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Engineering Sticky Superomniphobic Surfaces on Transparent
and Flexible PDMS Substrate

Renaud Dufour,”* Maxime Harnoisf+ Yannick Coffinier,* Vincent Thomyf
Rabah Boukherroub,* and Vincent Senez*'

TUniversity Lille Nord de France, Institute of Electronics, Microelectronics and Nanotechnology (IEMN,
UMR 8520), Cité Scientifique, Avenue Poincaré, BP 60069, 59652 Villeneuve d’Ascq, France, and
Ynterdisciplinary Research Institute (IRI, USR 3078), Parc de la Haute Borne, 50 Avenue de Halley,
BP 70478, 59658 Villeneuve d’Ascq, France

Following the achievement of superhydrophobicity which prevents water adhesion on a surface, superomniphobicity extends this high
repellency property to a wide range of liquids, including oils, solvents, and other low surface energy liquids. Recent theoretical approaches
have yield to specific microstructures design criterion to achieve such surfaces, leading to superomniphobic structured silicon substrate. To
transfer this technology on a flexible substrate, we use a polydimethylsiloxane (PDMS) molding process followed by surface chemical
modification. It results in so-called sticky superomniphobic surfaces, exhibiting large apparent contact angles (> 150°) along with large
contact angle hysteresis (> 10°). We then focus on the modified Cassie equation, considering the 1D aspect of wetting, to explain the behavior
of droplets on these surfaces and compare experimental data to previous works to confirm the validity of this model.

Introduction

The interest for liquid repellent surfaces has extensively in-
creased during the past decade, motivated by a wide range of
potential applications: antifouling and nonadhesive surfaces,
microfluidics, energy conversion and conservation,' and under-
water applications.”

Observation of natural surfaces has been of great importance
for the understanding of wetting on textured surfaces. A look at
particular plant leaves reveals different mechanisms leading to
high water repellency.®* The most known is the so-called “lotus
effect”, in reference to the superhydrophobic lotus leaf, which
exhibits contact angle (CA) with water as large as 170° and small
contact angle hysteresis (CAH). The lotus belongs to a first type of
plants looking macroscopically smooth, but presenting hierar-
chical structures at micro and nano scales. A second type of
leaves, such as Lady’s Mantle, are covered with multi cellular
hairs, a structure which also results in superhydrophobic properties.
On these hairy or microstructured surfaces, water droplets easily
roll off, leading to a self-cleaning effect.

Analysis of these natural surfaces, along with various theoret-
ical and experimental studies of surface wettability, point out two
main parameters responsible for liquid repellency. First a low
surface energy material (or coating) should be used (in other
words, it should be initially hydrophobic). Second, to increase the
hydrophobic character, the surface should be micro and/or nano
structured. On such textured surfaces, droplets sit on a patchwork
of solid and air. This induces a reduction in solid—liquid contact,
responsible for superhydrophobic properties.
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From these findings, many artificial surfaces have been devel-
oped. Some of them mimic the lotus leaf characteristics, with
more or less ordered micro and/or nano structures: silicon pillars,’
molded polymers,® fractal surfaces,” nanoparticles coatings,® and
so one. Others are more similar to hairy plants, made for instance
of silicon nanowires or carbon nanotubes.”” !>

Following the achievement of highly water repellent surfaces, a
new emerging and challenging issue is to extend this concept to
design superomniphobic surfaces. The latter should present
similar characteristics, i.e., high CA (6 > 150°) and low CAH
(A6 < 10°) not only with water but also with a wide range of
liquids such as oils and organic solvents. These surfaces are also
called superoleophobic or superhygrophobic. However this prop-
erty is more complicated to achieve since these low surface tension
liquids tend to wet most of the natural or artificial superhydro-
phobic surfaces. Indeed, despite their high water repellency, plant
leaves are not able to repel oil droplets, which spread into the
asperities of microstructures. To overcome this problem, theoret-
ical considerations have led to specific design criterion preventing
liquid penetration between microstructures.'® This criterion in-
volves geometries presenting re-entrant curvatures (or over-
hangs), which enable contact line pining to keep a composite
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interface under the drop. The same underlying mechanism is
used to make superhydrophobic surfaces from a hydrophilic
substrate."*"> Such surfaces have been demonstrated with so-
called microhoodoos and nanonails obtained by silicon etching
processes'*!'® and also with inverted trapezoidal structures in
PDMS involving a diffusive photolithography technique.'”
Apart from these particular geometries, superomniphobic sur-
faces have also been obtained by more randomly organized
nanostructures involving the same mechanism: nanoparticles
and nanowires deposition on textile fibers,'!” electro-
polymerization,*® electroless etching method®! or silica spheres
stacking layers.?

