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In electrowetting, a droplet/substrate contact angle is modulated by applying a potential difference between the
droplet and the substrate. Typically, the droplet potential is changed via an auxiliary electrode dipped in the
droplet. Here, it is shown that electrochemical reactions lead to a potential drop on the auxiliary electrode
in electrowetting, which degrades the droplet contact angle modulation. The magnitude of this effect depends

on the voltage polarity. This problem can be addressed by using a dielectric layer, such as SiO,, which can prevent
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electrochemical reactions with the electrowetting substrate and the auxiliary electrode.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Electrowetting on dielectric (EWOD) is an electromechanical process,
in which a droplet apparent contact angle changes by applying a voltage
between the droplet and the substrate underneath [1]. It has found
applications in lenses [2], screens [3], energy harvesting [4], and
lab-on-a-chip devices [5-8]. Devices consist of a conductive layer,
a single or stacked dielectric layer, and typically, a hydrophobic
layer (the hydrophobic layer could also act as a dielectric layer).
Typically, the droplet voltage is changed via an auxiliary electrode,
which is placed in the droplet, as shown in Fig. 1.

In EWOD, contact angle varies with voltage, following the Lippman
equation [9]:

2 -
cos 61 = Cos 00 +& & - Vsource/2 0 Y10 (1)

Here, 6y and 6, are the initial and actuated contact angles, Vsource iS
the power source voltage, y;o is the interfacial energy between the
droplet and the second phase (here, air), 6 and &g¢, are the dielectric
thickness and permittivity, respectively. Droplet angle decreases with
voltage following the Lippman equation. However, the droplet
modulation ceases at a certain voltage, which is referred to as the
saturation voltage, and the corresponding angle is the saturation
angle [9]. Saturation angle is often between 60° and 70° [10]. Typically,
saturation angle is independent of the droplet voltage polarity.
However, it has been shown that the saturation angle can vary
with voltage polarity [11]. Such voltage polarity-dependent saturation
angle appears with the use of thin hydrophobic dielectric layers,
which has been attributed to the susceptibility of thin dielectrics to
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adsorb negative ions [11]. Here, another cause is introduced, based on
a potential drop on the auxiliary electrode. Electrochemical reactions
on the electrowetting substrate are followed by counter reactions on
the auxiliary electrode, introducing a potential drop in the auxiliary
electrode. It is shown that for anodic polarizations of the droplet the
auxiliary electrode potential drop increases, attributed to fast cathodic
reactions on the substrate. When a high resistance substrate, such as
thermally grown SiO, [12] or electrochemically grown Al,O3 [13] is
used, saturation angle is independent of the droplet voltage polarity,
and symmetric electrowetting behavior is observed. This symmetry
is attributed to the prevention of electrochemical reactions. We use a
stack dielectric layer of SiO,/Cytop to prevent the electrochemical
reactions and to demonstrate symmetric electrowetting. Cytop is a
perfluoropolymer from Asahi Glass Co. formulated for spin-coating.

In addition to symmetric electrowetting, the prevention of
electrochemical reactions also leads to reliable electrowetting. Here,
electrowetting reliability with the SiO, substrates is also demonstrated,
which is another advantage of the SiO, substrates. Two electrolyte
solutions, namely 0.1 M NaCl and 0.1 M citric acid are used. Some
degradation in droplet modulation is observed over 10,000 trials with
0.1 M Nadl electrolyte solution, while with 0.1 M citric acid, the droplet
modulation is quite consistent.

2. Discussion

Upon electric field application, electrolytes diffuse through
the dielectric, accompanied by electrochemical reactions [14]. In
this study, hydrophobic Cytop with a nominal dielectric constant of
2.1 is used. During electrowetting, electrochemical reactions occur
at Cytop defects. This affects EWOD behavior differently, depending
on the droplet potential polarity with respect to the wafer (cathodic
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Fig. 1. Schematic of a conventional electrowetting setup. In this process, an electric
potential difference is applied between the droplet and the substrate, upon which the
droplet/substrate contact angle changes. The droplet potential is changed via an auxiliary
electrode. In this study, a platinum wire (0.051 mm diameter, 99.95% pure) is used as the
auxiliary electrode.

and anodic reactions occur when the droplet potential is either positive
or negative, respectively).

Cathodic reactions continue at high rates, create bubbles, and
cause a potential difference between the droplet/substrate interface
and the auxiliary electrode due to a potential drop on the auxiliary
electrode. The wafer, droplet, and auxiliary electrode potentials
were directly measured by adding a platinum reference electrode,
as shown in Fig. 2a. In these tests, two electrowetting substrates
of Si/Si02(500 nm)/Al(300 nm)/Cytop(74 + 3 nm) were used and
the electrical connection was made to the aluminum layer. On each
substrate two measurements were performed.

