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Abstract—This paper presents test structures designed for
studying the relationship between the operation voltage and the
configuration of electrode area for coplanar EWOD (ElectroWet-
ting On Dielectrics) devices. Robust anodic Ta2O5 dielectric and
thin aFP (amorphous Fluoropolymer) have been used to fabricate
the structures. Test structures have been used to characterise the
significant contact angle change on asymmetric configurations,
114◦ to 81◦ on CYTOP (amorphous fluoropolymer from Asahi
Glass Co. Ltd.) with an applied voltage of less than 20V. This
demonstrates that by modifying the design, the operating voltage
can be reduced by a factor of two, compared to the existing
symmetric coplanar EWOD structures. Droplet manipulation
on a coplanar EWOD system with this new design has been
successfully demonstrated, with a driving voltage of 15V.

I. I NTRODUCTION

A. Electro-Wetting on Dielectrics (EWOD) and driving volt-
age

Lab-on-a-chip (LOC) and bio-MEMS systems, which can
manipulate and analyse biological ”uidic samples in micro-
and nano-litre scales, have emerged as a solution for automat-
ing repetitive laboratory tasks [1], [2]. Digital micro”uidic,
involving manipulating liquid ”ows in droplet form, provide
a potentially recon“gurable method of obtaining a bio-MEMS
system [2], [3]. EWOD technology is an attractive option that
has a low power consumption making it well suited for the
design and manufacture of micro”uidic systems [2]. EWOD
uses solid-liquid surface tension as a driving force, which
can be controlled by applying a suitable voltage across a
droplet sandwiched between a top ground electrode and an
array of driving electrodes covered by a two layer dielectric
underneath [1]. By doing so, the selected area on the bottom
dielectric surface will be charged and turned from hydrophobic
to hydrophilic, and the droplet will be attracted toward the
hydrophilic region.

The contact angle of a droplet is the measure of the surface
hydrophobicity. The amount of contact angle change due to
the EWOD operation is used to judge whether droplet manip-
ulation is achievable. The voltage applied giving this contact
angle change can be named the driving voltageVD. Obviously,
a lower driving voltageVD is preferred in controlling micro-
systems. Earlier work on electrowetting arrays required driving
voltages in the range 80 - 100V [4]. More recently and with
a more judicious choice of materials, processes and dielectric

thickness, the voltage required to manipulate droplets has been
reduced below 15V [4].

B. Coplanar EWOD systems

Recently there has been increasing interest in coplanar
micro”uidic EWOD devices where a top plate electrode is not
required to drive droplets of liquid. In practice, the top cover
plate provides many advantages (e.g. reliable droplet volume
control, gravity insensitivity, reduced evaporation loss) [5].
However, one drawback of using a two-plate system is the
restrictions imposed by the top-plate, which needs to provide
a conductive ground electrode. If this requirement can be
removed, then other functions such as contact sensing, and
integration of other micro”uidic actuation methods such as
dielectrophoresis (DEP) and surface acoustic waves (SAW)
can be incorporated. Moreover, the packaging processes is
simpli“ed when a cover plate can be assembled without a
speci“c gap and no electrical connections.

This has led to the need for test structures to characterise
this technology and the “rst test structure to address this
requirement was reported in [5]. This structure has been used
to help characterise the relationship between electrode gap
ratio and the contact angle change for a coplanar device and
has provided the data required to modify the Young-Lippmann
equation to model this relationship [5]. The technology and
architecture reported in [5] required nearly 100V to modify
the contact angle from 110◦ to 80◦ and 65Vac to move
droplets. Clearly, a lower operating voltage is desirable [4],
[6] and this paper presents an improved test structure modi“ed
for characterising such low voltage coplanar EWOD device
architectures. In addition the test structure reported in this
paper can be used to characterise not only the electrode gap
dimensions but also the electrode area ratio.

II. BACKGROUND THEORY

A. EWOD driving voltage and test device

Figure 1(a) shows an experimental con“guration for eval-
uating an EWOD system in terms of driving voltage in a
contact angle measurement system [1], [4]. The metal wire
inserted into the droplet represent the top ground electrode in
the two-plate EWOD device provides a voltage reference for
the bottom driving electrode where the hydrophobic dielectric
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Fig. 4. Side view (top) and 3-D view (bottom) of a droplet sitting on a
EWOD coplanar test structure with wedge shaped electrodes. (a) Without
voltage applied. (b) With voltage applied.
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The area of each wedge covered by the droplet is much
smaller than the total area covered by the droplet and thus the
changes in surface tension above the electrodes and the gap
area is averaged. Based upon this assumption, equation (2) can
be re-written as [5]:
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Combining equation (3) with the Young-Lippmann equa-
tion (1), the modi“ed Young•s-Lippmann equation for general
coplanar structures becomes:
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whereΔcos � = cos � (V )−cos � (0)� sl(0) is the interfacial
tension with no voltage applied,Ad, Ag and Agap are the
areas over the driving electrodes, the ground electrodes and
the gap areas between the electrodes, respectively,At is the
total combined area, andVd, Vg andVgap are voltages across
the dielectric layers above each electrode areas [5].

