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Hybrid surfaces combining electropolymerization and lithography:
fabrication and wetting properties.

Céline Cohen?, Thierry Darmanin®, Jordan Priam?, Frédéric Guittard®, Xavier Noblin®"

We present here first a novel fabrication method in order to obtain hybrid surfaces consisting of mixed
hydrophilic/superhydrophobic properties. These surfaces consist in a regular array of hydrophilic pillars (receding contact
angle lower than 90°) surrounded by a superhydrophobic thinner layer made by electropolymerization of a fluorinated
monomer. Then we present the wetting properties of such complex surfaces by determining the advancing (6,,) and receding
(6,) contact angles as function of the surface properties. Two main parameters were varied: the pillar density (spacing d,
from 25 to 45 micrometers corresponding to surface fraction from 21.2 % to 6.5 %) along with the polymer charge (from 0
to 100 mC/cm?). Here, we show that for low charges, only the ground surface is covered by hydrophobic polymers. For
higher charges values, polymerization reaches higher levels on the lateral surfaces of the non-conductive cylindrical pillars
eventually up to their top surfaces and covering them for the highest charges. This feature gives an additional parameter for
the control of such surfaces wettability. We show that contact angles (advancing and receding) increase strongly with
increased polymer charge above a critical charge value (that is higher for receding angles). We also measure that advancing
and receding contact angle respectively increase and decrease with increasing pillar density. We interpret qualitatively these
behaviors, the main point being how important is the impalement (null, partial or total).

Introduction

For almost two decades, superhydrophobic surfaces has
been developed, inspired by nature [1], [2]. A large variety of
fabrication methods has been used [3-5], finding numerous
scientific [6-14] and technological applications [15,16]. The
basic feature shared by most of these surfaces (that present
contact angle with water higher than 150°) is the addition of
physical roughness to the chemical nature, yet hydrophobic, of
the surface. Such surfaces present high contact angle but their
contact angle hysteresis (difference between advancing and
receding contact angles: H = 8, — 0,.) strongly depends on the
micro and nano structures of the surface. Two different states
have been shown in literature [17]. For low surface roughness,
liquid droplets fully penetrate into solid asperities (“Wenzel
state”) and then exhibits smaller contact angle and high
hysteresis of contact angle [18]. For high surface roughness, air
pockets can be trapped between the surface asperities which
reduces the real contact areas because drops stand on the top
of rough edges (“Cassie-Baxter state”) [19], The contact angle
hysteresis is then lower. Three states of roughness can help to
classify such surfaces and define the wetting states [20].

In most studies, although rough, the surface treatment at
small scales is homogeneous. More recently, hybrid
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(hydrophilic/hydrophobic) surfaces have been developed. Main
realizations found in literature concern smooth surfaces and
dual hydrophobic/hydrophilic properties are obtained either by
UV patterning methods or by micro contact printing [21, 22].
Only few studies address mixed wetting properties of the
texture itself [23-26]. In this last study, authors have made
transparent surfaces composed of array of functional Janus
micro pillars with hydrophobic rims and hydrophilic top. The
bottom of the surface is also hydrophilic. In [24], authors have
taken the advantage of Cassie-Baxter state of droplet to cover
hydrophobic microstructures apexes with hydrophilic adsorbed
polymers or colloidal particles contained in a droplet deposited
on microstructures. This compelling method can limit the size of
surface produced because of practical difficulties to create large
puddles of water on superhydrophobic surfaces.