Most of these surfaces have been realized on solid substrates or
with specific fabrication processes. However, different applica-
tions such as liquid repellent coatings or flexible microfluidic
devices require flexible superomniphobic surfaces. In this study,
we propose an original method based on a single lithography-step
approach associated with a polydimethylsiloxane (PDMS) mold-
ing process to prepare sticky superomniphobic, flexible, and
transparent surfaces. Sticky surfaces are surfaces with a high
CA (> 150°) and a high CAH (> 10°). The first part of this paper
summarizes some basics of wetting, considering the two models of
Wenzel and Cassie—Baxter. We then focus on the particular design
criterion needed to achieve superomniphobicity and also on the 1D
aspect of wetting, essential for the understanding of CAH on
textured surfaces. After a description of the technological process,
experimental static, advancing and receding apparent contact
angles (ACA) are reported for 6 different liquids over 5 samples
presenting distinct geometries. Finally, the results are compared to
the 1D wetting model in order to obtain a qualitative estimation of
both contact line deformation and explanation of the observed
CAH.

Design Criteria to Achieve Superomniphobicity. Wettabil-
ity on nonplanar surfaces is commonly described by two models.
The first one from Wenzel relates CA variation to surface
roughness™ and is described by eq 1, where 6 is the Wenzel
ACA, r the surface roughness, and 8y the Young angle, which is
the equilibrium CA on the corresponding smooth surface given by
eq 224 ¥sv, ¥sL, and ypy refer to solid—vapor, solid—liquid, and
liquid—vapor interfacial tensions, respectively. On the plane
surface, fy is comprised between the advancing and receding
angles, respectively noted 64 and 6.

cos 9;\, = rcos Oy (1)
cos By = Ysv T VsL 2)
YLv

The second model from Cassie and Baxter considers air pockets
trapped between liquid and solid surface, leading to the so-called
Fakir state. This configuration is described by eq 3, where 6§ is
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Figure 1. ACA cosine as a function of the Young angle cosine for
the Cassie model (red line) and the Wenzel configuration (blue
line). Continuous and dotted lines correspond to stable and
metastable states, respectively.?”.

the Cassie ACA, ®g the fraction of solid—liquid interface below
the drop, and 6y the Young CA.

cos O = Ps(1+cos Oy) — 1 (3)

As far as liquid repellency is concerned, the Cassie state is
preferable for two reasons: (i) it enables large ACA even from
small Young angle and (ii) it reduces liquid—solid contact area
and thus CAH. However, although Cassie state is relatively easy
to obtain with water, this is not the case with low surface tension
liquids, which generally prefer the Wenzel configuration.

For a given surface (r and ®g fixed), these two models are not
energetically equivalent.”> Equalizing egs 1 and 3 leads to eq 4
where the threshold Young angle 6y s delimitates stable and
metastable states.?® For 6y < Oys, the lower energetic state
corresponds to the Wenzel configuration, whereas the Cassie
state is more stable for Oy > Oy g

Dg— 1

cos Oy,s = — > 90° 4)

These behaviors are summarized in Figure 1 where the Wenzel
model is depicted in blue and Cassie in red. Continuous and
dotted lines correspond to stable and metastable states, respec-
tively. This representation gives the ACA as a function of the
Young angle for a given surface (parameters ® and r fixed,
resulting in a fixed 6y s). Considering a water droplet, the Young
angle can be made larger than Oyg on usual hydrophobic
materials, which corresponds to point A in Figure 1. Conse-
quently, it enables a stable Cassie configuration. Furthermore, for
an oil or an organic solvent, 6y < 90° < 6y g even on the lowest
surface energy materials. This corresponds to point B in Figure 1.
In this case, the Wenzel state is stable (continuous blue line) and
the Cassie one is metastable (dotted red line). To reach this
metastable Cassie state, the surface must be able to sustain a
composite interface fulfilling locally the Young condition at the
top of the microstructures. This is possible only if using micro-
structures with overhangs,” which enable contact line pining on
the upper part for 6y > 90° and on the lower part for 6y < 90°
(Figure 4). This specific design criterion has been used to obtain
superomniphobic surfaces on PDMS.

