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Surface roughness is promotive of increasing their hydrophilicity or hydrophobicity to the extreme according to the intrinsic
wettability determined by the surface free energy characteristics of a base substrate. Top-down etched silicon nanowires are used to
create superhydrophilic surfaces based on the hemiwicking phenomenon. Using fluorine carbon coatings, surfaces are converted
from superhydrophilic to superhydrophobic to maintain the Cassie—Baxter state stability by reducing the surface free energy to a
quarter compared with intrinsic silicon. We present the robust criteria by controlling the height of the nanoscale structures as a
design parameter and design guidelines for superhydrophilic and superhydrophobic conditions. The morphology of the silicon
nanowires is used to demonstrate their critical height exceeds several hundred nanometers for superhydrophilicity, and surpasses a
micrometer for superhydrophobicity. Especially, SiNWs fabricated with a height of more than a micrometer provide an effective

means of maintaining superhydrophilic (<10°) long-term stability.

B INTRODUCTION

Modifying surface wettability is important in diverse fields,
including physics, chemistry, biology, and engineering. There
have been many studies on the effects of surface wettability on
fluid mechanics and heat transfer.'~” When a surface is hydro-
phobic, fluidic performance can be enhanced by decreasing the
pressure drop, because a hydrophobic surface diminishes the skin
friction caused by the interaction between a solid surface and
a liquid stream.">”® It has also been reported that superhydro-
phobic characteristics can be used to produce a waterproof self-
cleaning surface that mimics a lotus leaf.”~'* On the other hand,
hydrophilic and superhydrophilic surfaces have been employed
to enhance the performance of boiling heat transfer.*' In particular,
the critical heat flux (CHF, a general standard for boiling heat
transfer performance) of a superhydrophilic surface has recently
been improved to about twice that of a plain (unmodified)
surface.” Applications of superhydrophilic surfaces include bio-
molecular purification and an antifogging technology, based on
liquid imbibition'®"” drug delivery, and a low-temperature fuel
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cell system to prevent the conglomeration of liquid byproducts,
which causes performance degradation by choking or flooding.'®"

A considerable amount of research on various applications has
been focused on fabricating superhydrophilic or superhydrophobic
surfaces by controlling the surface free energy (SFE) and rough-
ness, using a TiO, coating layer,1°’13’20 micronanoscale structure
fabrication,*' *® based on analytical approaches via geometrical
morphology control.”” > However, some of the previous stud-
ies are subject to a number of limitations for use in practical
applications. First, the procedures must be compatible with design-
ing and creating practical devices, while providing the simplicity,
robustness, and cost/labor control demanded in fabrication pro-
cesses. Moreover, it should be possible and clear to present specific
design guidelines to manipulate the wettability by controlling related
variables, such as SFE and surface roughness.*®
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Figure 1. Schematic of the fabrication processes for increasing hydrophilicity and converting hydrophilic/superhydrophilic surfaces into hydrophobic/

superhydrophobic surfaces.

In this study, we present a simple and robust fabrication
process for superhydrophilic/superhydrophobic surfaces using
the electroless silicon etching (EE) method®”** and C4Fg poly-
mer coating. The synthesis of rough silicon nanowire arrays
(SiNWs) via the EE method is a well-known top-down technique
that can be used to modify the morphology of a surface with
nanoscale structures over a large area in a room-temperature
environment. The technique is used in this study, because it
enables the surface roughness to be readily maximized with
SiNWs of high aspect ratio. Although there is little research on
the realization of superhydrophilic and superhydrophobic sur-
faces using SINWs via the EE method, this study would present
the feasible manipulation of wettability and the prerequisite
conditions with designing guidelines for the robust surfaces.
Using densely distributed vertical SINWs with a height of more
than a micrometer, it is possible to create an extremely rough surface,
in specific a prerequisite of structural dimensions for fabricating
superhydrophilic/superhydrophobic surfaces. For the conver-
sion of wettability from superhydrophilic to superhydrophobic,
we used the PECVD technique, a common polymer layer deposi-
tion process. We demonstrate that theoretical criteria for the
manipulation of wettability and the robustness characteristics can
be satisfied by controlling the surface free energy of the substrate
and the surface roughness factor. On the basis of the theoretical
evaluation for the robust surface design, we then present design
guidelines that conform to permissible height requirements for
SiNWs to create superhydrophilic/superhydrophobic surfaces.
In addition, for the long-term stability of the surfaces, we are to
demonstrate the characteristics of the surfaces and present
potential approaches.