The originality of the present work lies in the fact that we
can tune the wettability of the surface combining lithography
(with deposition of non-conductive pillars on a smooth and
conductive substrate) with electropolymerization, to induce the
polymer growth from the base substrate. With this method, we
can prepare surfaces presenting both superhydrophobic and
hydrophilic zones. Using a fluorinated monomer, the bottom
surface between pillars is made superhydrophobic. Different
situations can be obtained for pillar lateral surface depending
on the electrodeposition parameters. Indeed, pillars can be
either completely hydrophilic or they can be partly
superhydrophobic at their bottom and hydrophilic above a
given height (more precisely, the receding contact angle on the
pillar material is lower than 90°, as the advancing one is higher
than this value). The height of pillar surface covered by
superhydrophobic  polymers is controlled with the
electropolymerization parameters. Indeed, depending on the
monomer used and electrochemical parameters, the



electropolymerization technique allows the deposition of
conducting polymer films with various morphology and wetting
properties [27]. Here, the deposition charge (Qg in mC/m?) has
been varied to control the amount of deposited polymer. We
show for the first time that using an appropriate monomer
inducing a three-dimensional growth, the polymerization is first
induced on the conductive area but the polymer can also grow
on the non-conductive pillars if the deposition charge is
sufficiently important. As a consequence, the state of wetting
of the pillars, which are also hybrid, can be modified. These
complex textured surfaces can allow envisioning new
applications [24].

In the first part (materials and methods) we present the
fabrication and characterization methods. In a second part
(results and discussion) we detail the morphological
characteristics of the surfaces and their wetting properties
before discussing the results.

Materials and methods

In order to produce the mixed wettability surfaces with
hydrophobic bottom and hydrophilic top, ITO (Indium Tin
Oxide) surfaces have been covered with hydrophilic polymeric
micro-pillars and then with fluorinated polymer films on the
bottom between the pillars.

Elaboration of transparent micro-pillars surfaces with non-
conducting pillars.
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Figure 1. Scheme of the fabrication steps. a) Pillars fabrication.
b) Electrodeposition. c) Various heights reached by
hydrophobic parts as function of the charge. d) Monomer used
for the electropolymerization.

High Charge

The micro-pillars arrays (Figure 1.a)) were fabricated using
classic photolithography with SU-8 photoresist (SU-8 2025 and
SU-8 2075, Microchem, Newton, MA, USA). The good adhesion
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of the photoresist is ensured by oxygen plasma treatment of the
ITO surface before resin deposition by spin-coating. Then, by UV
exposure through a mask, square arrays of cylinders (with
diameter of 13 um and spacing between cylinders from: 25 to
45 um), were fabricated over 5 x 5 cm areas on ITO surfaces.
The cylinder height is 15 um, given by the thickness of the SU-8
layer deposited. The ITO surface is by nature conductive
contrary to the polymeric micro-pillars and so the
electropolymerization is first induced from this zone. (Figure
1.a)).

Electropolymerization.

The monomer used for the electropolymerization was
synthesized using a procedure reported in the literature [28].
The monomer, a fluorinated derivative of (poly(3,4-
ethylenedioxypyrrole)): EDOP-OCO-F-octyl, see Figure 1.d., was
added in an anhydrous acetonitrile solution containing 0.1 M of
tetrabutylammonium hexafluorophosphate. The resulting
solution was inserted in a glass cell and the cell was connected
to an Autolab potentiostat (Metrohm) via a three-electrode
system (Figure 1.b.). A glassy carbon rod (Metrohm) and a
saturated calomel electrode (SCE) were used as counter-
electrode and reference electrode, respectively. Transparent
ITO surfaces covered by polymeric micro-pillars were used as
working electrodes.

After degassing under argon, the electrodepositions were
performed at constant potential (E = 1.05 V vs SCE) and using
different deposition charges (Q;) to study the influence of the
polymer growth on the hybrid surface obtained.

Surface characterization.

The average height of micro-pillars is measured using an
optical profilometer (VEECO). The SEM images (Figure 2) were
performed with a JEOL 6700F microscope.

- -2
25 mCcm z 50 mCcm

,,,,,,,,,

Figure 2. SEM image of the micro-pillars surface (pillar
diameter 15um spaced from 40um) covered with
electrodeposited fluorinated polymer films with different
charge (from top left to bottom right: 6.5, 12.5, 25 and 50
mC.cm2.

The wettability study was performed using purified water
(Millipore). For high values of the contact angle hysteresis, the

This journal is © The Royal Society of Chemistry 20xx



sliding drops method was not possible, even for drops tilted at
90°.

