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ABSTRACT

In the growing application field of electrowetting (EW), reliable control of the
wetting behavior by an applied voltage is required over a wide temperature
range. Despite the rising interest of EW, only few data are reported in the
literature on the EW behavior as a function of temperature. In this paper, we
investigate the quasi-static EW response on one of the most widely used
hydrophobic materials, Teflon AF1600, in a temperature range from 25 to 70°C.
The contact angle versus voltage is analyzed to illustrate the EW behavior. The
results are in good agreement with the friction-adsorption model, which
explains the contact angle (CA) hysteresis by a temperature-independent fric-
tion-like force and a temperature-dependent contribution of liquid adsorption
onto a dielectric surface. The EW-CAs show a small asymmetry with respect to
the polarity of the applied voltage, which might be due to the temporary and
reversible charge trapping on the dielectric layer. The results underline that the
different effects of the temperature-independent friction force and the temper-
ature-dependent adsorption need to be taken into account to predict and control
the CA in any EW-based application scenario.
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Introduction

Electrowetting-on-dielectrics (EWOD) is one of the
most wide-spread techniques for controlling the
contact angle (CA) between an electrolyte droplet
and a dielectric surface due to the low energy con-
sumption, as well as easy and fast manipulation of
small liquid volumes [1]. In the classical EWOD
experimental setup an electrically conductive liquid
droplet is placed on a plane, dielectric layer above an
electrode. In static equilibrium, the electrically con-
ductive liquid represents a constant electric potential,
especially the base surface is an equipotential surface
representing an electrode with a defined area. The
dielectric-electrolyte contact angle is determined by
the respective interface energies and the electric
energy stored in the solid dielectric layer. Based on
the benefits of EWOD, EWOD has been widely used
in applications, for example, generating transporting
and mixing small droplets in microfluidic devices
[2-4], adjustable liquid lenses [4-9], etc. Different
CAs are measured since the static CA can vary due to
material and ambient-related factors, such as surface
roughness [10], chemical inhomogeneity [11],
adsorption and temperature [12, 13]. The maximal
CA difference is defined as the CA hysteresis [14-16].
Several works have been published to explore the EW
response on materials with high CA hysteresis
[15, 17, 18]. In these studies, the EW response was
investigated for increasing and decreasing droplet
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volume in order to achieve the advancing and
receding triple-line, and the respective CA. Com-
pared to the theoretical predictions, not only the
advancing and receding EW-CAs have been observed
[15, 17], but also a completely different behavior of
the triple-line, namely stick-slip behavior, has
appeared [18]. Those results indicate that the triple-
line movement direction, which determines whether
a droplet is in advancing or receding CA state, plays
an important role in the determination of EW-CA,
and needs to be taken into account for predicting the
actuation performance within the EW-based appli-
cations. Furthermore, the CA is affected by temper-
ature [13, 19], especially in the liquid lens application
field, since the interface tensions as well as the CA
hysteresis are temperature-dependent [13, 20].
Therefore, a deeper understanding of the EW-CA
dependence on temperature is required to enable a
precise prediction and control of the wetting
properties.

In this work, we present an experimental setup to
determine the quasi-static EW-CA under isothermal
condition at temperatures ranging from 25 to 70 °C.
We investigate the EW response on Teflon AF1600
based on the friction-adsorption (FA) model, which is
concluded from our previous work [13]. This model
describes the CA hysteresis by introducing a tem-
perature-independent friction force and a tempera-
ture-dependent contribution of water adsorption
onto Teflon AF1600.
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Materials and methods
Fabrication of samples