B EXPERIMENTAL SECTION

Synthesis of SiNWs Using Electroless Silicon Etching and
C4Fg Deposition. Using top-down electroless silicon etching, we
roughened silicon surfaces by adding densely distributed vertical SINWs.
In this study, we used 4-in. n-type (phosphorus-doped) silicon wafers
with 500-um thickness, (100) orientation, and resistivity between 1 and
10 Q cm. First, the wafer was cleaned for 40 min in a mixture of H,SO,
and H,O, solutions with a volume ratio of 3:1. This was followed by an
additional cleaning step, using a sonicator with acetone and methanol in
turn for more than S min each. To synthesize the SINWs, each wafer was
immersed in etching solution (a mixture of 0.02 M AgNO; and S M HF)
at room temperature, and the etching time was varied to control the
height of the SINWs. In this step, Ag" ions dissolved in the etching solution
attach themselves to the silicon surface by galvanic displacement. The

Height of SiINWs (um)

e Measured
Linear fitting (R°=0.994)
O Srivastava *

o 10 20 30 40 50 60 70 80
Etching time (min)

Figure 2. Scanning electron microscopy (SEM) images of SINWs
synthesized by electroless etching for various etching times, showing
the height dependence of the SiNWs on etching time. Black circles
indicate average SINW heights measured by SEM, and the red solid line
represents is a linear trend.

silicon surface in contact with the Ag™ ions undergoes oxidization to
become SiO,, and then the locally formed oxides are etched by the
hydrofluoric acid. As the etching process progresses, the remaining
silicon becomes the vertical SINWs. During the etching step, Ag” ions
continue to grow on the surface and form dendrite structure.’ The etched
silicon substrate was cleaned for 80 min to remove the Ag dendrite
structures, using nitride acid (70%) at room temperature. Finally, the
substrates with the SINWs were immersed in DI water to rinse the surface,
and then dried by natural convection under ambient conditions.

The polymeric C,Fg layer was deposited by PECVD, using a deep-
trench reactive ion etcher system (Multiplex, Surface Technology
System), which is generally used in a Bosch process.*® For hydrophobic
surfaces, we deposited the polymeric layer on the samples under con-
formal deposition condition of 20 nm thickness on a plain surface. For
the deposition, we used PECVD-equipment (Multiplex, Surface Technology

10149 dx.doi.org/10.1021/1a200940j |Langmuir 2011, 27, 10148-10156



Langmuir

36.3+26° 348+25° 149+20°

1
: CEEN
i - :
! i
' i
: 1
! 1
! i
! 1
L i

87+16° 91+0.8° 6.6+25"

(@) | ca-436:14 402:12° 387422
95:17° 85:14°
(b) 1 ca=1058:27 1089:20° 1128:26°

164.4:04° 164643

1165+37° 130.7+29° 1427+14°

168.6+4.9° 166.3+3 173 5x29°

2.0 .0 .0 .0

Figure 3. Apparent contact angles in relation to etching time for SiNWs and hydrophobic C,Fg layer (the blue dashed line represents a plain Si substrate
without SINWs): (a) effect of etching time on the surface roughness of intrinsic Si substrates without C,Fg; (b) effect of etching time on Si substrates

with a deposited C,Fj layer.

System) with the flow rate of C,Fg gas by 110 SCCM, RF power by 800 W,
chamber pressure by 15 mTorr, and room temperature condition for
substrate temperature.

Surface Morphology Characterization. In this study, the sur-
face morphology was characterized by FE-SEM (JEOL-JSM-6700F),
and the images are included in the main manuscript. The surface com-
position of the C4Fg layer was determined by energy dispersive X-ray
spectroscopy (EDS) equipped with the same SEM. On the basis of our
characterization by image processing, we determined the average height
of the SiNWs, the distance between the SiNWs, and the diameter of
the SINWs.

