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Abstract
The behavior of a liquid on a solid surface has shown great interest in a variety of applications related to
surfaces and its interfaces. In this paper, the wetting behavior of DI water on micropatterned silicon
surfaces fabricated through photolithography and deep reactive ion etching (DRIE) is investigated. Micro
pillars of both solid and hollow geometries at a varying pitch and its arrangement in an array has been
examined with static contact angle measurement. However, the results concluded that the arrangement of
pillars in an array plays an important role as hollow geometries in the case of chain type arrangement
provide both hydrophilic and hydrophobic surface properties, while the same hollow geometries in case of
zig-zag orientation experiences only hydrophobicity at a varying pitch. Decreased WCA with increased
pitch has been observed in the case of a zig-zag arrangement, due to the effect of capillary and gravitation
forces. Also the existence of air pockets at sharp corner in the case of hollow square assists in providing
maximum contact angle (WCA=144°) as compared to hollow circle and solid geometries; thus a nonsticky behavior would be possible between the droplet and the patterned surface, due to less adhesion force.

1. Introduction
The advancement in nanotechnology over the last few decades has led to the development of new materials in the
ﬁeld of MEMS / NEMS devices. These devices generally work under extremely light loads and they have a large
surface to volume ratio, hence surface properties and surface forces play a vital role in affecting the efﬁciency and
life of the devices. MEMS devices with moving parts such as the microactuators are not yet been commercialized,
due to high surface forces associated with friction/stiction and adhesion forces [1].
Wettability commonly referred as an important surface property, is another issue affecting the tribological
properties at the micro/nanoscale. The degree to which the solid surface repels a liquid has evoked many industries
and academic researches to work in the ﬁeld of microﬂuidics, thin-ﬁlm technology, aerospace components, anticorrosive, anti-snow sticking and self-cleaning surfaces applications. The wetting of the solid surface by the liquid
behavior depends on two main properties of the solid surface under study: the surface energy of the top molecular
layer and its surface morphology. Certain studies mention that hydrophobicity can be achieved only by modifying the
chemical composition by lowering surface energy [2–10]. However for superhydrophobicity, surface morphology has
a signiﬁcant effect on wettability [11] where the air gets trapped in between the liquid and the rough surface. Thus
superhydrophobicity arises from the combination of low surface energy materials and hierarchical or multiscale
structure with micro and nano features [12, 13]. Nature has gifted us the combination of these two properties for
liquid super repellency in the form of plant Leaves [14] (lotus, Indian canna, knotweed, and taro leaf) and in some
insect wings like dragonﬂy, butterﬂy, cicada, damselﬂy, and legs of a water strider.
Two distinct regimes occur when a liquid droplet is placed on micropatterned surfaces. If a droplet
penetrates into the gaps of the micropillar termed as wetted regime (static water contact angle WCA<90°),
while if the droplet sits on top of the micropillar supported by entrapped air then it is known as non-wetted
regime (WCA>90°). Wetted regimes usually occurs on hydrophilic surfaces as they possess high surface
energy, supporting high friction and adhesion. On the contrary, non-wetted regimes occur on hydrophobic
surfaces as they possess low friction and low adhesion because of low surface energy [15].
© 2020 The Author(s). Published by IOP Publishing Ltd
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There is enormous research been conducted by measuring static contact angle on artiﬁcial roughened
surfaces referred to as micropatterns. 3D negative ﬁngerprint and honeycomb textured surface were fabricated
on SU8 coated silicon surface to produce a WCA of 81° and 95° respectively [16], Replicated epoxy micropillars
of cylindrical type created by soft lithography provides a CA of 151° [17], SU8 micropillars of square shape were
fabricated on silicon by UV lithography achieves a WCA of 131° [18], Micro/nano grooves of varying pitch on
silicon wafers by photolithography techniques produces a max contact angle of 48° [15], SU8 microdot patterns
were fabricated by polymer jet printing on silicon samples by varying the distance between the dot (pitch) and
found that SU8 textured surfaces have shown lower contact angle compared to spin-coated samples (SU8/Si)
because of increased exposure of silicon surface [19]. Nanopatterns of PMMA with three different aspect ratios
(holding time) were fabricated on silicon surfaces using simple capillary force lithography produced a contact
angle of 99° [20]. Silicon micropillars and channels were fabricated using photolithography and deep reactive
ion etching (DRIE) Techniques produces a WCA of 59 and 63 respectively [21].
Apart from the geometric parameters being mentioned, there are other factors inﬂuencing the wetting
behavior, one such is the orientation of the pillars. To the best knowledge of the author, the effect of contact
angle on the arrangement of micropillars in an array has not been investigated before; apart from the effect of
hollow geometries in comparison with solid geometries. The micropatterns used in the study are an array of
circular and square pillars of both solid and hollow cross-section, with uniform height and constant crosssection area, arranged in two different arrangements (chain-type and zig-zag type) at a varying pitch. If the pillars
in the adjacent row are opposite to each other then it’s termed as chain-type arrangement (ﬁgures 2(a)–(d)), and
if the pillars are staggered in such a way that every pillar is in the middle of the two pillars of the adjacent rows
(ﬁgures 2(e), (f)), then the arrangement is said to be zig-zag. But in the zig-zag arrangement, the contact angle
measurement depends on the direction of viewing as the patterned surface is no longer Isotropic. This direction
dependency called anisotropic wetting behavior can be observed in some natural surfaces like in the case of rice
leaves [22], which has the capability to control the water movement in a particular direction [23]. Hence in this
paper care was taken to view the static contact angle in the vertical direction (y) and is only been reported
(ﬁgure 6), as the wetting behavior was slightly different in the horizontal direction (x) [24].

