Langmuir 2007, 23, 11673-11676

11673

Effect of Three-Phase Contact Line Topology on Dynamic Contact
Angles on Heterogeneous Surfaces
Neeharika Anantharaju,† Mahesh V. Panchagnula,*,† Srikanth Vedantam,‡
Sudhakar Neti,§ and Svetlana Tatic-Lucic|
Department of Mechanical Engineering, Tennessee Technological UniVersity, CookeVille, Tennessee 38501,
Department of Mechanical Engineering, National UniVersity of Singapore, Singapore 117576, and
Department of Mechanical Engineering, and Sherman Fairchild Center, Department of Electrical and
Computer Engineering, Lehigh UniVersity, Bethlehem, PennsylVania 18015
ReceiVed July 6, 2007. In Final Form: August 14, 2007
Cassie-Baxter theory has traditionally been used to study liquid drops in contact with microstructured surfaces.
The Cassie-Baxter theory arises from a minimization of the global Gibbs free energy of the system but does not
account for the topology of the three-phase contact line. We experimentally compare two situations differing only
in the microstructure of the roughness, which causes differences in contact line topology. We report that the contact
angle is independent of area void fraction for surfaces with microcavities, which correspond to situations when the
advancing contact line is continuous. This result is in contrast with Cassie-Baxter theory, which uses area void fraction
as the determining parameter, regardless of the type of roughness.

Introduction
Recent studies1 as well as SEM images of hydrophobic leaf
surface microstructure have demonstrated the importance of
having multiple characteristic length scales to achieve lower
contact angle hysteresis. The extreme water repellency demonstrated by the lotus leaf has motivated a large body of
biomimetic effort to increase the hydrophobicity of surfaces.2
Mimicking the surface topography of the lotus leaf, most studies
have focused on the effect of microscale polyhedral poles on the
contact angle of water drops on the surface (fakir condition).3
For example, researchers have created surfaces with a uniform
array of poles fabricated by photolithography techniques4,5 or
other etching methods.6 A variety of surface topologies have
been studied: square pillars,7 parallel grooves,8-10 and circular
pillars.4,11 For these surfaces, the contact angles are described
by the classical Cassie-Baxter theory.12 In this context,
homogeneous wetting is defined as a regime where the liquid
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completely wets the solid surface, whereas heterogeneous wetting
is defined as the case when air (or liquid vapor) is trapped between
the sessile liquid drop and the surface. The heterogeneous wetting
regime is characterized by lower contact angle hysteresis than
the homogeneous wetting regime.7 Lower contact angle hysteresis
results in higher drop mobility. For both the regimes, the system
Gibbs free energy consists of the surface energies of the liquidvapor, solid-vapor, and the solid-liquid interfaces, denoted by
Γ, with the subscripts LV, SV, and SL, respectively. Neglecting
line tension, the total energy of the system is written as

G ) ΓSLASL + ΓLVALV + ΓSVASV

(1)

