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Abstract

The wetting of solid surfaces can be modified bieralg the surface free energy
balance between the solid, liquid and vapour phabkse we show that liquid
dielectrophoresis (L-DEP) induced by non-uniforneotdic fields can be used to
enhance and control the wetting of dielectric ldguiln the limit of thick droplets, we
show theoretically that the cosine of the contacflefollows a simple voltage squared
relationship analogous to that found for electraiwgton-dielectric (EWOD).
Experimental observations confirm this predictedlaiitrowetting behavior and show
that the induced wetting is reversible. Our findingrovide a non-contact electrical
actuation process for meniscus and droplet control.
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The wetting of solid surfaces can be modified bgngding material or surface properties, such
as the surface chemistry or micro- or nano-scapgmphy:? or by introducing additional
energies, such as electrostatithis is important for a wide range of processesfmicrofluidics,
whereby large surface area to volume ratios leati¢alominant forces being capilldryo liquid-
based optics, whereby control of the liquid menssdetermines optical propertie$ln recent
years, electrowetting-on-dielectric (EWOD) has bsbown to be one of the most versatile and
effective methods to actively control the energyabee in the wetting of a solid surface by a
droplet®”® In this approach, one or more solid electrodescaated with a hydrophobic dielectric
layer and a droplet of a conducting liquid is thesed as the other electrode to create a capacitive
structure, but with an electrode contact area dig@non the extent to which the dielectric layer is
wetted. This effect modifies the energy balancthatthree-phase contact line due to charged ions
at the solid-liquid interface, resulting in a casttangle which decreases with applied voltage and
which can be used to actuate contact line motion.

Electrowetting has found extensive application ifcrofluidics’ and digitally controlled
droplet-based chemical reactions and biologicahyssS™! liquid papert? variable focus liquid
lenses>** to control the Cassie-Baxter to Wenzel transitarsuperhydrophobic surfaces to create
reserve batterie’s, and to increase coating speétisp name but a few of its applications. Its
functionality has included controlling meniscusvature, actuating droplet motion, dispensing and
mixing liquids and reducing contact angle hystex&sin general, a liquid subjected to electrostatic
fields does not simply show a change in contacteamyit can also experience a strong bulk fdfce.
Whilst electrowetting is a versatile method of goHing contact angle, it uses uniform electric
fields and requires a conducting liquid in physicahtact with an electrode and when operated with
a droplet in air often has a high degree of cordagie hysteresis. In this letter, we show that-non
uniform electric fields can be used with dielectrgquids and non-contacting electrodes to achieve
analogous control of contact angle over a wide eapigcontact angles and with low degrees of
contact angle hysteresis.

The forces on the two charges of a dipole creategdsarising a region of material in a
uniform electric field balance each other, but wiigs field is non-uniform, one is larger than the
other and an overall force occurs. In a dieledtgaid a non-uniform field therefore causes a bulk
force and liquid motiont? The use of liquid dielectrophoresis on a circudlectrode geometry to
create a variable focus Iéfisand a microlens arrdy has been reported, but the theoretical
relationship to contact angle and wetting has rnegnbelucidated. To understand how liquid
dielectrophoresis might be understood within thatext of the wider principles of wetting and
control of the contact angle of a droplet, we feehsider a uniform layer of a dielectric liquid of
depthh on a solid surface with an electric potential thatays with depth of penetration into the
liquid, i.e. V(2=V.exp(-22J), where J is a penetration depth. The electrostatic energy ymit
contact areawg, stored in the liquid is then given by integratitige dielectric energy density,
%&8E._E, whereg is the dielectric constant of the liquid aBd-[JV is the electric field, over the
volume of the liquid in this area,

__EEVy [ canis
Wg = 25 e 1] (2)
In the limit of a liquid layer which is much thickéhan the penetration depth of the electric
potential the energy per unit contact area of theid is we=&&V,/2d Thus, whilst liquid
dielectrophoresis is, in principle, a bulk forcader these conditions it is the change in conta a
that causes a change in the net dielectrophoretie facting upon the liquid. In essence, the
2



penetration depth of the electric field effectivébgalizes the effective changes in energy to the
vicinity of the solid-liquid interface.

