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Experimental and theoretical study of wetting properties of patterned Si surfaces with
cylindrical flat-top pillars of various sizes and pitch distances is presented. The values of the
contact angle (CA), contact angle hysteresis (CAH) and tilt angle (TA) are measured and
compared with the theoretical values. Transition from the composite solid—liquid—air to the
homogeneous solid—liquid interface is investigated. It is found that the wetting behaviour of a
patterned hydrophobic surface depends upon a simple non-dimensional parameter, the
spacing factor, equal to the pillar diameter divided by the pitch. The spacing factor controls
the CA, CAH and TA in the composite interface regime, as well as destabilization and
transition to the homogeneous interface. We show that the assumption that the CAH is a
consequence of the adhesion hysteresis and surface roughness leads to the theoretical values
of the CAH that are in a reasonably good agreement with the experimental values. By
decreasing the spacing factor, the values of CA=170°, CAH=5° and TA =3° are achieved.
However, with further decreasing of the spacing factor, the composite interface destabilizes.
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1. INTRODUCTION

The advances in nanotechnology, including micro/
nanoelectromechanical systems, have stimulated the
development of new materials and design of surfaces
that should be water-repellent or hydrophobic. Wett-
ability is characterized by the static contact angle (CA)
between a water droplet and a surface. A surface is
hydrophilic if the value of the CA is less than 90°, whereas
the surface is hydrophobic if the value of the CA is greater
than 90°. Surfaces with CA between 150° and 180° are
called superhydrophobic. The CA depends on several
factors, such as surface energy, roughness, the manner of
surface preparation and surface cleanliness (Adamson
1990; Israelachvili 1992; Bhushan 1999, 2002, 2005, 2007).

Superhydrophobic surfaces have very low water
contact angle hysteresis (CAH), defined as the difference
between the advancing and receding CA. Ifliquid is added
to a sessile drop, the contact line advances and an
advancing CA is measured. Alternatively, if liquid is
removed from the drop, the CA decreases to a receding
value before the contact retreats. For a droplet moving
along the solid surface, the CA at the front of the droplet
(advancing CA) is greater than that at the back of the
droplet (receding CA), due to roughness and surface
heterogeneity, resulting in the CAH. Physical reasons for
the CAH are still debated in the literature, but surface
roughness and inhomogeneity are believed to be respon-
sible for the almost universal occurrence of the CAH
(Israelachvili 1992). In addition to high CA and low CAH,
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another wetting property of interest for liquid flow
applications is a very low water roll-off angle or tilt
angle (TA), which denotes the angle to which a surface
may be tilted for roll off of water droplets (Extrand 2002,
2006; Kijlstra et al. 2002).

In the past decade, many researchers have studied
hydrophobic surfaces that are found in nature. Among
them are the leaves of water-repellent plants such as
Nelumbo nucifera (lotus) and Colocasia esculenta, which
have a high CA with water and show strong self-cleaning
properties known as the ‘lotus effect’ (Barthlott &
Neinhuis 1997; Wagner et al. 2003). These leaf surfaces
are covered with microbumps (called papillae), which, in
turn, are covered with hydrophobic wax with nanoscale
roughness (Burton & Bhushan 2006; Bhushan & Jung
2006). Extensive research of hydrophobic plant waxes has
been conducted by plant scientists and lipid chemists in
the past decades (Jetter et al. 2006). For the lotus leaf, the
combination of wax and bumps leads to a high value of
CA of 162° (Neinhuis & Barthlott 1997). A number of
studies have been carried out to produce artificial
biomimetic roughness-induced hydrophobic surfaces
(Shibuichi et al. 1996; Hozumi & Takai 1998; Coulson
et al. 2000; Miwa et al. 2000; Oner & McCarthy 2000;
Feng et al. 2002; Erbil et al. 2003; Lau et al. 2003;
Burton & Bhushan 2005; Li & Amirfazli 2005; Jung &
Bhushan 2006). Hydrophobic surfaces can be designed by
using low surface energy materials or coatings, such as
polytetrafluoroethylene or wax. The hydrophobicity of a
surface can also be increased by surface roughness and/or
creation of air pockets. Air may be trapped in the cavities

