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Precisely controlling the wettability of a solid surface is vital for a wide range of applications such as control
of liquid droplet motion, water collection and the directional transport of fluids. However, fabricating
a large-area solid surface with highly controllable wettability in a low-cost way is still challenging. Here
we present a cost-effective method to fabricate patterned solid surfaces with highly controllable
wettability by combining chemical etching technique, chemical vapor deposition technique and laser
direct writing technique. We experimentally demonstrated that the contact angle of water droplets on
the patterned surfaces of a porous nanofilm fabricated using the presented fabrication method can be
adjusted from 94.4° to 168.2° by changing the duty ratio of the periodic pattern on the patterned

surfaces. Furthermore, we experimentally demonstrated that the contact angle of water droplets on the
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Accepted 12th September 2021 patterned surfaces is almost independent of the shape of the unit cell of the patterns. In addition, we
propose an effective surface model to accurately calculate the contact angle of water droplets on

DOI: 10.1039/d1ra05675a patterned solid surfaces. Using the effective surface model, the wettability of a patterned solid surface
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1. Introduction

Since the lotus effect was investigated in depth by Barthlott and
Neinhuis in 1997, superhydrophobic surfaces have received
much attention.’™® The lotus effect is a phenomenon whereby
the surface of a lotus leaf repels water to form spherical droplets
and the contaminating particles on it can be removed with the
droplets."” This effect is related to the wettability of solid
surfaces. The wettability of a solid surface is mainly dependent
on its chemical composition and its topography, and can be
quantitatively characterized by contact angle measurements.> A
solid surface on which the contact angle of water is less than 90°
is hydrophilic, and a solid surface on which the contact angle of
water is greater than 90° is hydrophobic.* A solid surface
exhibiting a water contact angle greater than 150° and a sliding
angle below 5° is considered a superhydrophobic surface.>®
Owing to their potential applications such as self-cleaning, anti-
icing, anti-fogging, oil-water separation and vapor generation,
designing superhydrophobic surfaces has become a hot topic in
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can be precisely controlled by designing the duty ratio of its periodic patterns.

recent years.”™ Many superhydrophobic surfaces have been
constructed by modifying the chemical composition and (or)
changing the topography.’*” In order to create more new
functions for a solid surface, it may be necessary to specifically
modify its wettability. In recent years, some solid surfaces with
special wettability, which are not superhydrophobic surfaces,
have been proposed to realize multiple special functions.”®*> Li
et al. demonstrated that an artificial surface with gradient
wettability can be used to achieve directional motion of liquid
droplets,”® and Zhao et al. demonstrated that an artificial
surface with gradient wettability can be used to control ice
formation.” Furthermore, an artificial surface whose multiple
surface areas are selectively designed to have a special wetta-
bility distribution has been used for high-efficiency water
collection.?**** In addition, Mondal et al. demonstrated that it is
possible to change the dynamic behavior of liquids in a micro-
channel by designing surface wettabilities.**** These studies
indicate that precisely controlling the wettability of a solid
surface is crucial for obtaining a desired function. Although the
wettability of some artificial surfaces fabricated by previously
reported methods has been proved to be tunable,**** it is still
a challenge to fabricate an artificial surface whose actual
wettability can be almost the same as the designed wettability.

Many techniques® including chemical etching (CE) tech-
nique,'””*® chemical vapor deposition (CVD) technique,'>*®
photolithography technique* and laser direct writing (LDW)
technique®** have been developed to prepare solid surfaces
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with desired wettability (e.g., superhydrophobicity). The CE
technique is a low-cost technique for fabricating large-area
micro-/nanostructures, and is able to produce complex struc-
tures. However, the random fabrication error of this technique
is relatively large for the fabrication of designed structures such
as periodic nanoparticle arrays. For example, some experiments
show that the period of silica nanoshell arrays prepared by a CE
approach varies greatly at different positions on the substrate.*®
The CVD technique is an effective technique for growing
nanofilms and nanostructures, but it is difficult with this
technique to perform precisely area-selective fabrication on the
same substrate without the help of any other technique. This is
because the chemical reaction does not automatically stop in
many selected areas of the surface of the substrate in which one
does not want to create any new films or structures during the
CVD process without the help of any other technique in prin-
ciple.”” The photolithography technique®® is a high-resolution
technique for fabricating large-area designed structures, but it
requires a mask that must be fabricated by other techniques.
The LDW technique is another high-resolution technique for
fabricating large-area designed structures, and it does not
require any mask. In particular, the nanosecond LDW tech-
nique not only has the advantage of high resolution,*** but also
is a cost-effective fabrication technique.” However, the LDW
technique may be time-consuming in the preparation of some
large-area special nanostructures. Therefore, it is not difficult to
foresee that a single fabrication technique may not be able to
meet the requirements of fabricating artificial surfaces with
complex functions such as liquid chips in future.

