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ABSTRACT

For use as an analysis tool, the electrowetting technique was explored for measuring the thickness of thin
hydrophobic dielectric films that were prepared by spin-coating a fluoropolymer resin in various weight percents
on glass substrates coated with conductive tin-doped indium oxide (ITO-glass). We found that the film thickness
was well fitted to a power law, yielding an exponent of 1.5, and that the results were in good agreement with
those from the empirical deposit equation for the spin-coating technique. The X-ray reflectivity measurement
also supported this method being very precise with a relative uncertainty of 9.2%, because this uncertainty is
on the order of the roughness. These results indicate that this method can be used to find the thickness of thin
hydrophobic and dielectric films on various conducting substrates. Conversely, the results of this report support
the fact that the classical Young-Lippmann equation well describes the electrowetting on thin hydrophobic films

well.
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1. INTRODUCTION

Although the thickness of a thin polymer film is very
highly desired information that need to be known quickly
in surface science, most sophisticated tools having nano-
scale resolution require not only large-scale dimension but
also a special care during sample preparation, so gener-
ally a long time is needed to do the measurements and
the data analysis. For example, ellipsometry of an optical
technique' and secondary ion mass spectroscopy of par-
ticle beam technique** are common techniques that are
used to characterize the structures of polymer films in the
laboratory. Synchrotron X-ray and neutron reflectometries
of scattering techniques, which are as powerful tools for
investigating the dynamic behavior, as well as the static
surface structure, of a thin polymer film, perform mea-
surements on a site-scale, unfortunately. Even worse, these
state-of-the-art tools cannot avoid a pre-scheduled wait
time of at least a few week to obtain a specific beam time.
Because of this, if a quick, small-scale method, such as a
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desktop-scale method were available, it might definitely be
helpful for investigating thin polymer films speedily, espe-
cially because information on a film’s thickness is very
often required in the polymer surface science.*> Here, we
introduced an easy, simple and small-scale electrowetting
technique to obtain quickly and reliably thickness infor-
mation, especially for hydrophobic, amorphous fluoropoly-
mer films spin-coated onto ITO-glass. This method may
be potentially extended to other numerous dielectric films
as long as those films are hydrophobic and have been
deposited onto various conductive substrates.

Electrowetting on dielectrics (EWOD) has been used to
control the degree of spread of a conducting liquid drop on
dielectric film coated onto a rigid electrode substrate as a
function of the electric potential, so we can reversibly vary
the contact angle (CA, 6) of a drop by varying the voltage
between the drop and the counter-electrode underneath the
dielectric film (Fig. 1).%® Although the EWOD technique
was introduced only two decades, it has been widely used
in numerous applications, such as micro-fluidic lab-on-a-
chip,®!! liquid lenses'? and liquid displays,'> ' especially
in optoelectronic devices, but the structure of the dielectric
film, in which we are now interested, has not been studied
much.
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Fig. 1. Schematic view of the EWOD experimental setup to measure
Lippmann’s CA, 6, (V). The CA of a drop at the contact line is deter-
mined by the balance of the horizontal components of surface forces
(bold arrows) at the equilibrium state, as described by Eq. (1).

According to the formal thermodynamic approach, the
variation of CA with the voltage at the triple contact line,
which is the boundary of three phases, usually vapor, liq-
uid and solid, is well described by using so-called, Young-
Lippmann equation:

cosOL(V):cosHY—i-ZLCV2 (1)
v

where 0, is the initial Young’s equilibrium CA under no
voltage, 0, is the Lippmman’s CA at applied voltage V, vy,
is the interfacial tension between the liquid and the ambi-
ent vapor, C is the capacitance of the dielectric film, and
V is the external voltage across the capacitance C. Clas-
sically, the capacitance C in Eq. (1) can be well approxi-
mated by using a simple model of the capacitor consisting
of double parallel plates as Lippmann described at first.
Under the assumption that the drop is a perfect conduc-
tor, the electric charges induced in the drop form an elec-
tric double layer (EDL) with a negligible Debye length of
the order of a few nanometers at the interface,’” resulting
in an equivalent charged capacitor with the approximated
distance of only the dielectric film’s thickness. Thus, the
capacitance can be given by

gg

C=
d

2)
where € and g are the dielectric constant of the dielectric
film and the permittivity of air, respectively.

Herein, we will employ the above two theoretical equa-
tions to obtain the thickness of a spin-coated dielectric
film by fitting the measured Lippmann’s CA, 6,(V). The
CAs were obtained by using a simple zoomed camera (J1,
Nikon), possibly a cellular phone with a zoom lens, as
shown in Figure 1, to take cross sectional images of a
water drop (Fig. 2) and subsequently performing an image-
processing analysis.
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Fig. 2. (a) and (b) photo images, and (c) and (d) corresponding simu-
lated images obtained from Surface Evolver program, to measure Lipp-
mann’s CA. Note that near the saturated voltage of 30 V, bubbles appear
due to the electrolysis of water, implying imperfect water resistance of
the film.

