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Electrowetting on dielectric is demonstrated with a thin spin-coated fluoropolymer over an aluminum elec-
trode. Previous efforts to use thin spin-coated dielectric layers for electrowetting have shown limited success
due to defects in the layers. However, when used with a citric acid electrolyte and anodic voltages, repeatable
droplet actuation is achieved for 5000 cycles with an actuation of just 10 V. This offers the potential for low
voltage electrowetting systems that can be manufactured with a simple low-cost process.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Droplet manipulation has found applications in various fields in-
cluding lab-on-chip [1,2], displays [3], optics [4], chip cooling [5], and
energy harvesting [6]. Droplet shape and motion can be controlled by
many methods including thermocapillary [7], dielectrophoresis [8]
and magnetic forces [9], but electrowetting on dielectric (EWOD)
[10,11] is a particularly promising method for low-cost, flexible and
swift droplet actuation. In EWOD, droplet shape and equilibrium posi-
tions are changed due to electromechanical effects of an electrical
field applied across a fluid interface [12]. Typically, the electric field is
created by applying a potential difference between an auxiliary elec-
trode (often an electrode placed inside or on top of the droplet) and
an electrode underneath a thin dielectric. Below a limiting saturation
voltage, the wetting angle is given as [13]:

cosθ1 ¼ cosθ0 þ ε0εrV
2
=2δγLO: ð1Þ

where θ0 and θ1 are the initial and electrowetting droplet angles, V is the
applied voltage, γLO is the surface energy between the droplet and the
second phase (here, hexadecane), δ is the dielectric thickness, and ε0εr
the permittivity.

One challenge in EWOD is tomanipulate the droplet with a low volt-
age, since many EWOD devices require tens to hundreds of volts while
most electronics operate at much lower voltages. Those systems that
have been demonstrated to operate below 30 V [14-17], typically re-
quire slow and/or expensive deposition processes such as atomic layer
deposition [16], and chemical vapor deposition [16,18] to create the di-
electric layer. While spin-coated fluoropolymer dielectrics have been

demonstrated, dielectric lifetime is often limited or not reported
[15,17,19]. Lowvoltage operation is typically limited by decliningdielec-
tric properties in thin layers which could be the result of high electric
field, local defects, and electrode oxidation [15]. However, recently, it
has been shown that, in passivating metals, the electrodes can passivate
at defects [18,20,21]. These tests were done on Parylene coated on pre-
oxidized aluminum layer (V>16 V) and thick Cytop dielectric layers
over a passivatingmetal electrode (V>60V). Electrolyte solutions (citric
acid, tartaric acid) were chosen that form a passive oxidation layer with
predominately anodic actuation voltages.

This paper reports on a reliable EWOD process with large contact
angle modulation at voltages as low as 10 V using only a thin spin-
coated polymer dielectric on bare aluminum. This compares favorably
with previous thin spin-coated dielectrics requiring 15 V [14] for ac-
tuation. Other tests with thin flouropolymer dielectrics have shown
very poor reliability at thin levels [15]. The authors are unaware of
any previous reports of low voltage EWOD with demonstrated reli-
ability and low voltage modulation.

2. Experiments

A300 nmthick aluminum layerwasdepositedby e-beamevaporation
on a thermally oxidized silicon wafer and then various thicknesses of
Cytop fluoropolymer (20 nm, 50 nm, 1100 nm) were deposited on the
aluminum layer via spin-coating. The wafer was placed in hexadecane
as the second phase and an 8 μl droplet of the electrolyte was pipetted
on the wafer. Tested electrolytes include 0.1 M sodium sulfate (Na2SO4),
0.1 M tartaric acid and 0.1 M citric acid. A platinum auxiliary electrode
was placed in the droplet. Then, using a Keithley 2612A SourceMeter, po-
tential difference between the droplet and thewafer was applied in steps
while the auxiliary electrode was grounded. The applied voltages were
+13 V, +22 V and +60 V on wafers with 20, 50 and 1100 nm Cytop
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thicknesses, respectively. These voltages were chosen to achieve a 75 deg
angle change. Horizontal images of the droplets were recorded at each
voltage step. The contact angles were extracted from the images using
the Drop Analysis plug-in for ImageJ [22]. Fig. 1 shows the experimental
setup schematics. Reliability was assessed by measuring the change in
contact angle with repeated voltage application.

