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A simple process to synthesize superhydrophobic surfaces by deep reactive ion etching (DRIE) and polytetrafluoroethylene (PTFE) coating of
rectangular grid structures on Si substrate was developed. The Si substrate possesses unique quadrilateral network-type Si microstructures,
which when sputtered upon with PTFE, creates a superhydrophobic surface. The fluorinated polymer also exhibited hydrophobic
properties where the contact angle of the Si substrate after the PTFE coating was 108.4°. The DRIE etching and PTFE coating together
increased the contact angle up to 158.6° for a 40 μm height and 10 × 10 m2 area, thus synergistically increasing the hydrophobicity of the
surface.
1. Introduction: Surface wettability is a very important material
property concerning real world applications. Recently, due to the
potential applications of superhydrophobic surfaces in
self-clearing, anti-fogging, and anti-fouling applications, the study
of superhydrophobic surfaces has attracted much attention. [1–5]
Superhydrophobic surfaces are those that are extremely difficult
to wet, such as leaves of a lotus plant, for which the water
droplet contact angle exceeds 150° and the roll-off angle is less
than 10° [6]. This is referred to as the Lotus effect [7] and is
primarily a physical property related to interfacial tension, rather
than a chemical property.
The maximum contact angle that can be achieved by solely

applying a hydrophobic coating to a smooth substrate is approxi-
mately 120° [8, 9]. Achieving a contact angle greater than 120°
using only a chemical treatment on a smooth surface is very diffi-
cult. However, in nature, many animals and plants possess superhy-
drophobic surfaces due to the surface microstructures. The study of
biological microstructures has been an active area of research
because these microstructures bring about many unique properties
[10–18]. For example, plant leaves [11, 12] and insect wings [16]
and legs [18] exhibit unusual self-cleaning character, also referred
to as the Lotus effect. The lotus leaves can exhibit contact angles
of approximately 150°. Therefore, being able to reproduce the
lotus effect synthetically would enable creation of superhydropho-
bic surfaces exhibiting contact angles equal to or greater than 150°.
Therefore, to obtain high contact angles similar to that of the lotus
leaf, the surfaces must be altered by a microfabrication process.
There are two strategies to increase the hydrophobicity of a
surface: one is to alter the surface using a physical etching
method and the other is to coat the surface using a chemical
coating method. The combination of the two methods can synergis-
tically increase the surface hydrophobicity compared with applying
the two methods independently. Kwon et al. [4] and Lee et al. [19]
have shown that the network-type microstructures can increase
surface hydrophobicity. In order to form superhydrophobic
surfaces, they fabricated nano-textured surfaces on top of the
microstructures. This significantly enhanced the surface hydropho-
bicity. The micro-protrusions were able to decrease the contact area
between the water droplet and the surface, which also reduces the
surface energy and resulting in increased hydrophobicity.
However, a drawback to their method is that it requires an extra
process to obtain superhydrophobic surfaces. As previously dis-
cussed [20–22], we have shown that the combination of micro
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and nano-textured structures in combination with a fluorinated
polymer coating can maximise hydrophobicity. However, this
method still requires a specialised technical process to form the
nanostructures on the surface microstructures. In this Letter, we
have investigated design parameters (length, width = spacing, and
height) using only the microstructure patterning without involving
nanostructures to simplify the processing. Specifically, we
performed a detailed mechanistic investigation analysing the wett-
ability of solid surfaces as a function of the size of the network-type
microstructures. The superhydrophobic surfaces were formed
through solid surface etching and coating with a low surface
energy chemical coating. The fluorinated polymer also exhibited
hydrophobic properties on its own and together with the Si
surface having rectangular grid microstructures produced by deep
reactive ion etching (DRIE), produced superhydrophobic surfaces
[19–22].

2. Theoretical background and design: In 1805, Thomas Young
[23] defined the contact angle, θ, by analysing the forces acting on a
fluid droplet resting on a solid surface surrounded by a gas.

cos u = gSG − gSL
( )

/gLG (1)

Here, γSG, γSL and γLG denote the interfacial energy of solid–gas,
solid–liquid and liquid–gas, respectively. Young’s equation is
based on the assumptions that the surface is smooth and that it is
homogenous. Thus, for a geometrically rough surface, Young’s
equation is not valid. To expand upon this, Wenzel [24]
determined that when the liquid is in intimate contact with a
microstructured surface, as shown in Fig. 1a, θ will change to θW

cos uW = r gSG − gSL
( )( )

