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Abstract — Fluorinated polymers, the most extensively used hydrophobic surface materials for
electrowetting (EW) devices, are expensive and have potential risks to health and environment. In this
paper, EW devices fabricated with non-fluorinated hydrophobic surfaces are demonstrated by using a
polysiloxane-modified polyacrylate (BYK® Silclean® 3700, Louisville, KY). Water contact angle, which
is the most critical parameter of EW devices, changes from ~165° to ~95° with a negligible hysteresis
(~3°) when a 42V AC voltage is applied. EW array display prototypes were constructed on the non-
fluorinated surface and can be switched reversibly by applying a low voltage difference. These results
indicate the promise of this BYK® Silclean® hydrophobic surface for EW devices in electronic readers
and other mobile devices.
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1  Introduction

high initial CA of the conductive liquid, which results in larger

When a voltage is applied between a sessile conducting droplet
and a hydrophobic insulated surface, electrowetting (EW)
occurs by modification of the electric charges present at the
solid-liquid interface, resulting in contact angle (CA) change
and wetting enhancement."> The EW effect offers a convenient
method of fast and reversible control of the wetting properties of
solid surfaces using electric fields. The interaction of light with
an EW structure is controlled by the motion of two immiscible
liquids (one clear and the other colored; one polar and the other
non-polar), through their combined optical absorption, transmis-
sion, and reflection. Many important applications of the EW
effect have recently been developed, such as adaptive lens
systems,3 lab-on-chip,4 lipid ~ bilayer membrane,”  and
microfluidic mixing and clea.ning,ﬁ’7 in addition to reflective
displays.g_11 Compared with other technologies, the EW
reflective display screen has several advantages: it is very thin,
operates at speeds suitable for video display,12 has a wide viewing
angle and relatively low power consumption.

The standard configuration of an EW structure consists of a
sessile drop of a partially wetting conductive liquid (either in air
or oil surrounding) on an electrically insulating dielectric layer
covering a flat electrode, as shown in Fig. 1a. In addition to water,
which has been the most extensively studied and commonly used
EW fluid, "> ionic liquids,15’16 and non-aqueous organic
fluids*™® have been used in the EW operation as the conductive
liquids. The EW effect is a rather robust phenomenon that
depends on the properties of the liquids and the dielectric layers,
and on the interaction of these materials. Specifically, the proper-
ties of insulating layers are known to play an important role in
lowering the driving voltage of EW devices."*® To obtain a

CA change with voltage, the dielectric isolation typically consists
of two layers: a hydrophobic layer on top of a thin insulating layer
of high dielectric constant. Various materials have been investi-
gated for the insulating layer: (a) inorganic insulators—SiOy >’
SiN, 2122 A1203,23’24 barium strontium titanate,” and bismuth
zinc niobate®; (b) organic insulators, such as the parylene
family—parylene N2 parylene C,'2% and parylene HT>

The most commonly utilized hydrophobic materials in EW
devices are amorphous fluoropolymers, such as Teflon
AF,20-26.29 Cytop,s’?’ and FluoroPel.>>?® The strongly hydro-
phobic nature of the fluoropolymer enables the water droplet
to sit on the surface with very high initial CA. However, such
compounds carry relatively high cost and potential risks for
human health and environment.®' Hence, the use of a non-
fluorinated hydrophobic insulating material is very important
for the fabrication of environmentally friendly EW devices.

Presented herein are EW devices fabricated on non-fluori-
nated hydrophobic surfaces by using BYK® Silclean® 3700,%2
a commercially available polysiloxane-modified acrylate (PSXA)
additive from BYK Additives & Instruments. This material is a
widely used surface additive in coating and paints, and has
been certified for food contact use. The OH-functional
polysiloxane-modified polyacrylate (Fig. 1b) shows both good
hydrophobic properties and reversible EW with both increas-
ing and decreasing alternating current (AC) voltage. The
water CA, which is the most critical parameter of EW devices,
changes from ~165° to ~95° when a 42V AC voltage is
applied with a negligible hysteresis (~3°). EW arrays
constructed on this non-fluorinated surface can be switched
reversibly by applying a low voltage difference. These results
indicate that BYK® Silclean® could be an ideal solution for
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FIGURE 1 — Schematic diagrams illustrating the electrowetting operation with BYK PSXA
(PSXA) as the hydrophobic layer: (a) EW test set up; (b) possible chemical structure of the
BYK Silicone; (c) EW circular device without bias; (d) EW circular device with bias. FX is a
hydrophilic negative photoresist (Dupont™ Riston® FX 915), which is patterned to provide

the circular containment of the water droplet.

