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ABSTRACT

Electrowetting charges the solid-liquid interfacechange the contact area of a droplet of a comdudiuid. It is a
powerful technique used to create variable foogsidi lenses, electronic paper and other devicesit lepends upon
ions within the liquid. Liquid dielectrophoresis-QREP) is a bulk force acting on the dipoles througha dielectric
liquid and is not normally considered to be a lamal effect acting at the interface between theidicand a solid or
other fluid. In this work, we show theoreticallyvaaon-uniform electric fields generated by intertdited electrodes
can effectively convert L-DEP into an interfacedbzed form. We show that for droplets of suffidighickness, the
change in the cosine of the contact angle is ptap@ to the square of the applied voltage andliseys a similar
equation to that for electrowetting — this we ah#lectrowetting. However, a major difference teattowetting is that
the strength of the effect is controlled by thecglide spacing and the liquid permittivity rathiean the properties of an
insulator in a sandwich structure. Experimental, show that that this dielectrowetting equatioouaately describes
the contact angle of a droplet of oil viewed acrpagallel interdigitated electrodes. Importanthye induced spreading
can be complete, such that contact angle saturdties not occur. We then show that for thin fillnd)EP can shape
the liquid-air interface creating a spatially pelim wrinkle and that such a wrinkle can be usedreate a voltage
programmable phase diffraction grating.
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1. INTRODUCTION

How liquids wet solid surfaces is of fundamentapartance to a wide-range of applications from énggathin films on
semiconductor wafers, through adhesion and coatingurfaces, to effective droplet deposition andingi on DNA
microarrays. The wetting of solid surfaces can tmdifred by changing material or surface propert@ssh as the
surface chemistry or micro- or nano-scale topogyapdr by introducing additional energies, such astebstatié>. In
1993, Berge recognized that electrostatic fieldddtde a method to create reversible hydrophilioitya hydrophobic
surfacé®, and that this was a powerful method to contral aranipulate droplets of liquid. Since that time freld of
electrowetting-on-dielectric (“electrowetting”) hgsown from less than 20 journal articles per yeawver 170 last year
with 4000 citations annually (sourchttp://wok.mimas.ac.uk/ This growth has been due to its significanceoser
diverse scientific disciplines with applications dptical device%’, display& and microfluidic&™®. During this time,
major electrowetting-based international compahigge been founded with examples being Variopticigde-focus
liquid lenses), Liquavista (electrowetting-basedptiys) and Advanced Liquid Logic (digital micraflics). All
electrowetting work uses the concept that the @braeea of a conducting liquid, typically a saltuimn, can provide
one contact in a capacitive structure where antrelée on a substrate is separated from the comdudtjuid by a
(hydrophobic) dielectric film. This allows a reviaie charging of the solid-liquid interface whichereby reduces the
contact angle allowing the radius of curvature bé tdroplet to be adjusted or droplet motion to lséuated.
Electrowetting can be used in air or in a secorénsion fluid and can involve AC or DC voltages.

In electrowetting the energy balance at the thiesse contact line is modified by a capacitive epegsulting in a
contact angle which decreases with applied voltdpdifying contact angles differently around thejplet periphery
can be used to actuate contact line motion. Whilsttrowetting is a versatile method of controlliogntact angle,
traditionally it uses a conducting liquid in corttadth an electrode and when operated with a dtdplair often has a
high degree of contact angle hysteresis. It alfiersufrom a saturation effect that prevents theelst contact angles and
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films being achieved. Electrowetting is one exangfl¢he wider effects of electromechanics as retzeghby Jones et
al"™ When a dielectric liquid experiences a non-umiforrather than uniform, electric field a bulk ligui
dielectrophoretic force occurs that can actuatentiedion of the liquid. Intuitively, two ends of d@pdle experiencing
slightly different magnitudes of electric fieldom a non-uniform field will produce forces that dot cancel; therefore
a net force occurs in a non-conducting liquid (aoaducting liquid using a high frequency elecfré&d). Bulk liquid
dielectrophoresis (L-DEP) has been used to driyaidi motion and to create dielectric liquid lert$é3*’ but this liquid
dielectrophoresis effect is not usually thoughinafierms of an interface localized force drivingttivey phenomena.

