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We have modeled, fabricated, and characterized superhydrophobic surfaces with a morphology
formed of periodic microstructures which are cavities. This surface morphology is the inverse of that
generally reported in the literature when the surface is formed of pillars or protrusions, and has the
advantage that when immersed in water the confined air inside the cavities tends to expel the
invading water. This differs from the case of a surface morphology formed of pillars or protrusions,
for which water can penetrate irreversibly among the microstructures, necessitating complete drying
of the surface in order to again recover its superhydrophobic character. We have developed a
theoretical model that allows calculation of the microcavity dimensions needed to obtain
superhydrophobic surfaces composed of patterns of such microcavities, and that provides estimates
of the advancing and receding contact angle as a function of microcavity parameters. The model
predicts that the cavity aspect ratio (depth-to-diameter ratio) can be much less than unity, indicating
that the microcavities do not need to be deep in order to obtain a surface with enhanced
superhydrophobic  character. Specific microcavity patterns have been fabricated in
polydimethylsiloxane and characterized by scanning electron microscopy, atomic force microscopy,
and contact angle measurements. The measured advancing and receding contact angles are in good
agreement with the predictions of the model. © 2010 American Institute of Physics.

[doi:10.1063/1.3466979]

I. INTRODUCTION

The hydrophobicity of surfaces is important in an in-
creasing variety of technological areas. Applications include
microfluidics, microelectromechanical systems, self-cleaning
surfaces, antifogging surfaces, resistance to oxidation, drag
reduction, and more. In general, the wettability of a solid
surface is governed by two factors. One is related to the solid
and liquid chemistry of the material (low surface energy),
and the other is the surface morphology.l‘2 Hydrophobic
plant leaves have motivated researchers to reproduce the leaf
morphology on material surfaces.”™ A typical example is
shown in Fig. 1—the scanning electron microscope image of
the surface of a lotus leaf.

Surface wetting is characterized by the contact angle
made between a water droplet and the surface. The surface is
said to be hydrophobic when the contact angle is greater than
90°, and surfaces with contact angle greater than 150° (up to
180°) are called superhydrophobic. Water droplets on smooth
and flat hydrophobic surfaces do not usually have contact
angles greater than 120°. Modification of the surface mor-
phology can increase the contact angle without altering the
surface chemistry. Following the lotus leaf morphology,
technological approaches to fabricating superhydrophobic
surfaces have generally been morphologies with pillars or
protrusions. 1217

We have investigated the case for which the surface mor-
phology consists of periodic microstructures which are cavi-
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ties. This surface morphology is the inverse of that generally
reported in the literature. The advantage of using a surface
morphology formed of periodic microcavities is that when a
surface of this morphology is immersed in water, the con-
fined air inside the cavities tends to expel the invading water.
This is quite distinct from the case of a surface morphology
formed of pillars or protrusions, for which water can pen-
etrate irreversibly among the microstructures, necessitating
complete drying of the surface in order to again recover its
superhydrophobic character. We point out that when our mi-
crocavity structure is fully immersed in water, a fraction of
the trapped air will be dissolved in the water, progressively
more so with pressure (immersion depth); the model de-
scribed here does not include this feature. However, for the
usual case of shallow immersion this effect is minimal and
can be ignored.

We have developed a theoretical model that allows cal-
culation of the microcavity dimensions needed to obtain su-

FIG. 1. Scanning electron micrograph of surface of lotus leaf.

© 2010 American Institute of Physics
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water droplet

“air solid

FIG. 2. Tllustration of a water drop interfacing partially with the solid ma-
terial and partially with the air confined in the cavities. & is the height of the
droplet.

perhydrophobic surfaces composed of patterns of such mi-
crocavities, and that provides estimates of the advancing and
receding contact angle as a function of microcavity param-
eters. A brief summary of our model has been presented in a
prior publication;18 here we describe the theoretical model in
detail. Specific microcavity patterns as considered in the
model were selected, and we have fabricated and character-
ized these surfaces by scanning electron microscopy (SEM),
atomic force microscopy (AFM), and contact angle measure-
ments.