We have used a classical experimental sessile drop setup to
measure advancing and receding contact angles from a side
view of the sessile droplets. By using a syringe to increase and
decrease the volume of the drop, we can measure respectively
the advancing and receding contact angle. The measurement is
done by image analysis using Image J (NIH, USA) software. We
estimate the errors in the determination of contact angle on
images with Image J to be +/- 1.5° for contact angle between
90° and 160° and +/- 2° for contact angle below 15°. We
measure an average value at a certain distance from a pillar;
which does not take into account the local evolution of the
angle at the pillar scale.

Results and discussion

Surface morphology

SEM images of the polymer growth on the non-conductive
pillars after different deposition charges (Q¢ = 6.5, 12.5, 25 and
50 mC.cm2) are given in Figure 2. As expected, after a
deposition charge of 6.5 mC.cm2, only the conductive areas
between the pillars were covered by a thin layer of polymer
(Figure 2.a)). Then, the polymer could surprisingly growth not
only between the pillars but also around the non-conductive
pillars from the bottom to the top as Q increases.

Polymer deposition on non-conductive pillars. Hence, it was
possible to control the height of the lateral surface of pillars
covered by the polymer. For example, for Q¢=12.5 mC.cm2 and
Q4= 25 mC.cm2 only about 1/4 of the pillars (Figure 2.b)) and
3/4 of the pillars (Figure 2.c)), respectively, are covered by the
polymer. As a consequence, the non-conductive pillars act as
electrical resistors against the polymer growth. We plot on
Figure 3 the height reached by the polymer layer hy on a pillar
of height h.

Height reached by the polymer layer
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Figure 3. Height reached by the polymer layer as function of
charge

Due to their exceptional polymerization capacity and their
three-dimensional growth, these polymers were able to
“colonize” even non-conductive areas. For Q4 = 50 mC.cm
almost all the non-conductive pillars are covered by the
polymer. This is an important result because it is possible to
control the polymer growth and stop the reaction when we
want. This discovery opens new perspectives in the lithographic

This journal is © The Royal Society of Chemistry 20xx

processes to obtain patterns with different surface chemistry
and roughness.

Global roughness. The growth by steps was confirmed by
roughness measurements. Table 1 gathers the mean (R,) and
quadratic (Rg) roughness as a function of Q.

Qs [mC.cm?] R, [um] R, [pm]
0 1,60 3,22
6,5 1,79 3,38
12,5 1,86 3,42
25 1,88 3,45
50 2,27 3,72

Table 1. Roughness parameters (R, and R,) as a function
deposition charge (Qy) of the polymer electrodeposited on the
pillar surfaces

To interpret these measurements let us assume that the
roughness is given in a simple approach by the formula:

Rq = ®(Qs)ho(Q5) + (1 — P(Q))R(Qs)

where h is the pillar height, ® the pillar density (projected surface
fraction), given by ® = n(f—;), d the pillar diameter, a the
distance between pillars and R the average roughness of a flat
polymerized surface for a given charge. Moreover, ®, hy and R
depend on the charge density Q. Indeed, for low Qg when the
polymerization occurs only at the bottom of the pillars,
@, and h have the same values as when no charge is applied. Thus,
in this regime, R, increases only because of the increase in R
between the pillars. This regime is observed for Q¢ between 0 and
6.5 mC.cm2. Then, we observe that R, increases more slowly
between Q4= 6.5 and 25 mC.cm-2. This corresponds to the polymer
climbing around the pillars without changing significantly R,. This is
first because the apparatus is not able to analyze the roughness
around the pillars and second because the deposited layer of
polymers on pillar side is still thin and do not really change the pillar
diameter, as it can be observed on figure 2. c)). Above 25 mC.cm?,
the polymerization on the side and on top of the non-conductive
pillars induces an important increase in the roughness because the
polymer layer becomes large (Figure 2. d)) and thus @ increases by
a few percent since the pillars diameter increases (about a few
microns) and also h increases by about the same amount.