A silicon (Si) wafer, with an electrical bulk resistivity
of 0.015-0.025 Qcm and a thickness of 325 + 15 um is
used as substrate. The Si wafer is firstly cleaned with
buffered hydrofluoric acid 87.5 wt% NH4F, 12.5 wt%
HF) for 2 min to remove the native oxide. Titanium
and gold layers with the thickness of 50 nm and
150 nm are thermally evaporated on one side of the Si
wafer as electrode. Then, the sample is annealed in
vacuum at 280°C for 24 h to enhance the ohmic
contact between the Si wafer and the electrode layer.
On the other side of the Si wafer, a titanium primer is
deposited by spin-coating at 4000 rpm for 1 min
(spin coater, Stifs Technic) and annealed at 120 °C for
2 min, to enhance the adhesion of Teflon AF1600.
Next, 4 wt% Teflon AF1600 (DuPont Co.) in fluorinert
FC-40 solvent (3M Company) is spun with 1000 rpm
for 120 s and annealed first at 175°C for 10min,
substantially at 165 °C for 5 min [13, 21]. Finally, the
wafer is cut into 15 x 15mm samples for the EW
experiments. The thickness 1091 +15 nm of the
Teflon AF1600 film was determined by measuring the
step height with a profilometer (Dektak 8). The sur-
face roughness was determined by atomic force
microscope (AFM, Bruker Dimension Edge) and
resulted in a mean root square roughness Rrys =
0.82nm (with a maximum roughness R,y = 8.19nm)
on a scan area of 10 x 10 um?. The dielectric constant
of the Teflon AF1600 layer is experimentally deter-
mined by an additionally evaporated gold electrode
on top of the Teflon AF, ¢ = 1.92, independent of the
magnitude and polarity of the voltage in the range
between —100 and +100 V, more experimental details
and results are shown in Supplementary Information.

Experimental setup

The experimental setup consists of a drop shape
analyzer (DSA, Kriiss DSA30S, software Advance)
and a custom-built temperature controlled test
chamber (Fig. 1). Images taken by DSA with a reso-
lution of 200 pixel/mm are analyzed for the droplet
contour, to determine the contact angle with a reso-
lution of 0.01° and an accuracy of 0.1°. The test
chamber consists of a massive Al cover and a solid
aluminum (Al) base plate with a platinum resistance
thermometer (Pt100) as integrated temperature
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sensor. The temperature at the Al base plate is pre-
cisely controlled (AT <0.01°C) by a temperature
controller (Meerstetter TEC-1091) connected to the
Peltier element. Additionally, two resistance heaters
and a K-type sensor control the temperature of the
cover (AT <0.5°C). The high thermal conductivity of
the Al minimizes any temperature gradients in the
chamber. The small hole in the cover allows inserting
both deposition needle and platinum needle for the
electrical connection, and the pressure balance with
respect to the ambient atmosphere.

A droplet of saline water, (mixing of DI water, 16—
18 MQcm, and saline water) with a size of 8-10 pL is
created on the needle and then deposited on the
Teflon AF1600 surface after applying a cleaning
procedure with acetone and isopropanol, and drying
with nitrogen gas. The Al base plate is surrounded by
a groove which is filled with water to adjust the
humidity to prevent droplet volume loss. The evo-
lution of the droplet volume over time inside the
experimental chamber has been observed, the vol-
ume loss rate is less then 4 nL/min. We therefore
neglect the influence of volume changes on the CA in
this work. The bottom electrode (shown in Fig. 1) is
connected to the electrical ground potential, whereas
the platinum (Pt) wire is used to apply voltage to the
conductive droplet.

The CA is determined by the tangential fit method,
where the curvature of the contour line around the
triple-line is determined, and the CA is found as the
angle between the tangent and the surface. With this
local fit method, the insertion of the Pt electrode has
no influence on the CA calculation. The electrical
voltage is in the range of £80 V to prevent permanent
and irreversible changes in surface properties due to
CA saturation (70-72° at 88 V), and is supplied by a
pair of Kepco amplifiers (BOP), controlled by a
function generator (Agilent 33220A). We have chosen
symmetrical triangular voltages with constant slopes
well below the quasi-static limit to perform our
EWOD experimental series. Details about the calcu-
lation of the quasi-static limit can be seen in Sup-
plementary Information.