In this paper, we present an approach to the wgetiinsolids by non-conducting dielectric liquids annon-uniform
decaying electric field that uses an interface llaed form of liquid dielectrophoresis where theeagy changes can be
viewed as occurring at the interfaces between thid,diquid and vapor phases. We discuss thre@nreg The first
focuses on droplet spreading and control of cordagles. In this case, the L-DEP energy is linkedhanges of the
solid-vapor and solid-liquid interfacial areas; effect we call “dielectrowetting”. The second foeason films and
corresponds to a far-field regime in which the LIDEnergy is linked to changes in shape of thedigaipor interface.
The third regime also focuses on films, but coroesls to a near-field regime where the shape oflithed-vapor
interface reflects detailed variations in the egledield close to its source. We review our recesstults showing that the
droplet regime has a contact angle that obeys aatieq similar to the electrowetting equation, tith the strength of
the effect controlled by the relative permittivity the liquid and the penetration depth of the teledield into the
liquid®® this provides an understanding of possible patarsén the design of voltage controllable lensgsed by
liquid dielectrophoresis. We also describe an aptibn of these ideas to the film regime to create/oltage
programmable amplitude phase gratihg

2. CONCEPTUAL BASISOF DIELECTROWETTING
2.1 Liquid dielectrophoresis and solid-liquid/liquid-fluid interfaces

A simple view of a dipole in a uniform electriclfieis that the forces at each end are equal in ihatg) but opposite in
direction due to the opposite signs on the chaae=ach end of the dipole; there is therefore ricfaree. However,
when the field is non-uniform a net force arisesause of the difference of the magnitude of thetetefield at the two
ends of the dipof@ Now consider a uniform layer of a dielectric ligof depthh on a solid surface with an electric
potential that decays with depth of penetratioo thie liquid, i.eV(2=V,exp(-2/J), wheredis a penetration depth. The
electrostatic energy per unit contact aneg, stored in the liquid is found by integrating ttlielectric energy density,
16,6E.E, where g is the dielectric constant of the liquid aBe-[V is the electric field, over the volume of the

liquid*®1%%
A F{—4h}
W, =-——lexg——|-1 (1)
20 o

The exponential decay of the electric potentialitesn three regimes. In the first of these tlogilil layer is sufficiently
thick (h>>J) that the upper surface of the layer of liquid masinfluence and the dielectrophoretic energy ot
contact area, and eq. (2) becomes&,5V,/24. Any change in the solid-liquid interfacial ardwerefore involves a
proportional change in the dielectrophoretic engedfectively the effects of L-DEP are localizedthe solid-liquid (and
solid-vapor) interface. In the second regime, fiqeid layer is sufficiently thin that the electrpotential is still of
significant value at the upper surface of the lagkeliquid. In this case, any change in the shap&e liquid-vapor
interface results in changes of the dielectroplimestergy; this argument can be extended to aditjguid interface in a
two-liquid system. Typically, liquid gathers integions of highest electric field gradient. Thisntfiim regime can be
further thought of as two regimes depending on trethe upper surface of the layer of liquid iduahced by an
average far-field or by a detailed near-field a titon-uniform electric field close to its sourc@us, whilst L-DEP is, in
principle, a bulk effect, its affects can also lmnsidered in terms of how its energy contributialabces against
interfacial energies as changes in interfacialsaoezur.

2.2 Droplet regime

For a droplet, the wetting of a solid surface igegi by a local minimum in the surface free enenggireg from the solid-
vapor, solid-liquid and liquid-vapor interfaces.€Be are characterized by three interfacial tensigpnsyg. andy,y (the
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surface energies per unit area). Considering Fitheleffect of increasing the contact area by allsamountAA, is to
replace the solid-vapor interface by a solid-ligimtkrface and so change the surface free energpsbysy)AA.

V=V,e 25 vapor displace liquid surface

Figure 1. Energy changes for a thick droplet ireeetric field decaying exponentially with distarfoem the substrate.

