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ABSTRACT: We present a facile method to fabricate
hydrophilic patterns in superhydrophobic Si nanowire (NW)
arrays for guiding water droplets. The superhydrophobic Si
NW arrays were obtained by simple dip-coating of
dodecyltrichlorosilane (DTS). The water contact angles
(CAs) of DTS-coated Si NW arrays drastically increased and
saturated at the superhydrophobic regime (water CA ≥ 150°)
as the lengths of NWs increased. The demonstrated
superhydrophobic surfaces show an extreme water repellent
property and small CA hysteresis of less than 7°, which enable the water droplets to easily roll off. The wettability of the DTS-
coated Si NW arrays can be converted from superhydrophobic to hydrophilic via UV-enhanced photodecomposition of the DTS,
and such wettability conversion was reproducible on the same surfaces by repeating the DTS coating and photodecomposition
processes. The resulting water guiding tracks were successfully demonstrated via selective patterning of the hydrophilic region on
superhydrophobic Si NW arrays, which could enable water droplets to move along defined trajectories.

KEYWORDS: wettability conversion, silicon nanowires, aqueous electroless etching, surface modification, UV illumination,
superhydrophobic−hydrophilic pattern

1. INTRODUCTION
Superhydrophobic surfaces with extremely water repellent
properties have received considerable attention as they have
various applications including self-cleaning fabrics,1,2 antifog
windows,3,4 drag reduction,5 and droplet manipulation.6 By
definition, a surface is superhydrophobic when the surface has a
water contact angle (CA) greater than 150° with a water sliding
angle less than 10°, which produces a nonwetting surface. It has
been theoretically and experimentally understood that super-
hydrophobic surfaces can be achieved by a combination of low
surface energy and topographically roughened surface struc-
tures.7,8

In particular, patterning of extremely hydrophilic regions on
superhydrophobic surfaces is crucial in practical applications
such as open channel microfluidic systems,9,10 water harvesting
surfaces,11 highly efficient biomolecule analysis,12−14 biospecific
cell adhesive surfaces,15,16 dynamic solubility control of
nanoparticles,17 and dynamic solution transfers.18−22 Several
researchers have reported on the methods to obtain super-
hydrophobic surfaces featuring hydrophilic patterns, including
mussel-inspired dopamine coatings using a soft-lithography
technique,23 ultraviolet (UV)-stimulated photocatalytic decom-
position of the TiO2 nanostructure,24 garvanic displacement
reactions,25 and the use of photopatternable polymer mixture of
UV curable epoxy resin (SU-8) and polytetrafluoroethylene
(PTFE) nanoparticles.10 Superhydrophobic surfaces with
hydrophilic patterns can also be fabricated via conventional
photo lithography and plasma treatments.13,14,26−28 Although

the aforementioned techniques are efficient ways to obtain
superhydrophobic surfaces with hydrophilic patterns, these
methods require additional complex processes and are not
suited for many practical applications where the control of the
direction of water droplet displacement is necessary, in
integration with Si-based electronics.
Here, we demonstrate a facile method to create redefinable

hydrophilic patterns on superhydrophobic Si nanowire (NW)
arrays as a fluidic guiding track. Superhydrophobic Si NW
arrays with extreme water repellent properties were achieved by
a simple dip-coating process in a dodecyltrichlorosilane (DTS)
solution. The fabricated superhydrophobic Si NW arrays
exhibited very low CA hysteresis and extremely low sliding
angles, confirming that the resulting surface follows the Cassie
state model. The hydrophilic pattern of water guiding tracks
were defined on the superhydrophobic Si NW arrays by a UV-
enhanced selective patterning process. The phenomenon of
UV-enhanced chemical decomposition of the organic layer on
the Si NW arrays was investigated using X-ray photoelectron
spectroscopy (XPS) analyses and CA measurements. Changes
of surface wettability from superhydrophobic to hydrophilic
may be attributed to the photodecomposition of DTS alkyl
chains on superhydrophobic Si NW arrays, thereby locally
altering the surface energy. The motions of the water droplets
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were precisely controlled along the trajectory of the selectively
patterned hydrophilic water guiding tracks, and such patterns
could be redefined via the repetition of coating and
decomposition of DTS.