3. Discussion

Aluminum films show diode-like current–voltage response [20,21]
with high resistivity at positive potentials due to the passivation of the
aluminum surface. If the proper voltage polarity is maintained, the leak-
age current isminimized and stable operation is possible. The role of volt-
age polarity in EWOD life is seen by comparing angle modulations from
pure anodic cycles to alternating anodic and cathodic cycles as seen in
Fig. 2. EWOD with alternating voltage polarities (Fig. 2, dashed lines) de-
grades rapidly with no angle response after a few cycles, presumably be-
cause of the high rate of cathodic reactions causing degradation of the
aluminum surface and dielectric. In contrast, positive voltage alone exhib-
ited only modest degradation of the zero voltage angle, and maintained
steady operation for 1100 cycles of 2 sec voltage application (Fig. 3b, c).

Typically, the EWOD reliability decreases with decreasing layer
thickness. Fig. 3(a) shows how a sodium sulfate shows much quicker
degradation for thinner Cytop layers even when the voltage is adjust-
ed to maintain a nearly constant contact angle. Similar results are
seen with sodium chloride solutions. When a passivating electrolyte
(citric acid) is used, the same dielectric shows larger angle changes
for the same applied voltage and more stable operation (Fig. 3(b)).
Citric acid is known to form an effective passivating oxide on alumi-
num [23,24]. Other solutions such as tartaric acid [23,25,26] that
form passivating oxides also show good performance though tartaric
acid electrolytes did not have as long of life as citric acid.

Applied potential magnitude could cause some differences in anodic
electrowetting (AEW). Fig. 2 and 3 b shows a drop in the contact angle
at zero potential after just a few steps of the 13 V AEW. This could be
due to charge entrapment [27]. However, when the voltage is slightly
reduced from13 V to 10 V, negligible angle change is seen over 1800 cy-
cles (Figs. 3c, 4). After 1100th and 1650th cycles in respectively 13 and
10 V AEW, the droplets tended to jump off which is possibly related to a
gradual aluminum oxidation and/or charge entrapment thatwould cre-
ate differential dielectric properties over the wetting area. However,
after the droplet motion, there was no visible damage to the dielectric
or the electrode. In addition to potential magnitude, pulse duration
can alter AEW life. When the same substrates were tested with shorter
voltage pulses the dropletmotion occurred at a higher number of cycles.
For instance, with a voltage pulse length of 0.2 seconds, one tenth the

time used in the other plotted data, droplet motion was not observed
until after 5000 cycles (Fig. 3c). Thus the length of time the voltage is
applied affects the ultimate system life.

4. Conclusion

Under anodic actuation voltages, valve-metal electrodes can be used
with thin hydrophobic polymers as dielectric to achieve stable operation
at low voltages. Typically, these layers have defects that permit signifi-
cant electrochemical damage to the electrodes. However, combinations
of electrodes and electrolyte known to form a passive oxide perform re-
liably even for thin spin-coated dielectric layers subject to many defects
as long as the electrode is at amore positive potential than the droplet. A
passivating oxide is believed to form at the defects to prevent continued
electrode damage or droplet/electrode shorting.

This work used aluminum electrodes and compared the system per-
formance for different droplet compositions. The success of this approach
requires the proper selection of electrode and droplet composition to cre-
ate a passivating oxidefilm.Metals such as Al, Hf, Nb, Ta, Ti, and Zr (some-
times referred to as valve metals) [28] can form such passivating oxide
layers. Similar results should be possible with these metals. These elec-
trode/electrolyte material combinations permit reliable electrowetting

Fig. 1. Schematic of the experimental setup. Anodic–cathodic electrowetting used alternating positive and negative voltage pulses as illustrated. In anodic electrowetting only pos-
itive pulses were used. These tests were performed on multiple wafers and reproducible results were observed.
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Fig. 2. Droplet electrowettingmodulationwith only+13 Vpulses (solid line) and both+13
and −13 V pulses (dashed line) with 0.1 M citric acid. The systems with negative applied
voltages (dashed lines) show rapid electrowetting degradation due to destructive effects of
cathodic reactions.
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