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’ INTRODUCTION

The wettability of a surface has been shown, for many years
now, to increase by the application of a voltage difference
between the liquid droplet and the substrate,1�3 which, most
often, is a conductor covered by a dielectric (electrowetting on
the dielectric, EWOD). There are basically two explanations of
the phenomenon. The first one considers that the solid�liquid
surface tension is modulated by the electrostatic energy stored by
the unit area in the effective capacitance created by the liquid and
the substrate.4 The second explanation considers that there is a
net force acting on the electric charge that accumulates at the
triple line (TPL) formed among the air, the solid substrate, and
the liquid.5,6 In fact, irrespectively of the explanation given, the
contact angle decrease is independent of the polarity of the
applied voltage, and the Lippmann�Young7 equation for the
static contact angle change,

cos θV ¼ cos θ0 +
ε0εr
2γLVd

V 2 ð1Þ

has been experimentally demonstrated8 for a wide range of
voltage values prior to a saturation regime.

In eq 1, θ0 is the contact angle before the voltage is applied, θV
is the contact angle after a voltage V is applied, ε0 is the vacuum
permittivity, εr and d are the relative permittivity and the
thickness of the dielectric layer, respectively, and γLV is the
surface tension of the liquid�gas interface. This increase in
wettability contrasts with the decrease in wettability observed
after electron bombardment.9

In a recent paper,10 we preliminarily discussed a contactless
method to increase the wettability by creating the charging

conditions of the TPL by air ionization using a corona charge
instrument. We are providing in this article a more detailed
discussion and systematic measurements of the observations we
have made using this technique.

Corona ionizers are based on the ionization of molecules of
the surrounding air by the application of a sufficiently high
potential between specific geometry electrodes (e.g., pin to
plane) creating a large electric field gradient.11 The control of
static charge on insulating materials is a widespread use of this
technique in the semiconductor industry to avoid undesired
electrostatic discharge (ESD). In fact, this is the only practical
way to neutralize static charge because grounding has no effect on
the level of charge in insulators.

In this article, we have used corona ionization to build
electrostatic charge on a EWOD structure and analyze the effects
this may have on the contact angle between a drop and the
surface. Our preliminary experiments reported in ref 10 did show
that the contact angle decreased after exposure to corona
ionization, and this observation motivated the detailed study of
the phenomenon that we report here. There are few works
relating electrowetting to air ionization. Vallet et al.12 attributed
to air ionization the saturation phenomena of the contact angle,
Blake13 used a corona charging procedure to assist the study of
contact angle change for a constant speed moving substrate, and
Arifin et al.14 investigated the effect of the electrohydrodynamic
thrust on the movement of particles suspended on a fluid.
Moreover, Quinn et al.8,15 attributed contact angle saturation
to the fact that the surface tension between liquid and solid

Received: January 31, 2011

ABSTRACT: Experiments showing an increase in the wettability of a hydro-
phobic surface when using corona air ionization are shown. Photoluminiscence
observations support the predictions of charge accumulation at the triple line
and confirm previous experiments. In all of the experiments, the contact angle
was in the saturation regime at a value smaller than that predicted by the
condition of a zero value for the solid�liquid surface tension. The PDMS did
not show any deterioration due to the corona exposure under the experimental
conditions used. The contact angle is shown to increase with humidity.
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cannot be smaller than zero and hence that the air ionization
effect was a concurring effect rather than a limiting one.

In the sections below, we report on several observations that
we have made: monitoring of the contact angle change after the
corona has been switched on, photoluminescence pictures of the
drop and the surrounding area, and surface charge measure-
ments. We show that air ionization has an important effect on the
contact angle change, increasing the wettability of the surface.We
have then compared the results of these experiments to the
results of conventional electrowetting, leading to the conclusion
that in the range of experimental voltages explored, the contact
angle lies in the saturation regime. We have performed XPS
measurements before and after corona exposure to make sure
that the observations are not related to the deterioration of the
PDMS. Finally, in an effort to contribute to an understanding of
contact angle saturation and because the only source of charge in
our experiments is the ionization of air, we have made observa-
tions of the saturation angle value as the air relative humidity is
changed, concluding as shown below that it increases as the RH is
increased.

