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Figure 2-25: Velocity field inside the electrowetting lens, showing the fluid dynamics inside the

[T ol & 1= =TS 48
Figure 3-1: Milty 0N SUN AEBVICE. ...uviiiiii ittt e e e ettt e e e e e e e e bt aa e e e e e e esarbaaeeeeeeenan 53
Figure 3-2: [on gun current measurement SETUP. «.occuiieeiiiiiciiieeee et e e eeerere e e s e s sarnreeeeeeenes 53
Figure 3-3: Current transient induced by a burst of ion gun shots in a 20s time frame. The

measurement has been taken by measuring the charge with an Agilent 4156c...................... 54
Figure 3-4: Schematic view of the three types of devices used for the standard (a) and contactless

(b and c) electrowetting eXPEriMENTS. .......cceeiiiieiieeiee e eteeeree et e e rre e ste e e rreesbeeeaeesareesseeenns 57
Figure 3-5: Schematic arrangement of the contactless electrowetting experiment.............cccvee... 58

Figure 3-6: a) shows the initial contact angle of a 5ulL water drop sit on a Teflon coated substrate;
b) shows the drop while experiencing the ion shot. Asymmetry can be noticed between the
left and right side of the drop. Contact angle variation is PoOr.......ccccecvvievcieeeeviiee e, 59
Figure 3-7: a) The water drop is sit at rest on a PDMS coated surface, no ions are applied. b) lon
gun is activated and the contact angle reduces to reach its minimum value. c) lon shot is

finished, the contact angle increases lightly but does not fully recover...........ccocueeveirnienneen. 61
Figure 3-8: Plot of QA2=2yLGCA(c058V- cosYy) for Young-Lippmann equation, conventional EWOD
(solid line) and for the contactless EWOD measurements on PDMS and Teflon...................... 63
Figure 3-9: Cross section of the solid-gas-liquid interface used for the Comsol simulations............ 64

Figure 3-10: Plot of the normalized surface charge density values simulated by Comsol multiphysics
along the normalized distance from the triple point........ccccoieieiiiicciee e, 66
Figure 3-11: Horizontal and vertical components of the electrostatic force on the drop edge, after
applying an external voltage of 1V, as a function of the contact angle. Points are taken from
YTl - | T 2 PSR 67
Figure 3-12: Comparison of the surface potential distribution in a dielectric drop following
scenarios of point charge at the edge of the drop (Q) and a constant surface charge density

Figure 4-1: Simco-lon Pinner for local ion charging.........ccocueeriiiiiiiniiiiiieeieeeeeee e 78
Figure 4-2: Schematic representation of the measurement setup: the high voltage power supply
polarizes the ionizer and it is connected to the oscilloscope in order to store the voltage
transient. The oscilloscope also stores the electrometer analogue measurements
synchronized with the power supply. The ionizer and the electrometer are placed above the
droplet at a controlled fixed distance. The drop sits over a PDMS layer and it is observed with
the help of two cameras, counter posed. The cameras are synchronized by a trigger signal
coming from the VOItage SUPPIY. .eeeeiei et e e e e eaaa e e e saeee e 79
Figure 4-3: The picture shows the air breakdown luminescence of the corona ionizer. The
luminescence starts from the five needles of the ionizer and can be also appreciated around
the drop perimeter. This fact is evidence of electrical charge accumulation along the TPL. ...81
Figure 4-4: Luminescence observed with no high voltage applied to the ionizer. The intensity graph,
in arbitrary unit, shows the luminescence effect at the TPL........cccccooeveiiiiieiiiiiciiieeee e, 82
Figure 4-5: Contact angle measured in function of time for several values of the corona ionizer
polarizing voltage. 4kV (upper left), 4.5kV (upper right), 8kV (bottom left) and conventional
electrowetting (bottom left). All devices were coated with 69.5um PDMS with exception of
the 8kV measurement where a 53pum PDMS layer was used. The thick lines (upper left, upper
right and bottom left) are fitting results from the analytical model proposed by Castafier and
Di Virgilio [62]. The measurements were performed with temperature conditions comprised
between 20.2°C and 21.4°C and relative humidity around 27%-28%. .........ccccceveereeneeneenneenne 83
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Figure 4-6: Plot of the values of (cos 8y - cos 6;) as a function of the measured values of the charge
per unit area, ga. Lippmann_Young equation ( —— ), Quinn [10] saturation limit (---), d = 53
UM, €r = 2.62, yiy =72.9 x10% ,N/mM and ysy = 19X10° N/M . cervevreeeeeeeeeeeeeeeeeeeeee e eeeeeeeeeeees 86
Figure 4-7: plots of contact angle as a function of time for a 7.5kV source voltage, 69.5um thick
PDMS samples and several values of relative humidity (RH): 46% (— ), 60% (---) and 70% (— - —
). Solid lines are model fittings. Experiments were performed at a temperature comprised
DetWeEeN 24.4°C and 25.2°C....eiiiiiecee ettt et ae sttt et e et e et e e e b e e e teeeaeenares 88
Figure 4-8: Experimental values of the (a) saturation contact angle value Bsar. (b) Thevenin
equivalent resistance. (c) Thevenin equivalent voltage. (d) Fall time of the contact angle
transient from 90% to 10% of the maximum as a function of the relative humidity value. .....91
Figure 4-9: Effect of ionization of air over the liquid drop. a) The rests over a hydrophobic dielectric
surface and exhibits a contact angle of 100° approximately and b) the reduction of contact
angle to levels around 70° due to the air ionization. Over PDMS the contact angle remains low
for long periods of time (“minutes) and it recovers sIoWIY. ........cccceveeieiiiciee e, 92
Figure 4-10: O 1s peaks resolved for the PDMS untreated sample and for corona-treated samples
at 7.5 and 14 kV. The untreated and 7.5-kVtreated samples show very similar and symmetric
responses here as the sample treated at 14 kV shows a shift toward higher binding.............. 93
Figure 4-11: O 1s peaks fitted for (a) the untreated sample and (b) the 7.5kV- and (c) 14-kV-treated
samples. The untreated and 7.5-kVtreated samples show very similar and symmetric
FESPONSES. terverrrerererererererererererereretetettretererertteteretttetereretererererettrertretteererereteteteterttetteetetetteererereren 95
Figure 5-1: Schematic view of the experimental settings used in ref. [64] for a)standard
electrowetting on dielectric experiments and b)electrowetting on dielectric driven by corona

