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Various properties of electrowetting such as reversibility, reproducibility and mobility have been
investigated experimentally. A conductive water drop on a thin hydrophobic film of amorphous
fluropolymers coated on the counter electrode showed unexpectedly the poor reversibility under
the discontinuous voltage, so called the contact angle hysteresis. The hysteresis could not been
completely suppressed by inserting additionally a thick parylene-C film which has the high dielec-
tric constant and no pinholes. However, both the reversibility and the reproducibility have been
enhanced under the continuous voltage starting from the highest absolute electric potential.
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1. INTRODUCTION

Electrowetting is the spreading of a conductive liquid
drop on surface of matter under the external electrostatic
field.'* Though Lippmann discovered this phenomenon in
1875, it has been only a decade to be attracted and devel-
oped for liquid lenses, liquid displays, and microfluidic
chips.!'#3

Electrowetting on dielectrics (EWOD) is practically
important due to its excellent durability, reproducibility
and reversibility."* When the voltage is applied to a con-
ductive liquid drop on a rigid dielectric substrate, the con-
tact angle (CA) of the drop is reduced (Fig. 1). According
to the classical Young-Lippmann’s theory, the CA, 6 is is
given by a quadratic function of voltage, V:

1
cosB(V) =cos b, + 5 cVv? (1)

la

where 6, is the CA under no electric potential, 7y, is
the interfacial tension between liquid and environment air
phase and C is the capacitance of unit surface area of
dielectric underneath the drop. Unfortunately, however, CA
cannot be reduced up to zero, i.e., the complete wetting by
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increasing V so that there always exists the saturated CA,
which has not been completely understood theoretically
so far.>* Experimentally, to improve the EWOD tech-
niques the many materials, such as conductive liquids,®’
electrodes,”® environmental phases,” and dielectrics,? 10!
have been studied. Very recently ionic liquids have been
tested to substitutes for aqueous conductive liquids with
its various advantages such as their low volatility, low vis-
cosity and high conductivity.!? Dielectric materials which
were most affective on decreasing driving voltage were
also developed.

Here we present the enhancement of reversibility, the
reproducibility and mobility of EWOD under the continu-
ous applied DC voltage.

2. EXPERIMENTAL DETAILS

Our experimental setup is shown in Figure 1. We used
a glass substrate coated with indium tin oxide (ITO, sur-
face resistivity 20 €)/sq) as a planar grounded electrode.'®
The dielectric parylene-C (2 um, & = 3.0) was coated
on the substrate in chemical vapor polymerization of
di-p-xylyene.

For providing a hydrophobic surface, amorphous flu-
oropolymer polytetrafluoroethylene (PTFE AF 1600,
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Fig. 1. Experimental setup for CA measurements: Dark and gray colors
of the drop correspond to the on and off of the switch, respectively. Inset
shows two possible polarities (+V or —V) of DC voltage.

£=1.93) which was dissolved in perfluoro-2-butyl
tetrahydrofuran FC-40 (3M) solvent as 1.0 wt% was sub-
sequently deposited by spin-coating at 2000 rpm for 120 s.
The sample immediately was heated in an oven at 90 °C
for 15 min to evaporate the solvent and then it was baked
in vacuum chamber at 170 °C for 30 min which is slightly

Fig. 2. Comparison of AFM images of surfaces of (a) rough AF 1600
and (b) pinholeless parylene-C Note that unit of x-, y- and z-tics is
0.5 pm/div.
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over the glass transition temperature 160 °C of AF 1600.
Thicknesses of AF 1600 films were very thin a typi-
cally 200 nm which was measured by using ellipsometry.'*
For comparison typical AFM scanning images of the sur-
faces of parylene-C and AF 1600 are shown in Figure 2.
Pinholeless surface of parylene-C is apparent which is
good for protecting leakage of any liquids and increas-
ing electric breakdown voltage due to strengthen dielec-
tric constant, whereas that of AF 1600 has irregularity
with rms roughness of 10 nm which is mainly due to
dilute weight percent. Platinum (Pt, diameter 50 pm) nee-
dle was used for an electrode immersed in a liquid drop.
The counter ITO electrode insulated with parylene-C film
was well grounded with our whole system. For liquid
drops only deionized water (DIW, vy, = 72 mN/m and
p=17.2 MQ-cm at T = 25°) has been investigated. Drop
size was about 3 uL. For this size of a drop, the gravity
effect is ignorable since the Bond number which represents
the relative effect of the gravity to the surface tension is
less than 1073, All measurements were conducted at room
temperature.

