to the
superhydrophobic regime (CA>150°). The CA hysteresis, differences
between the advancing and receding CA, were relatively large (>21°)
over the entire samples within our experimental ranges (te varied
from 1 to 25 min). Specifically, when te≥20 min, the resulting static
water CAswere larger than 150° and the values of the water CA hyster-
esis were larger than 48°. The relatively large water CA hysteresis
on the superhydrophobic Si NW indicates that the demonstrated
superhydrophobic surface can be regarded as possessing water-
adhesive properties, where a water droplet did not slide even when
the substrate was tilted vertically (left image of Fig. 2(d)) and turned
upside down (right image of Fig. 2(d)). It is noteworthy that there
were no significant morphological changes on the Si NW before and
after the RTA process under oxygen ambient. This interesting phenom-
enon of the high water-adhesive superhydrophobic surface is distinct
from other previous reports of superhydrophobic surfaceswith a strong
water repellent property, which showed ‘roll off’ characteristics [25,26].
The demonstrated superhydrophobic surface with water pinning
characteristics can be explained by the Wenzel state model [9]. In
this model, the contact area between the liquid and surfaces, which is
related to the surface roughness, determines the wettability of the
surface, as shown in the following equation:

cosθc ¼ r cosθ; ð1Þ
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Fig. 3. High resolution bright-field TEM micrographs of (a) as-fabricated Si NW (the inset shows its electron diffraction pattern taken along the [011] zone axis) and (b) cycled
RTA-treated Si NW. The inset shows a low-resolution TEM micrograph.
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where r is the ratio between the actual surface area of a rough surface
and its projected surface area, θc is the measured CA on a rough surface,
and θ is the intrinsic CA on a flat surface. The Wenzel state model
assumes that the contact line between a rough surface and liquid
follows all of the topological variations of the surface. Thus, the interface
between air and the surface gets replaced with a solid and liquid inter-
face with the same surface area. Consequently, the droplet wets the
rough surface and this wetting creates a large contact area between
the droplet and the surface, giving rise to firm pinning of the water
droplet on the surface.