In addition to the wetting properties, we can notice that the
surfaces are translucent, and sufficiently transparent to allow the
observation by transmission of sessile droplets and their contact
lines.

Wetting properties with water

Effect of the charge. We present here the effect of the deposition
charge on the advancing and receding contact angles. All the
measurements are summarized in Figure 4.

For the advancing angles, the values increase rapidly as charge
increases to reach a plateau value for charge higher than 12.5
mC/cm?, and presents the same value, whatever the pillars density.
For the receding angles, the trend is the same: a global increase with
the charge, although a plateau value is reached only for charge
higher than 50 mC/cm? and the transition to high contact angle
values occurs also at higher charge (12.5 mC/cm2). Moreover, the
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plateau is reached more progressively by increasing the charge
between these two values.

At low charges (below 6 mC/cm?), the receding contact angle has
a low value, around 10° and the surfaces are very adhesives.

For the surface with no pillars (0%), the transition is for even
higher value of the charge (25 mC/cm2). This means that at 12.5
mC/cm?, adding pillars allows to increase the receding contact angle,
which can be explained by the higher value of the receding contact
angle on the pillar material (SU-8 photoresist plus polymer layer). For
higher charge values, the higher the pillar density is, the lower is the
receding contact angle. This is due to the role of defect played by the
pillars.
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Figure 4. Advancing and Receding contact angle as function of the
charge.

In addition, we can notice the proximity of the curve on Figure 4
with the classical result obtained by Dettre and Johnson on the effect
of advancing and receding contact angles as function of the
roughness for a homogeneous surface [17].

We have calculated the mean standard deviation for the contact
angles for each series of surfaces for a given value of the
electrodeposition charge, it is between +/- 0.6° to +/- 3.2°. We
assume that this characterizes the variability due to differences on
the surface state. We also have taken into account the errors
expected due to the optical measurement method (between +/- 1°
and +/- 2 ° ) and by adding to the standard deviation values, we
obtained the error bars plotted on the graph of figures 4 and 5.

Effect of the (projected) surface fraction of pillars. On Figure 5, we

2
have plotted the effect of the pillar density (® = n(:?), see part

3.1) on the advancing and receding contact angle.

For the advancing contact angles, the values are always above
140° when the charge is strictly positive and even above 150°
(superhydrophobic) for charge larger or equal to 6 mC/cm2. When
the charge is strictly positive, the global trend is that 8, is slightly
increasing with ®. For the surface with no charge (0 mC/cm?), the
angle is strongly increasing from 90° to 150°.

For the receding contact angle, at low charges (<6 mC/cm?), the
values are constant, quite low (~10°) and they do not depend on the
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pillar density. For 12.5 mC/cm?, contact angle of surfaces with no
pillar presents the same value than surfaces of lower charges, but as
soon as pillars are present, the receding contact angle increases
sharply to 115° for @ ~ 0.06. Here, the high increase in receding
contact angle up to 115° can be explained by the fact that the
polymer layer grows around the pillars, which reduces the

hydrophilic part of the pillar compared to situation of low charges.

160

140 &
120
100

Lodenhbon lon bl

—8— 0 mC/cm?

—o— 100 mC/cm?

@ —o— 3,1 mC/cm? —E
60 8,5 mC/cm? =
—8— 12,5 mCicm? E
25 mCicm? 3
40 50 mClcm? 3
—e— 100 mC/cm? —5
20 ) 3
O L1l 1 1 I L1 1 1 ITI 11 | L1 1 1 I L1 1 I L IT;

0.00 0.05 0.10 0.15 0.20 0.25

0]

LI LI I LR I LI | I LI | LI I:
160 4
140 3
° —e— 0 mCl/cm? _E
e 120 —— S,Tméjcgm’ ]
6,5 mC/cm? 7]
—0— 12,5 mCicm?
25 mC/cm? 1
100 50 mC/cm? E

80
0.00 0.05 0.10 0.15 0.20 0.25

O]

Figure 5. Receding (Up) and Advancing (Down) Contact angle as
function of the surface fraction of pillars.

