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Reversible electrostatically induced wetting (electrowetting) of vertically aligned superhydrophobic carbon nanofibers
has been investigated. Carbon nanofibers on a 5× 5 µm pitch were grown on Si substrates, electrically insulated with
a conformal dielectric, and hydrophobized with fluoropolymer. This nanostructured scaffold exhibited superhydrophobic
behavior for saline (θ ≈ 160°). Electrowetting induced a contact angle reduction toθ ≈ 100°. Competitive two-liquid
(dodecane/saline) electrowetting exhibited reversibility on the same nanostructured scaffold. Without applied bias,
ultra-fine-point tip (∼25 nm radius) nanofibers result in effectively zero capacitance with the overlying saline layer.
Complete electrowetting of the substrate is confirmed as capacitance values increase by several orders of magnitude
with increased wetting. These results demonstrate the applicability of reversible electrowetting on nanostructured
scaffolds and use of nanofabricated structures that can be integrated with various micro- and nanoelectronic technologies.

Introduction
The field of electrowetting1 continues to rapidly expand in

applications ranging from lab-on-chip,2 liquid lenses,3 and
displays4,5 to microelectromechanics.6 After recent demonstra-
tions of electrowetting on a superhydrophobic nanostructured
surface,7 further investigations are needed in techniques for
generating wetting reversibility, methods for measuring wetting
state, use of integration with nanofabrication methods, competitive
two-liquid oil/saline electrowetting, and gradual electrowetting
response (i.e., not a step function). We are investigating
competitive two-liquid dodecane/saline electrowetting on nano-
structured surfaces for use in novel optical and biomedical devices.
We report here electrowetting on vertically aligned carbon
nanofibers (CNFs).8 Integration with standard nanofabrication
techniques, gradual electrowetting, capacitance measure of
wetting state, and reversible dodecane/saline electrowetting are
also reported. Demonstrated wetting transitions (Figure 1) include
irreversible superhydrophobic to wetted and reversible two-liquid
(dodecane/saline) competitive electrowetting.

Experiment Section
Standard nanofabrication processes were used to create a

superhydrophobic scaffold on Si substrates. The CNFs were grown

in 5 × 5 micrometer arrays using a DC plasma-enhanced chemical
vapor deposition process (DC-PECVD). This is a catalytically driven
process where the lithographically defined Ni catalyst particles serve
as localized sites for nanofiber growth. Details on the patterning and
growth process for the CNFs have been previously reported.9 The
average CNF height is∼10µm. The CNFs are electrically conductive
and serve as a fine-tipped ground electrode (∼25 nm avg. tip radius).
As shown in Figure 1 and in the SEM photos of Figure 2, for
comparative purposes the CNFs were insulated using two different
conformal coating processes. For one sample set,∼200 nm Al2O3

(εr ≈ 9,Ebd≈ 7.6 MV/cm) was coated using a Cambridge NanoTech
atomic layer deposition (ALD) tool. The∼300 °C ALD process
utilizes alternating pulses of trimethylaluminum and H2O vapors.10

Unlike carbon nanotubes, the CNF surfaces have numerous surface
defects for uniform nucleation of Al2O3 growth. For a second sample
set,∼1.1µm of organic Parylene C (εr ≈ 3,Ebd≈ 2 MV/cm) coating
was deposited using a Specialty Coating Systems 2010 Lab-Coater.
This process involves dimer vaporization and vapor pyrolysis
followed by room-temperature monomer deposition and polymer-
ization on the substrate surface at∼0.1 Torr. Due to the lower
electrical breakdown field of Parylene, a Parylene coating thicker
than that for Al2O3 was implemented. The differing capacitance
value for Parylene vs Al2O3 was also useful for further testing the
experimental conclusions. Both samples were further hydrophobized
using a solution coating of 1 wt % fluoropolymer in fluorosolvent,
such as DuPont Teflon AF Grade 400S1-100-1 in 3M Fluorinert.
After fluorosolvent removal and oven curing at∼160°C, the resulting
coated CNFs have a surface energy ofγ ≈ 14 mN/m. The
fluoropolymer coating (εr ≈ 2.1,Ebd ≈ 1 MV/cm) is conformal but
not as uniform in thickness (∼200-400 nm) as the dielectric coating
processes.
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The saline solution used for electrowetting was comprised of 80
wt % deionized water (γ ≈ 73 mN/m), 19.99 wt % glycerin (γ ≈
64 mN/m, Fisher,>99.5% purity), and 0.01 wt % KCl (Fisher,
>99% purity). The resulting surface tension for this saline mixture
is ∼70 mN/m. For the saline/air experiments, the purpose of the
glycerin was to reduce evaporation rate during data acquisition.
Although not required for the saline/oil-bath experiments, the same
glycerin content was utilized for consistency in experimentation. In
an applications environment, a hermetic top plate would be provided
and the need for glycerin eliminated. KCl increases the solution
conductivity and decreases the aqueous Debye length to∼10 nm.
The pinhole-free nature of the Parylene and Al2O3 coatings prevent
electrochemical reaction of the saline with the carbon nanofibers.
Electrically insulating dodecane oil (γ ≈ 25 mN/m, Acros,>99%
purity) was utilized as a second liquid in competitive electrowetting
testing. Contact angles were measured using an AST VCA-Optima
surface analysis system. The system uses automated gray-scale
imaging and performs a droplet curve-fit and baseline determination
to calculate the contact angle. An electrical potential was applied
to a sessile saline droplet by insertion of a Ni/Ti wire electrode. The
bottom of the Si substrate was electrically grounded, and as a result,
the CNFs were electrically grounded as well.