To examine the change of the surface in an individual Si NWafter the
post-cycled RTA treatment, TEM analyses were carried out. Fig. 3(a)
shows a typical HR-TEM micrograph of an as-fabricated Si NW, taken
along the [011] zone axis where the inset is the corresponding electron
diffraction pattern. As shown in Fig. 3(a), the as-fabricated Si NW
exhibited a fairly smooth surface and was wholly covered with a
2.4±0.4 nm thick native oxide layer. The contour of the outermost sur-
face followed the surface of the bare Si NW and the Si NW covered with
the native oxide layer also showed a fairly smooth surface. The cycled
RTA process was adopted in the high temperature RTA process under
oxygen ambient to maximize the surface oxidation rate of the Si NW.
In the initial stage of oxidation, the thickness of the grown oxide layer
increased linearly. However, it was reported that the formation of
positive fixed charges near the interface between Si and SiOx could
decrease the oxidation rate as the oxidation process proceeds [27,28].
The formedfixed charges could be reduced by theN2 gasflowingduring
the ramping up of the annealing temperature in the cycling RTA process
[29,30]. Fig. 3(b) shows a representative HR-TEM micrograph of the
surface of the cycled RTA-treated Si NW and the inset image shows a
low-resolution TEM micrograph image. It is clearly observed that the
SiOx layer was thermally grown on the surface of the Si NW via the
cycled RTA process with a thickness ≥~9 nm. The thermally grown
oxide layer was much thicker than the native oxide layer of the as-
fabricated Si NW. In addition, the outermost surface roughness was sig-
nificantly increased. The increment of the outermost surface roughness
could be attributed to the uneven oxidation rate and the volume differ-
ence between Si and SiOx. Si atoms at convex regions of the rough
surface of the as-fabricated Si NW experience a faster oxidation rate
than at concave regions since a larger localized amount of Si atoms
could be supplied to form SiOx at convex regions than the amount of
Si atoms at the concave regions. The uneven oxidation rate led to the
reduced interface roughness between the Si and SiOx layer. In addition,
the volume of SiOx is larger than the volume of Si atoms, causing a
further increment of the outermost surface roughness.
However, the roughed surface of the outermost Si NW cannot fully
explain the drastic wettability change of the Si NW. In general, the
increased surface roughness of the hydrophilic surface leads to a more
hydrophilic surface in theWenzel state [9]. In the present case, the out-
ermost roughness of the RTA-treated Si NWwas significantly increased
based on the TEM analyses. According to the measured water CA data,
the wettability of the RTA-treated Si NW surface drastically changed
from superhydrophilic to superhydrophobic. Considered the observed
phenomenon, the surface wettability of the Si NW may be changed
from hydrophilic to hydrophobic during the cycled RTA process. The
changes of the surface energy can be elucidated by the formation of hy-
drophobic siloxane groups, by releasing a water molecule of two adja-
cent surface hydrophilic silanol groups at the Si NW surfaces [31–34].
Fig. 4(a) shows a schematic illustration of the ion adsorption process
on the surface of the Si NW. At the surface of the as-fabricated Si NW,
hydroxyl ions (OH−) are prone to be chemisorbed on the dangling
bonds and surface defects of the Si NW, leading to the formation of
silanol groups [35]. The hydrophilic nature of the silanol groups on
as-fabricated Si NW surfaces results in superhydrophilicity. However,
during the post thermal annealing process in oxygen ambient, most of
the hydroxyl groups on the Si NW surface could be altered to siloxane
groups by releasing H2O from two adjacent silanol groups. Since the si-
loxane groups are not strained, the siloxane groups do not easily
hydrolyze to form hydrogen bonds with the oxygen molecules in
water. Hence, the wettability of the RTA-treated Si NW was converted
from hydrophilic to hydrophobic [36]. To verify the effects of the gas
ambient present during the cycled RTA process, the same annealing
process was carried out under various ambient conditions including
vacuum, nitrogen, air, and hydrogen ambient. After the RTA process
under vacuum, air, and nitrogen ambient, the water CAs were slightly
increased (from nearly 0 to ~10°) due to the dehydration which en-
hances the formation of siloxane groups at the Si NW surface. However,
the wettability of the RTA-treated Si NWwas not changed from hydro-
philic to hydrophobic and wettability of the Si NWwas re-converted to
superhydrophilicity (water CA ~0°) within few minutes, which could
indicate that the amount of formed siloxane groups was small and not
enough to convert the wettability of cycled RTA-treated Si NW from
hydrophilic to hydrophobic. Under hydrogen ambient RTA process, the
structure of the Si NW arrays was damaged due to the surface self-
diffusion of Si atoms during the high-temperature thermal annealing
process [37,38].

When the RTA-treated Si NW in oxygen ambient were placed under
atmospheric conditions for tens ofminutes, thewettability of the Si NW
was re-converted from superhydrophobic to superhydrophilic since the