’EXPERIMENTAL SECTION

Figure 1 shows the experimental arrangement we have used. It is
basically composed of a sample holder placed beneath the corona
ionizer, sitting on a metallic plate serving as the bottom electric contact
at a controlled distance of 1 cm. The corona ionizer device, commercia-
lized by Simco B.V., provides charges by ionizing the air around five
metal needles with a sharp tip of 45 μm radius. The charge is collected
and measured by a hand-held electrometer (Electrostatica, S.A.)
mounted close by to the corona ionizer, at 1 in. above the substrate.
The electrometer generates a TTL-compliant analog signal collected by
a digital oscilloscope.
The drop shape is recorded dynamically, and the contact angle is

calculated using KSV Cam200 equipment. Photoluminescence is ob-
served using a high-sensitivity camera (Hamamatsu ImagEM) air cooled
at �65 �C. The optic is telecentric 1X.
The device tested is basically made by spinning PDMS on a bare

silicon wafer. The wafers have first been accurately cleaned in two steps
starting with a piranha cleaning and then giving the wafers an HF dip to
completely eliminate the thin native oxide from the surface.
PDMS is prepared using the DowCorning Sylgard 184 kit. To cover a

4 in. wafer, the amount of polymer mixture required is 5 mL of silicone
oil mixed with 0.5 mL of curing agent (Sylgard 184, 10:1 ratio). The
mixture is then placed in a vacuum chamber in order to purge the
bubbles cast in the mixing process.
The wafers have been coated following three different recipes in order

to get different thicknesses of PDMS. After an acceleration step of 30 s at
500 rpm, the PDMS has been spun at 500, 1000, and 1500 rpm for 65 s.

The resulting thicknesses obtained are 69.5, 53, and 44 μm. Once the
PDMS was spun, the wafers were dried on top of a hot plate at 70 �C for
30 min.

’MEASUREMENT RESULTS

We have carried out systematic measurements using a DI
water droplet of 20 μL volume placed at a vertical distance of
1 cm from the corona ionizer head. Once the device was placed in
the holder, the power supply was triggered on and hence a high
dc voltage (HVDC) was applied to the corona ionizer head. We
explored the effects of the value of theHVDC applied, and we did
not observe major changes in the contact angle values for the
source voltage values below 4 kV, corresponding to the break-
down voltage of air,16 which is also a function of the humidity.17

The corona discharge normally appears before brush discharge
or sparkover as soon as the electric field reaches a critical value
derived by applying the Peek breakdown criterion in a pin-to-
plane geometry.18

Figure 1. Schematic representation of the measurement setup.

Figure 2. (a) Air breakdown luminescence coming from the five
needles of the corona ionizer. Luminescence is also seen on the drop
perimeter. (b) Luminescence observed after the high voltage has been
switched off. (c) Luminescence intensity, in arbitrary units, on the TPL
of the droplet depicted in panel b.
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For our geometry, the corona inception voltage is calculated to
be around 2.5 kV of the source voltage, indicating that the
inception voltage has to be exceeded in order to notice contact
angle changes.

We have made photoluminescence observations with a cam-
era, and a summary of the main results are shown in Figure 2,
where the breakdown of air is observed in Figure 2a coming from
the corona needles to the drop and the surrounding area.
Luminescence coming preferentially from the triple line to the
air was observed while the high voltage was still applied
(Figure 2b) and also after the high voltage was switched off
(Figure 2c). These effects were accompanied by a reduction in
the contact angle from initially some 110� to smaller values
shown in Figure 2, typically in the range of 55 to 70�, thereby
confirming the wettability increase. These observations agree
with the observations reported in ref 18, confirming that the
charge accumulates at the edge of the drop as was also calculated
using the Swartz�Chirstoffel transformation in ref 19 and that
the air ionization has effects similar to the direct application of
voltage to the drop.

In Figure 3, we show plots of the contact angle measured as a
function of time with the help of the CCD camera shown in
Figure 1 for several values of the corona ionizer source voltage.
This is compared to the results of a conventional electrowetting
measurement in the bottom right of Figure 3.