This journal is © 2007 The Royal Society
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of a rough surface, resulting in a composite solid—
air-liquid interface, as opposed to the homogeneous
solid-liquid interface (Wenzel 1936; Cassie & Baxter
1944; Johnson & Dettre 1964; Nosonovsky & Bhushan
2005, 2006). Recent studies have investigated the
stability of the composite interface of artificial super-
hydrophobic surfaces and transition from the composite
to homogeneous interface (the opposite transition has
never been observed). Several researchers also paid
attention to the importance of the multiscale roughness
for the superhydrophobicity (Lafuma & Quéré 2003;
Gao & McCarthy 2006). Nosonovsky & Bhushan
(in press) suggested that destabilizing factors responsible
for such a transition have different characteristic scale
lengths, and thus multiscale roughness plays an import-
ant role in stabilizing the composite interface. Based on
modelling and experiments, it has been shown that
whether the interface is solid-liquid—air composite or
solid-liquid homogeneous may depend on several factors,
such as the roughness distribution of the surface, levels of
energy corresponding to the composite and homogeneous
interfaces, history of formation of the droplet, magnitude
of gravity and surface forces, effect of contact line
continuity or contact line density, etc. (Chen et al.
1999; Bico et al. 2002; Marmur 2003; Lafuma & Quéré
2003; Patankar 2003; He et al. 2003; Fiirstner et al. 2005;
Extrand 2002, 2006).

In this paper, we present a study of patterned Si
surfaces with cylindrical pillars of different diameters,
heights and pitch distance in order to investigate
the dependence of the CA, CAH and TA upon the
geometrical parameters. We identify a simple non-
dimensional geometrical parameter, which is respon-
sible for the wetting properties. The experimental data
are compared with the theoretical calculation, and this
allows us to derive conclusions about the physical
mechanisms responsible for the CAH and those leading
to the destabilization of the composite interface.

2. THEORETICAL CALCULATION OF CONTACT
ANGLE, CONTACT ANGLE HYSTERESIS AND
TILT ANGLE

Young’s equation (Adamson 1990; Israelachvili 1992)
relates the static CA of a droplet in equilibrium upon a
smooth surface, 6y, to the free surface energies of the
solid—liquid, solid—air and liquid—air interfaces, vygr,
vsa and vy, respectively,

_ YsA —7VsL

Yix (2.1)

cos 0,

For a droplet in contact with a rough surface without
air pockets, the CA, 6, is given by the Wenzel (1936)
equation

cos 0 = Ry cos 6, (2.2)
where Ry is a roughness factor defined as
Agr,
=280 2.
Rf AF ) ( 3)

where Ay is the flat solid-liquid contact area or a
projection of the solid-liquid area Agr, on the horizontal
plane. For a composite interface with air pockets
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having fractional solid-liquid contact area fs1,, the CA
is given by the Cassie & Baxter (1944) equation

cos 0 = Ry for, cos 0y —1 + fyr.. (2.4)

When liquid comes in contact with a solid, the solid—
liquid interface is created while solid—air and liquid—air
interfaces are destroyed. The work of adhesion between
the liquid and the solid per unit area is therefore given
by the Dupré equation (Adamson 1990)

W = vsa + 714 —7sr = vra(l + cos 6). (2.5)
It is well known that the energy gained for surfaces that
come into contact is greater than the work of adhesion for
separating the surfaces by the quantity A W, due to the
so-called adhesion hysteresis (Ruths et al. 2005). The
adhesion hysteresis is related to the CAH, although it
does not uniquely define the latter. There are many
factors that affect the CAH, including the adhesion
hysteresis, surface roughness and heterogeneity. For an
exact theoretical calculation of the CAH, a thermo-
dynamic analysis of energy barriers for a moving droplet
would be required (Johnson & Dettre 1964; Wolansky &
Marmur 1998; Krasovitski & Marmur 2005), which is a
complicated problem in the case of the three-dimensional
geometry. In the present work, we will assume that the
CAH is equal to the term corresponding to the adhesion
hysteresis A Wplus the term corresponding to the effect of
surface roughness, H,. We also assume that equation
(2.5), which normally applies to the thermodynamic
equilibrium and is valid for the most stable CA, applies
also to the effect of the adhesion hysteresis upon the CAH.
Then, using equation (2.5), the CAH is related to the
adhesion hysteresis as
YLA
where 6, and 6,4 are the advancing and receding CA for a
smooth surface, respectively, and A W is the correspond-
ing value of adhesion hysteresis. For a composite inter-
face, adhesion hysteresis is proportional to the solid—

liquid area

AW zstRfAWO' (27)
The CAH is obtained by combining equations (2.5)—(2.7)
AW Rifs AW,