In this paper, in order to prepare artificial surfaces with
highly controllable wettability, we present a cost-effective
fabrication method that combines CE, CVD and nanosecond
LDW techniques. In this method, the CE technique is used to
fabricate nanostructures on the surface of a substrate, the CVD
technique is used to deposit nanofilms of a low-surface-energy
material on the nanostructures, and the nanosecond LDW
technique is used to fabricate micron-scale patterns on the
surface of the substrate. The presented fabrication method can
effectively overcome the time-consumption shortcomings of the
LDW technique in the preparation of large-area nanostructures.
In addition, we propose an effective surface model to accurately
calculate the contact angle of water droplets on the patterned
solid surfaces. Using this effective surface model, the wettability
of the patterned solid surface can be precisely controlled by
designing the duty ratio of the periodic patterns created by the
nanosecond LDW technique.

2. Materials and methods
2.1 Preparation of patterned solid surfaces

Titanium (Ti) films with a thickness of about 100 nm were
deposited on silicon substrates by radio-frequency magnetron
sputtering (ULVAC ACS400-C4) with a power of 50 W and
a working pressure of 0.57 Pa for 3000 s (Fig. 1a and b). Then,
the samples were immersed into aerated 10 M NaOH at 60 °C
for 30 min to prepare porous structures on the surfaces of the
samples (Fig. 1c and d). The porous films were modified with
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1H,1H,2H,2H-perfluorodecyltriethoxysilane through CVD at
120 °C for 4 h (Fig. 1e and f). A LDW system (HWN LDW system-
1500, laser wavelength 405 nm, laser spot size ~300 nm, pulse
width 2000 ns, and laser power 100-120 mW) was used to
fabricate various patterns on the surfaces of the samples
(Fig. 1g). During the fabrication process, the working parame-
ters of the laser remained unchanged to ensure that the
roughness difference of the different laser-processed surfaces is
small. The patterned solid surface is composed of the surfaces
in the laser-processed regions of the porous nanofilm and the
surfaces in the laser-unprocessed regions of the porous
nanofilm.

2.2 Characterization

The morphology of the surfaces of samples was observed by
a field emission scanning electron microscope (SEM, Hitachi S-
4800), a laser scanning confocal microscope (LSCM, Olympus,
LEXT-OLS4000) and an atomic force microscope (AFM, Park
NX20). The chemical composition of the films was analyzed by
energy dispersive X-ray spectrometric microanalysis (EDS). The
water contact angle was measured at ambient temperature
using an OCA 20 instrument (Data Physics, Germany). Deion-
ized water (Millipore, 18 MQ c¢m) was employed as the source
liquid for the contact angle measurement. When each droplet
naturally fell to the surface of the sample, we waited for 5
seconds and then measured the contact angle. On each surface,
five locations were randomly selected for static contact angle
measurement, and three water droplets of 2 uL were used to
perform contact angle measurements at each location. The final
value is the average of all values, and the standard deviation is
used to calibrate the statistical error.