In addition, the movement of the liquid createsadditional liquid-vapor surface area &fcosd resulting in a surface
free energy increase §fy AAco®.?? In the presence of the non-uniform electric fiedthd assuming the droplet is
sufficiently thick (>>¢), the L-DEP energy changes from its value in thpor to that in the liquidss(g-1) V> AA/2d.
For the droplet to be in equilibrium the total charin energy must vanish and so the contact ardgeta a value,

8(Vo), given by?,
£0 (£| B 1)\/02

s6.(v.) = cosg, +Zo\é ~No.
cosd,(V,) = cos8, + 2y @)

where Young’s law has been used to replace the ic@tibn of interfacial tensions by c8s=()sv -)&)/ 1. For a liquid
droplet of permittivity; immersed in a second dielectric liquid of permityi £ we would expectg-1) - (&-&).

Equation (2) is a modified form of Young's law ajgpble to interface localized L-DEP, which we reter as
dielectrowetting in recognition of the contact andl, dependence on the voltage squared. It is sinmiléorm to the
electrowetting modified Young's law, but with thatio of the substrate permittivity to substrateletigric thickness,
&/d, replaced by the ratio of liquid permittivity (mis vapor value) to electric potential penetratieptt, &-1)/d. This

reflects the change from charging of the solid-vapterface as a liquid front advances (electrowgjtto polarization
of dipoles within a boundary layer of the solidilid interface by a non-uniform field (L-DEP) origiting from the
substrate. Therefore an exponentially decayingtridefield penetrating into a dielectric liquid Wiénhance wetting,
reducing the contact angle and so drive a dropleptead

The equations for electrowetting and dielectrowetitan be brought together in a single notatiooghfby using the
value of voltageVry, at which complete wetting, i.e. d&¥r,)=1, is predicted to occti

c0s,01)=cos8(0)-[cose 0 2 j o

Th

Equation 3 provides a more experimentally deterthifoem of the contact angle dependence on the gelthy using
the initial measured contact angle before a voliagapplied,£(0), and an experimentally deduced threshold veltag
Vq, at which complete wettingd(V+,)=0°, is expected to occur. This equation is valid lfoth electrowetting and
dielectrowetting and has the advantage of gathetingce and liquid parameters into the experimégni@étermined
&40) andV,.

In principle, dielectrowetting can provide an ati&ive or complementary approach to electrowetforggenerating
liquid lenses using dielectric liquids. To creatpiid lenses which operate in an analogous mamneletctrowetting, the
challenge is to design suitable structures to ere#éctric fields which decay exponentially witrstdince from the
substrate. One method of doing so in a quasi-tweedsional geometry is to use co-planar fabricateerdigitated
electrodes. In such a case, the electric field yeeexponentially with distance above the electrpaéihough there is
also a modulation of the electric field in the difen across the electrodes. A comparison of ticauhd electrowetting to
dielectrowetting is given in table 1.
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Table 1. Comparison of electrowetting to dielecitimg

Consideration Electr owetting

Dielectrowetting

Physical mechanism Capacitive charging of the solig
liquid interface via ions in a

uniform electric field.

-Polarization of dipoles close to th
solid-liquid interfacevia a non-uniform
electric field.

e

Liquid Conducting liquid (typically watef

+ salt).

Dielectric liquid (typically a non-
conducting oil).

Voltage source DC or low frequency AC.

DC or ACgthifrequency if the liquid
is conducting).

Electrodes Contact to liquid normally requir

edNo contact to liquid required.

).

(see ref. 24 for a contact-less fornj
Electrode structure Sandwich (involving a sal
insulator and sensitive It

defects/pin-holes).

pelectrodes) or other.

iCo-planar (surface microfabricated

Saturation Contact angle saturates.

No saturatibilm formation is

possible.

2.3 Film and thin film regimes

To produce a non-uniform electric field originatifigom the substrate, consider a co-planar set tdrdigitated
electrodes with width and gap between electroded (¥ig. 2 Top view). From Poisson’s equation, thiion for the
potential in a semi-infinite dielectric liquid i the formV(x,z)[toskx)exp(kz), so that the decay length is related to the
electrodes by=4d/1t**?*% Confinement of the liquid to motion along the éledes occurs due to the variation in
voltage across successive electrodes inxdtlieection. As a voltage is applied, the liquid veipread along the electrodes
and a side profile view taken perpendicular todleetrodes will show a change in contact angle istet® with eq. (2)
(Fig. 2a). This is the quasi two-dimensional apphot droplet wetting in the thick film regime witk<d.