Discussion

The contact angle for a three-phase solid(S)-liquid(L)-vapor-
(V) system on a planar substrate is predicted by interfacial surface
tension (γ) according to Young’s equation1

For a system where the vapor phase is replaced with oil
(dodecane), interfacial surface tension terms in eq 1 are substituted
with oil instead of vapor. For the fluoropolymer coating and
saline used in this work,θp is ∼115°. For a structured surface,
this equation is insufficient. The contacting liquid experiences
an ‘average’ surface energy of the contacting solid and the space
between the structures (air, or a second immiscible liquid). Given
the approximately zero surface energy of air and a fractional area
occupied by the tips of the high aspect ratio CNFs, superhy-
drophobicity (θ > 150°) for polar water arises according to the
Cassie-Baxter relation

whereθS is the structured surface contact angle (Figure 1),θP

is the contact angle for the same solid in continuous planar format,
andâ is the fractional contacting area between the liquid and
solid. However, the coated CNF tops are hemispherical and
therefore complicate an exact predictive calculation for the
macroscopically observed droplet contact angle. At the micro-
scopic level, eq 1 is most important for the experiments reported

Figure 1. Electrowetting on vertically aligned carbon nanofibers
(CNFs) coated with dielectric and hydrophobic fluoropolymer: (a)
saline/air electrowetting of superhydrophobic surface, (b) the same
surface exhibiting reversible electrowetting for a saline/dodecane
system. The droplet electrode in b was larger in order to better
control positioning of the droplet in the dodecane bath.

cosθP )
γSV - γSL

γLV
, (1)

Figure 2. Scanning electron micrograph of CNFs on a 5× 5 µm
pitch (a) as grown, (b) conformally coated with atomic layer
deposition of∼200 nm Al2O3, and (c) coated with∼1.1 µm of
Parylene C. The CNF (electrode) growth process terminates with
a nanoscale (∼25 nm) tip radius.

cosθS ) â(cosθP + 1) - 1, (2)
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here. This is because capillary wetting of the saline between the
CNFs occurs when the saline meniscus transitions from a convex
shape to a concave shape via electrowetting (Figure 1). The
meniscus curvature is determined by the side-wall contact angle,
which is determined by eq 1.

For both saline/air and saline/dodecane systems the saline
does not wet the inter-CNF space at zero voltage (no elec-
trowetting). However, for the saline/dodecane system the inter-
CNF space is occupied at zero voltage by the dodecane (Figure
1b). The lower surface tension of the nonpolar dodecane causes
it to readily occupy the space between the low-surface energy
CNFs. For this system interfacial surface tensions predict a saline
droplet contact angle of 180° for both a planar and a structured
surface.1The lower measured value of 160° is due to gravitational
force, a slight force of the wire electrode, and/or error due to the
resolving limits of the contact angle measurement system and
associated software.

For the electrowetted system, according to the Lippman
electrocapillary effect adapted to a dielectric, effective interfacial
surface tension, between the saline and the fluoropolymer should
decrease according to

whereγSL(V) is the solid-liquid interfacial surface tension as
a function of applied voltage,γSL(0) is the solid-liquid interfacial
surface tension at zero voltage, andε/z is an effective dielectric
constant and thickness for the series capacitance of the dielectric/
fluoropolymer coating. Equation 3 can be combined with eq 1
to create the so-called electrowetting equation

It is important to note that the interpretation of electrowetting
provided by eqs 3 and 4 is only one of several models for
electrowetting behavior.1 For a planar surface, eq 4 can predict
the saline contact angle up to the point of contact angle saturation.
Contact angle saturation at∼50-70° occurs for a variety of
reasons such as charge injection into the fluoropolymer.1