where A represents the interfacial area. Several studies have
applied the free energy balance of the liquid-solid, liquidvapor, and solid-vapor interfacial energies13-17 to characterize
the contact angle behavior. When the surface is covered by
microscale poles between which air is trapped, the surface area
in contact with the drop are the top surfaces of the poles. By
substituting this in the above free energy expression and
minimizing, the Cassie-Baxter equation for the apparent contact
angle is obtained.18 The apparent contact angle can be shown to
be the weighted average of the contact angle with air (180°) and
the Young’s contact angle (contact angle on a smooth surface)
θY,
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cos(θ) ) (1 - f) cos(θY) + f cos(180°)
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where f is the area fraction of the tops of the poles to the total
projected area of the surface. For the case of periodically spaced
square poles of side a separated by a distance b at centers, f )
a2/b2. Similarly for the case of periodically spaced square holes
of side a separated by a distance b at centers, f ) 1 - a2/b2. The
above equation for the contact angle dependence with the area
void fraction has been extensively tested by experimental
measurements for fakir droplets on poles of different cross
sectional shapes and over a wide range of length scales.7,19
However, this theoretical development does not take into account
the topology of the three-phase contact line, which has been
recognized to play an important role in determining the contact
angle.20
The contact line under consideration is formed by the liquidvapor interface at the solid surface at which the contact angle
is measured. On a smooth homogeneous surface (see Figure 1a),
the liquid-vapor interface meets the solid surface on a continuous,
circular three-phase contact line. In the case of poles (see Figure
1b), this contact line is only an apparent contact line formed as
a crease on the continuous liquid-vapor surface as it is folded
between the poles. Strictly speaking, the three-phase contact
line is discontinuous and in the form of square loops around the
tops and edges of the wetted poles. In the case of holes (see
Figure 1c), the contact line is again a real, continuous threephase contact line at which advancing events occur as drop volume
increases.
The Cassie-Baxter theory, which does not account for the
three-phase contact line topology, has been used in predicting
the contact angle dependence on the area void fraction. In addition,
most contact angle measurements are performed under dynamic
conditions (either advancing or receding). It is curious that an
equation derived for defect-free surfaces under thermodynamic
equilibrium has found empirical success when applied to dynamic
contact angles.21
A closer observation shows that, in the case of a fakir drop
(where Cassie-Baxter theory has found much of its success),
the three-phase contact line actually consists of multiple loops
around the tops of each pole wetted by the drop. Thus, for the
case of the drop on a bed of poles, the “apparent” three-phase
contact line at the advancing edge of the drop (wetted circle
circumference) is discontinuous and in reality is only a fold on
the drop surface (the drop shape between the poles in Figure 1b).
Presumably, a continuous, advancing three-phase contact line
will demonstrate a behavior different from the predictions of the
Cassie-Baxter theory due to the possibility of pinning.3 We test
this possibility experimentally by measuring the advancing contact
angle on surfaces with square cavities as well as poles.
Experimental Section
Chemicals and Materials. In the current study, we have created
specimens of varying structured “roughness” on a silicon wafer
using a wet-etch process. The roughness was introduced either as
periodically placed square poles or square cavities of varying
characteristic roughness length scale a, viz. side of the square feature,
and of varying area void fraction, f (See Figure 2a,b for SEM images
of two of the specimens with “holes” type and “poles” type
roughness). A lithographic mask of various specimens (varying a
and f) was created. The fabrication process was performed as
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Figure 1. (a) Shape of a sessile drop on a smooth surface generated
using Evolver.26 (b) Shape of a sessile drop on a surface with square
poles generated using Evolver.26 (c) Schematic of a sessile drop on
a surface with square holes.
follows: first, a 3” diameter 〈100〉 silicon wafer was cleaned using
RCA1 and RCA2 cleans. Then, OCG-825 positive photoresist (Arch
Chemicals, Inc., Norwalk, CA) was spin-coated at 3000 rpm for 40
s with a ramping rate of 200 rpm/s to obtain a 0.9 µm thick film.
After soft baking at 95 °C for 30 min in a convection oven (National
Compliance Co., Model 5831), a contact aligner MJB3 (Karl Suss,
Germany) was used to expose the photoresist with a dose of 25
mJ/cm2 at 405 nm exposure wavelength. This step was followed by
developing (OCG Developer 934, diluted 2 parts of developer, one
part of water for 65 s) and hard baking at 120 °C for 30 min in a
convection oven (Fisher Isotemp Oven 200 Series Model 215F).
The whole wafer was then etched using the deep reactive ion etching
(DRIE) process in an Alcatel AMS 100 I-speeder DRIE system. The
following recipe was used for the etching process: surface
temperature, 10 °C; helium pressure, 8.0 mbar; source power, 1800
W; gases, 300 sccm of SF6 for 7 s, 150 sccm of C4F8 for 2 s; etch
time, 6 min 40 s. Finally, the specimens were rendered hydrophobic
by a silanization process identical to that used by Oner and McCarthy.3
Contact Angle Measurement. The advancing contact angles of
a water drop on these samples were measured using a dynamic
contact angle analyzer employing the captive needle technique (see,
for example, He et al.9). For the purposes of this paper, the phrase
“contact angle” will indicate the advancing contact angle, which is
obtained as the asymptotic angle, while liquid is quasistatically
injected into the drop. The contact angle measurement process was
verified against the data of Oner and McCarthy3 for a plain silanized
surface. The resulting data was also analyzed for repeatability and
reproducibility. The uncertainty on the advancing angle for all the
data presented herein was less than (1.5°.