We now consideh- ddue to a substrate with a set of more widely spatectrodes, and hence increasth@r due to

spreading the droplet with increasing applied \g#ta/,, so that
depositing a thin liquid film through some otherans. In this case
range of the decaying electric potential. Therefohanges in the

the maximum droplet height reduces, o th
, the upper liquid-vapor interfecmes within the
shape of the liquid-vapor interfaoel hence its

surface free energy, become possible, rather tigtrchanges in solid-liquid contact area; this lsalance changes in L-
DEP energy and a static wrinkle appears on theruppéace of the liquid film (Fig. 2b).
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Figure 2. Evolution from droplet to film and thiinf regimes as the electric field penetration deptheases.
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The energies involved in changes at the liquid-vapterface can be explained using detailed calimra or a
simple scaling argumefi?>. The equilibrium shape is then found by minimizitig total energy change with
respect to changes in wrinkle amplitude,

AD( (ywwj ‘{_5 j “

If the liquid is in the very thin film regime, tlesssumption that the potential from the electrodi@sgathex-direction is a
simple cos(x) form breaks down due to charge accumulation atbegedges of each electrode finger; the shapkeof t
liquid-vapor interface of the liquid film then follvs the near field shape reflecting higher harm®mitthin the electric
field (Fig. 2c). Calculations of the higher freqagncomponents can be performed and the relativeligs of
components calculatéd

3. EXPERIMENTAL RESULTS
3.1 Dropletsand dielectrowetting

To confirm the validity or otherwise of eq. (2), wenducted droplet experiments using 1, 2 propylgiyeol on a
substrate fabricated with parallel planar interdigid electrodes of finger width and gap spacingfim. In the data
shown a hydrophobic gm thick SU-8 film was also used on top of the stdistto prevent accidental damage to the
device. The effect of this layer when using a digle liquid is to cause a capacitive division bétvoltage so that the
effective voltage in the liquid is reduced comparedhat applied to the interdigitated electrdfespplying a 10 kHz
peak-to-peak voltage causes the liquid to spreamahe direction of the electrodes as can be seanthe top and side
views in the lower inset of Fig."8.The side view across the electrodes reveals dalropss-section shape from which
a contact angle can be measured. This angle desreéth increasing voltage and increases with deing voltage
with a small degree of hysteresis and a clearliphscross-over from advancing to receding angléhasvoltage goes
from increasing to decreasing (Fig. 3). The uppeet in Fig. 3 shows the dependence offcas the square of the
voltage,V,?, and demonstrates a clear linearity. This curvears the relationship observed for electrowettfthough

in this case the experiment uses a dielectricdiquithout any contacting electrodes. The lowest@cnangle achieved
here was limited by the finite length of the intgrthted electrodes and not saturation effectgrinciple smaller angles
can be achieved, but the theory only applies whitsto remains valid.
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Figure 3. Control of contact angle for stripe shtagplets of 1,2 propylene glycol on a substrata wterdigitated
electrodes. The lower inset shows top and side wigages for a range of voltages. The upper insm/sta test of eq. 2.
[Data from reference 18].
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These results show a quasi two-dimensional, irgpestform of droplet control, but the theory shiblle applicable to
axisymmetric three-dimensional droplets. Such drtsphnd lenses using circular interdigitated edelts have been
reported by other researchrS, although we do not believe an interface localifedn of L-DEP and a wetting
interpretation has been provided other than irresiee 18.