Friction-adsorption model description

The classical Young-Lippmann (YL) equation
describes the CA (0) in dependence of the voltage U
applied at the dielectric layer [3]:
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where ¢ (F/m?) is the specific capacitance of the
dielectric layer. 0y is the CA described by Young's
equation [22], as the result of the force equilibrium of
surface tensions, y,,, 7, and y; (N/m), at the triple-
line:

cos 0 = cos Oy +

COS@y:ySﬂ _Vsl’ (2)
Vla

the subscripts s, 1, a representing solid, liquid, and

surrounding air, respectively.

An explanation for the CA hysteresis has been
recently proposed by the authors [13], by introducing
additional force components arising from friction and
adsorption at the solid dielectric surface to the clas-
sical Young’s equation. The static CA is determined
by the three interface tensions, y,, y,, and y,,, a fric-
tion-like force Fy, and a contribution of adsorption on
the dielectric surface F,;, shown in Fig. 2. The vec-
torial force equilibrium at the triple-line reduces to
the equilibrium of the horizontal r-components,
while the vertical z-components are compensated by
the substrate. With the additional force F,; due to the
stored electric energy,

Fy=c-U*)2, (3)
the CA, 0, is described by:
V1o - (c08 0 — cos Oy) = Fs + Foy + Fo. (4)

In the initial, static equilibrium state (Fy=F,;=F.=0),
Eq. (4) gives the standard Young's CA, 0y [Eq. (2)].
While the sign of the forces F, and F,; is always
positive, indicating the direction of increasing base
diameter in case of nonzero value, the friction force Ff
is in the range from —Ffyx to +Fppar, which can act in
both directions. Values of Fpy, (3.15 mN/m) and the
temperature-dependent  adsorption contribution
F,i(T) have been experimentally determined for
Teflon AF layers by the authors recently [13]. The
temperature-dependent F,;(T) is written as a linear
approximation in the investigated temperature range
between 25 and 70 °C by:

Foa(T) = Fo5 - (1 — o+ (T — Tas)), (5)

with the parameter values Fy; = 4.95 mN/m,
o = 0.0182(1/K), and T = 25°C.
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The temperature dependence of 60y(T) can be
approximated according to the authors’ previous
work as [13]:
cosby(T) = — b ) (6)

ylu(T)

with the parameter = 37.15 mN/m and the tem-
perature-dependent liquid-air interface tension v, (T)
[23]. Equation (6) is well justified for temperatures
lower than 50°C and is used as an approximation at
higher temperature in this work as well. More details
about Eq.(6) can be found in Supplementary
Information.

The applied voltage creates an additional force F,,
which is compensated by the friction force up to its
maximum value Fpy,, in the direction against F,.
Further increasing the F,; (o< U?) will move the triple-
line towards the dry dielectric surface with F,; = 0.
The advancing CA is then described by:

Via - €08 0 = yy, - €08 Oy — Fpyax + Fy.- (7)

When the F, is decreased from the applied voltage
level, the triple-line tends to move over the dielectric
surface previously covered by the droplet. The force
equilibrium is established by the variable friction
force Fy (—Fpuax < Ff < + Fpuar) and by the adsorption
contribution F,;. The receding CA is therefore written
as:

Vla'Cosezylu'C050Y+Fad+Ffmux+Fel- (8)

Figure 3a summarizes the solutions of Egs. (7) and
(8) and illustrates the advancing and receding CA,
and the CA hysteresis. The CA hysteresis is defined
as the CA difference between the advancing and the
receding limit, the static CA can assume any value
within these limits. The vertical lines in Fig. 3b show
the range of the CA hysteresis during EW for con-
stant voltages, e.g., due to changes in the droplet
volume. In this work, however, the droplet volume is
constant, any CA variation is caused by the applied
voltage. Figure 3¢ shows the CA behavior for a pos-
itive voltage half-cycle: for an increasing applied
voltage, the CA stays constant until reaching the
advancing CA limit. In this constant CA regime, the
force equilibrium is established additionally by the
variable F; and the increasing F,; [see Eq. (4)]. Further
increasing the voltage level drives the CA along the
advancing line (blue line in Fig. 3), with the uniquely
defined dependence 0(U) [Eq. (7)], accompanied by a
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Figure 1 Illustration of the experimental setup [13]. A Front view.
B Top view. C Front view of the Al cover with glass windows.
A Peltier element under the Al plate, two resistance heaters at the
Al cover (black dash line in A, details seen in C), temperature
sensors and a temperature controller guarantee a homogeneous
temperature contribution inside the chamber. Two glass windows
in the cover (shown in C) are assembled to allow the illumination