2. EXPERIMENTAL SECTION
Vertically aligned Si NW arrays were fabricated on (100) oriented p-
type Si wafer substrates (1−10 Ω cm) using an aqueous electroless
etching (AEE) method described in details elsewhere.29 The bare Si
substrate was cleaned with a RCA solution (1:1:5(v/v/v) NH4OH/
H2O2/H2O) at 70 °C for 10 min, followed by dipping into a 5% HF
aqueous solution for 3 min at room temperature to remove the native
oxide. The cleaned substrate was immediately dipped into 30 mM of
AgNO3 and 4.9 M of HF at 80 °C for various etching times (te). The
silver dendrites and byproducts generated during NW fabrication were
removed by successive rinsing of the substrate with a 30 wt % HNO3
aqueous solution and deionized water. The removal of the oxide layer
and resultant surface termination with hydrogen to hinder the
formation of native oxide were performed by dipping the Si NW
arrays in 5% HF for 3 min, followed by cleaning with deionized water
at room temperature.

The surfaces of Si NW arrays were modified by immersing the
samples in a 3 mM solution of DTS dissolved in hexane for 30 min at
room temperature. The samples were cleaned with ethanol to remove
residual reactants and dried by a nitrogen air stream. Then, the
samples were baked at 150 °C for 1 h to obtain dense organic layer on
the Si NW arrays. The same surface treatment was also performed on a
flat Si substrate for reference.

The wettability of the Si NW arrays was manipulated by exposure to
UV light. The DTS-coated Si NW arrays were directly exposed to a 75
W mercury lamp at a working distance of 3 cm for varying illumination
times. The mercury lamp emitted UV light at 185 and 254 nm
wavelengths, and the light intensity was maintained at 500 μW/cm2.
Superhydrophobic−hydrophilic patterns for guiding water droplets
were defined using shadow masks under the same UV illumination
conditions for 3 h.

The surface morphologies and chemical compositions of Si NW
arrays were examined using a JEOL JSM-6360 field emission scanning
electron microscope (FE-SEM) and a VG ESCALAB 220i-XL
photoelectron spectroscopy system (VG Instruments) with an Al Kα
monochromatized X-ray source, respectively. Water CAs were
measured using ∼7.5 μL droplets of deionized water with a CA
instrument (Phoenix 300, SEO Co., Ltd.) equipped with a dynamic
image capture camera.

3. RESULTS AND DISCUSSION
Si NW arrays were fabricated using the AEE method. The
formation of vertically aligned Si NW arrays can be attributed
to the electrochemical reactions of Si substrate in the AgNO3/
HF solution; when the Si substrate is dipped into the mixture
solution, Ag+ ions near the Si surface are deposited on the Si
substrate by capturing electrons from the valence band of Si.
The deposited Ag nuclei attract electrons from the Si substrate
and become negatively charged due to their relatively large
electronegativity. The charged Ag nuclei act as catalysts that
induce subsequent reductions of Ag+ ions in the solution and
corresponding oxidation of Si at the interfaces between Si and
Ag nuclei. The Ag nuclei become larger as more Ag+ ions are
deposited, and the generated SiO2 layer is subsequently etched
by HF. Consequently, this sequential oxidation and etching
process creates highly dense etch-pits on the surface, which
results in vertically aligned Si NW arrays. The corresponding
galvanic reactions at the interfaces between Ag nanoparticles
and Si substrates are as follows30

(1)

(2)

(3)

Images a and b in Figure 1 show typical SEM cross-sectional
and top-view images of the as-received Si NW arrays with a te of

30 min, respectively. The Si NWs were successfully formed
with uniform length (∼15 μm) and vertically aligned over a
large area. The measured diameters of the Si NWs in the higher
magnification images (not shown) ranged from 100 to 150 nm.
In addition, as shown in the top-view SEM image, the Si NWs
were bundled at their tips, which can be attributed to the
capillary forces of the liquid during the drying process of the
substrate. The lengths, diameters of the fabricated Si NWs and
the density of the bundled tips were almost identical in all the
samples of Si NWs fabricated under the same conditions.
To identify the structural effects of the DTS-coated Si NW