1D Aspect of Wetting. Numerous studies® ' demonstrate
that wetting is not only a 2D phenomenon, but a 1D aspect must
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Figure 2. Variation of the linear fraction parameter @y considering
the advancing or receding contact line. @y reaches its maximum and
minimum values for the receding and advancing line, respectively.

be considered. Contact angle does not depend on the whole
surface under the drop but only on the surface structure in the
vicinity of the contact line. Consequently eq 3 should be modified,
substituting surface fraction parameter ®g by a differential
fraction parameter ®p, which corresponds to the solid—liquid
surface fraction for an infinitesimal displacement ¢ of the contact
line. For ¢ — 0, it yields the linear fraction parameter ®; which is
the linear surface fraction along the contact line (Figure 2). Due to
interface pining and deformation, ®; (or ®p) is no longer
constant but changes according to contact line position as
depicted in Figure 2. This consideration adds a coupled variable
to eq 3 and thus leads to eq 5 in which the two extremum values of
®; associated with 6, and Oy yield advancing and receding ACA

cos 02 = O®p(14cosby)—1 (5)

This model is more complex than the classical view because,
except for particular cases, ®; or ®p, cannot be easily calculated
or observed. In ref 31, theoretical values of ®@p are approximated
to predict advancing and receding angles of water and decane on
simple patterns such as stripes, rings, or spirals.

Our method consists of testing various liquids on a single kind
of pattern (mushroom-like structures) of varying ®g. From the
measured advancing and receding angles, we extract experimental
values of @1 (maximum and minimum values corresponding to
the advancing and receding angle, respectively). We eventually
investigate the evolution of @ yax and Pp pmn according to Pg
and compare the results to theoretical prediction reported in
ref 31.

Furthermore, differential or linear surface fraction parameter
is probably dependent on 6y. Up to now, the problem of coupling
between @ or ®p and Oy is not explicitly questioned in the
literature. We suppose here that ®; mostly depends on micro-
structures geometry and hardly on 6y and, thus, that the
deformation of the contact line is quite similar for different liquids
on a given microstructure geometry. This point will be developed
in the Results and Discussion section with regard to the experi-
mental results.

This so-called 1D model of wetting is of great importance with
regard to CAH on microstructured surfaces. Indeed using eq 3
which considers ®g as a constant, CAH is given by eq 6. Since ®g
< 1, hysteresis is decreased compared to a smooth surface.
However, considering variable parameter @y, hysteresis is given
by eq 7. In this case, the Cassie state does not necessarily reduce
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Figure 3. Main steps used for the fabrication of mushroom-like
microstructures on PDMS: (a) PMGI and AZ9260 spin-coating,
(b) photolithography of AZ9260, (c) etching of PMGI, (d) molding
and curing of PDMS, and (e) release and PFTS coating.
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Figure 4. Microstructures’ dimensions and contact line pining on the
upper side of the cap for Oy > 90° and on the lower part for 8y < 90°.

the hysteresis. It depends on the extreme values of ®; according
to contact line pining at the leading and trailing edges of the
droplet

cos GZ’R —cos O*C’A = Dg(cos Or —cos O4) (6)

cos HE’R —cos H*C’A = ®p max(14+c0s Or) — Pr, min(1 +c0s O4)

(7

Materials and Methods

Mushroom-like microstructured surfaces are fabricated by
molding polydimethylsiloxane (PDMS) onto a patterned sacrificial
photoresist bilayer.>> For the mold AZ9260 (MicroChemicals) is used
as a thick photoresist and PMGI SF11 (MicroChem) as an undercut
layer. Sylgard 184 PDMS was purchased from Down Corning
(Midland, U.S.A.), mixed with curing agent at a ratio of 10:1 wt %,
and degassed for 30 min before spin-coating onto the mold.