triple-line movement. When the voltage starts
decreasing, the CA again stays constant as long as Fy
and F,; can compensate for the changing of F,, until
the receding CA limit is reached. From there on the
CA follows the receding CA line (red line in Fig. 3),
with 0(U) given by Eq. (8). For U= 0V the maxi-
mum receding CA, 027", is determined, which cannot
be exceeded by any following voltage changes.

The influence of the temperature dependence
Fu(T), 0y(T) and y,(T) [Egs. (5)-(8)] on the EW
response will be presented in the next section.

Results and discussion
Characteristic EW response

Several EWOD experiments have been performed
with ten cycles of a symmetric triangular voltage
signal (shown in Fig. 4) with voltage slopes between
1 V/s and 16 and with the maximum amplitude 80 V.

The CA results §(U) of the experiments at 30 °C are
shown in Fig. 5 to compare the classical YL-equation
to our FA approach, and prove the negligible influ-
ence of the used voltage slopes. Furthermore, the
results show high accordance between experimental
data and the FA model in the positive applied voltage
range. In the negative voltage range, the CA is per-
fectly predicted by the FA model up to about —40V.
A larger negative voltage level leads to a higher CA

and observation. A small opening at the top of the cover allows
inserting a needle to deposit the liquid droplet and a 0.1 mm
diameter Platinum (Pt) needle for electrical connection. The
groove (blue dash line in A, details seen in B) is filled with water
to control the humidity and prevent droplet volume loss during
experiments.

(1-3° at —80V). This variation is observed in each
cycle and is explained by charge trapping on the
dielectric surface [24-26]. The trapping effect weak-
ens the electrical field. As a consequence, the elec-
trical energy stored in the layer is reduced, and the
EW-CA is larger than expected at a given voltage
level (Eq. (4)).

Temperature-dependent EW-CA

Further EW experiments are carried out with a volt-
age ramp speed of 10 V/s for ten cycles in a temper-
ature range between 25 and 70 °C. As described in the
previous part, we extracted characteristic EW-CA
values for the chosen voltage amplitude: the minimal
advancing CA, 0™", for both voltage polarities, U =
80V and U= —-80V (blue points in Fig. 3a). The
maximal receding CA, 07”*, for zero voltage, U = 0
(red point in Fig. 3a). We compared the average
values of 074" and 0" from the ten cycles to the EW-
CA described by the YL equation and the FA model
[Egs. (7), (8)] over temperature, as shown in Fig. 6.
The maximal receding CA, 07, increases with tem-
perature. At the temperatures lower than 50°C the
EW-CAs are consistent with the FA model (Fig. 6a).
The EW-CAs at higher temperatures are overesti-
mated by the FA model, and more scattered, as
showing in the authors’ previous work [13]. The

min

average minimal advancing CA, 0,7, determined by

@ Springer
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Figure 2 Static forces equilibrium at the triple-line. Left: Young’s CA equilibrium of interface tensions. Right: additional forces due to

friction Fy, adsorption Fy4, and the electric field energy F,;. The electric field energy is stored in the gray shaded area below the droplet.
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Figure 3 a Voltage dependence of the advancing (in blue) and the
receding CA (in red) at temperature of 30 °C according to the FA
model. The limits of the friction-force F (—Fpnax < Fr < + Frnax)
and F,;(T) define the CA hysteresis range. The black point
represents a droplet with Oy (Fy = Fyy = F,y = 0). The red point
represents the maximal receding CA (0}") at U = 0V. The blue
points represent the minimal advancing CA ( Hmﬂ,’:) at £80V. b A
sequence of CA variation is shown within the limits of the
advancing and receding CA. For a given applied voltage, the CA
can be manipulated e.g., by increasing or decreasing the droplet