2. Experimental Methodology
2.1. Fabrication of silicon micropatterns
P-type polished silicon of orientation <100>, with a thickness of 525μm, was used as a substrate (procured
from Prolyx microelectronics pvt ltd—India). Single crystal silicon used traditionally as a structural material is
hydrophilic in nature. In this study, micropatterns on a silicon wafer were fabricated using direct-write
lithography and deep reactive ion etching (DRIE) technique, as they provide the freedom of shapes with high
resolution, smooth surface without any burrs [25].
Figure (1) shows the steps involved in the fabrication process. As an initial step, silicon wafer as received were
cleaned sequentially with piranha (H2SO4 & H2O2 in 3: 1 ratio) solution at 90°C for a duration of 10 min to
remove any contamination followed by dipping in dilute hydroﬂuoric acid (DI water and HF in 50:1) for
30 seconds for native oxide removal, ﬁnally the samples were dried with nitrogen gas and the excess moisture on
the wafer surface was removed by keeping the wafer on the hot plate at 110°C for 10 min.
The cleaned wafers were then spin-coated with positive photoresist (AZ-4562) and prebaked at 110°C for
75 sec. Micropatterns (array of pillars distributed in a square of 10×10mm size on 4 inch silicon wafer) of
different geometries by varying the pitch (space between two adjacent pillars) and arrangement (chain and zigzag) were designed using cleWin software, and the same was developed on the photoresist using a maskless direct
write lithography tool (Heidelberg Instrument). DRIE was done as per the Bosch process using two gases (SF6
and C4F8) in a switched/ cyclic process to obtain patterns on the silicon wafer. Finally, the photoresist was
removed, and the patterned wafer was sequentially cleaned in acetone, isopropyl alcohol and DI water followed
by blowing it with nitrogen gas. The wafer was then diced to 10×10mm sample, and each sample has an array
of different geometry features fabricated on it for a varied pitch (45, 55, 65 & 75μm).
Table 1 briefs us the details of sample geometries, dimensions and the distance between the consecutive
pillars (pitch).
2.2. Surface characterization
Goniometer (Holmarc Opto mechatronics Pvt Ltd) was used to determine the contact angle measurement by
gently landing a droplet of de-ionized water (DI) on the test sample from the microsyringe attached to it. Prior to
contact angle measurement the samples were immersed in acetone, isopropyl alcohol sequentially and ﬁnally
washed with DI water and dried by blowing nitrogen gas. A droplet of 5μl volume (diameter of a spherical
droplet is around 2.1 mm [26]) was chosen to ensure that the droplet size is comparatively larger than the
2
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Figure 1. Schematic diagram of creating micropatterns.