non-fluorinated hydrophobic surface in numerous low-voltage
EW applications.

2 Experimental details

A schematic diagram of the EW structure and a circular EW
device on a glass substrate is shown in Fig. 1. The basic EW
structure is fabricated on a glass substrate and consists of a
ground electrode, a dielectric layer, and the BYK® Silclean®
top layer. Indium-tin oxide electrodes were sputtered in
argon at 3.5 mTorr with 100 W direct-current (DC) power
for 20 min. Next, a parylene layer was deposited using a
LABCOATER® 2 parylene deposition unit (PDS 2010,
Specialty Coating Systems, Indianapolis, IN) at room temper-
ature. A 1pm parylene layer was deposited using 0.8g of
starting material (parylene C, Specialty Coating Systems, In-
dianapolis, IN). The operating pressure was less than
15mTorr. The parylene C surface is treated with oxygen
plasma for ~ 1 min in order to provide the reaction site for
the hydroxyl groups in the BYK PSXA material (Fig. 1b). The
PSXA solution with a different concentration was then spin
coated with 500 and 2500 rpm with 10 and 30, respectively, to
obtain the hydrophobic layer. After UV exposure for 20 min,
the film is heated at 80 °C for 30 min, in order to be cross-linked
into the parylene C surface due to its OH-functionality, resulting
in a hydrophobic film. Atomic force microscopy (AFM) (Veeco
Dimension AFM, Plainview, WI) was used to characterize the
surface morphology. The film thickness was measured by a
profilometer and calibrated with an ellipsometer. EW tests were
performed using water and a mixture of electrically insulating sil-
icone oils (80wt.% Dow Corning OS-20, 10 wt.% OS-10, and
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10wt.% OS-30, Germantown, NY). A clear acrylic box was used
to contain the immersed substrate and fluids. A ~0.2 uL water
droplet was injected onto the substrate and viewed through the
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FIGURE 2 — BYK PSXA films: (a) thickness versus solution concentration

of the solution; (b) optical transmission of BYK (PSXA) and conventional
fluoropolymer (CYTOP) films versus wavelength for a T um film.



transparent acrylic sidewalls. To provide electrical bias to the
water droplet, a tungsten probe was inserted into the droplet.
The other end of this probe was connected to the voltage supply,
consisting of a power source (Tektronix AFG 3022BBeaverton,
OR) amplified with a Trek 603 Lockport, NY). An FTA 1000B
CA measurement system was used to record the CA data with
the sessile drop method. The CA was obtained by averaging
the right and left CA values. DC and AC (1kHz, square wave)
voltages up to 40 V with 2V steps were applied. The CA measure-
ment was taken after the voltage was applied for at least 3s in
order to reach equilibrium. For the DC voltage experiment, the
bias is first ramped from 0 to +40 V with 2V steps, until the droplet
leaped off from the test spot. Then a new drop was injected to a
new position to perform the negative bias experiment. The exper-
iments were repeated at least three times at fresh sample locations
and with fresh droplets for each test.