3.2 Filmsand amplitude phase grating

In a separate set of experiments we used a deVibeaw electrode pitch of 20m on which a small volume droplet of 1-
decanol as deposite€d Every other stripe in the electrode array wassddawith a 20 kHz a.c. voltage and the
interdigitated stripes between them were eartheldeMthe voltage was increased above a thresholdgegla uniform
film of thickness 3um was achieved. Further increases in the amplitfdthe voltage caused a static undulation
("wrinkle”) to appear at the liquid-vapor interfac®nsistent with eq. (4). The period of the wrinkietched the
electrode pitch with the peaks and troughs paratlethe electrode fingers. Since the wrinkle isistabhd has an
amplitude determined by the applied voltage, a nEation insensitive amplitude-programmable phad&adtion
grating can be created in either transmission fieatton mode. The concept for transmission modghiswn in Fig. 4
together with an inset (top left corner) showing frattern of different order diffractive peaks abed on the screen as
light at A=543 nm is transmitted through the film of oil. Meaements of the intensity of the zero-, first- aedond-
order diffractive peaks are also shdwn

Screen

0.25

0.20

)
i
5
2 0.15 =
u
E
< 0.10
£ first order
[ A X <
- § - My, second
et S o005} . — . a, order
100— =400 . ~ ey
- N - -
0 s } 'f l -__,v" W O TR o
Voltage 0.00 =4 1 PR IR 1 1
100 150 200 250 300
Laser Voltage (V, ;)

Figure 4. Amplitude phase grating in transmissi@de@=543 nm) using a 3 micron thick film of 1-decar{Blata from
reference 19].

Further experiments demonstrated that the transemmtonse of the first-order peak for switch-on anitch—off was
rapid with a wrinkle of amplituded=0.36 microns on films of average thickness 14-Z@roms requiring 35-49
microsecond (switch-on) and 79- 108 microsecondt¢svoff).° The speed of the switch-on and switch-off (relmmt
is because the liquid phase-grating only uses agehaf the liquid-vapor interfacial shape and doesinvolve the
movement of a contact line.

We also imaged the shape of the liquid-vapor iat&fusing a Mach-Zehnder interferometer for differaverage
thicknesses of a hexadecane oil film (0, 9.0, BH&® 30.0 microns) on a device with a 240 micrachpand a 2 micron
capping layer of SU-8. Figure 5 shows the evolutibthe profile as the r.m.s voltage is increagedhf275 V to 550 V
(profiles at different thicknesses have been offgetlarity). A schematic of the expected elecfigdd patterns due to
charge accumulation at the edges of electrodebdéws included in the figure (after Feldmann & Héfaf This shows
how higher order Fourier components matching tla field electric field pattern become evidentlzes thickness of oll
decreases (see also reference 27).
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Figure 5. Measured profiles at a hexadecane oikiairface for films of hexadecane at different agerthicknesses
induced by the action of a non-uniform electricdipfofile on a 240 micron pitch interdigitated devié schematic of the
expected electric field profile due to charge acalation along the edges of the electrode fingessidegen included. [Data
from reference 19].

An interesting variation on the idea of a voltageggammable liquid amplitude phase grating is te the ability to
monitor and control the diffractive peaks to createoptimized solid amplitude phase grating. Weilaf® have shown
that using a UV curable resin as the liquid filmsitpossible to continuously and situ adjust the optical diffraction
pattern using the voltage whilst UV curing. Thikals the creation of a fully cured solid phase iggawith a particular
voltage-selected tailored optical property, such asppression of the zero transmitted order atemgvavelength.

4. CONCLUSIONS

In this paper we have outlined a theory for L-DE®Reh (dielectro-) wetting and shaping of liquidpea and liquid-

liquid interfaces. The approach uses the concepdaaflizing the net effects of liquid-dielectrophbesis forces to solid-
liquid and liquid-vapor (or liquid-liquid) interfas. The dielectrowetting equation for dropletsimsilar in form to the

electrowetting equation, but replaces the ratiohef permittivity of a solid insulator to its thiokss by the ratio of the
liquid permittivity (minus 1) to an electric potéadt penetration depth. Our experimental realizatadnthese ideas
effectively transforms from a sandwich structurevide approach to an in-plane one using co-plantardigitated

electrodes. The dielectrowetting approach remoggsirements common in electrowetting for a solisulator, direct

electrical contact to the liquid and a conductiigiid. We have also outlined the conditions undéicW the L-DEP

forces shape the liquid-vapor (or liquid-liquid}erface and shown that static undulations (“wrieKlenay be obtained
and that these can be used to create voltage pnagghle amplitude phase gratings, which are faswiitching and

polarization independent.
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