2. EXPERIMENTAL DETAILS

Unpolished, flat, glass slides pre-coated with ITO of 60 nm
in thickness were cleaned by using sonication in ethanol,
acetone and de-ionized water (DIW) for 30 minutes and
were then dried in a laminar flow of nitrogen gas. Poly-
tetrafluoroethylene (PTFE, & = 1.93), which is an amor-
phous fluoropolymer (AF 1600) based on copolymers
of 2,2-bistrifluoromethyl-4,5-difluoro-1,3-dioxole (PDD),
was purchased from Sigma-Aldrich. It was dissolved in
FC-40 (3M) solvent by stirring for four days in the ambi-
ent environment. Four different solutions with low con-
centrations of 1.0, 1.5, 2.0 and 2.5 wt%, respectively,
were prepared to provide different film thicknesses. Each
solution was spin-coated onto a cleaned ITO-glass sub-
strate under fixed conditions, spin-coating at 2000 rpm for
120 seconds, and were kept at 90 °C for 10 minutes to
evaporate the solvent, after which they were annealed at
170 °C, a temperature slightly higher than the glass tran-
sition temperature of 160 °C, for 30 minutes.

DIW (v, = 72 mN/m and resistivity 18.2 M -cm
at 25°) was used as the conductive liquid sample.
A water drop (~3 uL) was put on the substrate, and
the Lippmann’s CAs were measured after a 50 um diam-
eter platinum wire electrode (thin enough to not affect
the surface tension of the drop) had been inserted into
the drop and connected to a DC power supply (Keithley
2400), as shown in Figure 1. When a voltage was applied
to the drop, the cross sectional images of the deformed
drop were captured by using a zoom camera, as shown
in Figures 2(a) and (b). To support the approximation that
the drop’s shape was a truncated circle, we simulated the
three-dimensional images for the same system by using
Surface Evolver program based on the method of inter-
facial energy minimization.'”> The simulated shape also
showed a truncated circular shape, indicating that the two
classical approaches, the thermodynamic Young-Lippmann
equation and the minimization of the interfacial energy
of the system, equivalently well describe the EWOD for
a tiny water drop.'® The images were analyzed by using
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Image] published by the National Institutes of Health with
DropSnake plug-in Refs. [17, 18].

3. RESULTS AND DISCUSSION

Under zero voltage, the initial Young’s CA of a water drop
on each of the four PTFE AF 1600 films was measured
to be ca. 120° regardless of the thickness, as shown in
Figure 2(a). Such a relatively high value of the CA inde-
pendent of the thickness indicates that no matter what con-
centration of PDD dioxole monomer is dissolved in the AF
1600, within 1.0-2.5 wt%, the solidified surface shows a
good hydrophobic property because the non-polar covalent
C—F bonds very effectively produce a low surface energy
for PTFE. This high initial CA does allow a wide control-
lable range of the CA as a function of the applied voltage.
As the voltage was increased, thus, the contact angles for
our four films decreased smoothly, as we expected, and
all of them reached a saturated angle of 6, = 80° at cor-
responding limited voltages, V,,, between 30 and 60 V
depending on the film’s thickness (Fig. 3), indicating that
the CA does not vary even though voltage is increased.
Thus, by using the voltage we can adjust the variation in
the CA just within A§ = 40°."

Because the four curves in Figure 3 are apparently
parabolic, to obtain the thicknesses of the AF 1600 films
easily, we converted them to linear curves with respect to
the squared voltage (Fig. 4). In addition, for obtaining the
best-fitted curve with its slope proportional to the film’s
thickness, we excluded the low-voltage data below 10 V
because the initial CAs at those voltages showed no appar-
ent changes due to the hysteresis of the CA. According to
direct observations by using the atomic force microscopy
(AFM) images of surface as shown in Figure 5, the hys-
teresis of the CA can be attributed to the drop’s being
pinned due to the mostly to the lack of surface uniformity
on the spin-coated thin film. We also excluded the data
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Fig. 3. 6 versus V for ITO-glass substrates coated with different con-
centrations of AF 1600.
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Fig. 4. Cos0 versus V2. The film’s thickness is correlated to the slope of
each fitted straight line. The 6, was the same, regardless of the thickness.
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showing an asymptotic behavior appeared after the satura-
tion of the CA because those data deviated greatly from
linearity. With only these selected CA data, we obtained
good linear straight lines having different slopes. Because
this linearity was consistent with Eq. (1), we equated the
slopes obtained from Figure 4 to the coefficient of the sec-
ond term of Eq. (2). The film’s thickness was calculated
using d = eg,/27,,/(slope), where the dielectric constant
of the AF 1600 is, € = 1.93, and the permittivity of air is,
£y = 8.854 x 10712 F/m.