For the circular device, shown in Fig. 1b and lc, the
hydrophilic grid was formed using a negative photoresist
(FX915 photoresist, DuPont”™ Riston®, Durham, NC).
FX915 film photoresist is hot-roll laminated to form a

TABLE 1 — Comparison between different hydrophobic materials

Hydrophobic materials ~ Teflon AF CYTOP  FluoroPel BYK PSXA
Structure Amorp. Amorp. Amorp. Amorp.
Phobic source Fluor Fluor Fluor Silicone
Optical trans. (1 pm) >95% >95% >95% >95%
Refractive index 1.31 1.34 1.35 1.49
Dielectric constant 1.93 2.0-2.1 2.25 4.52

.1inm

FIGURE 3 — AFM images and corresponding surface roughness (Ra) of the
hydrophobic layer in the EW device: (a) CYTOP; (b) BYK PSXA (PSXA).
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FIGURE 4 — Contact angle of 0.2 uL water droplet in silicone oil on BYK
PSXA film as a function of applied bias: (a) comparison between experimental
(points) and calculated (line) CAversus DC voltage ; (b) T kHz AC voltage (RMS).

~15 um film and then photolithographically patterned. A hy-
drophobic grid, made of polyimide-based tape (DupontvrM
Kapton®, Torrance, CA), was used to contain the water
volume. To operate the EW device, typically a ~80 L droplet
of deionized (DI) water was first placed on the hydrophobic
surface. Then, ~40nL of dodecane (Acros, Pittsburgh, PA)
with a nonpolar red dye (Keystone Aniline Corp., Chicago,
IL, 3wt.%) was injected using a nano-injector system (Stoelting
Co., Wood Dale, IL). The active device area is defined by the
hydrophilic grid, which confines the oil by strongly attracting
the water. The oil injection process was monitored by a color
CCD camera system (Diagnostic Instrument, Sterling Heights,
MI) for top view and CCD color video camera system (Sony,
San Jose, CA) with TV zoom lens (Navitron, Benton Harbor,
MI) for side view. When a bias is applied to the water droplet,
the resulting field across the hydrophobic insulator effectively
increases its surface energy and reduces its hydrophobicity,
attracting the polar water molecules to the insulator surface.
The water increasingly displaces the oil layer to the side region
of the structure with increasing bias.

3  Results and discussion

For the initial set of experiments, BYK PSXA films formed
from solutions with different concentrations were evaluated.
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The as-received BYK® Silclean® solution is 25 wt.% silicone-
modified polyacrylate in methoxypropylacetate, which pro-
duces 1.8pm film by spin coating. However, using such a
thick BYK film as the only layer for dielectric and
hydrophobic function results in rather poor EW properties.
Thinner films can be obtained by decreasing concentration,
as shown in Fig. 2a. If the solution is diluted to 1wt.%, the
film thickness decreases to ~22nm, which is close to the
typical thickness of the fluoropolymer layer used in EW
device.'? This thickness is therefore chosen for the investiga-
tion of EW effect. Figure 2b shows the optical transmission
over the visible spectrum of 1 pm film of BYK PSXA and refer-
ence fluoropolymer (CYTOP), respectively. It can be seen that
the BYK PSXA film is fully transparent in the visible range with
nearly 100% transmission, which is very important if EW device
is used in the transmissive mode. Selected properties of the
BYK PSXA film and conventional fluoropolymers are shown
in Table 1. The BYK PSXA film has a relatively high dielectric
constant (~4.5) and refractive index (1.5). The higher dielectric
constant makes it potentially a better dielectric layer in EW
devices.

The film surface morphology also influences the EW
characteristics of structures. Figure 3b contains an AFM
image of the BYK film surface. For comparison, the AFM

(@)

scan of the surface of CYTOP film (40 nm) is shown in Fig. 3a,
as CYTOP is a common fluoropolymer used in EW devices.
The insets in Fig. 3a and 3b shows the root mean square
(RMS) values of the corresponding surfaces. While the
CYTOP surface has an excellent surface with a roughness of
only ~0.5nm, the BYK PSXA film (22 nm) does exhibit a rea-
sonably smooth surface morphology with an RMS roughness
value of 3.8 nm.