Several things can be concluded from the plots shown in
Figure 3. The transient becomes faster as the voltage is increased,
as can be seen from the very different time range between the top
and bottom left plots. At 4 kV, the transient lasts some time,
approximately 150 s, before changes in the contact angle start to
be seen. This can be due to the threshold described in ref 15. It
can also be seen that higher values of the source voltage produce
transients having smaller asymptotic values in the contact angle,
although all values are very close to each other between 56 and
64�. Compared to the conventional electrowetting results shown
in Figure 3 (bottom right), this indicates that the saturation

regime is reached. Finally, we can see in Figure 3 (bottom left)
damped oscillations mainly at higher voltages. This is consistent
with resonance modes, as described by Oh et al.,20,21 that predict
a resonance frequency of around 20 Hz for the lowest resonance
mode, although the model apparently underestimates our ob-
servations of resonance frequency typically in the range of 30 Hz.

The modeling of the movement of the fluid as a result of the
electrical excitation leads to a free boundary problem between
the droplet and the surrounding air or fluid, which has been
studied using different approaches for different geometries. The
movement of a drop on a surface has been dynamically modeled
with the help of a phase-field model.22 Also, a finite element
method for EWOD devices between two parallel plates has been
proposed,23,24 and a shape-inverse approach calculates the
curvature.25 All of these models require CFD tools. More
simplifying approaches have been followed by Casta~ner et al.,10

neglecting inertia, gravitational effects, and viscous losses or
assuming quasi-static conditions for constant triple-line velocity,
as in Blake,13 Berge,26 and Vallet.12,27 The conventional molec-
ular kinetic28 and hydrodynamic29 models that describe sponta-
neous wetting could also be applied to model the recovery after
excitation30 but not the transient induced by electrowetting,
which is what we are modeling here.

In Figure 3, superimposed on the experimental measurements,
fittings to themodel described in ref 10 are shown. Themodel is a
lumped model coupling a Thevenin equivalent circuit of the
source (Vth is the equivalent source voltage and Rth is the
equivalente resistance) with the simplified differential equations
of the dynamic surface tension balance. It should be stressed here
that Vth and Rth model-equivalent circuits of the corona charging
setup and hence those two lumped parameters also include
practical distributed effects. In the examples shown in Figure 3,
the value of Rth had to be adjusted to very large values, namely,
4� 1012Ω for the 4 kV experiment and 5� 1012Ω for the 4.5 kV
experiment whereas for a larger voltage, 8 kV, the key parameter
for the fitting was the fricition coefficient, which was set to
0.5 Ns/m2, and the value of Rth was irrelevant for Rth < 500 Ω.
We interpret these results from the fact that at higher voltages the
supply of charge to the triple line is sufficiently fast that the
transient speeed is limited only by friction. At low voltages,
however, the transient is limited by the charge supply rate,
indicating that the ionization is limited as described in ref 31,
and hence we can define a “current-starved” charging supply
regime. It also has to be mentioned that the model described in
ref 10 did not include saturation effects. The values adjusted from
the model for Vth provide effective values only for the charge per
unit area, qAmod

, defined as follows:

qAmod ¼ ε0εr
d

Vth ð2Þ

In our experiments, the values provided by eq 2 were generally
smaller than the measured values of qAmeas

given by

qAmeas ¼
ε0εr
d

Vmeas ð3Þ

where Vmeas is the measure of the electrometer. This indicates
that we are in the saturation regime.

To confirm this assertion further, we have performed conven-
tional electrowetting with a contact needle in the drop and
measure the contact angle as a function of the applied dc voltage.
This is shown in Figure 3 (bottom right), where we can see that
the saturation angle is around 65�.

Figure 3. Contact angle as a function of time for several values of the
source voltage: 4 kV (upper left), 4.5 kV (upper right), 8 kV (bottom
left), and conventional electrowetting (bottom right). All devices had
69.5-μm-thick PDMS, with the exception that at 8 kV the layer was
53 μm thick. The thick lines (upper left, upper right, and bottom left) are
model fitting results. All of the measurements were made at a tempera-
ture of 20.2�21.4 �C and a humidity of 27�28%.
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In Figure 4a, plot of (cos θV � cos θ0) as a function of the
charge per unit area, qA, measured by the electrometer is shown
for the 53-μm-thick PDMS samples.