For a uniformly structured surface, such as one comprised of
perfectly perpendicular and flat-top pillars, one would expect
and witness7a nearly instantaneous transition (∆V< 5 V) between
a superhydrophobic state and capillary wetting into the interpillar
spaces. This immediate transition is due to high geometrical
uniformity for the pillar platform. As the contact angle at the
pillar side-wall/saline interface is reduced to below 90° (i.e.,
concave meniscus), capillary electrowetting occurs between all
the pillars. This experiment and theory has been previously
reported by Krupenkin et al.7

For the devices reported here, agradualwetting response is
witnessed for both sample sets and in both air and dodecane
environments (Figure 3a). Similar to the pillar platform,7 as the
saline transitions to a concave meniscus with increasing voltage
(Figure 1, right), capillary wetting occurs. However, for the CNF
platform reported here, geometrical variations between individual
CNFs broaden the contact angle vs voltage response. For example,
CNFs side walls with differing degrees of side-wall slope will
have different threshold voltages for capillary wetting (i.e.,
transition between a convex/concave meniscus). The gradual
response is also partially attributed to rounded CNF tips which
provide a gradual geometrical transition from the CNF tip to the
capillary geometry between the CNFs. This gradual electrowetting

response is advantageous for applications such as electrooptics3,4

in which modulation of the macroscopic droplet profile is desired.
The Al2O3-coated CNFs achieve electrowetting at∼10’s of

volts less than the Parylene samples. This is likely due to the
combined influence of dielectric capacitance and side-wall slope.
The samples with Al2O3/fluoropolymer coating have higher
capacitance (eqs 3 and 4: largerεr, reduced z). This expectation
of decreased operating voltage is consistent with previous work
that compared the electrowetting of Parylene to lower voltage
electrowetting of higher capacitance metal oxides dielectrics with
a thin fluoropolymer top coat.11 Lowering of electrowetting
voltage is also due to the geometrical differences seen in the
coated CNF photographs of Figure 2 b,c. The Parylene-coated
CNFs have, on average, fairly vertical side walls. A side-wall
slope of∼80-85° is visible for the Al2O3-coated CNFs. This
reduces the voltage required for a transition between a convex
and concave meniscus. From eq 4, this voltage reduction is only
on the order of 5-10 V. This further supports increased
capacitance contributing most to the decreased voltage require-
ment for the Al2O3-coated CNFs.

An important comparison should also be made between
electrowetting of CNFs in an air vs oil environment. Elec-
trowetting in an air environment isirreVersible(Figure 3b).When
the voltage is removed (grounded) the saline/air system remains
at the electrowetted contact angle. This is because the system
should remain in a state of minimum energy (minimum interfacial
surface energy). For the two-liquid saline/dodecane system, the

(11) Moon, H.; Cho S. K.; Garell, R. L.; Kim, C. J.J. Appl. Phys.2002, 92,
4080.

γSL(V) ) γSL(0) - ε

2‚z
(V)2, (3)

cosθ(V) ) cosθV)0 + ε

2‚z‚γLV
(V)2 (4)

Figure 3. Contact angle vs voltage for (a) saline/air and (b) saline/
docecane bath. In a, after the voltage is removed the droplet remains
wetted at the measured contact angle. In b, removing the voltage
returns the droplet to the initial contact angle before voltage was
applied. Each set was taken to near the point of contact angle
saturation.
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wetting behavior isreVersibleat all wetting states. When the
voltage is removed (grounded) the saline/dodecane system returns
to the initial contact angle observed at zero voltage. This is due
to interfacial surface tension forces between the dodecane/saline
and dodecane/fluoropolymer which cause capillary filling of the
inter-CNF space under thermal equilibrium conditions (V ) 0).
Interfacial surface tensions also cause the contact angle of 180°
in most oil/saline/fluoropolymer systems (i.e., the oil forms a
film between saline and fluoropolymer). For both Al2O3 and
Parylene sample sets, the time scale for the reversible contact
angle change on the CNFs was slow (1 to 3 s) compared to that
witnessed for the same liquids on a planar surface (10’s to 100’s
ms). This is likely due to metastable pinning effects on the rough
surface produced by the CNFs.

Capacitance vs voltage measurements for both saline/air and
saline/dodecane were recorded in order to provide direct evidence
of wetting into the inter-CNF space. A∼pF capacitance meter
was insulated from the applied DC voltage source using an
external capacitor. The capacitance meter uses a small-signal
AC waveform to measure capacitance. Therefore, the capacitance
of the voltage source was isolated from the measurement setup
by also including a 1 MΩ resistor at the voltage source output.
The wafer/CNF capacitance can be theoretically estimated to be
the sum of the coated Si base (CP), the coated CNF side walls
approximated as cylinders or cones (CC), and the hemispherical
coated CNF tips (CS)