The fabrication steps are listed in Figure 3. First, a gold layer is
sputtered on a 3 in. silicon wafer, forming a low adhesion surface
for the base of the mold. Then PMGI and AZ9260 resists are spin-
coated to thicknesses which define structures cap thickness H, and
height H, (Figures 3a and 4). A single photolithography step of
the thick resist defines spacing L and base diameter D, (Figures 3b
and 4). Cap diameter D, is obtained by etching of the undercut
PMGI layer (Figures 3c and 4). To achieve a good homogeneity
and reproducibility of PMGI etching, it is important to keep
exactly the same protocol (same beaker and developer volume, no
agitation). Moreover during prototyping, regular control of the
undercut distance should be done because etch rate may also
depends on thick resist patterns (L and D). Next,a PDMS layer is
spin-coated and degassed for 15 min to ensure that it entirely fills
the cavities (Figure 3d). Polymer is cured at 60 °C for 3 h, avoiding

(32) Sameoto, D.; Menon, C. J. Micromech. Microeng. 2009, 19, 115002.



Figure 5. SEM image of a microstructured PDMS surface (SN2).

stress or mold deformation. Before demolding, a narrow strip of
PDMS must be cut and peeled of around the wafer to allow
solvent to access the mold. Resists are then dissolved for 10 h in
Microposit remover 1165. A smaller development time (5 h) can
be achieved by heating the remover; however, it induces a large
absorption of solvent and dissolved resists in the polymer. A
second bake step of PDMS (110 °C, 1 hin an oven) enables solvent
evaporation and improves polymer strength. Finally, the resulting
PDMS microstructures are functionalized with a hydrophobic
monolayer: after an O, plasma treatment to generate silanol
groups on the PDMS surface, 50 uL of perfluorodecyltrichloro-
silane (PFTS) solution (10~ M) are evaporated onto the surface
under vacuum. Although smooth PDMS is already hydrophobic,
PFTS presents a lower CAH and reduces PDMS swelling when
exposed to low surface tension liquids.

Figure 5 shows a SEM image of a PDMS microstructured
surface. Height H; and cap thickness H, are set from AZ9260 and
PMGI layers thicknesses to 8 and 1.5 um, respectively. Spacing L
is fixed to 30 or 40 um by a photolithography mask. The base
diameter D is fixed to 10 ym, and the cap diameter D, ranges
from 20 to 30 um, depending on undercut layer etching time. In
Table 1 are summarized the different configurations investigated
in this work and the corresponding surface fraction ®g, ranging
from 0.2 to 0.8. Due to the limited resolution of the fabrication
process (~0.3 um), structures can be slightly different from the
target design. However, the technique enables rapid prototyping
using conventional photolithography. We achieved samples with
a total thickness (microstructures + PDMS supporting layer)
ranging from 100 um to several millimeters, depending on spin
speed of PDMS. The thinnest samples have been successfully
handled without being damaged and can be transferred on any
solid surface.

Superomniphobic surfaces have been characterized using a
drop shape analysis system (DSA100, Kriiss GmbH, Germany).
It consists of an automated tilting table which incorporates a light
source, a CDD camera (50 frames/s), and an automatic dosing
system. A drop is deposited onto the surface, and then the tilting
table rotates from 0 to 90° (by step of 0.3° every 0.3 s) while drop
deformation and contact angle variations are recorded every 20
ms. This configuration corresponds to 16 measurements for one
unique angle up to the sliding angle. Before sliding we assume to
be in a quasi static state. Static ACA is measured just after drop
deposition, while advancing and receding angles are measured just
before contact lines depining during tilting. A +1° error is
assumed on CA computation and each measurement is operated
5 times.

Itis to be noted that the rotation axis of the tilting table and the
optical axis (corresponding to CDD camera) are the same. Thus
on the images and video taken, the surface appears horizontal
while the droplet shape is deformed. Different liquids have been
tested owing to their surface tension from 72.2 mN/m for water
down to 27.5 mN/m for hexadecane (Table 2). For high surface
tension liquids such as water and glycerol, it can be difficult to

Table 1. Spacing and Cap Diameter, and the Corresponding Surface
Fraction Parameter ®g for the Investigated Samples”

spacing, cap diameter,
sample L (um) D; (um) ®g = a(D>)2)*/L*
SN1 30 21 0.35
SN2 40 21 0.20
SN3 40 25 0.30
SN4 30 28 0.60
SNS 30 31 0.84

“Values for cap diameter D, are measured by optical microscopy and
averaged over 5 different structures.