Il. THE MODEL

Our model conceptualizes a surface made of a solid ma-
terial upon which microcavities are fabricated. When water
is deposited on this surface, the cavities continue to confine
air. Thus the surface water interfaces partially with the solid
material and partially with the air confined in the microcavi-
ties as illustrated in Fig. 2. In order to calculate the final
contact angles for these surfaces, the Cassie—Baxter law'? is
used: the cosine of the contact angle for a drop deposited on
a heterogeneous surface is given by the average of the co-
sines of the different contact angles, weighted by the surface
fractions of the heterogeneities. In the particular case where
the surface is composed of a solid material (presenting con-
tact angle #) and air (confined in the cavities, and having
contact angle 180°) the Cassie-Baxter law is given by the

equation
(a)
B ‘s
2R .
. 2R
(b)

B 2R
FIG. 3. (a) Top view of the two different cavity geometries used; (b) cross

section of the cavity geometry for both cases. The parameters R, &, and 8
define completely the surface morphology.
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gadv

FIG. 4. Advancing and receding contact angles for a droplet which is just
moving on an inclined surface.

cos 0" = g cos 0+ (1 — pg)(— 1), (1)

where 6 is the contact angle of the heterogeneous surface,
¢s is the fractional surface area of the solid material, and
(—1) is the cosine of 180°.

We consider two possible geometries: cavities with par-
allelepiped geometry and cavities with cylindrical geometry,
as illustrated in Fig. 3. The parameters R, h, and B define
completely the surface morphology. We assume that the solid
material used for the surface fabrication has an advancing
contact angle 6,,, greater then 90°, and a receding contact
angle 6,,. less than 90°, as is common even for hydrophobic
materials. [A droplet on an inclined surface sags toward the
lower side, and the contact angle on the lower side is greater
than that on the upper side. When the angle of tilt is such that
the droplet just begins to move, these contact angles are
called the advancing and receding contact angles (Fig. 4).]

The profile expected for the base of a water droplet de-
posited on the proposed surface is illustrated in Fig. 5(a). The
pressure P, applied on the water/air interface by the water
can be written as

P,=pgé+ Py, (2)

where p is the water density, g the acceleration due to grav-
ity, & the height of the water column to which the surface is

droplet base

@ O

FIG. 5. (a) Expected profile for the base of a water drop deposited on the
proposed surface fabricated from a solid material with receding contact
angle 6,,. less than 90°. P, is the pressure applied by the water at the
water/air interface, and P, and V, are the pressure and volume, respectively,
of the air confined in a cavity. (b) Expected profile for the base of a water
drop when the water is intruding into the cavity.
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FIG. 6. Tllustration of a cavity partially invaded by water, defining the
parameters S and y; & is the maximum invasion distance.

subjected, and P, the atmospheric pressure. The pressure P,
and the volume V. of the confined air in each cavity can be
related to the initial pressure P, and volume V; (before the
drop completes deposition on the surface or before the sur-
face is immersed in water), by the equation

P.V.=P,V,. (3)

Water tends to enter the cavities by capillarity, increasing the
pressure P, until reaching equilibrium. The pressure differ-
ence AP established inside a capillary of radius r is given
quite generally by20

2 6
AP:ﬂ’ (4)

r

where 6 is the contact angle between the water and the solid
surface in air and v is the water surface tension. In this way,
considering the water/air interface at the drop base in each
cavity as a convex spherical cap in a cylindrical cavity or as
a convex spherical cap inscribed in a square for parallelepi-
ped cavities, we have

2y cos 0
P c P a~— R . (5)
Now we determine the pressure P, inside each cavity. From
Eq. (3) we have P.=P,V,/V,, where V; is the initial volume
of the air confined in the cavity at atmospheric pressure Py,
and V, is the volume of air at pressure P, Note that V;
<V,, where V| is the geometric volume of the cavity. For
cylindrical cavities

Voo = TR*h = c .R*h, (6)
where c.=r, and for parallelepiped cavities
Vop=4R’h = c,R*h, (7

where ¢,=4. To determine V; we need to consider the pro-
cess of the water advancing over the cavity, where part of the
cavity is invaded by a concave spherical cap as illustrated in
Fig. 5(b). This is because the contact angle to be considered
in this case is the advancing contact angle 6,,,. Thus