wherero andr i are the outer and inner radii for the dielectric/
fluoropolymer coating on the CNFs. The maximum achievable
capacitance (F) via electrowetting is comprised of two com-
ponents. The first is due to the CNFs and is found by multiplying
CC andCSby the contacting droplet area and the density of CNFs
per unit area (4× 1010/m2). The second is due to the Si substrate
and is found by multiplyingCP by the contacting droplet area.
As shown in Figure 4 for low voltages, the capacitance for the
dewetted (superhydrophobic) state (CS) is effectively zero. This
is because the nanoscale CNF tips (r i ∼ 25 nm) result in a very
smallCS (eq 5). If the saline fully electrowets the space between
the CNFs, the measured capacitance should beCC + CS + CP.
This maximum capacitance is calculated to be∼10’s pF for the
Parylene samples and∼100’s pF for the Al2O3 samples. This is
consistent with the maximum measured capacitance values in
Figure 4a,b. This implies that in the experiments if sufficient
voltage was provided, the majority of air (Figure 4a) or dodecane
(Figure 4b) was pushed out of the inter-CNF space.

A gradual increase in capacitance is observed with increasing
voltage for both Al2O3 and Parylene sample sets and both saline/
air and saline/dodecane systems. The gradual capacitance increase
is due to the same effects causing a gradual contact angle increase.
To reiterate, the geometrical variation of the CNFs, particularly
the CNF side-wall slopes, causes variation in the threshold voltage
for capillary wetting. If all CNF’s were of identical geometry
and had a straight-line side-wall slope, one would expect a nearly
instantaneous increase in capacitance at a single threshold voltage
for capillary wetting into the CNF array. This could be achieved
using etching of Si posts7 instead of growing CNFs. However,
additive fabrication techniques such as CNF growth provide
potential advantages such as integration on existing semiconductor
devices.

Eventually the capacitance increase with voltage begins to
saturate. On the basis of the previous discussion, this implies
that the majority of air or dodecane is pushed out of the inter-

CNF space. The capacitance and voltage data are quite different
between the Al2O3 and Parylene sets. Even so, the stored energy
densities (CV2) near saturation for all data sets are comparable
(∼10’s mJ/m2). The storage energy density is directly related to
a decrease in saline contact angle with the CNF side walls (eqs
3 and 4). The similarity of the stored energy densities for all data
sets roughly support the expectation that full capillary wetting
of the inter-CNF space should occur at similar energy densities.
That is, Al2O3 and Parylene sample sets have similar geometry
and should therefore experience capillary wetting at a similar
reduction in effective interfacial surface tension (eq 3).

For the saline/air system, dodecane was also dosed onto the
top of the wetted dropletafterelectrowetting was achieved (Figure
4a). The dodecane was observed to encompass the droplet near
the contact line, but gravitational effects (absence of a supporting
dodecane bath) prevent a macroscopically observable change in
contact angle. However, as expected, addition of dodecane caused
the capacitance to immediately return to about zero. This further
confirms that the dodecane occupies the inter-CNF spaces at
zero voltage. The time scale for capacitance decrease was rapid
(<1 s). Therefore, the low viscosity of dodecane and saline (both
<2 cSt) allows for ease of fluid flow horizontally through the
array of CNFs. Despite the expectation of electric field
enhancement at the ultrahigh-aspect ratio CNF tips, water
electrolysis was not observed during testing. This confirms robust
dielectric insulation of the CNFs. The insulation was so reliable
that after electrically charging and inducing wetting for the saline/
dodecane/CNF system, the bias electrode could be removed and
the droplet would retain its capacitance value.

CP ) εA
z

, CC ) 2πεh
ln(ro/r i)

, CS ) 4πε

1/r i - 1/ro
(5)

Figure 4. Capacitance vs voltage for electrowetting of (a) saline/air
and (b) saline/docecane bath. Stored energy density at approximately
full wetting of the inter-CNF space is labeled at the end of each
curve. For a, addition of oil at the end of each experiment caused
the water to dewet and the capacitance to return to∼0 nF. For b,
after achieving any wetting state, removing the applied voltage caused
the capacitance to return to∼0 nF.
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Summary

In summary, electrowetting of vertically aligned CNFs was
investigated. Superhydrophobic (θs≈160°) wetting behavior for
water was demonstrated. Standard nanofabrication methods were
utilized for fabricating the superhydrophobic scaffolds which
are compatible with integration of electronic devices. Elec-
trowetting experiments show a gradual decrease in contact angle
to θ ≈ 100-110°. Competitive two-liquid electrowetting
exhibited reversible behavior. Experimental capacitance mea-
surements were also shown to validate wetting states. These
results on nanostructured scaffolds advance electrowetting toward

our working-group’s long-term goals of novel and improved
electrooptics, lab-on-chip, and biomedical devices.
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