Eq. (7), decreases with temperature, and this trend is
consistent with the CA predicted by the FA model
(Fig. 6b, c). However, the results for the negative
voltage polarity show higher CAs by 1-3 °, in com-
parison to the experimental values for the positive
voltage and the expected results from the FA model.
The reason could be negative charge trapping onto
the Teflon AF1600 layer [24-26]. This observed trap-
ping effect is reversible since the CA at the positive
voltage half-cycles is well predicted by the FA model
over all applied ten cycles.
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volume, shown by the vertical lines. ¢ CA control by voltage:
starting with 0 = 0y the increasing applied voltage (horizontal
line) cannot influence the CA until the intersection with the
advancing CA line (blue) is reached. Then, the EW-CA follows the
advancing line O(U) until the applied voltage level starts
decreasing. A horizontal line describes the constant CA until the
receding line (red) is reached when decreasing voltage. Then, the
CA follows the receding line until U =0V, the maximum
receding CA (0)7") is reached and determined, which cannot be
exceeded by any following voltage changes.

Conclusion

In this work, we investigated the quasi-static EW-CA
in dependence of temperature and applied voltage.
We successfully applied the friction-adsorption (FA)
model to describe and explain the EW-CAs and the
CA hysteresis. The experimental results and the
model predictions are in good agreement. The results
further show that CA variations, namely the varia-
tions of the forces parallel to the solid surface at the
triple-line, are composed of two contributions: the
temperature-independent friction-like force, and the
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Figure 4 Left: corresponding images of the droplet at different
applied voltage values. The length of the white bar represents 1
mm. Right: applied symmetric triangular voltage (in red) and the
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(a) 1%t cycle

Figure 5 Characteristic EW response at T = 30 °C with different
voltage slopes for the first cycle (a), and the second cycle (b). The
solid red line represents the EW-CA described by the classical YL

temperature-dependent adsorption of liquid mole-
cules onto the solid dielectric surface. The friction
force limit (—Fpyq,) contributes to the determination
of the advancing CA, while the friction force limit
and adsorption (+Fpyy + Fag) contribute to the cal-
culation of the receding CA.

Moreover, the results in this work show and
describe the important influence of temperature on

the EW-CA. The available EW-CA range (0" — ("
by applying a maximal voltage 80V on a Teflon
AF1600 layer (1091 & 15nm) changes with tempera-
ture by about 2.5°/10K. For EWOD-based applica-

tions, like adjustable liquid lenses, a temperature

time

corresponding EW-CA (in black) over ten cycles at T = 30°C.
The time axis is scaled using the period length t = 32 s.

6(°)
o
o

-80 —-60 —-40 -20 O 20 40 60 80
Voltage(V)

() 2™ cycle

equation [Eq. (2)]. The solid black line is the EW-CA described by
the FA model [see Egs. (7), (8)].

control unit is encouraged to be implemented for a
precise control and determination of EW-CA. In
addition, our experiments show an influence of the
voltage polarity on the CA. This effect could be due
to the temporary and reversible charge trapping on
the Teflon AF1600 surface.

In future work, we will further investigate the
applicable range of the FA model, and extend it to
other hydrophobic materials and liquids.

e Dielectric property characterization.
e Calculation of the quasi-static limit.
o Details of the temperature-dependent 0y.
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Figure 6 The characteristic EW-CAs with ramping speed of 10 V/s for ten cycles over temperature: a 0" for U =0V, b 0™" for
positive polarity U = 480V, ¢ 0" for negative polarity U = —80 V.
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