Vi = VO - Vcap’ (8)

where V,,, is the volume of the concave spherical cap [see
Fig. 5(b)]. The volume V, can be calculated by considering
the parameters 6 as defined in Fig. 6, and we obtain

J. Appl. Phys. 108, 024908 (2010)

6
VL.=VO<1 7) + Vi )

where Vjap is the volume of the convex spherical cap (see
Fig. 6).
Substituting Egs. (8) and (9) into Eq. (3) results in

VoV 1=V (10)
UL = )+ Vi, V(1= )+ Vi 1V,

where  V,,,=79(3R*+77)/6  with  =R(1-sin 6,4,)/
—C08 0,4, [77 is defined in Fig. 5(b)] and V;, =my(3R
+y%)/6 with y=R(1-sin 6,,.)/cos 6,,. (v is defined in Fig.

6), or
V., R

Yeap _ _ 2

V() - hf(aadv) (]1)
and

Vi R

Zeap _ %

VO - hf(arec)’ (12)
where

_ml-sing (1 —sin 6)?
f(a)_6c cos 6 { * (cos 6)? } (13)

Substituting Egs. (11) and (12) into Eq. (10) we obtain

R
I+ Zf( eadv)
P.=Py————, (14)
=2+ 856,00
h h rec
and substituting Eqs. (2) and (14) into Eq. (5) we obtain
finally

R
1+;f(0adv) 2 cos 6
Po| ——— =1 |=pgés———=, (15
1_a+;f(0rec)

where, to summarize the parameters used, P, is the atmo-
spheric pressure, p the water density, g the acceleration due
to gravity, ¢ the height of the water column to which the
surface is subjected or the height of the water droplet (see
Fig. 2), R the radius of a cylindrical microcavity or half the
length of the side of a square microcavity, y the water sur-
face tension, a=4/h, the fractional vertical intrusion of wa-
ter into a cavity as shown in Fig. 6, and obeys the condition
a<1, and f(0) is given by Eq. (13).

Equation (15) allows calculation of the cavity depth & as
a function of the parameter R for a given fraction a of water
penetration into the cavity. Figure 7 shows a plot of the cav-
ity depth & as a function of R for @=0.25 and {=5 mm, for
the case when the surface is fabricated from PDMS (poly-
dimethylsiloxane) with 6,,,=119° and 6,,.=86°. Thus one
can predict that a drop 5 mm in height will penetrate 25% of
the cavity depth; in this case the cavity aspect ratio (h/2R) is
less than unity for R>0.5 um, indicating that the micro-
cavities do not need to be deep in order to obtain a surface
with enhanced superhydrophobic character.
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FIG. 7. Cavity depth & as a function of R (radius of a cylindrical cavity or
half the length of the side of a square cavity), from Eq. (15) with «=0.25,
0,4,=119°, 6,,.=86°, and £&=5 mm.

To calculate the final contact angles 6, and 6, of the
fabricated surface, we use the Cassie-Baxter law given by
Eq. (1), where 6 is the characteristic contact angle (6,4, or
0,..) of the solid material used to fabricate the surface and ¢g
is the fraction of the surface area over which the drop main-
tains contact with the solid material. To calculate the advanc-
ing contact angle 6, . we estimate the fraction of surface
area for which the drop is in contact with the solid material
as illustrated in Fig. 8.

In this way we obtain,

_BER+p)

QSZdv_ (2R+B2

(for parallelepiped cavities), (16)

and

(a) 1

2R+

-
00

e

=
2R+

FIG. 8. Top view of the surface morphology to determine the fraction of the
surface area over which the drop is in contact with the solid material. (a)
The square delimited by dashed lines defines an elemental area that can
reproduce the entire surface, for cavities with parallelepiped geometry. (b)
The hexagon delimited by dashed lines defines an elemental area that can
reproduce the entire surface, for cylindrical cavities.
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FIG. 9. Advancing 6, and receding 6, contact angles as a function of R

for both cavity geometries, from Egs. (20) and (21) with 6,,,=119°, 6,
=86°, $=0.6 um, h=2.5 um, and @ was calculated using Eq. (15).