We have also superimposed in Figure 4 the theoretical plot of
the Lippmann�Young (�) equation (eq 1) in a log�log plot.
Moreover, we have also drawn a horizontal line (---) correspond-
ing to the value given by eq 4,

cos θSAT ¼ γSV
γLV

ð4Þ

which is the contact angle saturation limit predicted by Quinn
et al.8, by stating that the solid�liquid surface tension minimum
value is zero. By applying eq 4 to our case, we get θSAT = 74.6�,
and by calculating (cos θF � cos θ0), we find the value
represented in Figure 4 by a horizontal line. All data points in
this graph above the horizontal line are beyond the saturation
limit predicted by eq 4. In our observations, as shown in the
results in Figure 4, the saturation values that we have measured
fall beyond the predictions of eq 4.

’EFFECTS OF HUMIDITY ON THE CONTACT ANGLE
SATURATION

As shown in the section above, in our experiments the
saturation regime for the contact angle has been reached and
the contact angle saturation value is smaller than the limit
predicted by Quinn et al.8

This result is consistent with the comparison made in Table 1
in ref 8 of the result of eq 4 with several published experimental
results; the agreement was within 13�. (See, for example, the
results cited in ref 32.) We have to conclude that apparently eq 4
overestimates the contact angle saturation value. It was also
discussed in ref 8 that the interpretation given in Vallet et al.12

attributing saturation to air ionization wasmore concurrent that a
limiting effect. Recently, additional light has been shed on the
saturation effect in liquid�vapor�solid33 and in liquid�
liquid�solid,30,34 attributing the saturation to trapped charge.35

Because in this work we have used air ionization only as source of
charge and it is effective in increasing the wettability, it raises the
question of whether the humidity in the air can have any effect on
the contact angle saturation value. We have carried out some
modifications in the experimental setup in order to be able to
change the humidity inside a plastic box containing the samples.
The relative humidity (RH) was continuously monitored in
order to make sure that the RH values did not change during
the contact angle dynamics observations.

Figure 5 shows an example of the results that we have
obtained.

As can be seen in the main Figure, the contact angle saturates
at larger values as the relative humidity increases. It can also be
observed that the transient is also slowed down as the RH
increases. The change in θSAT is quite significant because a
change in RH from 46 to 70% produces a change in θSAT from 72
to 86�.

It is difficult to attribute only to eq 4 these changes in the
saturation angle because this would require either a smaller value
of γSV or a larger value of γLV or both simultaneously as the
humidity increases.We have not found evidence of such behavior
for the surface tensions of PDMS and water in presence of air and
variable RH.

Taking into account that the Peek critical field for the break-
down of air increases with humidity and that the corona
inception voltage gradient also increases with humidity for a
positive corona,36 our interpretation of the results is that the
efficiency of charge transport from the corona area to the
interface decreases as the humidity increases, possibly because
of the increase in the inception voltage gradient and also the
increase in the electrical conductivity of air.16

Figure 6 shows a summary of the main results of the humidity
effects.

As can be seen, the increase in the contact angle saturation
value as the relative humidity increases corresponds to a decrease
in the value of model parameter Vth, consistent with eqs 1 and 2.

Figure 4. Plot of the values of (cos θV � cos θ0) as a function of the
measured values of the charge per unit area, qA. Lippmann�Young
equation (�), Quinn15 saturation limit (---), d = 53 μm, εr = 2.62, γLV =
72.9 � 10�3 N 3m, and γSV = 19 � 10�3N 3m.

Figure 5. Plots of the contact angle as a function of time for a 7.5 kV
source voltage, 69.5-μm-thick PDMS samples, and several values of the
relative humidity (46 (�), 60 ( 3 3 3 ), and 70% (� 3�). Solid lines are
model fittings. Experiments were carried out at a temperature of
24.4�25.2 �C.
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Moreover, the fall time is seen to increase from low humidity to
high humidity values quite sharply as RH gets larger than some
40%, corresponding to a very significant increase (log scale of
Figure 6b) in the model parameter Rth, thereby indicating that
the two parameters are decoupled. These results in Figure 6
support the interpretation that air ionization and air humidity
have a significant effect on the transient dynamics of the contact
angle and its saturation value.