arrays on surface wettability, dynamic water CAs were
measured by varying the length of the Si NWs. The lengths
of the Si NWs were simply adjusted by varying te; the length
increased proportionally with increasing te, where the measured
length (on average) of the Si NWs increased from 0.2 to 14.7
μm as te varied from 2 to 30 min. Figure 2a plots the advancing
and receding CAs of water droplets on the surfaces of DTS-
coated Si NW arrays as a function of te. The water CAs of the
DTS-coated Si NWs were measured at five different locations
and then averaged. The uncertainties of water CAs shown in
Figure 2a were very small (≤7°), which indicates that the DTS
molecules were uniformly coated on the surfaces of the Si NW
arrays. The advancing and receding CAs of the water droplets
on the flat Si substrates with DTS layers were 109.3 and 92.6°,
respectively. The CAs increased as the etching process was
performed. A drastic increase of the CAs was observed at te
between 0 to 3 min, followed by a moderate increase and
saturation of the CAs ≥ 150°, of which the corresponding te
was greater than 10 min. In addition, when the water CAs were
greater than 150°, the CA hysteresis (advancing CA − receding
CA) was less than 10° and the water droplets on DTS-coated Si
NW arrays easily rolled off with a very low tilt angle (less than
5°). A similar relationship between the lengths of the hydroxyl
alkyl-coated Si NWs and the corresponding water CAs was
observed in previous research.31,32 Figure 2b shows photo-
graphs of the dynamic motions of water droplets at rest (left)
and moving (right) on DTS-coated samples when te was 30
min. The water droplets on Si NW arrays tended to move even
when the surface was horizontal (with no intentional tilt angle),

Figure 1. Typical SEM images of (a) cross-sectional and (b) top views
of Si NWs fabricated using the AEE method with a te of 30 min.
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which clearly shows the extreme water repellent characteristics
of the fabricated DTS-coated Si NW arrays.
The resulting superhydrophobic surfaces with extreme water

repellent properties and Si NW length-dependent wettability
could be explained by the Cassie state model.33 According to
this model, the water CA can be directly influenced by the
fraction of solid−liquid contact area (f1) and fraction of the
solid-trapped air contact area (f 2), which is related to the
following equation

(4)

where θc is the measured CA on a rough surface and θ is the
intrinsic CA on a flat surface. In our model system, the
parameters f1 and f 2 are affected by the lengths of the DTS-
coated Si NW arrays. As shown in Figure 1b, the Si NW arrays
exist as bundles, which were immediately generated at the
beginning of the etching process. The formation of Si NW
bundles with lowered surface energies from DTS coating
created trapped air pockets between the water droplets and the
top surfaces of Si NW bundles, which water could not enter,
resulting in a decrease of f1 and an increase of f 2. The increase
in the lengths of the Si NWs and consequently the sizes of the
Si NWs bundles with respect to te contributed to the increase of
water CAs by further decreasing f1 and increasing f 2.

34,35

Figure 3 shows the variation of the static, advancing and
receding water CAs of ∼15-μm long DTS-coated Si NW arrays
with respect to increasing UV illumination time (ti) under
ambient conditions. The static water CAs were gradually
decreased from 158° to nearly zero (<5°) with increasing ti to
180 min, and then became saturated. This wettability
conversion from superhydrophobic to hydrophilic can be
attributed to the decomposition of the DTS alkyl chains

adsorbed on the Si NW arrays by UV illumination. Specifically,
alkyl chains of the organic layer coated on solid surfaces were
decomposed by OH radicals and atomic oxygen, catalyzed by
the UV-assisted dissociation of ozone which are photo-
generated in air.36 As ti increases, the ratio between the
advancing CA and receding CA (advancing CA/receding CA)
monotonically increase, as shown in Figure 3. This increase is
attributed to the increased interaction between water molecules
and the surfaces of Si NWs: as the DTS molecules coated on
the Si NW arrays were decomposed by UV exposure, the more
hydrophilic Si NW surfaces were exposed, which resulted in
increased interactions between water droplets and the hydro-
philic regions of the Si NWs.37