To ensure the confidence of the measured thickness
obtained by using the electrowetting method, we com-
pared our results to the empirical hydrodynamic power
law, which has been commonly used to estimate a film’s
thickness, especially for a spin-coated polymer film. To
determine clearly the dependency of the film’s thickness
on the concentration of AF 1600, in Figure 6(a), we plot-
ted the data as a function of the concentration of AF 1600,
and we fitted to the plot to the power law,

d=Ac" 3)

z (x 50 nm)
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- &
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Fig. 5. AFM topographic images of the surface of AF 1600 of 1.0 wt%
in the tapping mode: (a) 19 um x 19 um and (b) zoomed to 3 wm x 3 wm.
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Fig. 6. (a) Empirical equations obtained from the fitted curves for the

thickness data obtained from the EWOD measurements and for the
blank circle obtained from the X-ray reflectometry profile (see Fig. 6).
(b) A plot on log-log scale clearly shows a common exponent of 3/2.

where A and B are the free degrees of freedom for the
fitting parameters and d and ¢ are the thickness and the
concentration of AF 16000, respectively. In this way, we
achieved a good empirical result with the fitting param-
eters: A =133.7+2.2 (Fig. 5(a)) and B = 1.50£0.09
(Fig. 5(b)) and a minimal least square, y* = 134.0.

One noticeable feature in the comparison of the concen-
tration dependencies is the fact that the slope of straight
lines in Figure 6(b), which is plotted on log-log scale,
yields an exponent of B =1.5. As we expected, this power
is well consistent with the conventional technical equation
for spin-coating with the exponent of 1.5 as a function
of the concentration which has been known to be closely
related to the viscosity of the solution.?

To verify the thickness data obtained from the EWOD
technique and to support our confidence in the empir-
ical power law further, we performed a high-resolution
thickness measurement on the sample with 1.0 wt%
AF 1600, by using X-ray reflectometry (D-8, Bruker).
The X-ray reflectivity profile obtained using the wave-
length of CuKa, = 1.5417 A showed a oscillating series
of maxima and minima that characterized the film’s thick-
ness (so-called Kiessing fringe) as a function of the scat-
tering vector, ¢., as shown in Figure 7. By fitting the
reflectivity profile to a uniform layer model for the X-ray
scattering length density of AF 1600 on an ITO-glass sub-
strate, we deduced the thickness (d =2 /Aq_, where Ag,
is the difference between two successive minima) to be
135+ 6 nm for the blank circle in Figure 6(a), which is in
good agreement with the EWOD’s value, within the rel-
ative uncertainty of 9.2%. If the EDL approximation and
the roughness of the surface and the interface of the film
are considered, the error might be negligible.

We believe that the electrowetting method, which is a
quick, easy-to-use tool for thickness measurements, may
be extended to any hydrophobic dielectric films coated
on planar electrode surfaces, such as Teflon, Cytop and
Hyflon polymer resins, for which such measurements are
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Fig. 7. Specular X-ray reflectivity profile to characterize the thickness
for a 1.0 wt% AF 1600 film on an ITO-glass substrate.

hardly accessible when using large-scale equipment, such
as ellipsometry, impedance analyzer, and X-ray or neutron
reflectometry.

Finally, it is worthy to note the observation of the
undesirable bubbles frequently appeared inside the water
drop even before saturation. Though they did not affect
the measurement of the CA of a water drop, they must
be suppressed or removed to obtain accurate CA data.
In most cases, because the bubbles were observed at the
surface of AF 1600 positioned just below Pt-electrode after
other bubbles had appeared on the bare Pt-wire conduc-
tor, we hypothesized that they were created by electrolysis.
According to Cooney et al.*! the pinholes generated by
electric breakdown enable water to penetrate very thin
AF 1600 film (cf. the electric breakdown voltage of AF
1600 is 21 kV/mm) and allow a leak current to flow
through the pinhols to the underlying counter-electrode,
easily causing electrolysis.?> In fact, in general EWOD
experiments, another layer with a strong dielectric break-
down (ca. 200 kV/mm), such as parylene-C, Al,O; and
SU-8, is commonly inserted between the AF 1600 and
the counter ITO electrode, in order to prevent such unde-
sirable electrolysis. In this case, the usage for thickness
measurements of the EWOD technique perhaps requires
an analysis of a double-layer consisting of a hydrophobic
film and a dielectric film by using a simple model of a
serial-connected capacitance. This is left as our interesting
future work.

4. CONCLUSION

In summary, we tried to apply the EWOD theory and tech-
nique for measuring the thickness of hydrophobic dielec-
tric AF 1600 films that had been spin-coated with different
weight percents onto a conductive substrate. The thickness
data followed a power law, which is in good agreement
with the deposit equation for the spin-coating technique.
The result also agreed, within 9.2% relative error, which
may be ignored when considering the film’s roughness,
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with that measured by the X-ray reflectometry in high res-
olution. Thus, as a supplement to our previous work,? this
tool may be used as a quick, easy and small-size exper-
imental tool to find a film’s thickness, especially for any
spin-coated hydrophobic polymer film.
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