Table 1. Dimensions and Geometry of patterns.
Feature
Solid Circle
Hollow Circle
Solid Square
Hollow Square

Dimensions of Pillar in μm

Cross-section area of Pillars in μm (A)

Height of Pillar in μm (H)

Pitch in μm (P)

D;31.5
Do;36, Di;18
S;28
So;32, Si;16

; 780

14 − 15

45, 55, 65 & 75

dimensions of the patterns on the sample. Care was taken to place the droplet on the surface at zero velocity
without causing the water droplet to penetrate in between the pillars. The data speciﬁed are the average of ﬁve
readings taken at different locations on the test sample at room temperature, and the standard deviations was
calculated and were indicated as error bars.
Optical Microscope (Olympus BX61) and Optical Proﬁlometer (Talysurf CCI - Taylor Hobson Precision)
was used to examine the exact shape of the micropattern geometry on the fabricated samples. Figure (2)
illustrates the 2D optical images and ﬁgure (3) shows the surface proﬁle and 3D images of an array of different
geometry patterns at 45μm pitch fabricated on the silicon sample.

3. Results and Discussion
Wettability governed by topography has a strong inﬂuence on properties of a textured surface, in this study
contact angle of the water droplet on the sample is measured to obtain an understanding of the effect of
geometry (micropattern) and its arrangement. Hence a comparative study is been made as follows.
3.1. Solid patterns (Chain type) and Hollow patterns (Chain type)
Figure (4) shows the static contact angle as a function of varying pitch for an array of patterns (solid circle, hollow
circle, solid square, and hollow square). In this case, both solid and hollow pillars are arranged in a chain type.
The graph plotted shows that texturing the silicon surfaces has an effect on the contact angle, as un-textured
silicon surfaces have 64° contact angle [27]. Interestingly solid pillars have shown a different plot compared to
hollow pillars for both the geometries (circular and square patterns). Hydrophobicity (WCA>90°) is achieved
3
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Figure 2. Optical microscopic 2D images of patterns with 45 μm Pitch (P). (a) Solid circle—chain type, (b) hollow circle - chain type,
(c) solid square—chain type, (d) hollow square—hain type, (e) hollow circle- zig-zag type, (f) hollow square—zig-zag type.