/gLG = r cos u (2)

where r is the ratio of the actual area to the projected area.
Wenzel’s equation shows that micro-structuring of a surface

amplifies the natural hydrophobic tendency of the surface. A hydro-
phobic surface (one that has an original contact angle greater than
90°) becomes more hydrophobic when micro-structured, where its
new contact angle becomes greater than the original. However, a
hydrophilic surface (one that has an original contact angle less
than 90°) will become more hydrophilic when micro-structured
resulting in a new contact angle less than the original [25].
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Fig. 2 Geometry of the designed microstructures

Fig. 1 Wetting modes of liquid drops on a rough surface
a Wenzel mode
b Cassie–Baxter mode

Fig. 3 Fabrication procedure of microstructures and PTFE coating
a First photolithography
b DRIE
c PR removal
d PTFE coating
Baxter and Cassie [26] found that if the liquid is suspended on top
of the microstructures, as shown in Fig. 1b, θ will change to θCB.

cos uCB = w cos u+ 1( ) − 1 (3)

where w is the area fraction of the solid that touches the liquid [19].
In this Letter, design parameters for the microstructures are

defined in Fig. 2. Three design parameters, the square pillar size
(a × a), spacing width (w) and height (h), are used for the network-
type microstructure. The roughness factor (r) and solid fraction (f)
for the wetting modes are functions of these geometric parameters.
The roughness factor or the solid fraction of each wetting mode can
be expressed as follows:

rw = a+ w( )2 + 4ah
( )

/ a+ w( )2 (4)

w = a2/ a+ w( )2 (5)

In this Letter, the pattern sizes of micro-protrusions in a photomask
were designed to be 10 × 10 μm, where the height of the square
pillar ranged from 20 to 60 μm and the width between the square
pillars ranged from 25 to 50 μm. The contact angle (θ) of a
smooth Si surface coated with polytetrafluoroethylene (PTFE)
was measured to be 108.4° and was used for calculations herein.
This angle was obtained on a bare Si wafer that was coated with
Table 1 Design parameters and calculated contact angles

Theoretical contact angles with respect to the size of microstructures (θ = 108.4°)

Structure
size, μm

h = 20 μm (a, w) h =

a w θw θc θ

Calculation Measurement Calculation

10 25 121.5 121.5 160.8 136.7
10 30 118.3 118.3 163.2 129.4
10 35 116.1 116.1 165.1 124.4
10 40 114.6 114.6 166.6 121.2
10 45 113.5 113.5 167.8 118.9
10 50 112.7 112.7 168.8 117.1
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a PTFE layer. Table 1 shows the design parameters and calculated
contact angles.

3. Fabrication: Fig. 3 shows schematic illustrations of the
fabrication process of the microstructures. The fabrication
procedure starts with photolithography on a 6-inch Si wafer to
fabricate the micro-protrusions (Fig. 3a). The photoresist
(AZ4330, 3 μm thickness) serves as an etch mask in the DRIE
procedure (STS Multiplex ICP). The patterned Si surface was
then vertically etched to 20, 40, and 60 μm depth, respectively
(Fig. 3b). After the DRIE, the photoresist was removed in order
to make the sample clean (Fig. 3c). The fabrication procedure for
microstructures was completed upon coating the Si top surfaces
with PTFE (Fig. 3d ).

The PTFE film was coated onto the Si surface by sputtering.
Sputtering was carried out under a pure Ar gas atmosphere with a
pressure of 4.2 × 10−2 torr and a flow rate of 20 sccm. All films
were prepared using an RF power of 50 W, ambient substrate tem-
perature, and deposition time of 10 min [27, 28]. The sample of size
20 × 20 mm2 (actual area is 10 × 10 mm2) was parallel to the target
surface at a distance of 60 mm.

4. Results and discussion: To explore the change of
hydrophobicity as a function of surface morphology, the contact
angles were measured using a contact angle-meter (DSA100,
KRUSS). The water used for measurements of the contact angles
was deionised water and the volume was 8 μl (approximate radius
of 1.24 mm). The water droplet size can significantly affect the
contact angle [29, 30]. The contact angle is known to decrease
40 μm (a, w) h = 60 μm (a, w)

w θc θw θc

Measurement Calculation Measurement

135.8 160.8 159.1 154.7 160.8
128.5 163.2 142.1 140.0 163.2
123.9 165.1 133.6 132.2 165.1
120.8 166.6 128.2 127.2 166.6
118.6 167.8 124.5 123.6 167.8
116.9 168.8 121.7 121.1 168.8
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Fig. 4 Optical image of the 20 μm height and 25 μm width sample with
rectangular grid area of 10 μm× 10 μm
a Without PTFE coating
b With PTFE for 10 min