When the area of the ground electrode is equal to the area
of driving electrode, the voltage required for a given contact
angle change in this design is minimised. Hence, the electrode
sizes in the general coplanar systems were kept identical, and
the test structure presented was only designed to study the gap
ratio effect [5].

From equation (4), it can be determined that when the gap
area is minimised, the minimum critical driving voltage can
be achieved. Compared with the two plate con“guration, the
minimum value is doubled in the general coplanar system if
the dielectric layers have the same thicknesses.

Fig. 5. (a) Side view of an EWOD driving voltage evaluation experimental
con“guration for coplanar EWOD devices with ground lines. (b) Equivalent
device circuit of (a).

The experimental results reported in [5] con“rmed the
theoretical calculation. With 300nm PECVD SiO2 and 200nm
CYTOPR© and a 2% gap ratio, the critical driving voltage was
between 100 and 120V and for droplet manipulation 65 to 80V
AC driving voltages were required. Moreover, the high voltage
required resulted in dielectric breakdown before contact angle
saturation was reached [5].

III. N EW TEST STRUCTURE DESIGN

Figure 5(a) shows that a ground line was deposited over
the insulating dielectric layer in the gap between the driving
electrodes to build the coplanar EWOD systems as described
in [8], [9]. The insulating and the aFP (amorphous Fluoropoly-
mer, such as CYTOPR© and Te”on-AFR©) layers on the driving
electrode are modeled as a capacitorCd (“g 5b). The ground
line has only the aFP layer covering it, and is modelled by the
capacitorCg (“g 5b). Since the aFP layers are typically much
thinner than the insulating layer (and cannot withstand large
voltages), the majority of the potential will be dropped across
Cd [4], [9]. This suggested that coplanar devices including a
ground line could have a lower driving voltage than the general
coplanar devices due to the larger potential drop across the
dielectrics on the driving electrodes. Ideally, if the ground line
and the gap area size can be reduced to very close to zero,
the critical driving voltage can approach that in the two plate
systems. Such a system can facilitate a low voltage coplanar
EWOD system, potentially having a critical driving voltage
close to the 15V presented in [4] for a two-plate system.

A. Modified test structure for low voltage coplanar configu-
ration

To enable full characterisation, a new test structure archi-
tecture (shown in “g. 6(a) and (b)) was designed to study the
electrode area ratio effect and also quantify the performance
improvement when the dielectric is removed from the ground
electrode.

In this new design, anodic Ta2O5 was used as the insulating
layer. The structure shown in “g. 6(a), is anodised by ground-
ing the •groundŽ electrodes during the anodisation process.
The creation of the dielectric using anodisation for coplanar
devices including a ground line results in Ta2O5 being only
grown on the driving electrodes and so no lithography or
etching is required to remove unwanted dielectric on the
ground electrodes.
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Fig. 6. EWOD coplanar test structure with: (a) Wedge shaped electrodes
with identical sizes but no ground insulating coatings (driving electrode with
Ta2O5 and CYTOPR© - ground electrode has CYTOPR© only); (b) Same
type of dielectric coating as in (a), but with a different electrode area ratio
(Adriving : Aground = 8 : 1); (c) Surface tension distribution along the
contact line (white curves show part of the droplet outline) when a droplet is
wetting the surface.

Fig. 6(b) shows an example of a coplanar device including
ground line with Ta2O5 coated driving electrodes that are
larger than those shown in “g. 6(a).

Changing the area ratio of both electrodes will result in
a different surface tension distribution along the three phase
contact line during wetting (“g. 6(c)). By looking for a
maximum average surface tension change using the same
voltage in equation (2), the optimum electrode ratio for low
voltage coplanar EWOD can be determined. The shape of
the droplet, when viewed in the horizontal plane, enabled the
contact angle to be measured in the traditional manner.