Fig. 4. (a) A schematic of the hydrophilic (silanol) and hydrophobic (siloxane) groups
formed on Si NWcoveredwith SiO2. (b) An optical photographic image of a water droplet
on cycled RTA-treated Si NW (top) and the changes of the water CA as a function of time
(bottom). (c) Absorption infrared spectra from 950 to 850 cm−1 for as-fabricated,
RTA-treated, 1-hour-air-stored Si NW. (d) Absorption infrared spectra from 3950 to
2950 cm−1 for as-fabricated, RTA-treated, 1-hour-air-stored Si NW.
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siloxane group is energetically stable only at the high temperature
[36,39]. We assume that the siloxane groups formed on the Si NW are
gradually replaced with silanol groups on the defect sites and dangling
bonds of the Si NW. Fig. 4(b) exhibits thewettability changes of a single
droplet on the cycled RTA-treated Si NW as a function of time. The
water droplets were dropped on different locations of the same sample
for eachmeasurement and themeasurement time interval was 10 min.
As shown in Fig. 4(b), the re-formation of hydroxyl groups on the
RTA-treated Si NW surface actively proceeded at the initial stage
(from 0 to 10 min) and the re-formation rate gradually decreased as
time increased. After 50 min, the wettability of the RTA-treated Si NW
was fully re-converted from superhydrophobic to superhydrophilic. In
addition to obtaining the CA measurements from different locations of
a sample as a function of time, the change of the CA of a single droplet
at a fixed location was also measured over time. It was observed that
when a water droplet was in direct contact with the surface of the Si
NW, thewettability change from superhydrophobic to superhydrophilic
took place much faster than when the sample was placed under ambi-
ent conditionswhere it required approximately 12 min. This is probably
due to the enhanced re-formation rate of hydroxyl groups on the
surface of the Si NW, supplied directly from the oxygen molecules of
the water droplet. To characterize the formation of siloxane groups on
the RTA-treated Si NW in oxygen ambient, FTIR measurement was
carried out. Fig. 4(c) and (d) shows typical FTIR spectra measured
from the as-fabricated, cycled RTA-treated, and 1-hour-air-storaged Si
NW after the cycled RTA treatment. As shown in Fig. 4(c), after the
RTA process, two noticeable peak features appeared at ~888 and
908 cm−1. These peaks correspond to siloxane groups which could
also be found in previously reported dehydrated SiO2 thin films induced
by high-temperature annealing [31]. The large distortion of O–Si–O and
Si–O–Si bond angles of the formed siloxane groups resulted in infrared
active ring vibration mode and peak features at the FTIR spectra
[40,41]. Notably, the peaks of the FTIR spectra were relatively broad
compared to those of reference [31], since the FTIR measurement
system used in our experiments were not directly interfaced to a RTA
vacuum chamber system; the formed siloxane groups could be altered
to silanol groups by adsorption of water molecules in ambient condi-
tions. After storing in air, the peaks related to siloxane groups
disappeared. On the contrary, as shown in Fig. 4(d), the broad peak re-
lated to silanol bonds (wavelength of ~3000 to 3500 cm−1) of
as-fabricated Si NWwas decreased after the RTA treatment as H2Omol-
ecule was released from two adjacent silanol groups. After air storage
for 1 h, the peak was restored which indicates the re-formation of
silanol groups on the Si NW surfaces.

Fig. 5(a) shows photographic images of water droplets on
as-fabricated (left) and cycled RTA-treated (right) Si NW. On the
as-fabricated Si NW, the measured water contact angle was nearly
zero, indicating that the resulting surface was superhydrophilic. On the
other hand, the cycled RTA-treated Si NW showed superhydrophobicity
with a maximum water CA of 154.3°. Fig. 5(b) shows the reversible
extremewettability conversions of the Si NWbetween superhydrophilic
and superhydrophobic via the formation of silanol and siloxane groups
on the surface of the Si NW, indicating the good reversibility of the sur-
face wettability conversion within our experimental ranges (4 times).
Notably, there were no significant changes in the measured water CAs
in the repeated hydrophobic and hydrophilic states, although the out-
most surface roughness of the individual Si NW increased substantially
during the repeated cycles of the RTA treatment. Hence, it can be in-
ferred that the drastic change in thewettability of the Si NWwasmainly
affected by the siloxane group formation on the Si NW surfaces rather
than the surface roughness of the Si NW.