Wettability Characterization. The surface contact angles on the
fabricated substrates were determined using a contact angle measure-
ment system (KSV CAM-200, KSV Ins.). Using images taken with a high
speed camera with a frame interval of 2 ms and a resolution of 512 x 480
pixels, contact angles were analyzed by an automated imaging process
based on the calibrating program. We measured the contact angles using
a high speed camera with 2 ms frame interval, therefore it was possible to
present the momentary droplet images when the DI water droplet was
collided on the surfaces. Using a DI water droplet of about 2.5 ¢L, more
than four sets of measurements were taken at different locations on the
fabricated substrates and then averaged.

B RESULTS AND DISCUSSION

Figure 1 shows a schematic of the overall fabrication processes
for manipulating surface roughness and SFE. Using the EE method,
we synthesize length-varying SiNWs by controlling the etching
time from 2 s to 70 min. The aqueous etching solution consists of
a mixture of 0.02 M AgNOj3 and 5 M HF. Figure 2 shows field
emission scanning electron microscope photographs of the
resulting modified silicon surfaces and illustrates the relationship
between SINW height and etching time. Even when the etching
time is quite short, the etching process, which consists of electroless
deposition of silver ions on a silicon substrate, followed by
etching of the substrate with hydrofluoric acid, creates a rough
surface with primitive SiNWs. As the etching time increases,
SiNWs with increasing heights are clearly visible. By applying
image processing to the SEM images, we estimated that the

average height of the SINWs had a linear relationship with etching
time, with an etching rate of about 220 nm/min. This is in good
agreement with the results of Srivastava et al. (linear relationship
with an etching rate of about 250 nm/ min).41

To control the wetting characteristics, the surface roughness
of the silicon substrate is manipulated by controlling the heights
of the SiNWs. We create superhydrophilic surfaces on bare silicon
wafers with high SFE, and superhydrophobic surfaces by applying a
fluorine carbon (C4Fs) coating (20 nm thickness) to the samples
with SiNWs using PECVD. The C,Fg-coated silicon substrates
have SFE lower than that of intrinsic Si without a coating layer.
Figure 3a shows the apparent contact angle measurements of
various surfaces, including intrinsic Si substrates, substrates with
SiNWs, and substrates coated with C,Fg. The bare Si substrate
exhibits hydrophilic behavior with a static contact angle of 43.6°,
and the apparent contact angle decreases as the etching time
increases for higher SINWs. For samples with etching times
longer than 5 min, liquid droplets spread out over the rough
surfaces with SiNWs, indicating contact angles below 10°. The
images present the momentary droplet captured by high speed
camera with 2 ms frame intervals when the DI water droplet was
collided on the surfaces. After a few second, the contact angle become
near 0 degrees due to the superwetting or the hemiwicking phe-
nomenon on the surfaces with silicon nanowire arrays which increase
surface roughness sufficiently. On the other hand, the intrinsic Si
substrates coated with C,Fg exhibit hydrophobic properties with
a contact angle of 105.8° which progresses toward the super-
hydrophobic regime with increasing SINW height, as shown in
Figure 3b. The contact angle transition from the hydrophilic to
hydrophobic regime is related to SFE manipulation of the Si
substrate. As previous research has shown,* whether a surface is
hydrophilic or hydrophobic is dependent on the SFE of the initial
substrate. General polymeric materials, including fluorine—carbon
species, such as CF,, CF;, and C,Fg are known to have very low
SFE values compared with metals or silicon.**”** Using the van-
Oss method,*~*” we verify that the SFE values of the intrinsic Si
and the C4Fg coated Si substrate are 52.96 and 13.51 mJ/m’,
respectively. Thus, applying a C4Fg coating to a Si substrate
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Figure 4. Diagrams of a liquid droplet on the modified surface: (a)
liquid droplet and SiNWs on Si substrate; (b) liquid spreading through
SiNWs, based on the hemiwicking phenomenon; (c) liquid droplet on
the SINWs according to the Cassie—Baxter model.