As seen in Fig. 23, the potential distribution between the wafer and
the auxiliary electrode varies with the polarity of the droplet potential.
In these tests a passivating system (aluminum/0.1 M citric acid) is
used [15]. In passivating systems, the substrate passivates at negative
voltage of the droplet, which suppresses electrochemical reactions in
the substrate. The substrate passivation is attributed to a barrier-like
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Fig. 2. (a) Direct measurement of the wafer and auxiliary electrode potentials. Reference
and auxiliary electrodes are platinum. Vsouree, Vi, and V5 are the power source voltage,
potential drop on the wafer, and potential drop on the auxiliary electrode, respectively;
(b) effect of V; deviation on the contact angle variation in EWOD. The contact angle values
used in Fig. 2b were collected concurrently with the test in Fig. 2a. Contact angles are also
predicted with the Lippman equation with Vo (dashed line) and V; (solid line—the
average of V; curves obtained on the four spots on two wafers, as shown in Fig. 2a) is
used for contact angle prediction. Two aluminum wafers with 74 + 3 nm Cytop were
used, and two tests were performed on each wafer.

alumina (aluminum oxide) formation upon the aluminum oxidation,
which impedes the electrolyte diffusion. Alumina is created upon the
following reaction [16]:

Al + 3H,0—Al,0; + 3H, (1)

It is noteworthy that in non-passivating systems the same reaction
results in alumina formation. However, alumina layer is porous in non-
passivating systems, so that it does not prevent continued oxidation,
which can damage the aluminum electrode. In this study, a passivating
system is used because electrochemical reactions can be either triggered
or prevented, depending on the droplet potential polarity. Hence, the
effects of the presence and absence of electrochemical reactions on the
contact angle variation can be investigated in one measurement.

At positive voltages of the droplet, water hydrolysis occurs in the
substrate and the auxiliary electrode as follows: in the substrate
(cathodic reaction):

2H"(aq) +2e” —H,(g) (2)

in the auxiliary electrode (anodic reaction):

2H,0(1)—0,(g) + 4H" (aq) + 4e~ (3)

Here, the auxiliary electrode is platinum, which is a noble metal,
immune to oxidation. Therefore, water hydrolysis is the most feasible
electrochemical reaction in the auxiliary electrode, which results in
oxygen bubble formation. The droplet images at negative and positive
voltages of a 0.1 M citric acid droplet on the aluminum wafer are
shown in Fig. 3a, b and c. Fig. 3b shows how oxygen bubbles start to
form at around + 15V and Fig. 3c shows how their number increases
at higher voltages. Typically, some oxygen bubbles depart from the
auxiliary electrode, move up, and are released to air at the droplet/air
interface, while there is always a population of oxygen bubbles on the
auxiliary electrode.

Upon electrochemical reaction commencement, bubbles on the
auxiliary electrode narrow the paths for the diffusion of hydrogen
cations and oxygen molecules from the auxiliary electrode to the
droplet. Therefore, the concentration and electrochemical potential
of the hydrogen cations and oxygen molecules in the vicinity of the
auxiliary electrode are increased, which results in an increase in
the charge transfer resistance in the auxiliary electrode. Additionally,
the bubble accumulation impedes the ion transfer in the liquid next
to the auxiliary electrode, which could also cause a potential drop
in the vicinity of the auxiliary electrode. These two reasons cause a
potential drop at the auxiliary electrode (as shown in Fig. 2a), as well
as the dielectric-coated substrate.

Lippman equation can show the impact of the auxiliary electrode
potential drop on the actuation angle by replacing Vigyrce With V;:

cos B, = €0s B + £9.6.V1 /2610, (4)

Here, Vi = Vsouree — Vo, and is equal to the electrical potential
difference between the wafer and the reference electrode, as shown
in Fig. 2a. Ve is the power source voltage and V, is the potential
drop at the auxiliary electrode. V, increases with the charge transfer
resistance on the auxiliary electrode, which creates a difference between
Vi and Vource.

When Vi, tends towards negative values, the electrochemical
reactions on the auxiliary electrode and also V, magnitude are
insignificant because of the reduction of electrochemical reactions
due to substrate passivation. In this case, V; is equal to Vsoyrce, and
hence Lippman theory predicts EWOD behavior, so either Vyyyce OF
Vy is used in Eq. (2).

However, when V... becomes positive, V, increases. Therefore, V;
becomes less than Vi, and EWOD contact angle behavior can be
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Fig. 3. EWOD on an aluminum wafer with 74 4- 3 nm Cytop when droplet is at (a) —21V, (b) +15V, and (c) +21V.

predicted only if V7 is used in the Lippman equation. Fig. 2b shows the V;
deviation effect on the contact angle variation. The Lippman equation
predictions with V; (V; pred.) are also shown (a dielectric thickness of
74 nm, and a droplet surface tension of 72 mN/m have been used in
the Lippman equation). The contact angle prediction with V; correlates
with the contact angle measurements, which substantiates the auxiliary
electrode contribution to the contact angle modulation.