3. Results and discussion
3.1 Morphology and composition studies

To understand the wetting behavior of water droplets on the
patterned solid surface, we investigated the morphology and
composition of the surfaces in the laser-processed regions and
that in the laser-unprocessed regions. Fig. 2a, b and ¢ show an
optical image, AFM image and SEM image of a surface in a laser-
unprocessed region, respectively. Fig. 2d-f show an optical
image, AFM image and SEM image of a surface in a laser-
processed region. No micron-scale surface structures were
observed either in the laser-unprocessed region or in the laser-
processed region. In the laser-unprocessed region, net-like
nanostructures were observed (see Fig. 2c). However, in the
laser-processed region, only a few nanoparticles and nanopits
were observed (see Fig. 2f). The root-mean-square (RMS)
roughness of the surface in the laser-unprocessed region was
measured with the AFM to be 30.3 nm, and the RMS roughness
of the surface in the laser-processed region was measured with
the AFM to be 9.5 nm. Because 1H,1H,2H,2H-per-
fluorodecyltriethoxysilane is a low-surface-energy material,** the
reduction in the RMS roughness of the fabricated solid surface
will result in a reduction in the water contact angle.” The red
curve and the black curve in Fig. 2g show the EDS spectra of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Schematic illustration for fabricating surfaces with highly controllable wettability. (a) The Si substrate. (b) The Ti nanofilm deposited on the
Si surface. (c) The Ti nanofilm immersed in sodium hydroxide solution for hydrothermal reaction. (d) The porous nanofilm produced on the Si
substrate. (e) Surface modification. (f) The silanized porous nanofilm. (g) The laser processing of the porous surface.

a surface in the laser-unprocessed region and of that in the
laser-processed region, respectively. The chemical composition
of the surface in the laser-unprocessed region contains O, F, Si
and Ti, and their relative contents are 24.84%, 3.35%, 50.62%
and 9.32%, respectively. The chemical composition of the
surface in the laser-processed region contains O, F, Si and Ti,
and their relative contents are 27.22%, 1.09%, 55.03% and
10.43%, respectively. A big difference in the composition is that

(d)
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Fig. 2

the relative content of F element is 3.35% in the laser-
unprocessed region but 1.09% in the laser-processed region,
which indicates that the laser processing can significantly
reduce the relative content of 1H,1H,2H,2H-per-
fluorodecyltriethoxysilane. Therefore, the laser processing can
reduce the water contact angle for the fabricated solid surface.
The main mechanisms for forming the porous nanofilm, the
nanoparticles and the nanopits are described as follows. During

Si Laser-processed region
(8 —
Unprocessed region
=
= F
s Y Ti
) si
=
2
=1
L}
F
ol
A
0 5 10

Energy (KeV)

(a) Optical image, (b) AFM image and (c) SEM image of a surface in the laser-unprocessed region. (d) Optical image, (e) AFM image and (f)

SEM image of a surface in the laser-processed region. (g) EDS spectra of a surface in the laser-unprocessed region (red curve) and of that in the

laser-processed region (black curve).
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the immersion process, the hydrogen evolution reaction pro-
ceeded on the surface of the Ti nanofilm. As a result, the
adsorbed hydrogen penetrated into the Ti nanofilm to form an
absorbed layer. Then, the absorbed layer was dissolved into
NaOH solution, resulting in the formation of the porous
nanofilm that is composed of a mixture of rutile- and anatase-
type TiO,.**** The morphology of the porous nanofilm cannot
be changed significantly by the 1H,1H,2H,2H-per-
fluorodecyltriethoxysilane film deposited on its surface, which
is due to the small thickness of the 1H,1H,2H,2H-per-
fluorodecyltriethoxysilane film. However, after the porous
nanofilm is processed by the nanosecond laser beam of the
LDW system, its surface morphology will change dramatically.
When the porous nanofilm is scanned by the nanosecond laser
beam with a particular intensity, it will be melted or even
vaporized, which results in the formation of relatively flat local
surfaces and nanopits in the laser-processed region. In addi-
tion, some nanoparticles may form when the melted materials
solidify.