For a droplet, the extent of wetting of a solidface is given by a local minimum in the
surface free energy arising from the solid-vapoliddiquid and liquid-vapor interfaces. These are
characterized by three interfacial tensiogs, )& and v, representing the surface energies per unit
area. The effect of increasing the contact area bgnall amountA, is to replace the solid-vapor
interface by a solid-liquid interface and so chanlige surface free energy bys(sy)AA. In
addition, the movement of the liquid creates anitamdhl liquid-vapor surface area @fAcosfd
resulting in a surface free energy increase(ofAAcosf? In the presence of the non-uniform
electric field, and assuming the droplet is suffitly thick (>>0J), there is an additional energy
expended of&)(a-l)VOZAA/Zd For the droplet to be in equilibrium the total sga in energy must
vanish and so the contact angle adopts a val¥,), given by,

A\ 2
cosd, (V,) = cosf, + ole ~IVg @)
2)vO0

where Young's law has been used to replace the icatin of interfacial tensions by
cosB=()s- ya)! nv. Equation (2) is a liquid dielectrophoresis (L-DERQdified form of Young's
law, which we refer to as “dielectrowetting” in cgmition of the effect of L-DEP upon the contact
angle. This equation is similar in form to the eleatetting-on-dielectric modified Young’s law,
but with the ratio of the substrate permittivitydobstrate dielectric thickness/(l) replaced by the
ratio of liquid permittivity minus that of air togpetration depthg-1)/o. It is therefore predicted
that an exponentially decaying electric field peatng into a dielectric liquid will enhance wetjin
reducing the contact angle according to equatignaf@d so drive a droplet to spread according to
magnitude of voltage applied. Formally, eq. (2)dicts that a transition to complete wetting,
@(V1)=0, should occur at a sufficiently high criticabliage,Vy. However, as the droplet spreads
and tends to a film its upper liquid-vapor intedazmomes within the range of the penetration depth.
This interface may then change shape, thus provigimgechanism, in addition to the displacement
of the three phase contact line, whereby energyeayinimized?®
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FIG. 1. Schematic of experimental configuration hwiinterdigitated electrode
structure with uniform gaps and widths (coated witthin dielectric layer) generating
an exponentially decaying electric field in the tical direction. Droplet profile
viewed (a) parallel to the electrodes, and (b) faduve.
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To test the prediction of dielectrowetting inducgulesading and reduction in contact angle,
we initially used 1.2%l volume droplets of 1, 2 propylene glycol depasitento a 2um thick layer
of SU-8 coating a set of parallel interdigitateéottodes of width 8Qum and gap of 8Qum
fabricated on glass substrates (Fig. 1). To achéehigh (B0°) initial contact angle the SU-8 was
treated with hydrophobising fluorocarbon soluti@n applying a 10 kHz sinusoidal voltage of
peak amplitudeY, rising from 0 V to 312 V the droplets of liquidareasingly spread along the
direction of the electrodes with little or no sptey across the electrodes (Fig. 2). For an eldetro
width and gap between electrodes a)fthe electrical period isgiving a wave numbek=T1v2d.
From Poisson’s equation, the solution for the pmaém a semi-infinite dielectric liquid is of the
form Ocoskx)exp(kz), so that the penetration depth is related tcethetrode structure bg=4d/Tt
Due to the periodicity of the electrodes and thergy barriers therefore introduced to motion
across the electrodes, the liquid is expected tacdidined to motion along the electrodes as
observed in Fig. 2. Viewed perpendicular to thection of spreading, the contact angle falls from
96° to 23 as the voltage is increased and then steadilyeasers back to 84as the voltage is

steadily diminished.
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FIG. 2. Images of a 1, 2 propylene glycol droplata hydrophobic 2im
thick SU-8 film on top of parallel planar interdigii electrodes of finger width and
gap spacing of 8Qum: Views from above and in side-profile with camelaned
perpendicular to the electrodes as a 10 kHz pegle#ad sinusoidal voltage is
increased from 0 V to 312 V and back to 0V.
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Figure 3 shows the quasistatic contact angle clsanggh applied voltage. The initial data
point before the application of the voltage lieewabthe trend of the decreasing contact angle and
this is due to it being above the receding cordagle for the surface. Similarly, the initial fodata
points as the voltage is reduced from its maximignaway from the trend of the increasing contact
angle due to the change from a receding contadé ao@n advancing contact angle. In the regions
where the contact angle decreases (or increasgJilgt with voltage there is a linear dependence
of cosfonV? as shown in the inset to Fig. 3. The increasingdewteasing voltage half-cycles are
offset due to a smallB® contact angle hysteresis. From this we conclutiatl It-DEP is able to
spread droplets and that there is an initial regicogering a very wide contact angle rangeéc),
for which the functional form of equation (2) amgdifor this size of electrode structure and droplet
volume.