effectively decreases the wettability, because of the reduction of
the SFE to a quarter (74.5% reduction) compared with the original
value, and converts the hydrophilic into hydrophobic characteristics.
Figure 4 shows diagrams of liquid behavior on Si substrates
with SiNWs. On the basis of previous researches®”*' and the
SEM images of Figure 2, we model densely distributed SINWSs on
a substrate as uniformly distributed circular pillars in a local area,
and a liquid droplet on the surface is illustrated in Figure 4a. For
the bare Si substrate, which has high SFE and a hydrophilic
contact angle less than 90°, the effect of surface roughness on the
contact angle can be explained by Wenzel’s relationship*®

dh

' (a—l—d)2

cos 6 = r cos 0%,

(1)

where 0 is the apparent contact angle actually measured on the
surface, r is a roughness factor, defined as the ratio of the actual
surface area to the projected one, and 6* is the equilibrium con-
tact angle on an ideal plain surface. Here, the roughness factor is
expressed in terms of the geometry of the pillar structures that
represent SINWs, as shown in Figure 4. It is a well-known con-
sequence of Wenzel's relationship that the surface becomes more
hydrophilic as the surface roughness increases in the hydrophilic
regime (0° < 6* < 90°). In Figure 3a, it is shown that the contact
angle decreases gradually with increasing SINW height, ultimately
reaching a superhydrophilic angle of less than 10°. If a hydro-
philic surface has densely distributed textured micronanoscale
structures, the hemiwicking phenomenon occurs.® In a hemi-
wicking regime, a water droplet should be absorbed and propa-
gated outward by increasing the wetting area on the substrate.
When a droplet progresses through the SINWS, as shown in Figure 4b,
the force balance at the boundary of the droplet between the
intermediate fluids (liquid and gas phase materials) and the surface
can be expressed as follows:

dF/dx = (v, —vsv) (¥ — @) + yiv(1— @) (2)

where Vg1, Ysv, YLv, and @ are the surface tension between the
solid and liquid phase, solid and vapor (air), liquid and vapor, and

the solid fraction remaining dry (that is, the top area fraction of
the circular pillar structure in Figure 4b, ¢ = 7d”/[4(a + d)?],
respectively. In eq 2, the first term on the right-hand side
indicates an interaction between the liquid and the solid surface
wetted by the liquid, and the second term represents an inter-
action between the air and the top surface of the pillars that
are not wetted by the liquid. Based on Young’s relationship
(yLv cos 0% =Ygy — ¥s.) and eq 2, the analytical critical angle, .,
as a threshold value to induce the hemiwicking phenomenon, can
be derived when dF/dx < 0. Thus, the apparent contact angle
decreases within the superhydrophilic regime, when the pre-
requisite condition of superhydrophilic surface is satisfied as
follows:

1— 1—
cos O* > (p, cos 0. = 4 (3)
r— r—¢

Figure 5a shows the relationship between the apparent contact
angles and critical angles according to the Si etching time
variation in the synthesis process that produces the variation in
SiNW height. The critical contact angle increases markedly as the
etching time increases, and this is attributed to the rapid increase
in the surface roughness due to increasing SINW height A,
described by eq 2. For the sample synthesized for 60 s, the
analyzed critical angle is close to the value of 6* for a plain Si
substrate, while the critical value is much larger than 0* for the
samples with etching times longer than 60 s. As Figure 3 (a)
indicates, a liquid droplet is readily absorbed and propagates
through the SINWs when the surface is superhydrophilic, due to
the extremely rough surface morphology created by SiNWs.
However, even though the surface roughness is adequate to
satisfy the condition for superhydrophilicity, in view of the
hemiwicking phenomenon, the contact angle does not converge
to zero degrees as predicted by the original Wenzel relation
(eq 1).*® (Details are explained in the Supporting Information.)