Table 2. Different Liquids Used and Their Surface Energy

liquid surface energy (mN/m)
deionized water 72.2
glycerol 64.0
CH212 50.8
BF2 42.0
NTF2 32.0
hexadecane 27.5

differentiate Wenzel and Cassie states because both lead to similar
static ACA. However, the light diffraction below the drop and
lower CAH allow us to ensure that the drop is in a Cassie
configuration.

Results and Discussion

Wetting properties characterization of these surfaces has been
made by the tilting method. Because the value of static angles
strongly depends on the deposition method, we focus on advanc-
ing and receding angles which are more reproducible for a more
rigorous characterization of the surface properties. Figure 6
illustrates the variation of the receding angle of a 8 uL glycerol
droplet on surface 3 (SN3, ®g = 0.3) while the table is con-
tinuously tilting at 0.3° every 0.3 s. The first part of the curve
indicates a continuous decrease of the ACA, due to the gravity
and corresponding to a quasi static state. The hysteresis is
calculated just before the first contact line jump (tilting angle =
18.3°). CAH is the difference between the minimum receding
angle (red star in Figure 6) and the maximum advancing angle
(variation not shown here). The latter reaches its maximum at the
leading edge of the drop and shows hardly variations after
advancing line depining. It is to be noted that advancing and
receding ACA are not necessarily captured at the same time
because depining of advancing and receding edges does not occur
simultaneously. Hysteresis mainly comes from the resistance at
the trailing edge,* consequently the advancing line depins first,
leading to drop elongation and deformation, and then the
receding line depins which yields to drop sliding. As soon as the
drop begins to slide on the surface, a dynamic phenomenon starts
and a closer look at the receding edge reveals contact line jumps
from one microstructure to the other (Figure 6).

Figure 7 displays static, receding and advancing ACA obtained
on sample SN3 in Table 1. This surface, as all the other ones
tested, is able to support a metastable Cassie state with a static
apparent CA around 145° for different liquids with surface energy
ranging from 72.2 to 27.5 mN/m (see Table 2). For all tested
samples and liquids, despite of the large static angle, a large
hysteresis is observed, as shown in Figure 7 for sample SN3. This
behavior, not paradoxical to a Cassie state, was expected and can
be explained by strong contact line pining at the trailing edge of
the drop, as explained in the Introduction.

(33) Reyssat, M.; Quere, D. J. Phys. Chem. B 2009, 113, 3906-3909.



Tilting angle (*)
0 14.5 15,5 16,5 7.5 18,5 19,5 20,5

3 10 A :
2 #
5135w
: . Ry .
S| 130 oy -'-.1 ¢ »
5 e P Y
- LI% 4 e a3
% 125 | el
=1 - )ﬂ. :‘." :".
£ 120 » -
@ e
17 I Rl S Ly . .
x 115 // £

0 16 17 18 19 20 21

Times (s)

Figure 6. Variation of the receding angle for a 8 uL glycerol
droplet on a tilting microstructured PDMS surface (1°/s). Red star
corresponds to the considered receding ACA.
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Figure 7. Static, receding, and advancing apparent contact angles
according to liquid surface tension (sample 3).

It is to be noted that the investigated surfaces were not able to
support a metastable state with other liquids such as methanol,
isopropanol, or acetone (y & 23, 23, and 25.2 mN/m respectively).
In that case energy barrier between metastable Cassie and stable
Wenzel configuration might be too low and easily overcome by
capillary pressure or weak external perturbations (i.e., thermal
fluctuations, capillary waves, etc.). Moreover important surface
deformation is observed as soon as these solvents penetrate the
microstructures, although their swelling ratio is rather low (1.02,
1.09, and 1.06, respectively®*). This could be explained by the
increased liquid—solid contacting surface in the Wenzel state
which might intensify the swelling effect. Due to the complex
shape of the microstructures, swelling could also results in some
strain, amplifying surface deformation. Eventually, swelling effect
cannot be considered as responsible for the failure of the compos-
ite interface, indeed swelling ratio of hexadecane is equals to
1.14% and does not prevent the Cassie configuration. In that case
slight deformation is observed due to swelling of the structure’s
cap above contact line position. A solution to overcome swelling
phenomena would be to add an insulating layer between the
PDMS and the PFTS coating.