Fig. 6 Water droplet images on substrate surfaces to measure the contact
angles. Square pillars with surface spacing of
a 25 μm
b 30 μm
c 35 μm
d 40 μm
e 45 μm
f 50 μm were etched onto the respective surfaces

Fig. 7 Water contact angle as a function of spacing of square pillar surface
with a = 10 μm. (The contact angle of the sample with 60 μm height and
without PTFE was less than 5°.)
with increasing water droplet sizes [20–22, 29]. Initially, we tested a
3-μl water droplet for measuring contact angle, but the contact angle
was immeasurable because the 3-μl water droplet did not stick to the
substrate [20–22]. However, Cansoy [30] showed different
experimental results between contact angle and water droplet size.
Their results showed that an increase or decrease in drop volume
had no significant effect on experimentally measured contact
angle values of square pillar surfaces with varying pattern
sizes [30].
Table 1 summarises the structure sizes and contact angles that

were calculated and measured from the microstructures. The
reported contact angle was obtained from averaging five
measurements.
Fig. 4 shows the water contact angles on microstructures (20 μm

height and 25 μm width sample) with and without PTFE coating.
The PTFE coated microstructure produces a superhydrophobic
surface with a measured contact angle of approximately 155°.
Fig. 5 shows the water contact angle of etched Si surfaces with
regard to DRIE. The samples were etched with various pillar
heights of 20, 40, and 60 μm. The contact angle for the 40 μm
height pillar was greater than that of the 20 and 60 μm height
pillars. Fig. 6 shows the water contact angle of etched Si surfaces
with regard to width between the square pillars. The samples
were etched with spacings (i.e. space = width in Fig. 2) between
square pillars ranging from 25 to 50 μm. The contact angle for
the 35 μm width spacing was significantly higher than those for
the other spacings. The contact angle for the PTFE-coated surfaces
were over 150°, owing to the microstructure and film thickness.
Moreover, the bare Si substrate exhibited hydrophilicity after the
formation of an oxide film by contact with the atmosphere. The
contact angle of the substrate was approximately 5°, indicating
superhydrophilicity [18].
Fig. 5 Water droplet images on the surface to measure the contact angles
with a = 10 μm and w = 25 μm
a Smooth surface with a contact angle of 108.4°
b 20 μm height of the square pillar surface
c 40 μm height of the square pillar surface
d 60 μm height of the square pillar surface

Fig. 8 Optical images of contact angles and SEM images as a function of
pillar height.
a 40 μm height and 35 μm spacing of the square pillar surface without PTFE
coating
b 20 μm height and 35 μm spacing of the square pillar surface
c 40 μm height and 35 μm spacing of the square pillar surface
d 60 μm height and 35 μm spacing of the square pillar surface
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Fig. 7 summarises the contact angle as a function of spacing of
rectangular grid structure. The sample with a 40 μm height and
35 μm spacing produced the highest contact angle. Fig. 8 shows
optical images of the contact angles and SEM images as a function
of pillar height. After PTFE coating, the surfaces produced contact
angles greater than 155° regardless of spacing (width) while the
PTFE uncoated surface produced a contact angle of 12.2°.
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Fig. 9 Water contact angle compared with the Wenzel and C-B mode
Fig. 9 shows the experimentally measured water contact angles in
comparison to the Wenzel and the Cassie Baxter (C-B) mode. The
measured data is close to the C-B mode but not the Wenzel mode.
We conjecture that the difference between the C-B mode and our
measured data is due to penetrated water between the square pillars.

5. Conclusions: In this Letter, we have developed a surface
treatment method for producing superhydrophobic surfaces by the
deposition of a PTFE film on Si microstructures. While the
maximum contact angle measured from the microstructured
surfaces was 158.6°, the minimum measured angle was 147.7°.
The difference between the highest and lowest contact angles was
10.9°. The average measured contact angle from the
micro-structured surfaces was 154.4°. The sputtering of the PTFE
thin film over the micro-textured substrate created a
superhydrophobic surface with a water contact angle greater than
150°, which was maintained for 7 weeks. The greatest contact
angle was experimentally achieved when the square pillar size
(a × a) was 10 × 10 μm, height (h) was 40 μm, and spacing width
(w) was 35 μm.
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