Thus the pinning of the contact line induced by pillars is also
Then for higher pillar density (between
.06 and 0.21), the receding angle decreases slowly until 85°. This

reduced. even
decrease is expected because the top of the pillars is hydrophilic (in
receding conditions). Thus, the higher the pillar surface fraction is,
the lower the contact angle is. For higher charge (25 mC/cm?), the
trend is the same, the highest value is for 0% pillars, and then as pillar
density is increased, the receding angle decreases. For even higher
charges (above 50 mC/cm?), the value is high (above 145°)

This journal is © The Royal Society of Chemistry 20xx



the the
electrodeposited polymer layer that covers most of the surface.

Discussion

independently of pillar density, dominated by

As we will see below, advancing and receding contact angle
measurements presented in the previous section suggest that the
drop may be in three possible states which are described in figure 6:
1/ in a classical impaled state as described by Wenzel where the
water fully impregnate the space between pillars, 2/ in an
intermediate situation where the drop is partly impaled with an
interface stabilized at the height reached by the polymer layer (as
shown in Figure 2 and 3) and 3/ in the classical “fakir” state, where
the drop is sited on the top of the pillars. For low electrodeposition
charge (<6,5mC/cm32). First, we can notice that, on average, the
polymeric pillars are hydrophobic enough for advancing line because
advancing contact angle is quite large and increases with ¢.

In addition, the receding contact angle remains constant at a low
value since for a receding line, the pillars present contact angle lower
than 90° (hydrophilicity). Thus, the hysteresis increases with ¢ as it
is predicted for an impaled drop on a rough surface (see purple and
red curves on plots of figure 5). Secondly, advancing contact angles
reaches a plateau when the charge increases, more and more quickly
when ¢ increases. Indeed, the larger the charge is, the more
hydrophobic pillars are, leading to an increase of the contact angle.
Also, the higher the pillars density, the higher the roughness, and
following Wenzel law, the higher the contact angle. Hence, for low
deposition charge, the drop should be in impaled state, described by
Wenzel model. The pillar walls are poorly covered by polymer, but
the base surface is superhydrophobic, leading to a low adhesion on
the surface between pillars.

Low Charge Moderate Charge High Charge

Impaled state Partly impaled state Fakir state

Figure 6. Hybrid surfaces in fakir, intermediate and impaled states.

For intermediate value of electrodeposition charge (12.5 - 25
mC/cm?), we can notice a transition in the drop wetting behavior (see
green and yellow curves on graphs on figure 5). For C =
12.5 mC/cm?, we see that the advancing contact angle has reached
the plateau for all ¢ and that the receding contact angles goes from
10° to115°

This means that for 12,5 mC/cm?, the surface is very hydrophobic (a

when just a small number of pillars have been added.

thin layer of polymers is deposited on the bottom) but the roughness
is really small when there is no pillars and so the hysteresis is very
large as predicted by Johnson and Dettre [17]. As soon as the pillars
are added, the roughness increased suddenly which explains the

This journal is © The Royal Society of Chemistry 20xx

jump in receding contact angle and so an important reduction of the
contact angle hysteresis. However, the receding contact angle
decreases when ¢ increases while the advancing contact angle is
constant, then again, the hysteresis increases with ¢, pillars being
still defects on which the drop is pinned. For € = 25 mC/cm?, this
pinning is even smaller because receding contact angles are larger
but still decrease with ¢. This suggests that the drop is then partly
impaled on the pillars, owing to the contact angles values and their
variation with ¢. If it was in Fakir state, the contact angle value would
be higher than 100 or 120°, when the local contact angle is not so
hydrophobic, the drop do not stay at the top of the pillars but wet
them down. If it was in complete impaled state (Wenzel), the angle
would increase with ¢. The surface area of the impregnated part of
the pillars decreases when C increases. The reason is that the lateral
surface of the bottom part of the pillars is covered with polymers up
to a height that increases with C (see figure 2 c and figure 3.). Even if
we do not have direct visualization (out of the scope of this study),
the drop base must then lie at the height reached by the polymer
layer on the pillars’ vertical walls, which is a zone of strong change of
local contact angle. This is an important result because we see here
that we can tune this particular state (intermediate impalement) by
controlling the electrodeposition charge. In [29], the authors have
described two transitions on multi scale roughness surfaces, from
micro-Cassie to Wenzel or from micro-Cassie to nano-Cassie, the
latter being reversible and can present as in the present study
partially impaled states.