3. RESULTS AND DISCUSSION

The CA data on a thin hydrophobic AF 1600 film are pre-
sented in Figure 3(a). The parabolic CA variation at the
low voltage of less than 50 V represents well the depen-
dence on applied voltage.

The achieved controllable range of CA is from 115 to
80° under the applied voltage of DC 0-50 V. Such a degree
of angular difference of 35° is enough for most applica-
tions of electrowetting techniques such as microfluidics,
liquid lenses or e-papers.'™ In Figure 3(b), the cosine of
CA versus the square of applied voltage is plotted in order
to confirm clearly the theoretical prediction. The linearity
obtained from the curve fitting only with CA data under
50 V represents that the measured CA data are in good
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Fig. 3. For a thin film of PTFE AF 1600, (a) CA data with a parabolic
curve fitting and (b) cos 6 data with a linear curve fitting.
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agreement with the Young-Lippmann’s equation in Eq. (1)
as well Figure 1(a).

As the voltage slightly greater than 50 V, the CA always
reached to the limited value 80°, so called the CA satura-
tion, 6. Though numerous hypotheses for saturation of
CA, such as, the ion trap,? the zero interfacial tension® !>
have been proposed, it however has been not still clearly
understood so far. Our result is good agreement to the
Quinn’s model of vanishing interfacial tension between
liquid and substrate at saturation.

When the applied voltage reached to 100 V a few of
evaporating water vapors appeared inside of the drop, indi-
cating the dielectric breakdowns of insulation of 0.2 um
AF 1600 film since the dielectric breakdown strength of
AF 1600 is 20 V/um. They are different from the electric
short failures caused by the pinholes on AF 1600 surface
as shown in the AFM image in Figure 2(a).

To investigate the reproducibility of CA, three ini-
tial cyclic CA measurements with a cycle composed of
advancing and receding CA corresponding to increasing
and decreasing voltage respectively were performed on a
flesh surface and the results are presented in Figure 4.

At first we note the highest initial CA , 120°, at 0 V
which was observed only once at the very flesh surface.
When the first cycle measurement was completed, this
maximum CA value under no voltage was disappeared
completely and reduced to about 115° but with the high
deviation. This instability at low voltage seems to be
caused by the surface friction at the contact line. Except
the instability at low voltage, 0—10 V, the CA data are very
reversible and reproducible under the cyclic applied volt-
age since they show high symmetry about 0 V with the
identical parabolic shape.

To enhance the dielectric strength and water resistive a
relative 2 um thick dielectric parylene-C film was inserted
between AF 1600 and ITO electrode. Parylene-C has been
used widely in electronics as a good insulating film due
to its high electric breakdown strength, 270 V/um.>3 The
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Fig. 4. Reversibility and reproducibility of CA data in the initial
3 cyclic CA measurements.
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Fig. 5. The CA variations in four distinct paths along applied voltage.
Path 1 and 2 and path 3 and 4 are under the positive and negative electric
potential on water drops respectively with respect to the grounded counter
electrode.

CA data for DIW drops on this multilayer are presented in
Figure 5. In order to investigate the symmetry, reversibility
and mobility of the water drops in EWOD in detail, the CA
measurements were separated into four distinct paths with
the combination of both the polarity (V) and the incre-
ment (£AV) for the voltage applied on the Pt-electrode.
For convenience, they were denoted as the path 1 and 3
for advancing CA’s and path 2 and 4 for receding CA’s.
The advancing CA means that the CA data are measured
as the voltage is applied from the zero potential to +V
or —V and the receding CA is vice versa. In electrostatic
view point, they correspond to the processes of charging
and discharging the free ions on the liquid electrode of the
planar dielectric capacitor respectively (see Fig. 1). Note
that to obtain the " CA value, 6,(V,), we applied the
voltage with continuous increments, such as from V,_; to
V,in V, =V, + (n—1)AV with V; =0, not to jump from
the grounded reference potential directly to V, all the time
during a set of measurement. We found that some notice-
able features in EWOD data under this continuous voltage
scheme, which were related to these four different paths,
as follows.