As described by Yi et al. [5], the changes in interfacial
energy above each electrodes and the gap area were assumed
to be averaged along the three-phase contact line. As discussed
in [4], the voltage drop across the aFP layers on the ground
electrodes was neglected and so for the coplanar device
con“guration with a ground line, the relationship between the
contact angle and applied voltage can then be determined as:

cos � (V ) − cos � (0) = − � r� 0

2� lgt
Ad

At
V 2 (5)

In this caseAd is the area of the driving electrode, andAt

is the total area (driving + ground electrode areas + the gap
area). WhenAd approachesAt, the required driving voltage
reduces to the levels reported for two-plate EWOD system.

For comparative studies, both general coplanar test struc-
tures with gap ratios from 10% to 60%, and coplanar with
ground line test structures and electrode area ratios (Ag : Ad)
from 1:1 to 1:8 (10% gap ratio) were designed.

IV. SAMPLE FABRICATION AND EXPERIMENT RESULTS

A. Sample fabrication

The test structures were fabricated on Si substrates with
a 0.5µm layer of SiO2. A layer of 500nm tantalum was
then sputtered and patterned to create the wedge shaped test
electrodes. To prevent dielectric breakdown failure before
contact angle saturation occurred [5], a thick Ta2O5 layer
(180nm) was anodised at 100V. A layer such as this can
theoretically sustain 100V DC before breaking down (this
voltage should have the same polarity as the anodisation).

The ground electrodes of the test structures with coplanar
ground lines were not anodised. For the general coplanar
devices, the ground electrodes were also anodised at the same
voltage.

After the anodisation, 35nm of CYTOPR© was spin coated
on the entire area to make the surface hydrophobic.

B. Experiments and results

The characterisation system used to study the contact angle
as a function of applied voltage has been shown in [4]. Ad-
ditionally, the shape of the wetting droplet (shown previously
in “g. 4) was observed from the top and side, using a camera
systems similar to [4], [12].

1) General coplanar configuration characterisation: Per-
forming measurements of contact angle as a function of volt-
age on the general coplanar con“guration test structures has
demonstrated the advantages of anodic Ta2O5 over PECVD
SiO2. The thicker “lm, which can theoretically sustain 100V,
enables the system to achieve a critical voltage of 35V DC
(voltage to drive the contact angle into saturation) with a
gap ratio of 10%. This compares to the value of over 100V
measured on samples with 300nm PECVD SiO2 and 200nm
CYTOPR©. Moreover, there was no dielectric breakdown when
voltages up to to 60V DC were applied, enabling the study of
the saturation phenomenon on EWOD coplanar structures.

Figure 7 shows that the contact angle changes follow the
theoretical values given by equation (4) before saturation sets
in. For structures with a 20% gap ratio, the critical driving
voltage was around 40V DC. Due to early contact angle
saturation, the contact angle of droplets operated on the 40%
and 60% gap ratio test structures did not reach 81◦. The reason
for this will be discussed in the following section.

2) Characterisation of devices with coplanar ground line:
Following the lower driving voltage obtained in the general
coplanar EWOD characterisation, measurements were per-
formed on devices including a coplanar ground line. With the
same dielectric coatings, the test structures with no Ta2O5

dielectric on the reference electrode and a 10% gap,Ag:Ad

= 1:1 (Ad:At = ∼1:2), exhibited a reduced driving voltage of
around 25V (“g. 8). Changing theAg:Ad ratio to 1:8 (Ad:At

= ∼8:9), reduced this voltage further to between 17 and
20V (“gure 8). These results clearly indicate that the driving
voltage is reduced by half for the new coplanar architecture.
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Fig. 7. Contact angle as a function of applied voltage for general coplanar
con“guration test structures as a function of gap ratio (10%, 20%, 40% and
60%), whenA d :A t = 1:2 (A d :A g = 1:1);

Fig. 8. Contact angle as a function of applied voltage for structures with a
coplanar ground line as a function ofA g :A d ( 1

1+ A d :A t
) ratio (from 1:1 to

1:8) with a 10% gap. (Since the results of electrode ratio of 1:5 were very
close to those of ratio 1:8 , it was omitted for clairity. )

3) Results comparison:Figure 9 shows the relationship
between contact angle change and applied voltage for EWOD
coplanar electrodes. In terms of reducing the driving voltage,
the coplanar design with ground line obviously has an advan-
tage. By reducing the ground electrode size while increasing
the driving electrode size, a lower critical voltage can be
achieved. The lowest value achieved, which is roughly the
same as that obtained using a two-plate con“guration was
around 15V.