TLA YLA
= R fsr,(cos 0,9 —cos b,) + H,,

cos 0,9 —cos 0,y = + H,, (2.6)

cos 0, —cos 0, =
(2.8)

where 6, and 6, are the advancing and receding CA for a
rough surface, respectively. For the homogeneous inter-
face, fs1, =1, whereas for composite interface, fs1, is a small
number. It is observed from equation (2.8) that for a
homogeneous interface, increasing roughness (high Ry)
leads to the increased CAH (high values of §,—#6,), while
for a composite interface, small values of fs, provide both
high CA and low CAH. Therefore, a composite interface is
essential for superhydrophobicity, which involves both
high CA and low CAH.

For a droplet of radius R moving along the inclined
plane with angle o (figure 1), the energy gain correspond-
ing to the inclined distance [ is given by Img sin «, where
mg is the weight of the droplet. Marmur (1994) and
Krasovitski & Marmur (2005) showed that the droplet on
an inclined plane does not necessarily exhibit the receding
or advancing CA, since the former is based on the
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Figure 1. Schematics of a droplet moving along an inclined
surface with TA «, advancing CA 6, and receding CA 4.

geometry of the drop, whereas the latter is based on
the nature of the solid surface. Therefore, we will use the
energy balance method to determine the TA. The energy
loss is given by AW times the contact area [Rsin 6.
Combining these equations with equation (2.7), the TA
is given by

AWy fsr,ReR sin 6
sina = ofsr Bift sin . (2.9)
mg
Using the trigonometric relationship
0, +46 6,—6
cos 0, —cos 0, = —2 sin— 5 - sin a2 =, (2.10)
and substituting into equation (2.8)
6,—6
sin—+—+ = — 9 7 Sin a. (2.11)
2 2Ry asin 0 sin =57

For 6 and (6,4 6,)/2 close to m, it is found from equation
(2.11) that the TA is proportional to the CAH.

For patterned surfaces, it is convenient to introduce
a non-dimensional parameter, the spacing factor

Sf = 2)
P
where D is the diameter of the pillars and P is the
pitch distance between them. The main contribution of
roughness is expected to be from the sharp edges of the
pillars, which may pin a moving droplet (Nosonovsky &
Bhushan 2005). Therefore, the surface roughness term
is assumed to be proportional to the density of the
edges, which is equal to the total perimeter of the pillars
per unit area, H, < 7D/P* or
H, = ¢S}, (2.13)

where ¢ is a non-dimensional proportionality constant.
Since, for the flat-top pillars, R;=1 and

nS?

fsu = BV (2-14)

the CA, CAH and TA can easily be presented as
functions of S; using equations (2.4), (2.8) and (2.9).

(2.12)

3. EXPERIMENTAL DETAILS

The static and dynamic CAs were measured using a
Rame-Hart model 100 CA goniometer’ and water
droplets of deionized water. Droplets of 5 pl size (diameter
of a spherical droplet is 2 mm) were gently deposited on

!Certain instruments and materials are identified to adequately
specify the experimental procedure. Such identification does not
imply recommendation or endorsement by the National Institute of
Standards and Technology, nor does it imply that the materials or
instruments identified are necessarily the best available for the
purpose.
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the substrate using a microsyringe for the static CA. The
receding CA was measured by the removal of water from a
deionized water sessile drop (approx. 5pl) using a
microsyringe. The advancing CA was measured by
adding additional water to the sessile drop (approx.
5 ul) using the microsyringe. The CAH was calculated by
the difference between the measured advancing and
receding CA. The TA was measured by a simple stage
tilting experiment with the droplets of 5 pl size. All
measurements were made by five different points for each
sample at 224+1°C and 504+5% relative humidity. The
measurements were reproducible to within +3°. For
surface roughness, an optical profiler (NT-3300, Wyko
Corp., Tuscon, AZ) was used for different patterned
surface structures (figure 2). A scan size of 100X 90 pm
was used to scan the patterned surface.