Evaporation of a water drop completely disappeared due
to high dielectric breakdown strength and pinhole free sur-
face of parylene-C (Fig. 2(b)). At the low voltage of less
than £25 V, the CA variations appeared apparently in the
smooth parabolic curves in the receding path 2 and 4,
whereas the change of CA was unstable in the advancing
path 1 and 3.

As expected, however, each pair of advancing path 1 and
3 and receding path 2 and 4 is highly symmetric about 0
V with the maximum 110° and 113° in CA separately. At
high voltage near to 22100 V, the CA reaches to a saturated
value about 70-80°, regardless of paths. The high sym-
metry about y-axis indicates that switching polarities of
Pt-electrode has the indistinguishable effects on the capac-
itance of the dielectric film. Consequently, it means that
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there would be no distinguishable if the alternating cur-
rent (AC) voltage is applied instead of DC voltage on a
conducting water drop, which is, in fact, implied in the
quadratic feature of Eq. (1).

The high reversibility between advancing and receding
CA in DC voltage on AF 1600 films has been reported
in many literatures.? In our experiments, however, the
reversibility couldn’t be achieved satisfactory in the path
1-2 for positive electric potential as well as the path 3—4
for negative potential, though the latter is relatively better.
Since there is always a bit of differences within 5° in the
CA'’s not only at no voltage but also at high voltage, two
reverse paths, either 1-2 or 3—4, couldn’t be matched each
other and the hysteresis is inherently involved with it.

Here, however, we noted one noticeable feature that
two receding CA data along the path 2 and 4 showed
much more smooth variation and followed well to the
theoretical prediction of Eq. (1) than those of advanc-
ing. By utilizing this property we were able to obtain the
very high reversibility and reproducibility: applying the
cyclic continuous voltage along two distinct cyclic paths
either composed of 2-3—4—1 starting at the highest electric
potential or 4-1-2-3 starting at the lowest electric poten-
tial, we were able to remove the hysteresis completely
for a few cycles (not shown since the data were strongly
overlapped).

To explain this directional voltage dependence, it is pos-
sible to assume a plausible model that there exists the cor-
rection between the drop motion and the type of fiction
forces related to the surface roughness on AF 1600 film.
Under applied continuous voltage, the drop moves with
the constant dynamic friction so that the constant net force
acts on the drop. As a result the variation of CA is con-
tinuous even under low voltage as shown in path 2 and 4.
On the other hand, under the discrete applied voltage, the
discontinuous static friction acts on the drop, i.e., the resis-
tive linear electromechanical force induced by the external
electric field acts on the drop until the drop just starts to
move with the maximum static force, causing the discon-
tinuous CA in path 1 and 3. In some literatures these dif-
ferences dependent on the process along voltage direction
were pointed out due to ion adsorption to the interface.> 1
Therefore they suggested AC voltage for reduction of these
directional differences instead of DC voltage.

During applying the voltage, the center of mass of a
drop was slightly movable causing the unstable position of
the drop. Note that the center was not related to the posi-
tion of Pt-electrode. Stabilizing this mobility is one of hard
technical problems in EWOD so that it should, if possible,
be suppressed or minimized since the unstable mobility is
not desirable in the most applications of EWOD.*° How-
ever, this mobility maybe be preferable in the actuation of
drops with EWOD. !

To test the reproducibility of EWOD, the CA measure-
ments had been repeated only one sample. After 100 cycles
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Fig. 6. The CA data after 100 cyclic EWOD measurements: hysteresis
was much suppressed.

the experimental data along 4-different paths are pre-
sented in Figure 6. There was the reduction in the electro-
controllable CA range from 30 to 20°. One interesting
feature is that not only reproducibility but also symmetry
are preserved. Moreover the hysteresis in reversible pro-
cesses disappeared remarkably but not completely. This
result strongly supports the model of ion adsorption for
hysteresis, because the surface roughness cannot be signif-
icantly changed during these cyclic measurements.

4. CONCLUSION

We studied experimentally the properties of EWOD on the
hydrophobic surface of AF 1600 either with or without a
high dielectric parylene-C film, with a specific applying
voltage scheme. We were able to achieve the significant
enhancement in the reversibility and the reproducibility of
CA by driving the DC voltage continuously with starting
from the highest absolute electric potential. Consequently
it promises the precise control of the morphological defor-
mations and the dynamic motions of micro-size liquid
drops based on the EWOD technique.
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