V. DISCUSSION

A. Early contact angle saturation tests in the general coplanar
con“guration

Before reaching 81� , early saturation was observed for
the 40% and 60% gap ratio samples. This is due to the
saturation of� d

sl and � g
sl . Despite the different gap ratios,

the voltage across the insulating and aFP dielectric layers

Fig. 9. Contact angle as a function of applied voltage for coplanar test
structures with the general coplanar con“guration with 1:1A g :A d ratio, and
with a coplanar ground line with 1:8 coatingA g :A d ratio (all gap ratios =
10%) .

on all the samples were the same. Hence, referring to the
modi“ed Lippmann equation (2),� d

sl and � g
sl on all the test

structures consisting of the same dielectric layers should reach
the saturation value at the same applied voltage (in this case
35V to 40V). Since the wettability of the gap area did not
change during the test, a larger area of unchanged� gap

sl will
result in an earlier overall contact angle change.

B. Surface tension distribution on coplanar EWOD structures

During the design evaluation test, the shapes of the droplets
were observed not only from the side using the contact angle
measurement system, but also from the top using the droplet
manipulation observation system.

Figure 10 shows the top view of wetting droplets on the
general coplanar test structure with different gap ratios. The
liquid-solid contact line roughly followed a circular shape.
Although there was no electrowetting force in the gap area,
the Laplace pressure created by� d

sl and� g
sl inside the droplet

formed a � gap
sl . When the gap ratio is relatively small, the

assumption made previously that the contact angle measured
can represent the average surface tension is still applicable.
This is con“rmed in “gure 7, where results of 10% to 40% gap
ratio met the theoretical curve better than those of 60%. These
results agreed with Wang et al.•s observation which showed
the imbalance of electrowetting between identical dielectric
surfaces with different electric “eld polarity [13].

In “g. 11, the top view of wetting droplets on the coplanar
test structure including a ground line with different electrode
ratios is shown. From this “gure, the area with highest
wettability was on the driving electrodes on both samples.
Wetting on the ground electrodes and gap area could hardly
be seen, due to the fact that most of the voltage applied was
dropped across the dielectric layers deposited on the driving
electrodes.

Hence, � gap
sl and � g

sl were both formed mainly by the
Laplace pressure. When the electrode ratioAg:Ad was larger
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Fig. 10. Top view of wetting droplets on the general coplanar test structure
with different gap ratios. (The nautilus shaped re”ection is the droplet centre,
while radial lines are the edge of the electrodes.)

Fig. 11. Top view of wetting droplets on the general coplanar test structure
with different gap ratios. (The nautilus shaped re”ection is the droplet centre,
while radial lines are the edge of the electrodes.)

than 1:5, the liquid-solid contact line during wetting was not
close to circular (clearly shown in “gure 11). As a result,
the contact angle measured can not accurately represent the
average surface tension. This may explain the slight mismatch
of the experimental contact angle results in “gure 8.

VI. D ROPLET MANIPULATION

Based on the results from the coplanar test structures,
coplanar EWOD electrode arrays were designed using param-
eters derived from results obtained in the previous sections.
The ground electrodes were routed in the gaps between the
electrodes and interconnects.

For fabricating this structure, tantalum was sputtered and
patterned as 5µm wide metal tracks for the ground electrodes,
and 1mm× 1mm squares for the driving electrodes. The gap
between the driving electrodes and ground electrodes were
3µm (meaning the gap and ground electrode area ratios were
below 1%). The driving electrodes were then anodised at 50V
to form a 95nm anodic Ta2O5 insulating layer. After 16nm

Te”on-AF R© was spin coated, the droplet could be manipulated
at a speed of∼16mmsec−1 with applied voltage as low as 15V.

VII. C ONCLUSIONS

In this paper, an improved coplanar EWOD test structure
has been presented. It has been modi“ed for characterising low
voltage coplanar EWOD device architectures and can be used
to characterise electrode gap dimensions and the electrode area
ratio. This characterisation was an important component in the
development of a new EWOD architecture that reduced the
droplet driving voltage.

Characterising the electrode gap dimensions in the general
coplanar con“guration test structures using anodic Ta2O5 for
comparison with the work in [5], the signi“cantly reduced
critical driving voltage (reduced from around 100V to around
40V) shows the advantages of using Ta2O5 as a dielectric
insulation in the coplanar EWOD structures. Changing the
electrode ratio in the coplanar con“guration including a ground
line helped to optimise the design and reduce the critical
voltage to less than 20V, while having the same dielectric layer
composition.

Finally, successful low voltage coplanar EWOD droplet
manipulation has been demonstrated as a result of the design
and process optimisation.
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