The UV-enhanced alkyl chain decomposition process was
further examined by SEM and XPS analyses. Figure 4a−d are
typical top-view SEM images of the DTS-coated Si NW arrays
with varying ti from 0 to 180 min. After the DTS coating
process, the excessive DTS molecules agglomerate, leading to
form carbon residues at the tips of the bundled NW arrays, as
indicated by an arrow in Figure 4a. The excessive DTS were
gradually decomposed via UV-enhanced photodecomposition
process, and the agglomerated DTS were almost eliminated as
ti increased (Figure 4b−d). Note that the excessive DTS
residues were observed only at the tips of the bundled Si NW
arrays, and there were no significant morphological changes on
the sides of Si NWs. The surface chemical composition of the
DTS-coated Si NW arrays for various ti were determined
through XPS analyses. Figure 4e−g represents typical XPS
spectra obtained from the DTS-coated Si NW arrays by varying
ti from 0 to 180 min. Figure 4e exhibits a single peak feature
that is associated with the C 1s bands at binding energies
between 282 and 288 eV. The peaks of C 1s are positioned at
285.1 eV, and therefore can be assigned to the C−C bond in
the saturated carbon chain.38 The peak intensity decreased as
the UV illumination process proceeded, which indicates that
UV illumination gradually decomposed the alkyl chains of the
DTS layers on the Si NW array surfaces. Only residual carbon
remained on the Si NW surfaces after the UV-enhanced
decomposition process was terminated (ti = 180 min). As
shown in Figure S1, two C-related peak intensities associated

Figure 2. (a) Advancing and receding water CAs of surface modified
Si NW arrays as a function of te. (b) Water droplet on a surface-
modified Si NW array (left). The water droplet easily rolled off in the
absence of any tilt angle, and the droplet edge is blurred because of the
fast movement of the water droplet (right).

Figure 3. Optical photographs of a water droplet on DTS modified Si
NW arrays as ti increased (above) and changes of the static, advancing,
and receding water CAs as a function of ti (below). Square, triangle,
and inverted triangle symbols represent the static CAs, advancing CAs,
and receding CAs, respectively.
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with C−O bonds (286.5 eV) and CO bonds (289 eV) were
slightly increased after the decomposition process in the high-
resolution XPS spectra due to the fact that the carbon bound
with hydroxyl and/or carboxyl groups as alkyl chains were
decomposed during the photodecomposition process. Figure
4f, g show typical XPS spectra of O 1s and Si 2p with increasing
ti, respectively. The peaks of the XPS spectra of O 1s and Si 2p,
which correspond to the Si−O bonds, are located at 532.3 and
103.1 eV, respectively.39 Both peak intensities increased with
longer ti, as the bare Si NW surfaces became exposed due to the
decompositions of DTS molecules. Furthermore, the increases
in the peak intensities may be attributed to the formation of
native oxide on the exposed NW surfaces. Since the DTS
coating process was performed on Si NW arrays immediately
after the removal of the native oxide, the hindered formation of
the native oxide layer may have been proceeds on the surfaces
of Si NWs, leading to the increment of peak intensities
associated with Si−O bonds.40

The selective wettability conversion of the DTS-coated Si
NW arrays was demonstrated by performing a photo-
decomposition process on only half of the substrate using a
shadow mask. Figure 5a shows a photograph of the wettability
contrast between the DTS-coated region (left) and the UV-
illuminated area (right) on the same substrates of Si NW arrays.
After 180 min of ti, the wettability of the UV exposed area was
fully converted from superhydrophobic to hydrophilic.
Alternatively, the covered area remained superhydrophobic
with extreme water repellent properties. In fact, the water CA
after UV illumination is slightly increased in comparison with
as-fabricated Si NWs (from 0 to <5°), which may be attributed
to the remaining carbon residues, as observed in the XPS
analyses on the Si NW arrays in Figure 4e. Figure 5b represents
the reversible extreme wettability conversions of the Si NW
arrays, indicating that the wettability conversion between
superhydrophobic and hydrophilic could be successfully
repeated within our experimental ranges. There were no
significant changes in the water CAs of repeated cycles. The
amounts of carbon residues observed in the XPS data for C 1s
core level were also almost the same after repeating the coating

and photodecomposition process, as shown in Figure S2 in the
Supporting Information.
To demonstrate a practical application of the selective

superhydrophobic−hydrophilic patterning and reversible wett-
ability conversion of the Si NW arrays, we created a redefinable,
water guiding track with a line width of 500 μm. In the
experiment, the substrates containing hydrophilic patterns were
tilted with a low angle of 5°, as illustrated in Figure 6a. Figure
6b) is composed of time-sequential photographs of an 8 μL

Figure 4. Typical top-view SEM images of the DTS-coated Si NW arrays at (a) ti = 0 min, (b) ti = 60 min, (c) ti = 120 min, and (d) ti = 180 min.
The scale bars in the images indicate 1 μm. XPS spectra of (e) C 1s, (f) O 1s, and (g) Si 2p for the DTS-coated Si NW arrays of which ti was varied
from 0 to 180 min.