Quantitatively, using the valug=35.0 for the relative permittivity of the oil ardvalue of
yv=38 mN ni* for the surface tension so that{)/yv =895 m N', equation (2) predicts the slope
of the data in Fig. 3 to b&,= 0.3%10* V2. The experimentally observed valuet“né&p:l.O?><104
V2 is of the same order of magnitude. To more accyratempare, we take into account that the

SU-8 layer will cause a capacitive division of thitage so that the effective voltage in the liquid
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V., is reduced compared to that applied to the iigaeded transducery/,. A simple model gives a
voltage reduction factof;, of,
[1+ Afje-m /s
c=-_°%

1+[Aeje_4tp,5
£

wheretg is the thickness of the dielectric layé e=(&-&i)/(&+&i). For this experiment, using
&sue=3 givesC=0.685 and the theoretical value of the slope é t°m,=0.83x10" V%, which is
23% smaller than the experimentally observed value.
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FIG. 3. The contact angle-voltage relationship tfeg data in fig. 1 €+« symbols
indicate the increasing voltage half cycle and sgmbols indicate the decreasing
voltage half cycle). The inset shows the datatptbtis cosine contact angle versus
voltage squared according to eq. (2); solid linesfis to the linear regions using the
average slope of the full data set. The hysteriessaused by the switch from an

advancing to a receding contact angle as the wlt@mnges from increasing to
decreasing.

We repeated the initial experiments with inter@itgtd electrodes of reduced widths |28
and 40um (with gap sizes the same as electrode widthg)ezhwith an SU-8 layer of 0j6m, and
in each case reversible voltage controlled sprepdizs observed. The functional form, 8082 of
equation (2) was found to fit the data for bothréasing and decreasing voltages, although we did
observe a slight systematic reduction of the slmpéhe reducing voltage half-cycles compared to
the increasing voltage half-cycles as electrode decreased to 3m. To compare to the data for
the 80um width electrodes, figure 4a shows the decreasoitage half-cycle for ca@plotted
against the ratio of effective voltaye® to the mechanical pitch=2d for the data in figure 3 with
the data for the two other electrode sizes overlmdhese cases, the reduction factGrérom
equation (3) which have been used are 0.613, 0A600a655 for the 2Qum, 40 um and 80um
electrode widths, respectively, where a valgel)/yv =1057 m N for propylene glycol has been
used to match the data in figure 3. Figure 4b shcved plotted against the effective voltaye’
for the three electrode pitches; the solid linesthe individual lines of best fit. These data itate
control of the strength of dielectrowetting by stilen of the electrode pitch and, hence, scalimg th
penetration depth of the electric potential.
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FIG. 4. (a) Data for three electrode pitches (Z0aAd 8Qum) plotted as a function of
the effective voltage normalized by electrode maata pitch. The effective voltage
takes into account the capacitive division causgdhle solid dielectric layer on the
interdigitated electrodes. (b) Data presented shgwhe effect of reducing the
electric potential penetration depth into the ldjeaused by changing the electrode
mechanical pitch.

In this work, we have focused on droplets whichehauhickness greater than the penetration
depth set by the non-uniform electric field genedaby an interdigitated electrode structure. At
these droplet thickness to penetration depth ratiese is little possibility of the liquid-vapor
interface beyond the penetration depth deformingntoimize the droplet surface free energy.
However, as a droplet becomes thinner and morethinaliquid film this assumption will break
down and the liquid-vapor interface will wrinkle &djust the overall energy balance between
dielectrophoresis and surface free energies. Foamar parallel set of interdigital transducers the
free surface of the liquid then first takes on rausbidal wrinkled appearance followed by a more
complex non-sinusoidal wrinkle reflecting the caomcation of electric field gradients at the
electrode edgeS.Here, our studies have also focused on non-aquiémuids lacking free ionic
charges and in air, but may also be relevant tortepof contact-less EWOH. Furthermore,

6



electric fields can penetrate salt solutions tylpjaased in electrowetting despite their DC elegti
conductivity when they are applied with a suffidlgnhigh frequency?’ It should therefore be
possible to control droplet contact angle for d fahge of liquids simply by choosing a suitably
high frequency of applied voltage. This also medrag two-liquid systems rather than a liquid
droplet in air, necessary for applications suchiqugd-optics requiring neutral buoyancy, will be
possible.

In summary, our approach shows how liquid dielgattayesis can be used as an effect to
reduce the contact angle of a droplet in a volagdrolled manner. This dielectrowetting effect is
complementary to electrowetting, is based upon nmbgeneous electrostatic fields and does not
require the liquid to be conducting or to be cotaddy the electrodes. Our observations show that
provided the droplet has a thickness larger thanpmetration depth of the electric potential the
cosine of the contact angle has a simple squarelépendence on the applied voltage. The ability
to control the contact angle by dielectrowetting bmgnificance for processes such as droplet-based
microfluidics, lab-on-a-chip systems, liquid-basegtics, coating and other processes where
enhanced or controlled spreading are desired. lifinalis possible that dielectrowetting can be
combined with superoleophobicity to create contfiohon-aqueous droplets across the full contact
angle range.
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