To compare the wettability changes caused by the different surfaces
treatments, static water CAswere measured on the surfaces of both flat
Si and Si NW samples terminated with H, ~30% F and ~70% H,
dodecyltrichlorosilane (DTS) alkyl chains, and siloxane groups. Fig. 6
shows the obtained values of the static water CAs on the various



Fig. 5. (a) Photographs of water droplets on the as-fabricated (left) and cycled RTA-
treated (right) Si NW surfaces. (b) Reversible superhydrophilic–superhydrophobic
conversion of the Si NW.
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surface-treatedflat Si and Si NWsubstrates. On the bare Si substrate, the
measured water CA was 45±6.4°. Compared to the Si substrate, the
water CAs increased slightly after the various surface treatments due
to the lowered surface energy. The RTA-treated flat Si substrate showed
relatively small increment of water CA (from ~45 to 61°), and the wet-
tability was not changed to hydrophobic. The ~30% F and ~70%
H-terminated Si substrate showed a larger water CA than the
H-terminated flat Si substrate since the F-terminated surface has a
lower surface energy than the H-terminated surface [42]. At the flat
surface, the water CAs (θ) can be determined by applying Young's
equation as follows:

cosθ ¼ γSV – γSLð Þ=γ; ð2Þ

whereγ is the liquid–vapor surface tension,γSV is the solid-vapor surface
tension, and γSL is the solid–liquid surface tension. The DTS-coated Si
substrate showed the lowest surface energy with a calculated value of
40.37 mN/m, assuming that the surface tension of water is 71.8 mN/m.
flat Si Si NW

Wenzel
state

Cassie
state

RTA-treated

Fig. 6. Static water CAs measured on various surface-treated flat Si and Si NW.
On the Si NW, the surface wettabilities were drastically changed from
superhydrophilic to superhydrophobic after the various surface treat-
ments due to the rough structure formed on the surface. In the nano-
structured surface, the wettability is known to be more dependent on
the roughness of the surface than surface energy, and thus no substantial
differences could be obtained in the water CAs measured from
surface-treated Si NW. Notably, the RTA-treated Si NW showed high
water-adhesive properties which indicates that the resulting surface
follows theWenzel state model while the other surface-treated surfaces
exhibited high water repellent properties and roll-off characteristics, as
detailed by the Cassie state model. We believe that the water-adhesive
properties of the RTA-treated Si NW surface can be attributed to a
small portion of the re-formed silanol groups on the post-treated NW.
The hydrophilic silanol groups are energetically favorable compared to
siloxane groups at room temperature. Thus, it can be inferred that a
small amount of hydrophilic silanol groups are re-formed on the surface
of the RTA-treated Si NW after the RTA treatment. The dominant
hydrophobic siloxane groups strongly repel water [33,34], contributing
to the water CAs being larger than 150°. On the contrary, a small
portion of hydrophilic silanol groups on the surface of the RTA-treated
Si NWattract thewater droplet due to the interaction of hydrogen bond-
ing between silanol groups and water molecules. A water-adhesive
superhydrophobic surface with a small hydrophilic portion and a domi-
nant hydrophobic region has been demonstrated using wettability
controlled polyurethane [18]. The mechanism of the water-adhesive
superhydrophobic surface is reasonably well understood theoretically
and is thought to be adapted in our system in which the strong water-
repulsion of hydrophobic siloxane groups and strong water-adhesion of
hydrophilic silanol groups could result in the superhydrophobic surface
with adhesion to water.

4. Conclusion

In summary, we demonstrated a facile method to create a high
water-adhesive superhydrophobic Si NW surface. Si NW arrays
were fabricated using the MACE method and their surface wettability
could be drastically changed from superhydrophilic (water CA ~0°) to
superhydrophobic (water CA ~154°) by the cycled RTA process under
oxygen ambient. The obtained superhydrophobic Si NW surface showed
water-adhesive characteristics, which could be explained by theWenzel
state model. On the superhydrophobic Si NW surface, dropped water
droplets were pinned at the surface even when the substrate was tilted
vertically and turned upside down. The wettability change is supposed
to be due to the formation of siloxane groups on the dangling bonds
and defects of the Si NW surface. The formed siloxane groups were
altered to silanol groupswhen the cycled RTA-treated Si NWwere stored
in air ambient since the re-formation of hydroxyl ions and the formation
of silanol groups are energetically favorable.
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