Figure 5. (a) Photograph of the wettability contrast between the DTS-
coated region (left) and UV-treated region on the same substrate with
Si NW arrays. (b) Reversible wettability conversion of the Si NW
arrays between superhydrophobic and hydrophilic was achieved by
repeating the coating and decomposition process of DTS.
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moving water droplet on a DTS modified Si NW array with a
hydrophilic water guiding track. Water droplets on super-
hydrophobic−hydrophilic patterned Si NW arrays moved along
the predefined hydrophilic pathways given a small tilt angle.
Compared to the unpatterned superhydrophobic Si NW arrays,
the velocity of the moving water droplet in the patterned
hydrophilic water guiding track was reduced to approximately
42% of the velocity on the unpatterned substrate due to the
increased interaction between the water droplet and the
patterned guiding track; the measured velocity of water droplet
on the unpatterned substrate was 16.54 cm/s and 6.91 cm/s on
the patterned substrate. Notably, when the DTS molecules
were not fully decomposed which resulted in a relatively small
wettability contrasts (when ti < 150 min), the water droplets
could not be successfully transported along the curved
patterned line and were stuck at defects (sites where the

DTS were not fully decomposed) in the hydrophilic water
guiding track during their displacement. The resulting velocity
of the water droplet in the hydrophilic-superhydrophobic water
guiding track is comparable to the previous research on liquid
transportation using geographically patterned superhydropho-
bic water guiding track6 and much faster (more than 3 times)
than that in previous studies based on the surface energy
gradient on a flat surface41−44 due to the significantly reduced
friction which can be attributed to the reduced contact area
between the water pathway and the water droplet during the
displacement. Figure 6c shows sequential photographs of water
droplet motions on recoated Si NW arrays with DTS. As the
hydrophilic patterns were removed, water droplets moved in
straight trajectories following the gravity gradient at the same
tilt angle of 5°. A new superhydrophobic−hydrophilic track
with a mirror image of Figure 6b was then defined by an

Figure 6. (a) Schematic illustration of the tilted water guiding track indicating the tilting direction of the substrate. Sequential photographs of water
droplets on (b) the water guiding track, (c) re-DTS-coated surface of Si NW arrays, and (d) redefined water guiding track (right), when the substrate
were tilted to 5°.
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additional decomposition process of UV exposure to the same
sample (Figure 6d). The water droplets successfully moved
along the new pathway, illustrating that the UV-patterned
superhydrophobic−hydrophilic tracks could be redefined on
the same substrate.
Macroscopically, the guiding process of the water droplets

can be affected by two forces parallel to the substrate: the
gravitation of the water droplet and the interaction force
between the water droplet and the substrate. When the
gravitation force is larger than that of the interaction, the water
droplet begins to slide. As shown in Figure 7a, the interaction

force (Fint) of a liquid on a surface is a function of the liquid
surface tension (γL), static contact angle (θc), and the liquid−
solid contact area (ALS), given by the Young−Dupre
equation22,45

(5)

When a liquid droplet is dropped on the hydrophilic patterned
water guiding track, an additional adhesion force (Fadh)
between the track and liquid should also be considered.
Assuming a liquid-filled hydrophilic guiding track and a flat

separation interface between the droplet and the liquid in the
track, the overall interaction force (Foverall) of the droplet on the
hydrophilic patterned substrate could be calculated as follows

(6)