for all pitches in case of solid pillared patterns, compared to hollow pillared which experiences both hydrophilic
(WCA<90°) and hydrophobic surface properties. There was no superhydrophobicity (WCA>150°) seen in
any of the samples as there was only topography modiﬁcation without any chemical modiﬁcation of the surfaces.
If a water droplet is landed on the textured samples consisting of pillars arranged in a square grid as in case of
chain type, the maximum droop of the droplet occurs in the center of the square formed by four pillars or in
between the two pillars which are diagonally across [26] as shown in ﬁgure (5a).
In the case of all micropillared surfaces of chain type (solid or hollow) at the lowest and largest pitch, the
contact angle is less compared to the intermediate pitch, this is in accordance with [28] that the droplet bounces
off on all micropillared surfaces except on the ones fabricated with lowest and highest pitch. This could be due to
minimal gap between the pillars in case of lowest pitch (P-45) which is not sufﬁcient for a droplet to bounce [28],
as there is minimum/no possibility for air to interfere in between the liquid and solid interface so as to support
the liquid droplet. Another reason could be the effect of sharp edges on the pillars at lowest pitch as compared to
ﬂat surfaces [26, 29]. Whereas at largest pitch (P-75) there is sufﬁcient space between pillars, such that the liquid
droplet penetrates partially/fully between the pillars leaving minimum/no air pockets. In other words the
droplet is unable to pull the penetrated liquid and leads to non-bouncing [28]. Also in some cases if the pitch is
large, the droplet might not touch the bottom of the cavities, the droplet becomes unstable as it would have
entered metastable state resulting in a transition from cassie baxter to wenzel regime [28, 30].
At intermediate pitch (P-55 and P-65) the contact angle is more in all pillared patterns because there is a
possibility of air been entrapped in between the liquid and solid surfaces. Also due to sharp corners experienced
by solid square-patterned surfaces (SS—CT); for all pitch, the contact angle values are less compared to solid
circle patterned surfaces (SC—CT). Therefore for solid circular patterns, the optimum pitch is at P-65, which
leads to more contact angle compared to P-55. Also, we can observe from ﬁgure (4), that there was a sudden drop
in contact angle from P-55 to P-65 in case of solid square patterns, and the droplet which was bouncing (due to
more contact angle) lost its stability after few seconds. This is in comparison with square pattern of hollow crosssection at pitch P-65, which has resulted in more contact angle. The inner and outer proﬁle of hollow square
have supported the droplet resulting in more contact angle at an optimum pitch P-65, while for solid square at
the same pitch the droplet was not supported and instead the droplet becomes unstable.
As described earlier from ﬁgure (4), hollow patterned surfaces experience both hydrophilic and hydrophobic
characteristics. The hydrophilic state is achieved at the lowest pitch (P-45) as well as at the highest pitch (P-75),
whereas at intermediate pitch (P-55 and P-65) the patterned surfaces experience hydrophobic state. Hollow
pillars experience a sudden transition from wetting to non-wetting and non-wetting to wetting [28] at the lowest
and highest pitch as compared to solid pitch, and the reason would be due to the ﬁxed gap (ﬁgure 5(c)), in
addition to space (pitch) provided between pillars. The ﬁxed gap and the variable space (pitch) between the
pillars assists in both hydrophilic and hydrophobic transitions. The combination of a ﬁxed gap and lowest pitch,
ﬁxed gap and largest pitch between pillars have led to the lowest contact angle (hydrophilicity), whereas
intermediate pitch in combination with ﬁxed gap leads to hydrophobicity. The values of contact angle at the
intermediate pitch for hollow patterned surfaces are more compared to solid pillars, this is due to the addition of
a ﬁxed gap making the water droplet to bounce on the pillars. Therefore hollow pillars at varied pitch enhance
4
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Figure 3. Optical Proﬁlometer images of surface proﬁle and 3D images of patterns with 45μm Pitch. (a, b) solid circle - chain type, (c,
d) hollow circle - chain type, (e, f) solid square - chain type, (g, h) hollow square - chain type, (i, j) hollow circle—zig-zag type, (k, l)
hollow square—zig-zag type.

both hydrophilic and hydrophobic characteristics compared to solid pillars. As described the sharp corners in
the solid square have reduced the values of contact angle in comparison with solid circular patterned surfaces,
whereas the same sharp corners that occur at both inner and outer surfaces/ proﬁles of the hollow square
5
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Figure 4. Static contact angle of Solid (chain type) and Hollow (chain type) patterns as a function of varied pitch.

Figure 5. Droplet of water suspended on a Chain type patterned surface, (a) Plan view shows the location of a maximum droop,
(b) Side view of section S-S if the patterned surface consists of solid pillars [26], (c) Side view of section S-S if the patterned surface
consists of hollow pillars (chain type).

(HS—CT) have increased the contact angle in comparison with hollow circular patterns (HC—CT). Therefore
hollow square-patterned surfaces at P-65 have produced more contact angle (WCA=144) compared to all
other patterned surfaces having the same area of cross-section.
3.2. Hollow patterns (Chain type) and Hollow patterns (Zig-zag type)
Figure (7) presents the static contact angle values at a varying pitch for hollow patterns of chain type (CT) and
zig-zag type (ZZT) arrangement. In chain type arrangement both hydrophobic and hydrophilicity can be
noticed for both the geometries, whereas in zig-zag arrangement except for hollow circle at highest pitch, all the
values obtained are in the hydrophobic zone. In case of chain type arrangement, the adjacent row of pillars are
opposite to each other as shown in ﬁgure (5(a)), hence the maximum droop is at the intersection of the diagonals
formed by four pillars in a square grid (distance between the diagonals is √2P, where P is pitch between the
adjacent pillars); whereas in zig-zag arrangement the adjacent row of pillars is shifted by half the pitch, hence the
maximum droop occurs at the intersection of diagonals formed by four pillars placed in a parallelogram. There
are two diagonals, minimum and the maximum as shown in ﬁgure 6(b), (c)) for section S-S and S’-S’ from the
ﬁgure (6(a)). As mentioned earlier, WCA for a zig-zag arrangement is viewed in the vertical direction (y), and
hence from the plot, we can observe that the WCA values are decreased as the pitch increases; this is because of
6
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Figure 6. Droplet of water suspended on a Zig-zag type patterned surface. (a) Plan view shows the location of a maximum droop (b)
Side view of section S’-S’ if the patterned surface consists of hollow pillars (zig-zag type), (c) Side view of section S-S if the patterned
surface consists of hollow pillars (zig-zag type).