3.2 Control over the wettability

The duty ratio C of the laser-processed area is defined as the
ratio of the horizontal projection area of the laser-processed

(@)
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surface to the horizontal projection area of the entire surface.
Fig. 3a-d show optical images of fabricated surfaces with
different duty ratios of the laser-processed area. The surface
shown in Fig. 3a has C = 0, which has not been processed by the
nanosecond laser beam, and exhibits a water contact angle of
168.2° £ 1.4°. The surface shown in Fig. 3b has a periodic array
of square patterns and C = 0.120, and exhibits a water contact
angle of 151.6° £ 2.0°. The surface shown in Fig. 3c also has
a periodic array of square patterns, but has C = 0.519. The
contact angle of water droplets on this surface is 121.4° £ 0.9°.
When the entire surface is processed by the nanosecond laser
beam, the duty ratio C becomes 1 and the water contact angle
becomes 94.4° £+ 0.7° (see Fig. 3d). It is found that the contact
angle of water droplets on the fabricated surface decreases
monotonically as the duty ratio C increases. Therefore, it is
possible to adjust the contact angle of water droplets on the
fabricated surface in the range from 94.4° to 168.2° by changing
the duty ratio C.

We next perform a theoretical analysis to understand in
depth the tunable wettability of the fabricated surfaces. When
a water droplet on an isotropic smooth surface reaches equi-
librium, its contact angle can be described by Young's
equation:**
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(a—d) Optical images of different patterns of fabricated surfaces with duty ratios of 0 (a), 0.120 (b), 0.519 (c), and 1 (d). The insets show the

corresponding contact angles. (e) Schematic diagram of approximate processing in the effective surface model. RS1, RS2, ES1, ES2 and ES 3
represent rough surface 1, rough surface 2, effective surface 1, effective surface 2 and effective surface 3, respectively. (f) The measured values
(circles) and the calculated values (solid curve) of contact angle at various duty ratio values.
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whereysy, vsp and vypy denote the solid-vapor interfacial
tension, the solid-liquid interfacial tension and the liquid-
vapor interfacial tension, respectively. When a solid surface is
rough, Wenzel's model and Cassie-Baxter's model can be used
to describe the wetting phenomena. Wenzel's model is
described by the following equation:*

cos fp =rcos b (2)

where 0, is the apparent contact angle and r is the roughness
factor and is defined as a ratio of the actual surface area of the
rough surface to its horizontal projection area. Cassie-Baxter's
model is described by the following equation:*

cosfp =fcosf+f—1 (3)

where fis the fraction of the actual solid surface in contact with
water. Wenzel's model describes the Wenzel state where a water
droplet is in full contact with a rough surface, whereas Cassie—-
Baxter's model describes the Cassie-Baxter state where a water
droplet sits on the spikes of a rough surface. For the fabricated
surfaces, the contribution of the microscale patterns to the
apparent contact angle may be approximately described by
Wenzel's model, and the contribution of the nanoscale surface
structure to the apparent contact angle may be approximately
described by Cassie-Baxter's model. Therefore, it is difficult to
accurately calculate the apparent contact angle using eqn (2)
and (3). Note that the apparent contact angle in the theory
corresponds to the measured contact angle of a water droplet on
a real rough surface in the experiment.

To accurately calculate the apparent contact angle of a water
droplet on a patterned surface, we develop an effective surface
model. In this model, rough surface 1 and rough surface 2 form
a unit cell of an artificial surface with surface change period P,
and are equivalent to an isotropic smooth surface with effective
interfacial tensions yg; v and ys;_ (termed effective surface 1)
and an isotropic smooth surface with effective interfacial
tensions vs, v and vys, ;. (termed effective surface 2), respec-
tively, as shown in Fig. 3e. According to Young's equation, the
effective contact angles of a water droplet on effective surface 1
and effective surface 2 can be expressed as cos fg;_, = (vs1 v —
’YSleﬁL)/’YLV = cos 0, and cos 0szeff = (’Yszeﬁv - YszeﬁL)/YLv =
cos 4z, respectively. Here f4; and 0,4, are an apparent contact
angle of a water droplet on rough surface 1 with a large lateral
dimension and that on rough surface 2 with a large lateral
dimension, respectively. Furthermore, effective surface 1 and
effective surface 2 as a whole are further equivalent to an
isotropic smooth surface with effective interfacial tensions
¥s3,vand vs; 1 (termed effective surface 3), as shown in Fig. 3e.
Here vs; v and ys; 1 are expressed as vs3 v = t1¥st,v + (1 — t1)
Vs2,v and ys3 1 = t1vsi 1+ (1 — t1)Vs2 1, Where ¢, is the ratio of
the horizontal projection area of rough surface 1 to the hori-
zontal projection area of the entire unit cell. According to
Young's equation, the effective contact angle 6,5  of a water
droplet on effective surface 3 can be given by