In contrast to this, Si substrates with SiNWs can also be given
superhydrophobic characteristics by increasing the roughness
factor and lowering the SFE with a C,Fs layer. By lowering the
SFE of the outer surface, which has a high roughness because of
the vertical SiNW, it is possible to prevent the transition of a
liquid droplet from the Cassie—Baxter state to the Wenzel state,
while maintaining thermodynamic stability in the air cavities
formed on the substrate among the densely distributed SINWs.
In the hydrophobic regime with contact angle exceeding 90°
(Figure 4c), the force variation per unit length can be expressed
as follows:

dF/dx = ¢@(ys, — ¥sv) + (1 —@)yiy + Yy cos 6
(4)

where @ is the solid fraction of the solid/liquid contact area
below the droplet in Figure 4c, which represents the same area
fraction with the case of hydrophilic situation. In the Wenzel
regime, the droplet sinks into the air cavities and contacts the
sidewalls of the SiNWs. The criterion for transition from the
Cassie—Baxter regime to the Wenzel regime can be obtained by
comparing eq 4 (for the Cassie—Baxter state with varied forces)
to eq S (for the corresponding Wenzel state) as follows:

dF/dx = r(ys, — Vsy) + Yoy cos 0 (S)

When the force variation derived by Cassie-state is less than that
by Wenzel state (eq 2), air cavities could be maintained stably
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Figure S. Apparent contact angles on surfaces with SINWs and dependence of wettability on the relationship between the ideal contact angle of plain Si
and critical contact angles according to variation of SINW height: (a) for under superhydrophilic conditions; (b) under superhydrophobic conditions
created by C4Fg deposition. Based on the SEM images, values of d,,, = 200 nm, and d,,, = 100 nm were used in the analytical criteria.

below the liquid droplet within porous space. Here, another
critical contact angle, 6 r,, as a threshold value for the condi-
tion of stable air-cavity is expressed as follows:

@ —1

r—¢

* p—1
cos O g, <—— cosbcr =
r—o

(6)

where the subscript C,Fg represents the C,Fg-deposited condi-
tion. To obtain superhydrophobicy, the air cavities must be stably
maintained to prevent wetting of the solid surface by a liquid.
Equation 6 is a prerequisite criterion for superhydrophobicity.
Figure Sb shows the relationship between the critical and
apparent contact angles for SINWs coated with C,Fg. Because
the roughness factor expressed in eq 2 increases markedly with
SINW height, the contact angle becomes more hydrophobic.
When the theoretical criterion based on the Cassie—Baxter
model for the required stability of the air cavities among the

10152

SiNWs is satisfied (O.c,r, < 0*c,r,), superhydrophobic char-
acteristics are clearly observed, with a contact angle exceeding
160° (from Figures 3b and 5Sb). In addition we evaluated the
surface robustness of a superhydrophobic surface by applying
pressure on the surface by pressing a droplet using micropipet
attached on an automatically controlled traverse (in the Supporting
Information).

Based on the theoretical analyses for critical angles and the
experimental verifications in both hydrophilic and hydrophobic
regimes, we can explain the influence of the surface roughness
and the surface free energy for superhydrophilicity and super-
hydrophobicity like Figure 5, panels a and b, respectively. Based
on SEM imaging, we confirmed that the conformal coating of
20 nm-thick C4Fg layer did not induce any formation of film/
particle-like shapes by itself or coalescence of SiNWs anywhere
because the coating thickness is relatively thin and the nanowires

dx.doi.org/10.1021/1a200940j |Langmuir 2011, 27, 10148-10156
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Figure 6. Surface distributions of the critical contact angle according to
the variation of the geometric variables a (100—S00 nm), d
(50—500 nm), and 4 (100 nm, 300 nm, and 1 #m) of the SiNWs: (a)
for superhydrophilic surfaces; (b) for superhydrophobic surfaces.