’REVERSIBILITY

In the sections above, we have shown the wettability increase
dynamics after corona ionization. In this section, we discuss the
reversibility of the effect when the corona ionizer is switched off.
A summary of the observations that we have made is the
following:
(a) After the drop on top of the PDMS layer has been exposed

to the corona and no further manipulation of it is made,

the contact angle remains low for a long time (minutes to
hours).

(b) If after corona exposure we use a micropipet to suck the
drop out and immediately afterwards we deposit a new
drop in the same place, then the contact angle recovers
totally. (See one of the movies in the Supporting Infor-
mation section.)

(c) If we first expose the PDMS surface to the corona ionizer
for a few seconds with no drop on it and then switch off
the corona ionizer and deposit a fresh drop on the surface,
then the contact angle is low. If we suck up the drop with a
micropipet and deposit a fresh drop in the same place,
then the contact angle is fully recovered.

(d) If we expose the PDMS layer to the corona and before
depositing a drop on top of it place the sample on top of a
hot plate at 40 �C for a few seconds, then the contact
angle that we measure after that is the same as before the
corona exposure.

Before discussing these observations, it is worth reporting on
the XPS measurements that we have made on PDMS before and
after corona ionization. Let us discuss the possible deterioration
of the PDMS due to the corona ionization exposure. It has been
reported in the literature that the PDMS surface becomes
hydrophilic when exposed to an electrical discharge.37 It has
been described that the main effects of corona discharge on
PDMS are the formation of a glassy SiOx surface layer, an
increase in the oxygen content of the surface, and the degradation
of the network structure.38 However, PDMS shows the capacity
to regain its hydrophobicity after some time. It has been shown
that corona exposure with a voltage of 30 kV at a distance of
5 mm for 1 to 30min creates damage that recovers on a timescale
of 100 to 1000 min.37

We have investigated the surface damage of PDMS samples by
XPS measurements looking into the oxygen contents using a
Kratos Ultra DLD systemwith a nonmonochromatic source (Mg
KR, 1253.6 eV). The measurements have been made at INA
(Instituto Universitario de Nanociencia de Arag�on, Zaragoza,
Spain).

The pressure in the chamber was kept at around 10�7 Pa, the
sample area is approximately 1 cm2, and the sampling depth is
around 10 nm. The value of the C 1s core of 284.5 eV has been
used for the calibration of the energy scale. Three PDMS samples
have been cut from the same substrate. One of them was

Figure 6. Experimental values of the (a) saturation contact angle value
θSAT. (b) Thevenin equivalent resitance. (c) Thevenin equivalent
voltage. (d) Fall time of the contact angle transient from 90 to 10% of
the maximum as a function of the relative humidity value.

Figure 7. O 1s peaks resolved for the PDMS untreated sample and for
corona-treated samples at 7.5 and 14 kV. The untreated and 7.5-kV-
treated samples show very similar and symmetric responses whereas the
sample treated at 14 kV shows a shift toward higher binding energy and a
small asymmetry that can be associated with a different chemical
environment.
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untreated; the others were ionized for 180 s at 7.5 and 14 kV at a
controlled distance of 1 cm away from the corona ionizer.

According to ref 39, dc discharge treatment should lead to the
incorporation of silanol (Si�OH) groups at the surface of the
PDMS whereas the methyl group (CH3) concentration should
decrease.