Single-crystal silicon (Si) was used in this study. Silicon
material has traditionally been the most commonly used
structural material for micro/nanocomponents (Bhushan
2007). A Sistructure can be made hydrophobic by coating
it with a self-assembled monolayer (SAM). For patterned
Si, two series of nine samples each were fabricated using
photolithography. Series 1 has 5 pm diameter and 10 pm
height flat-top, cylindrical pillars with different pitch
values (7, 7.5, 10, 12.5, 25, 37.5, 45, 60 and 75 pm), and
Series 2 has 14 um diameter and 30 um height flat-top,
cylindrical pillars with different pitch values (21, 23, 26,
35, 70, 105, 126, 168, and 210 pm). The Si chosen were
initially hydrophilic, hence to obtain a sample that is
hydrophobic, the SAM of 1,1,2,2-tetrahydroperfluorode-
cyltrichlorosilane (PF3) was deposited on the sample
surfaces using vapour-phase deposition technique
(Bhushan et al. 2006; Barbieri 2006). PF5 was chosen
owing to the hydrophobic nature of the surface.

4. RESULTS AND DISCUSSION

An optical profiler was used to measure the surface
topography of the patterned surfaces. One sample each
from the two series was chosen to characterize the
surfaces. Two different surface height maps can be
seen for the patterned Si in figure 2. In each figure, a
three-dimensional map and a flat map along with a two-
dimensional profile in a given location of the flat three-
dimensional map are shown. A scan size of 100X 90 um
was used not only to obtain a sufficient amount of
pillars to characterize the surface, but also to maintain
enough resolution to get an accurate measurement. The
images obtained with the optical profiler show the flat-
top, cylindrical pillars on the Si surface distributed at
the entire surface in a square grid with different pitch
values, referred to as series 1 (5 um in diameter and
pillars of 10 um in height) and series 2 (14 um in
diameter and pillars of 30 pm in height).

Results for the CA, CAH and TA of patterned Si
coated with PF5 are presented in figure 3 as a function
of the spacing factor Sy measured in two series of the
experiments, with flat-top, cylindrical pillars of diam-
eters D=5 and 14 pm and heights =10 and 30 pm,
respectively. The flat Si coated with PF3 showed static
CA of 109°. As the spacing factor decreases down to
S¢=0.11 (the pitch of 45 pm in series 1 and 126 pm in
series 2), the static CA increases gradually from 152 to
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(a) optical profiler surface height maps of patterned Si
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Figure 2. (a) Surface height maps and two-dimensional profile of the patterned Si surfaces using an optical profiler. (b) Two-
dimensional representation of flat-top, cylindrical pillars on a patterned Si surfaces. The diameter and height of the pillar are D

and H, respectively. The pitch between pillars is P.

170° (figure 3a). Then, the CA starts decreasing
sharply, indicating a transition from the composite to
homogeneous interface. It is noted that the transition
takes place at the critical value of 0.083 < 5;<<0.111 for
both the series. Since droplets of the same size (5 pl)
were used for both the series, this suggests that the
spacing factor and the fractional solid-liquid area of
contact (which is directly related to S according to
equation (2.12)) are responsible for the transition,
whereas the ratio of the pillar size to the size of the
droplet does not matter. The values of the CA are
plotted against the theoretically predicted value, based
on the Wenzel (calculated using equation (2.2), R;=
1+ 7HD/P?) and Cassie Baxter (calculated using
equations (2.4) and (2.14)) models. There is a good
agreement between the experimental data for the
composite interface with the Cassie-Baxter model and
for the homogeneous interface with the Wenzel model.

Figure 3b shows CAH and TA as functions of the
spacing factor. The flat Si coated with PF3 showed the
advancing CA of 116°, the receding CA of 82°, CAH of 34°
and TA of 37°. There is a good correlation between the
CAH data and the TA in the case of small values of the

J. R. Soc. Interface (2007)

CA, while for the large values of the CA, the correlation
is worse. This is consistent with equation (2.11). CAH
and TA show the same trends as CA with varying S;.
They gradually decrease with decreasing S; and show an
abrupt minimum in the value, which corresponds to the
highest contact angle. The lowest hysteresis and T As are
5% and 3°, respectively, which were observed at S;=0.111.