are separated from each other by distances of up to hundreds of
nanometers.>®
Other dimensional factors of SiNWs, such as the spacing
(a) between those and their diameter (d) as well as their height
(h) (depicted in Figure 4) can affect wettability criteria. Figure 6,
panels a and b, show maps of the analytical criteria for the
superhydrophilic and superhydrophobic regimes in terms of
nanoscale a and d, with / in the range of 100 nm to 1 gm. It is
necessary that the SiNWs have nanoscale lateral dimensions
(a and d) to significantly increase the roughness factor, and
increasing the height from nanoscale to micrometer order is par-
ticularly effective for satisfying the criteria for superhydrophilicity
and superhydrophobicity. While it has been shown that variation
of a and d also affects the critical contact angles, controlling 4 is
much more powerful and effective in view of practical modifica-
tion processes. As Figure 6 (a) indicates, when h is greater than

the variation of the geometric dimensions a and d and dimensional

guideline ranges for robust design: (a) for a superhydrophilic surface;
(b) for a superhydrophobic surface.

a micrometer, the conditions for a superhydrophilic surface is
satisfied (6, > 0* ~ 43.6°) regardless of a and d. Values of h less
than a micrometer fall short of the requirement for a super-
hydrophobic surface (6.c r, < 0*c,r, ~ 105.8°), and hence the
height of the SINWs must be appropriately increased in this case.
Although it is possible to intentionally change a and d by add-
ing an additional process (such as sphere lithography) to the EE
method, more cost and effort are involved than in the simple EE

method.**° In view of the feasibility and simplicity of the EE

method, superhydrophilic/superhydrophobic surfaces should
be created primarily by manipulating h rather than the lateral
dimensions a and d.

For manipulating wettability, the critical heights hppic and hiephobio
(the minimum values required for robust superhydrophilic and
superhydrophobic surfaces) can be described as functions of the
geometric variables and the ideal contact angle. Especially for
superhydrophobicity, considering contact angle transition from
Cassie-state to Wenzel-state, it is possible to obtain robust surface
when there is minimal change in the apparent contact angle (between

10153

dx.doi.org/10.1021/1a200940j |Langmuir 2011, 27, 10148-10156



Langmuir

(@ oo — ———rrr ——

—8— 5 min-etched
50 —— 15 min-etched |-
—A— 30 min-etched
—&— 70 min-etched

40

30

20

Apparent Contact Angle (degree)

1 10 100 1000

Time (hour)
® o

—®— 5 min-etched
50 —— 15 min-etched |..
—A— 30 min-etched
—&— 70 min-etched

40

30

20

Apparent Contact Angle (degree)

1 10 100 1000
Time (hour)

Figure 8. Time-dependent stability on the superhydrophilic surfaces:
(a) SiNWs without C4Fg layer exposed in air; (b) SiNWs without C,Fg
layer immersed in DI water.

contact angles estimated by Wenzel’s model and Cassie’s model)
when the drop transition from Cassie to a Wenzel contact. Based
on the analytical relationships between the critical angles and the
equilibrium contact angles on a plain surface (eqs 3 and 6), we
propose the following two criteria as design guidelines:

1/ 1 5
he, phiic >E<m— 1> (1-9¢)(a + d) (7)

1
hc,phobic>_ +1 ((P - l)(a + d)2 (8)

T
7d \ cos 9C4F8

For silicon substrates with SiNWs, with and without C4Fg
coating, these values are shown in Figure 7. The 3-dimensional
contour surfaces describe the minimum value of / in terms of the
variation of the geometric dimensions a and d. Both A pp;c and
he phobic must be increased when a increases, because increasing
this factor diminishes the surface roughness. However, it could be
seen that the critical heights are comparatively nonsensitive to
the diameter d except the region with very low d (<100 nm). From
the distribution of critical height for robust superhydrophilic
(Figure 7a) and superhydrophobic surfaces (Figure 7b), it is
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Figure 9. Time-dependent stability on the superhydrophobic surfaces:
(a) SiNWs with C,Fg coated layer exposed in air; (b) SINWs with C,Fg
coated layer immersed in DI water.

possible to present the critical dimensions of nanoscale structures.
The design domain with higher & value than that on the contour
surfaces corresponds to the allowable region for robust super-
hydrophilic and superhydrophobic surfaces, respectively. From
Figure 7, we can demonstrate that it is necessary to increase h to
more than several hundred nanometers for a superhydrophilic surface
and to more than a few micrometers for a superhydrophobic
surface. Moreover, to facilitate wettability manipulation, we recom-
mend carefully designed SiNWs rather than overetched nanowires
with excessive height, which could fracture easily in response to
fluid behavior or external impact.