Figure 7. Static contact angle of Hollow patterns of chain and zig-zag type arrangement as a function of varied pitch.

the large distance between the pillars diagonally = 

(( ))P, where the liquid-air interface is destabilized
13
4

leading to the formation of the solid-liquid interface due to capillary and gravitational forces [26]. From this, we
can observe that the arrangement of pillars/patterns in an array plays a predominant role in the measurement of
the water contact angle. Also, the highest contact angles can be achieved by hollow square as compared to the
hollow circle in both the arrangement, as the air pockets exists in the sharp corners in case of hollow squares at
both inner and outer surface and this could be the valid reason for a water droplet to bounce on the pillars [31].
From the above study been observed, when a water droplet falls on a roughened/micropatterned surfaces,
the wetting behavior of a liquid can be explained either by the Wenzel model or by Cassie Baxter model.
According to Wenzel model, when a water droplet completely wets the textured surfaces; the contact angle is
given as
cos qw = r cos q

where θw is the WCA on the micro-patterned surface in Wenzel state, r is the surface roughness factor which is
deﬁned as the ratio of the actual area of a rough surface to the projected area., and θ is WCA on a ﬂat surface of
the same material (Young’s contact angle).
7
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In contrast, the patterned surfaces (except hollow geometries at lowest and highest pitch in case of chaintype arrangement) have a larger contact angle compared to bare silicon which experiences hydrophilicity
(WCA<90°). This indicates that the WCA on micropatterned surfaces is characterized by the Cassie-Baxter
model rather than the Wenzel model [32].
Therefore according to Cassie-Baxter model, for a liquid droplet that sits on top of the micropillar supported
by entrapped air have low adhesive force, and the contact angle is given as
cos qc = f s(1 + cos q ) - 1

(2)

where θc is the WCA on the micro-patterned surface in cassie baxter state, fs is the fraction of the solid in contact
with the liquid droplet, hence the equation shows that the contact angle increases as the solid fraction decreases
in Cassie state. However in few studies, the liquid droplet partially enters the patterned surface leading to an
intermediate wetting model [31, 33] and this could be evaluated by measuring the sliding angle [32]. Thus
texturing is an effective way to improve the wetting behavior by reducing the surface real area of contact, and
further can be enhanced by combining with chemical modiﬁcation [15, 18, 34].

4. Conclusion
An investigation on the effect of texture geometry and its arrangement in an array was carried out using a droplet
of DI water under static conditions. Circular and square were the geometries selected for fabricating patterns
with both hollow and circular cross-sections. The patterns were arrangement in both chain type and zig-zag
type. The results concluded that texturing has an effect on contact angle measurement. At the varying pitch in
the chain-type arrangement, solid patterns have resulted in hydrophobicity, whereas hollow patterns experience
both hydrophilic and hydrophobicity; the addition of a ﬁxed gap could be a valid reason. Hollow square in the
chain-type arrangement has a large contact angle (WCA=144°) at pitch 65μm compared to other geometries
and cross-section, this may be due to existence of air pockets at the sharp corners that occur at both inner and
outer surfaces, which makes the water droplet to bounce on the pillars leading to less adhesive force. Pattern
arrangement plays a crucial role, zig-zag arrangement has WCA less than the chain type arrangement for hollow
patterns, this is because of forces inﬂuenced by gravitation and capillary at large diagonal distance between the
pillars leading to the homogeneous solid-liquid interface.
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