Results and Discussion
Figure 3 is a graph of the advancing contact angle versus area
void fraction (f) for a hole depth (or pole height) of D and side
a. All the data reported in this figure is for D ) 30 µm for 20
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Figure 2. SEM image of the specimen with “holes” and “poles”.
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with Cassie-Baxter theory for poles has also been reported by
other researchers.7,22
The data presented in Figure 3 represents advancing contact
angle measurements that were performed on samples with similar
area void fractions and characteristic roughness length scales
but varying in the three-phase contact line topology. For the
purpose of this discussion, we define the three-phase contact line
as comprising the set of points that are in contact with air, liquid,
and solid. In the case of the specimen where the drop was sessile
on a surface with square poles, the set of points forming the
three-phase contact line is discontinuous, in effect amounting to
the edges and tops of the square poles.
For the specimens with square cavities, the contact angle is
seen to be independent of the area void fraction in Figure 3.
Furthermore, it can be observed that the contact angles for the
specimens with square cavities are greater than those of poles
over the range of area void fractions investigated. Since the
Cassie-Baxter theory does not distinguish between poles and
cavities structures, this observed anomaly can possibly be
attributed to the fundamental difference in the three-phase contact
line topologyscontinuous for cavities and discontinuous for poles.
Recently, Gao and McCarthy23 have debated that Cassie and
Wenzel theory may not be on sound footing, owing to the
experiments of Extrand21 and Bartell and Shepard24 on islands
of chemical heterogeneities. In their work, the contact line of the
drop was on a locally homogeneous surface, whereas the drop
surface areas were in contact with heterogeneous surfaces. In
this paper, we present another novel situation in which we
demonstrate departure from Cassie theory prediction. However,
in the present work, the contact line experiences a heterogeneous
surface and the Cassie theory is still violated. In addition, the
length scale associated with the heterogeneity was comparable
to the length scale of the drop in the experiments reported by
Gao and McCarthy.23 In contrast, we provide empirical evidence
of a failure of Cassie theory even with surfaces whose
heterogeneity length scale is much smaller than the length scale
associated with the drop.

Conclusions

Figure 3. Contact angle versus area void fraction for varying
characteristic lengths (D ) 30 µm).

µm e a e 100 µm. For example, a ) 20H corresponds to data
for a 20 µm square hole specimen (open symbols), while a )
100P correspond to a 100 µm square pole specimen (solid
symbols). It can be observed from Figure 3 that, for surfaces
with periodically placed poles, the advancing contact angle of
the water drop increases linearly with an increase in the area void
fraction. The experimentally measured advancing contact angles
are compared against predictions by the Cassie-Baxter theory
in the same figure (see the solid line in Figure 3). The CassieBaxter theory predictions were calculated using eq 2, using the
advancing contact angle for the smooth silanized specimen, which
was measured to be 103°. The comparison between CassieBaxter theory and the advancing angle data in this figure results
in a correlation coefficient R2 better than 0.9. Such correlation

The contact angles were measured on various microstructured
surfaces ranging in characteristic length scale as well as area
void fraction. In particular, two types of surfaces consisting of
square cross sectional poles and square cross sectional cavities
were considered. The two types of surfaces differed mainly in
the three-phase contact line topology of sessile drops placed on
them. Conventional Cassie-Baxter theory12 indicates that the
area void fraction controls the resulting contact angle following
Gibbs free energy minimization arguments25 in both types of
surfaces. In contrast, we found that the three-phase contact line
topology may affect the dependence of the contact angle on the
area void fraction. On surfaces with discontinuous three-phase
contact line, the contact angle closely follows the prediction of
the Cassie-Baxter theory, in agreement with results reported in
the literature. However, for surfaces where the sessile drops exhibit
a continuous three-phase contact line, the measured advancing
angles are almost invariant with respect to the area void fraction.
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Therefore, we conclude that the fundamental behavior of sessile
drops on surfaces where the three-phase contact line is continuous
is governed by other effects in addition to interfacial free energy
minimization.
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