Figure 7 shows the resolved O 1s peaks. An untreated sample
and a 7.5-kV-treated sample show a symmetric and a very similar
response with a peak at 529.2 eV for the untreated sample and a
peak at 529.4 eV for 7.5-kV-treated sample. These values are in
agreement with published data in ref 40. The 14-kV-treated
sample exhibits a nonsymmetric peak, shifted toward higher
binding energy when compared to the untreated sample and
centered at 529.69 eV. The oxidation of the sample surface and
the increase in the number of silanol groups (Si�OH) are
possibly explained by this peak shift and the asymmetry of this
sample analysis. Figure 8a,b depicts the O 1s peaks for the
untreated sample and for the treated sample at 7.5 kV, which
both can be fitted with just one peak corresponding to unox-
idized PDMS. Figure 8c shows the response of the sample treated

at 14 kV and fitted with two peaks: the one at lower energy is
centered at 529.5 eV and corresponds to O 1s as in unoxidized
PDMS, and the second at higher binding energy and centered in
530.2 eV could be associated with the possible incorporation of
silanol groups, Si�OH, on the surface. We can conclude that the
chemical environment changes when a PDMS sample is sub-
mitted to dc ionization on the order of 14 kV whereas it does
not if the dc ionization is some 7 to 8 kV for a time of exposure
of 180 s.

The reported damage to the PDMS described in refs 37 and 38
was created by amore aggressive electrical discharge than the one
that we used in our experiments because the exposure lasted from
1 to 30 min, which is a much longer time than in our case, which
was a few seconds, and also the corona voltage was much higher
(30 kV compared to a maximum of 14 kV in our case). Finally,
the distance between the corona electrode and the drop was in
our case twice as long.

In our case, the results shown in Figures 3�5 for the
wettability increase were for samples where the experimental
conditions were such that XPS measurements did not find
material deterioration.

The experiments enumerated in points a�d above are not
compatible with PDMS damage recoverable on a timescale of
100 to 1000 min. They are, however, compatible with the effect
of mobile charge. Our explanation is that the charge created by
the corona ionizer is stored in the capacitance created by the
drop, PDMS layer, and substrate and, according to Young’s law,
reduces the solid�liquid surface tension and decreases the
contact angle. If the sample is kept electrically isolated, then
the charge remains there for long time and the effect does not
revert spontaneously. If some mean is provided for the charge to
leave the sample, such as drawing away the drop using a
micropipet or by just moderately heating the sample, then the
contact angle recovers. The effect of dielectric charging recovery
by moderately heating the sample has been extensively used in
studies of the dielectric charging of MEMS devices.41

’CONCLUSIONS

The effects of air ionization on the wettability of hydrophobic
surfaces have been investigated by means of a corona ionization
instrument and PDMS surfaces on top of a conductive substrate.
It has been shown that the wettability increases provided that the
corona voltage is above a value that in our case was in the range of
4 kV for our experimental setup. Although in the vicinity of 4 kV
the contact angle transients were slower than at higher voltages,
the asymptotic value of the contact angle was very similar in all
experiments. Model fitting was used to calculate parameter
values, and it was concluded that the charge supply to the triple
line is the limiting effect for low-voltage values whereas at larger
voltages the limiting parameter is the fricition coefficient. We
concluded that, in all cases, the asymptotic value of the contact
angle was in the saturation regime. The effects of the humidity of
the air on the value of the saturation contact angle were also
investigated, and a significant increase was observed for increas-
ing values of the relative humidity along with a slowing down of
the transient. We conclude that air ionization and the humidity
have important effects on the wettability of hydrophobic surfaces
and also on the saturation contact angle. Finally, we have
provided evidence that the effects observed are not related to
the deterioration of the PDMS sample due to electrical discharge.

Figure 8. O 1s peaks fitted for (a) the untreated sample and (b) the
7.5-kV- and (c) 14-kV-treated samples. The untreated and 7.5-kV-
treated samples show very similar and symmetric responses. They can
both be fitted with just one peak, which surely corresponds to unoxidized
PDMS. The 14 kV peak shows a small asymmetry that leads to a two-
component fitting: C1 at 529.5 eV and C2 at 530.2 eV. Two fitting
components mean that oxygen on the surface can be found in two
different compounds: unoxidized PDMS, expressed by the peak at lower
energy, and partially oxidized PDMS, expressed by the higher-energy
peak describing the incorporation of Si�OH groups.
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’ASSOCIATED CONTENT

bS Supporting Information. Two video files. In the first, the
corona and breakdown of air are registered using a photolumi-
nescence camera. The luminescence of the triple line can also be
seen. The second file shows how the contact angle recovers after
the drop is removed from the surface and a new one is deposited.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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