where ALS′ is the liquid−solid interface around the track, and
ALT is the contact area between the hydrophilic track and the
droplet (see Figure 7b). Figure 7c shows the optical
photograph of an 8 μL water droplet on the DTS-coated Si
NW arrays. Using 72.8 mN/m as the surface tension of water, a
contact angle of 158°, and a measured contact radius of 1.5
mm, the interaction force of the water droplet on the
unpatterned DTS-coated Si NW arrays can be calculated to
be about 37 nN. The water CA turned to be anisotropic when a
water droplet was dropped onto the hydrophilic water guiding
track. Images d and e in Figure 7 present the optical
photograph images of a water droplet placed on the line-
patterned water guiding track; Figure 7d was taken along the
line, and Figure 7e was taken perpendicular to the line. There
were no significant changes in the static water CA along the line
direction, whereas the water CA perpendicular to the line
decreased to 57° because the water droplet was spread out
along the line direction due to the capillary force. Then, the
overall interaction force of an 8 μL water droplet on the
hydrophilic water guiding track (line width of 500 μm) can be
calculated to be 253.7 nN. The overall interaction force largely
depends on the adhesion force between the track and liquid
droplet, which can be adjusted by varying the line width. The
capillary force could affect not only the anisotropic water CAs,
but the transportation of water droplets along the hydrophilic
water guiding tracks. Figure 7f exhibits the experimental results
of the critical volume of water droplets (Vc) that enable water
droplet transportation in a spherical shape at a certain line
width of the hydrophilic water guiding track. It was observed
that the water droplets spread out through the hydrophilic
water guiding tracks rather than being transported with a
spherical shape when the volume of the water droplets were not
reached to Vc, due to the capillary force in the guiding tracks.
To characterize Vc, the line width of the hydrophilic water
guiding tracks were varied from 350 to 600 μm and the
corresponding Vc were measured. The measured values of Vc
were obtained from five different samples for each track. As
shown in Figure 7f, Vc at which the droplet could be moved in a
spherical shape linearly increases with the line widths of the
guiding track. It may be attributed to the fact that the capillary
force in the hydrophilic water guiding track is linearly increased
with the line width.46 When the volume of the dropped water
droplet is larger than Vc, the droplet were transported, but it
wetted the hydrophilic tracks when its volume is smaller than
Vc.
In addition, several hydrophilic guiding tracks could be cross-

linked and combined into a single guiding track, and transport
of various aqueous solutions such as CdSe nanoparticle
suspension, coffee, and rat blood was possible, as shown in
Figure 8 and the video in the Supporting Information. For a
comparison, the same DTS coating and selective patterning
process of water guiding tracks on a flat Si substrate were
carried out. Similar to the DTS-coated Si NW arrays, the water
CAs on the DTS-coated flat Si substrate were gradually
decreased from 109.3 to 10.1° and saturated with increasing ti
to 70 min, as shown in Figure S3 in the Supporting

Figure 7. Schematic illustration of a water droplet on (a) DTS-coated
Si NW arrays and (b) water guiding track patterned Si NW arrays.
Optical images of an 8 μL water droplet on (c) DTS-coated and (c, d)
water guiding track patterned Si NW arrays. The image in d was taken
along the line and c was taken perpendicular to the line pattern. (f)
Critical volume of the water droplets which can be transported along
the water guiding track in a spherical shape with respect to the line
width of the guiding tracks.
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Information; the decreased photodecomposition time at a flat
Si substrate compared to the Si NW substrate could be
attributed to the significantly decreased surface area of the flat
substrate. However, an 8 μL water droplet on the DTS-coated
flat Si substrate did not roll off but stuck to the surface even at
the high substrate tilting angle of 40°. In addition, water
droplets could not be transported along the hydrophilic
pathways. The results could be mainly ascribed to the following
factors: less hydrophobicity of the DTS-coated flat Si substrate
and relatively high interaction force between the substrate and
water droplet.

4. CONCLUSION

In summary, we demonstrated a simple method to create
hydrophilic patterns on superhydrophobic Si NW arrays to
guide water droplets. Superhydrophobic Si NW arrays were
obtained by coating with DTS. The superhydrophobic surfaces
showed extreme water repellent properties, which can be
explained by the Cassie state model. The UV-enhanced
photodecomposition of DTS-coated on Si NWs allowed the
wettability conversion of the surfaces of Si NW arrays from
superhydrophobic to hydrophilic. A selective UV exposure
process was used to produce superhydrophobic−hydrophilic
patterned water guiding tracks. Water droplets on patterned Si
NW arrays moved precisely along the trajectories of the

hydrophilic tracks due to water surface tension, water adhesive
properties of the hydrophilic patterns, and large wettability
contrasts between superhydrophobic and hydrophilic regions.
Furthermore, the UV-enhanced patterns on Si NW arrays could
be redefined by repeating the surface modification and UV
exposure process using the same substrates. We have provided
a cost-effective and facile approach that can be easily integrated
into conventional Si-based electronics to explore novel
functions in chemical, biological, and optical applications.
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