The potential drop between the auxiliary electrode and the wafer can
be prevented by using a dielectric layer that prevents electrochemical
reactions. To achieve this, Cytop was spin-coated over thermally grown
SiO, on silicon wafers. The electrical connection was made to the silicon
layer, below SiO,. The corresponding wafer and the auxiliary electrode
potential variations are shown in Fig. 4a. Two measurements were
performed on two substrates. For the angle prediction with the Lippman
equation, a dielectric thickness of 151 nm and a dielectric constant
of 3.03 were used for the SiO, (100 nm)/Cytop (51 + 4 nm) stack.
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Fig. 4. (a) Potential distribution with an SiO, wafer. A 51 + 4 nm Cytop layer was
coated on 100 nm SiO, thermally grown on a silicon wafer; (b) Symmetric contact
angle variation with an SiO, layer without potential distribution between the substrate
and the auxiliary electrode.

To calculate SiO,/Cytop dielectric constant, an equation for two capacitors
in series was used as follows:

de _ oo + % (5)

& 8cytop 83i02

Here, d;, deyop, and dgjo» are respectively, the total thickness, the
Cytop thickness, and SiO, thickness. The &;, &qyrop, and &o are the
total, Cytop, and SiO, dielectric constants. For d; = 151 nm, dcyop =
51 nm, djo> = 100 nm, £qyr0p = 2.1, and &40 = 3.9, while & is equal
to 3.024. With thermal SiO,, contact angle varies symmetrically
with voltage, as shown in Fig. 4b and V, varies between —0.09 V
and +0.06 V.

Si/Si0,/Cytop substrate also provides reliable electrowetting.
A challenge in EWOD is to achieve a reliable process. Reliable EWOD
can be obtained in passivating systems by preventing electrochemical
reactions [17,18]. However, in passivating systems, due to the diode-
like behavior of alumina, reliable electrowetting holds only on anodic
polarization of the wafer. This limits the EWOD applications, where
both potential polarities of the wafer are desired. With a Cytop/SiO,
composite layer, however, lifelong electrowetting can be achieved
with both polarities of the wafer, with insignificant change in the
initial and actuation angles. To demonstrate the reliability of the
electrowetting systems with SiO,, the reliability tests were performed
for over 10,000 trials with 0.1 M citric acid and 0.1 M Nadl electrolyte
solutions in air. In these tests, in each trial, the droplet voltage is
switched between 0V and 37V (37 V was applied to achieve an initial
contact angle near 75°) and is kept at each voltage for 50 ms, while
the droplet images are taken in the middle of each voltage application.
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Fig. 5. Demonstration of the electrowetting process. 37 V was applied to obtain a contact
angle around 75°. The reliability tests were performed on two similar substrates (Si/Si02
(500 nm)/Cytop (51 & 4 nm)) and two spots on each wafer over 10,000 trials. The curves
show average contact angles from the four spots and the error bars show the standard
deviation. The zero voltage curve shows the average of all measured contact angles
(of all tests) and the error bars represent the corresponding standard deviation.
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The results are shown in Fig. 5. The reliability tests were per-
formed on two substrates and two spots on each wafer over
10,000 trials. The curves show average contact angles of the four
spots. The zero voltage curve shows the average of all measured
contact angles.

Here, 51 4+ 4 nm Cytop layers were spin coated on two 500 nm SiO,
wafers (SiO, layers were thermally grown on silicon wafers). Then
the coated wafers were pre-baked at 100 °C for 90 s and post-baked at
200°Cfor 1h.

As shown in Fig. 5, the droplet actuation does not fail, even though
degradation in the contact angle modulation is obvious for all
conditions. The contact angle degradation is the least with citric acid
when +37 V is applied. The observed reliability is attributed to the
high resistivity of the SiO, dielectric against electrolyte diffusion,
which prevents electrochemical reactions. However, the degradation in
the contact angle modulation is attributed to the hydration of SiO,
dielectric, which can degrade the dielectric properties of SiO,. It is
known that in aqueous medium the surface silicon atoms become
saturated by bonding with hydroxyl groups and forming silanol groups
(i.e. =Si- OH) [19]. However, the structure of the silicon surface can be
manipulated by the use of appropriate chemical compounds [19,20].
Our speculation is that with citric acid the reactions on the silicon dioxide
surface do not result in SiO, dielectric property degradation. Hence, with
the citric acid, EWOD reliability is improved relative to NaCl.

The average contact angle at zero voltage for all measurements
(eight measurements altogether: four measurements with NaCl and
four measurements with citric acid) is also shown in Fig. 5, where the
error bars represent the corresponding standard deviation. The
consistent contact angle at zero volts shows that there is no contact
angle degradation during 10,000 trials. The consistency of the contact
angle at zero voltage could be attributed to the fact that Cytop and
its hydrophobic properties remain intact during the trials and there is
insignificant charge entrapment in the dielectric.

3. Conclusions

In conclusion, voltage drop at the auxiliary electrode is shown to
be one source of EW response asymmetry with the applied voltage

polarity. Symmetric electrowetting is observed with Si/SiO,/Cytop
substrates, which is attributed to the absence of electrochemical
reactions in the auxiliary electrode. Additionally, reliable electrowetting
is achieved with thermally grown SiO, layers. SiO, thermal growth and
Cytop coating are the only fabrication steps, which are standard and
cost-effective. Lab-on-a-chip devices would benefit from this simple
and stable electrowetting system.
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