© 2021 The Author(s). Published by the Royal Society of Chemistry
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In this model, the effective contact angle 6,5 , represents the
apparent contact angle of a water droplet on the artificial
surface with surface change period P, and apparent contact
angles 5, and 6,, can be calculated with eqn (2) or (3) and can
also be measured directly. Because the maximum thickness of
the porous nanofilms is only about 200 nm, this effective
surface model is valid for the surfaces fabricated using the
presented fabrication method.

For the patterned surface, the laser-processed area and the
laser-unprocessed area can be viewed as rough surface 1 and
rough surface 2 in the effective surface model, respectively.
Therefore, 5, and 6,, can be measured to be 6,; = 94.4° and
A, = 168.2°. Note that t; = C in this case. The blue solid curve
in Fig. 3f shows the contact angle calculated with eqn (4) as
a function of the duty ratio C. The measured values of the
contact angle are presented in Fig. 3f with red circles. The
theoretical results are in good agreement with the experi-
mental results.

To investigate the influence of the shape of the unit cell of
the pattern created with the nanosecond laser beam on the
wettability of the patterned surface, a surface with a periodic
array of stripes (Fig. 4a) and a surface with a periodic array
of circles (Fig. 4b) were fabricated. The measured value of
the contact angle of water droplets on the surface with
striped pattern is 121.7° + 0.9°, which is very close to its
calculated value of 122.8° (see Fig. 4c). The measured value
of the contact angle of water droplets on the surface with
circular pattern is 119.1° £ 0.5°, which has a small deviation
from the calculated value (see Fig. 4c). However, this devi-
ation is smaller than 1.8% of the measured value. These
results indicate that the contact angle of water droplets on
the patterned surfaces is almost independent of the shape of
the unit cell of the patterns. In addition, it is found that
when the unit pattern is square, the difference between the
theoretical value and the measured value of the contact
angle is the smallest. Therefore, in order to improve the
accuracy of controlling the wettability of a patterned
surface, a square pattern is the best candidate for the unit
cell of the patterns.

We also measured the contact angle hysteresis (i.e., the
difference between the advancing and receding contact
angles) of water droplets on the fabricated surfaces of
samples that were placed in the laboratory for about two
months. It is found that the contact angle hysteresis becomes
larger as the duty ratio C of the laser-processed area increases
from 0. In addition, it is also found that the contact angle
hysteresis parallel to the stripe direction of the surface
shown in Fig. 4a is larger than the contact angle hysteresis
perpendicular to the stripe direction of the surface shown in
Fig. 4a.
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Fig. 4 Optical images of fabricated surfaces with (a) striped pattern and (b) circular pattern. The insets show the corresponding contact angles.
(c) A comparison between the measured value and the calculated value of the contact angle for different patterns.

4. Conclusions

In conclusion, we have presented a cost-effective method to
fabricate patterned surfaces with highly controllable wettability.
Furthermore, we have experimentally demonstrated that the
contact angle of water droplets on the surfaces fabricated using
the presented fabrication method can be adjusted from 94.4° to
168.2° by changing the duty ratio of the periodic patterns created
by the nanosecond LDW technique. Moreover, we have experi-
mentally demonstrated that the contact angle of water droplets
on the patterned surfaces is almost independent of the shape of
the unit cell of the patterns, which can reduce the influence of
fabrication errors on the accuracy of controlling the wettability of
patterned surfaces. In addition, we have developed an effective
surface model to accurately calculate the contact angle of water
droplets on patterned solid surfaces. By using this model to
design the duty ratio of periodic patterns on a patterned solid
surface, its wettability can be precisely controlled. The presented
fabrication method has great potential for fabricating artificial
solid surfaces that can be used for liquid droplet motion control,
water collection, drug delivery, and so on.
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