For (=50mC/cm?), both
advancing and receding contact angles are high, and the hysteresis is

higher electrodeposition charge
very low. This is well expected because in this case, the pillars are
completely covered with the polymers and so we retrieve the results
of Darmanin et al. [28]. The drop is in the classical “fakir” state.

We can notice that both contact angles are constant with ¢
which is in well agreement with experiments in Dubov et al. [30] for
the advancing contact line. For the receding case, experiments and
models of [30] and [31] predict that the receding contact angle of a
fakir drop on a regular pillar surface should depends on pillars
fraction. This is not the case here for our values of receding contact
angle. This difference could come from the rough nature of the pillars
due to the polymers compared [30] and [31] for which pillars are
smooth. The case of high electrodeposition charges can be reduced
to the case of rough micro-pillar surfaces (two-roughness surfaces).
Receding contact angles that we measured are consistent with
results reported in [32] and [33] on such surfaces. The authors also
observed contact angles that do not depend on the pillar surface
fraction when the surface presents two roughness. The retraction of
the contact line is then different of the one of more regular smooth
pillar surfaces. Indeed, it has been recently showed on smooth pillar
surfaces that receding contact angles decrease linearly with ¢ and
that this behaviour can be explained by the formation of “kinks”
(deformations of the liquid interface imposed by the contact line
pinning on the pillar) [34, 31]. We think that the kinks are really less
important in the case of rough pillars because the local state of the
contact line on the rough pillars differs from the one on smooth
pillars as it was shown in the studies of [29] and [35]. We think that
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for two roughness surfaces, the contact line can go down and up
along the pillars with low pinning force that must change the contact
line retraction dynamics. A more complete studies of this must be
done and is out of the scope of the present paper. However, the
hybrid surfaces that we present here, for which roughness can be
controlled along the pillar appears as a model system to further study
the effect of roughness on the displacement of the contact line on
partial or complete rough pillars.

The fabrication of mixed surface allows to fabricate substrate
with high advancing angle for almost any charge, but a varying
receding angle on a broad range of charge. By tuning the charge, the
contact angle hysteresis can be tuned from 10° (100 mC.cm-2) to 150°
(3—6mC.cm?).

Conclusions

We have fabricated hybrid surfaces with pillars and the base
surface between them presenting different local contact angles.
The electrodeposition of conducting polymers is realized only
from the conductive base surface. As the polymer quantity
increases (the charge) since it develops from the conducting
part, the pillars are covered more and more from their bottom
to their top. We measured the surfaces’ wetting properties. For
large charge values, we retrieve the wetting of surfaces with
pillars fully covered by polymers as in [28] where the whole
surface was conductive. For such fully superhydrophobic
surface, contact angles measurements are in good agreement
for advancing contact angle with experiments and model of [30]
but present deviation for the receding contact angle for which
[30] and [31] predict a dependence with ¢. Those differences
must be due to the roughness of the pillars themselves as
observed by [29] and [35]. We show then that a tuning of
receding and advancing contact angle can be realized by varying
pillar density and/or charge value. We interpret these results
assuming that the droplets can be in three states: fakir / fully
impaled / but also partly impaled. We assume that looking at
the values of contact angles and their evolution with pillars
density, only fakir and fully impaled states cannot explain the
measured values. This partly impaled state is here directly
induced by the hybrid nature of the surface and the height
reached by the polymers along the pillars. This is an original
result of our method which allows a tuning of the hysteresis
value over a broad range.
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