In order to confront the high experimental CAH to the linear
fraction parameter ®; along the contact line (as previously
presented in Introduction), advancing and receding apparent
angles (for the same sample SN3) have been connected to the
corresponding advancing and receding angles on a smooth sur-
face (Figure 8). We compare first these results to the classical
Cassie—Baxter model (eq 3) and observe a significant deviation
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g 1w [} 0.43
2 180 L.m/'
g 150 4 *
[53
S 140
€
S 130 i = 0.09
‘g 120
& 110 .
% 100 + T T T 74
30 50 70 a0 110 130
Young Contact Angle (°)
+ Receding apparent angle +  Advancing apparent angle

——— Classical Cassie-Baxer Receding 10 Cassie Baxter

Advancing 1D Cassie Baxter

Figure 8. Results for sample number 3 (g = 0.3). Experimental
advancing and receding apparent contact angles as a function of
experimental advancing and receding angles on a smooth surface.
Results differ from the classical Cassie model (considering ®g
constant). Fitting of 1D Cassie model gives an approximation of
extremum values of @y .
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Figure 9. Maximum and minimum linear fraction parameter as a
function of surface fraction parameter. The green line represents
the model of Choi et al.?!

(blue line in Figure 8). Assuming the linear Cassie model, we then
fit eq 5 to these results to obtain an estimation of the maximum
and minimum values of @, considering advancing and receding
apparent angles, respectively. In the case of sample 3 (dg = 0.3),
a minimum value of ®y is found to be 0.09, and a maximum to
be 0.43.

This method is repeated over 5 different samples. For each one,
a series of measurements using 6 different liquids allow us to
estimate the maximum and minimum values of ®;. Results are
reported in Figure 9. ®p pmax and @y iy are represented as a
function of ®g (red squares and blue diamonds, respectively). We
also plot the theoretical model of Choi et al.*' which predicts
P max = /@ (green curve) and @ yvin = 0 on a discrete
hoodoo surface. The model for @ pax is in good agreement
with our experimental results. Concerning @y vy, it remains
constant around 0.1 for the samples (1—4 in Table 1), which is
close to the expected value. Concerning sample 5 (Ps = 0.84), O,
Mmin clearly diverges from the predicted value. This is most likely
due to the different geometry of sample 5 in the sense that
structures’ caps are next to each other (right insert in Figure 9)
as compared to samples 1—4 for which structures are separated
(left insert in Figure 9). This changes the advancing contact line
behavior and results in a smaller ACA and consequently higher
@y Mmin. Thus the surface comes close to a smooth surface for
which @1 vn = PLmax = Ps. Up to now, we were not able to
design samples with ®g below 0.2 because as spacing L becomes too
large, the composite interface tends to fail easily for low surface



tension liquids. A solution would be to scale down the geometry of
the pattern that is hard to achieve with our molding process.

Conclusion

We have presented in this paper an approach to design sticky
superomniphobic surfaces on a flexible and transparent PDMS
substrate. The surfaces are able to support a metastable Cassie
state with a wide range of liquids (surface energies ranging from
72.2to 24 mN/m). Despite the large apparent static contact angles
measured on these surfaces, they also exhibit large contact angle
hysteresis, which is in contradiction with the widespread idea that
Cassie state reduces hysteresis. This behavior is explained con-
sidering the 1D model of wetting for which apparent contact
angles are related to linear surface fraction of liquid — solid

contact along the contact line rather than to surface fraction of
solid — liquid contact under the drop. A comparison of our results
with the theoretical prediction of Choi et al. confirms the 1D
wetting model. Moreover, a single couple of values (@ yn and
®; max) has been extracted from various liquids on a given
surface. It points out the low dependence of ®; parameter on the
liquid used. However, this coupling of variables in the modified
Cassie equation remains to be rigorously investigated by observa-
tion of contact line deformation and pining under the drop by a
more sensitive imaging characterization.
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