Figure 3¢ shows the theoretically predicted values of
the CAH cos 6,—cos 0, for the composite interface
(calculated using equations (2.8), (2.13) and (2.14))
plotted against the experimentally measured values for
c¢=0, 0.25 and 0.5. There is a good agreement between
the experimental data and the theoretically predicted
values for ¢=0.5. It is noted that the theoretically
predicted values for ¢=0 (no effect of the surface
roughness) underestimate CAH, with the experimental
values approximately twice larger. This result suggests
that the contact area and the adhesion hysteresis give
approximately the same contribution to the CAH as the
roughness and sharp edges, while the calculation based
upon equations (2.8) and (2.14) gives a good agreement
with the experimental data for dynamic advancing and
receding CA. Experimental observation shows that
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Figure 3. (a) Static CA 6 as a function of the spacing factor S
for the first (squares) and the second (diamonds) series of the
experiments compared with the Wenzel (dashed line) and
Cassie-Baxter (solid lines) models. (b) CAH (squares for the
first series and diamonds for the second) and TA (crosses for
the first series and triangles for the second) as a function of S;.
(¢) The values of cos 6, — cos 8, as a function of S; for the first
(squares) and the second (diamonds) series of the experiments
compared with the theoretically predicted values for various
values of ¢ (solid line).

pinning of the droplet at the edges of the pillars indeed
takes place during the motion of the droplet and thus
pinning affects the CAH.

5. CONCLUSIONS

We have studied experimentally and theoretically the
wetting of patterned Si surfaces with cylindrical flat-
top pillars of various sizes and pitch distances between
them, covered with a hydrophobic PF; coating. The
values of the CA, CAH and TA were measured. In order
to achieve high values of CA and low values of CAH and
TA, a composite interface should form. However, the
composite interface is not always stable, and it may
irreversibly transform into the homogeneous interface,
leading to much higher CAH and TA. Transition from
the composite to the homogeneous interface was
investigated. It was found that the transition occurs
at a critical value of a non-dimensional parameter (the
spacing factor) independent of the actual size of the
roughness and its ratio to the droplet size. This result is

J. R. Soc. Interface (2007)

different from the energy minimum criterion proposed
earlier (Lafuma & Quéré 2003; Fiirstner et al. 2005).
The spacing factor is equal to the pillar diameter
divided by the pitch. The CA is a function of the
spacing factor for both the composite and the homo-
geneous interfaces and may be theoretically predicted
with reasonable accuracy using the Cassie-Baxter and
Wenzel models, respectively.

The values of the CAH were measured experimen-
tally. The theoretical values of the CAH were calculated
as a function of the spacing factor based on the
assumption that the adhesion hysteresis between
the solid and the liquid and pillar edges density are the
main contribution to the CAH. The adhesion hysteresis
is a difference of the work of adhesion at the separation of
the solid and liquid surfaces and the energy gained at
bringing them together. The pillar edges may result in
the pinning of the droplet. The experimental values of the
CAH show a good agreement with the theoretically
calculated values. Similar to the CA, the CAH depends
upon the non-dimensional spacing factor and was found
independent of the actual size of roughness.

The TA was measured experimentally. The values of
the TA correlate very well with the values of the CAH in
the case of the composite interface. This result is
predicted theoretically for small CAH, while the latter
is calculated based on the above-mentioned assumption.

To summarize, we found that the wetting behaviour of
a patterned hydrophobic surface is governed by a simple
non-dimensional parameter, the spacing factor. The
spacing factor controls the CA, CAH and TA in the
desired composite interface regime, as well as destabiliza-
tion and undesirable transition to the homogeneous
interface. By decreasing the spacing factor to the value
Sr=0.111, the CA §=170°, CAH 0,—60.=5° and TA
a=3° values were achieved. However, with further
decreasing of the spacing factor, the composite interface
destabilizes and the values of CA abruptly decrease, while
CAH and TA increase. We also found that the assump-
tion that the CAH is a consequence of both the adhesion
hysteresis and the surface roughness leads to the
theoretical values of the CAH, which are in a reasonably
good agreement with the experimental values.

Financial support for this project was provided in part by the
National Science Foundation (no. ECS-0301056). The
patterned samples were provided by Drs Patrik Hoffmann
and Laura Barbieri of Ecole Polytechnique Federale de
Lausanne Switzerland.
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