The EW effect on the BYK PSXA film (22 nm) was evaluated
by measuring the CA of water droplets immersed in a mixture
silicone oils (0S-20:0S-10:0S-30=8:1:1; y =16.1 mN/m) as a
function of applied voltage. Over a considerable voltage range,
the experimental CA data are in agreement with values
calculated from EW theory.12 As shown in Fig. 4a, the initial
CA of a 0.2 pL, DI water droplet in oil on the BYK PSXA surface
is ~168°, decreasing to ~132° as the DC voltage increase to
+28V. Lower angles may be possible, but the droplet tends to
leap from the probe electrode, probably because of inhomoge-
neous charge injection.33 For AC bias experiments, a 1kHz
square-wave signal was applied to the water droplet. As shown
in Fig. 4b, a ACA of 70° is obtained between zero bias and
49V rms, which is almost the same as that obtained from EW de-
vices with conventional fluoropolymer hydrophobic surfaces.!!
The maximum AC voltage used in this EW device is 42V rms
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FIGURE 5 — Oil (60 nL of dodecane) coverage as a function of 1 kHz AC voltage (RMS) in a
circular EW device (1.4 mm diameter): (a) photographs of the device at different voltages; (b)
oil coverage area versus RMS voltage in increasing (green) and decreasing (red) directions.
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FIGURE 6 — EW switching of a 4 x4 pixel array on the BYK® Silclean® surface with
1.5%x 1.5 mm? pixels: (a) zero bias; (b) 16 V (RMS), 1 kHz.

in order to prevent dielectric breakdown, which occurs at ~50V
for these devices.>* Reversing the direction of voltage sweep, the
CA of the water droplet recovers to ~163°, which is very close to
the initial CA. Most important, a very low hysteresis was observed
(with a maximum value of 3°). This characteristic is very useful
for actual EW applications.

Circular EW devices are fabricated on glass substrates
to evaluate the EW pixel operation through oil coverage
change with the applied voltage. The results are illustrated
in Figs. 5a. The two fluids in the device are the polar
conducting (DI water) component and the insulating
non-polar (colored dodecane) component. Fluid motion
in the device is governed by the EW effect. Oil coverage
as a function of AC voltage is illustrated in Fig. 5a, taken
at different applied voltages (1kHz waveform). EW device
at zero bias has 100% oil coverage, which is defined by the
surface tension. EW starts at 14V rms, as shown in Fig. 5b,
which is required to initiate the movement of the colored
oil film.*® The oil-covered area decreases to 35% of the to-
tal area as the bias is gradually increased to 20V rms, as
shown in Fig. 5b. At higher voltages (~40V), the oil will
displace to the side walls of the pixel, and oil coverage as
low as 10% of the device area can be reached. However,
the high voltage will reduce the repeatability of EW oper-
ation. When the bias is then decreased back to 0V, the
displaced oil returns and covers the entire device area
again (100% coverage). The process can be repeated for
many cycles (>10) as the AC voltage is changed.

Arrays of EW pixels of 1.5mm x 1.5mm (20 x 20 array)
were fabricated using the BYK PSXA film as the hydro-
phobic layer. The structure of the array pixel is the same
as that of the circular pixel. Each pixel contained a black
dye mixed in tetradecane oil. In the OFF state, the black
oil occupied the entire pixel area because of the surface
tension, as shown in Fig. 6a. When a voltage was applied,
the EW force displaced the black oil into the corner of
each pixel, resulting in a mostly clear pixel, as shown in
Fig. 6b, for a voltage of 16V rms (1kHz). After the volt-
age was withdrawn, the oil once again covered the entire
pixel. Adjusting the voltage controls the oil coverage
(and resulting transmission) in the pixel, which determines
the gray scale of the EW array.

4  Summary and conclusions

In this study, we successfully demonstrated that non-fluori-
nated material BYK® Silclean® produces hydrophobic film
suitable for EW applications. The EW devices with the BYK
PSXA film showed large CA modulation (~70°) and very low
hysteresis (~3°), which is sufficient for many EW applications.
EW array display prototypes with the BYK PSXA hydrophobic
surface were fabricated and were shown to be switched
reversibly by applying a low voltage difference. These results
indicate that BYK® Silclean® could be an ideal solution for
non-fluorinated hydrophobic = surface in different EW
applications.
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