Long-term stability of the superhydrophilic/superhydropho-
bic surfaces is another important aspect for the robustness of the
surfaces.'”?**! Figure 8 presents the long-term stability results of
the fabricated superhydrophilic surfaces under various environ-
ments. For superhydrophilic surfaces (Figure 8, panels a and b),
contact angles maintain their own wetting property and wicking
behavior with contact angles below 10° even after more than one
month. Intrinsic silicon surface including a substrate and nano-
wire structures would oxidize creating hydrophilic SiO, layer by
exposing the samples in air or in DI water although the environ-
ment makes difference in oxidizing process rate. This induces the
relative good long-term stability for superhydrophilic surfaces as
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presented in Figure 8, panels a and b. Therefore for the super-
hydrophilic surfaces via vertically aligned SiNWs synthesized by
electroless silicon wet etching method, it seems to maintain manip-
ulated superhydrophilicity sufficiently with more than 1 #m-height
SiNWs in terms of long-term stability.

On the other hand, contact angles on the superhydrophobic
surfaces (Figure 9, panels a and b) decrease with increasing exposed
time in both air and DI water due to oxidization of Si substrate
and SiNWs. For the samples exposed in air, superhydrophobic
behavior is maintained for over a month on S min-etched samples.
However, others do not have sufficient stability more than 4 days.
Especially, contact angle degradation is greater on the samples
immersed in DI water than those exposed in ambient environment.
Although we coated the surface with conformal 20 nm-thick
C,Fg polymeric layer, the polymeric material may not have been
deposited on the whole area of the nanoscale structure surface.
Therefore partially formed SiO, on the surface where the C,Fg
material was not deposited would decrease contact angle due to
its hydrophilic characteristics. For the samples immersed in DI
water, contact angles decrease more remarkably than those exposed
in air. This is because it is possible to expedite the oxidization of
the substrate (Si) and SINWs in water.”® Considering the oxidiza-
tion, it is possible to enhance the long-term stability of super-
hydrophobic surfaces by increasing the thickness of the poly-
meric layer to prevent silicon substrate and SINWs from being
exposed in air or DI water. This is because the exposed silicon
surface is a main factor to cause the degradation of hydropho-
bicity. In addition, not only the oxidation of the surface but the
degradation of average surface free energy by exposed silicon area
would probably act as another factor to lower the time-depen-
dent stability especially for superhydrophobicity. In this study for
the superhydrophobic surfaces via SiNWs, we deposited relatively
thin (conformal 20 nm-thick) hydrophobic polymer (C,Fg) layer
on the synthesized structures. As our future work, the thickness
of the polymeric layer would be evaluated as another potential
parameter on the stability of superhydrophobicity.

Bl CONCLUSIONS

In conclusion, it is possible to manipulate the surface wett-
ability of a Si substrate from the hydrophilic regime to the hydro-
phobic regime, usin§ a C4Fg coating to lower the SFE to about
25.5% (13.51 mJ/m”) compared with intrinsic Si (52.96 mJ/m?).
Prior to this coating, the EE method is used to maximize surface
roughness by creating densely distributed vertical SiINWs with
high aspect ratio. Surface roughness permits hydrophilicity or
hydrophobicity to be increased to the extreme, according to the
intrinsic wettability, determined by the SFE characteristics of
the base substrate. Making use of the equations for the hemi-
wicking and Cassie—Baxter states, we demonstrate the criteria
for superhydrophilic and superhydrophobic conditions, and present
design guidelines as a function of the geometric variables of
SiNWs. In addition, we evaluate long-term stability character-
istics for manipulated superhydrophilicity and superhydropho-
bicity. We conclude that SiNWs fabricated with a height of more
than a micrometer provide an effective means of obtaining super-
hydrophilic (<10°) and superhydrophobic surfaces (>160°).
Considering the simplicity and feasibility of the fabrication
process, the wettability modulation technique and guidelines
developed in this study should be useful for designing various
Si-based devices.
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