2
2R+ B)* - %RZ

&g = R+ ﬁ)é (for cylindrical cavities).

(17)

To calculate the receding contact angle ¢, of the sur-
face, we take into account that the water invasion into the
cavities increases the fraction of surface area over which the
drop is in contact with the solid material. For these condi-

tions we have

4R + B) + 8Rah
&= ’(8 2(R N sz) TSR ah (for parallelepiped cavities)
a
(18)
and
Y -1
c o _1_p2 ﬁ 2
¢r.=1-R 5 2R+ B)* +2Rah
o
(for cylindrical cavities). (19)

Then finally, using Eq. (1), the contact angles of the surface
are given by

cos 0Zdv = ¢adv Cos 0adv + (1 - ¢adv) (_ ]) (20)

and

cos atec = d)rec cos arec + (1 - ¢rec) (_ 1) (21)

Plots of the calculated advancing 6, and receding 6, con-
tact angles are shown in Fig. 9 as a function of R, for both
cavity geometries considered (parallelepiped and cylindri-
cal). Here we assumed 6,,,=119°, 6,,,=86°, h=2.5 um, a
was calculated using Eq. (15), and the “wall thickness” B as
defined in Fig. 3 was 8=0.6 wm. Note that for 7=2.5 wum
we have a maximum value of R, since « must be less than
unity. The maximum R is about 21 um for parallelepiped
cavities and about 16 wm for cylindrical cavities.

126122 €202 489010 /T
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FIG. 10. Scanning electron micrographs of the four lithographed samples;
(a) and (b) show parallelepiped cavities and (c) and (d) cylindrical cavities.

lll. THE MICROFABRICATED SURFACES

We describe now four microfabricated surfaces based on
the above model, two with parallelepiped cavity geometry
and two with cylindrical cavity geometry. The advancing and
receding contact angles were measured and compared with
the predictions of the theory.

The material used for the surface fabrication was PDMS
(polydimethylsiloxane). Silicon substrates (pieces of wafer)
were cleaned, and baked at 200 °C for 30 min to remove
residual humidity. The electron resist SU-8 (SU-8 2002, Mi-
croChem Corp.) was then deposited on the silicon using a
spin coater. The samples were baked again at 65 °C for 1
min and 95 °C for 2 min to evaporate the polymer solvent.
Samples were then transferred to a scanning electron micro-
scope, JEOL model JSM-6460 LV, equipped with an e-beam
nanolithography system (nanometer pattern generation Sys-
tem) and the desired pattern transferred to the SU-8 surface.
The samples were immersed in a developing solution, gen-
erating the desired microcavities on the surface. The total
area lithographed on each surface was 9X9 mm? Two
PDMS replicas were obtained from each lithographed
sample, first a negative replica (presenting periodic protru-
sions) and also a positive replica (presenting cavities). The
PDMS replicas were imaged by SEM and AFM. Contact
angle measurements were made using a CAM 200 system
(from KSV Instruments). Figure 10 shows scanning electron
micrographs of the four SU-8 lithographed samples. The
samples were replicated in PDMS and the advancing 6,
and receding 6, contact angles measured.

Contact angle measurements were performed by a dy-
namic sessile drop method. In this method the surface is
tilted until the droplet just starts to move on the surface, at
which point the advancing and receding contact angles are
measured from an image of the droplet. Figure 11 shows
droplet images for each of the four PDMS microcavity
samples and for a droplet on a flat PDMS surface. The criti-
cal surface tilt angle depends on 6,,, and #6,,., the liquid/
vapor surface tension and the droplet size, and the surface
tilts shown in the figure are the critical tilt angles. The drop-
let size was about 22 ulL.

The contact angle results are summarized in Table 1. The
measured advancing contact angles were between 141° and
153° (for different microcavity geometries as shown in the

J. Appl. Phys. 108, 024908 (2010)

(a) (b)

FIG. 11. Images of droplets on each of the four PDMS samples [(a) and (b)
refer to the parallelepiped cavities with R=3.3 um and R=4.8 um, respec-
tively; (c) and (d) refer to the cylindrical cavities with R=3.4 um and R
=5.2 um, respectively], and () on a flat PDMS surface (no microstructure).
The surfaces are tilted at an angle such that the droplet just begins to move.

table), and the receding contact angles between 98° and
107°, in good agreement with the calculated values.

IV. DISCUSSION AND SUMMARY

We have developed a model for designing superhydro-
phobic surfaces with morphology formed of an extended ar-
ray of microcavities. The advantage of this morphology is
that even when the surface is fully immersed in (shallow)
water, the confined air inside the cavities tends to expel the
invading water, whereas for the more usual case of a surface
morphology formed of microprotrusions water can penetrate
irreversibly among the microstructures. The microprotrusion
morphology thus necessitates complete drying of the surface
in order to recover its superhydrophobic character, while the
microcavity morphology retains its superhydrophobicity af-
ter full immersion (in shallow water).

The model allows calculation of the microcavity dimen-
sions needed to obtain superhydrophobic surfaces and pro-
vides estimates of the advancing and receding contact angles
as a function of microcavity parameters. We have considered
two possible specific geometries: cavities with parallelepiped
geometry and cavities with cylindrical geometry. We assume
that the solid material used for the surface fabrication has an
advancing contact angle 6,,, greater then 90°, and a receding
contact angle 6,,. less than 90°, as is common even for hy-
drophobic materials. The model considers the different con-
tributions to the pressure equilibrium on the water interface
with the air confined in a microcavity, including the pressure
due to the water column to which the surface is subjected
(&), the atmospheric pressure (P), the pressure due to the
capillarity effect in the cavity, and the pressure of the
confined air in each cavity (P.). The model correlates &,
R (radius of a cylindrical microcavity or half the length of
the side of a square microcavity), a=35/h (fractional vertical
intrusion of water into a cavity), Py, p (water density), g

126122 €202 489010 /T
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TABLE I. Summary of results: SEM image of the relevant surface; microcavity dimensions R, (3, and & as

defined in Fig. 3; advancing 6"

advy rec

and receding 6, contact angles, comparing calculated and measured values.

Advancing Receding
contact angle contact angle
SEM Of R ,B h 0*calc e*meas 0*calc e*meas
surface pum pm um  adv adv rec rec
S OSSO 0TS
SSget ettt
S TS TS ors S0
“‘ et ‘¢‘ osO
g::::::v:&tﬁi 33 07 2.1  155° 153° 130° 107°
48 29 21 142° 141° 118° 98°
34 25 21 137° 141° 112° 102°
52 24 14 141° 147° 119° 106°
(acceleration due to gravity), y (water surface tension), 6,,, ~ACKNOWLEDGMENTS

(advancing contact angle), and 6,,. (receding contact angle)
of the solid material used for the surface fabrication. This
relationship, Eq. (15), allows calculation of the cavity depth
h as a function of R for given fraction a of water penetration
into the cavity. An important prediction of the model is
that the cavity aspect ratio (h/2R) can be much less
than unity, indicating that the microcavities do not need
to be deep in order to obtain a surface with enhanced
superhydrophobic character. To calculate the final advancing
and receding contact angles of the fabricated surface, we
applied the Cassie—Baxter law, using the characteristic
contact angle (6,4, or 6,,.) of the solid material used to fab-
ricate the surface and the fraction of the surface area over
which the drop maintains contact with the solid material
(s).

Four different surfaces based on the model were fabri-
cated in PDMS, two with parallelepiped cavity geometry and
two with cylindrical cavity geometry. The surfaces were
characterized by SEM and AFM, and the advancing and re-
ceding contact angles were measured and compared with the
predictions of the theory, showing good agreement. The
theory described here allows design of hydrophobic surfaces
for the case not only for droplets resting on the surface at
atmospheric pressure but also for the case when the surface
is fully submerged (in water not too deep).

This work was supported by the Fundagdo de Amparo a
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