Figure 5-2: Schematic of a) voltage driven electrowetting on dielectric and b) charge driven
electrowetting on dielectric. A) When voltage is applied, charge are injected during the
transient showing a high inception peak which value depends on the voltage supply
resistance; voltage is constant during all the process. B) Driving electrowetting by injecting
charges, voltage starts rising smoothly, while a controlled amount of charges are delivered to
the device in a specific time span, depending on the droplet capacity. In this way, droplet
dynamics are better managed and energy spent for the system can be easily controlled and
LoT 01412 0] =Tc 1SR UURPNt 102

Figure 5-3: Schematic of the a) charge drive experimental setup and b) equivalent electrical
SChEMALiC Of the SYSTEM.....uii ittt e ete e e e ette e e e atae e e e taeaean 104

Figure 5-4: Contact angle as a function of time for a commutation of the source ( to=0.5s),
(—)ton=0.05s, (---) ton=0.15, (=) ton = 0.2's. loxXton=2.642X10°C ...everveerrreereseenan 107

Figure 5-5: A)The structure 2D axisymmetric designed in Comsol Cad n order to simulate the
electrowetting device and B) the revolving of the 2D axisymmetric section that gives a 3D
representation of sSimulation reSUILS. .......cooeciii e e e 108

Figure 5-6: Voltage limited current supply schematic: an ideal current generator is connected in
series with a resistor and an interface between the simulated circuitry and the system
designed by Mechanical CAD. ........ccuuiieeiiii ettt e et e tae e e eta e e e e abe e e easaeeesabaeaean 109

Figure 5-7: Terminal voltage simulated by combining CIR and ES and then applyied to the geometry
simulated. The voltage evolution is completely exponential and it is typical of a R-C network.
The time constant depends on the resistance used for voltage limitation and the overall
capacity (dielectric layer and liquid droplet)............cceciiiieiiieeecieeceee e 110

Figure 5-8: Contact angle variation as a function of time for several current values. The geometry
simulated is biased by applying a current ranging between 5nA and 25nA, with a voltage
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compliance of 70V. The initial contact angle was 1.74rad. Final minimum contact angle
reached is 0.754rad, which is also the predicted contact angle by Lippmann-Young equation,
eg. (1-4). Nevertheless only with high amount of current injected, in simulated system this
value is reached in acceptable short time range. .......ccoeecvev e 111
Figure 5-9: Experimental setup used for the contact angle measurement together with the current
injection/voltage measurement over the device under test. ......cccoevevvieeeereececcreececre e, 113
Figure 5-10: Experimental contact angle measurements for several values of current (=) compared
with model[64] prediction results () when parasitic capacitance C,=0. The initial contact
angles lay in the range between 99.65° and 100.5°, the final contact angles are comprised
DEtWEEN 73.93% @Nd 78.55 ... iiiieiiieeieeeeseee et e et e e ettt e e e s ete e e st e e e te e e e e raee e sraeeeennreeeennes 116
Figure 5-11: Voltage measured across the electrowetting device under test while injecting current
in the range between 5nA and 25nA. The voltage firstly evolves exponentially, where the time
constant is driven by the resistance and capacity of the system. At a certain moment, it starts
to evolve linearly; this happens when the contact angle saturates and the droplet is still. The
voltage level at which this phenomenon happens, grows with current..........ccccocoveeeeivieennns 117
Figure 5-12: Comparison between voltage switching point and contact angle saturation time. Both
plots are shown on the same graph, being the x-coordinate, the current applied and the y
coordinate the time. It is possible to conclude that the switching point happens when the
contact angle saturates and the TPL dOES NOt MOVE. .........cccuviieeiiiieeeiiiee et 119
Figure 5-13: Plot of the comparison between the trend of the time at which the voltage switches
from exponential to linear evolution and the voltage at which the switching happens. It is
shown that at higher current injected, the switching point is reached much faster, ranging
from more than 1.6s for 5nA to 0.5sfor 25nA current. On the other hand, the voltage at which
the switching happens is comprised between 44.4V and 47.3V. ..cceeecieeeccveeeesiee e 119
Figure 5-14: Capacity measured across the electrowetting on dielectric device under test. The
starting point is very similar for all the experiments run; on the other hand, the dynamics are
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Abbreviations

Electrowetting
Electrowetting on dielectric
Reverse electrowetting
Micro total analysis systems
Microelectromechanical systems
Triple contact line

Maxwell Stress Tensor

Red Green Blue colors of a display
Liquid crystal display
Frames per second

Light emitting diode
Computer aided design
Finite element analysis
Electrostatics module
Circuits module module
Two phase fluid module
Computed fluid dynamics
Polydimethylsiloxane
X-ray photoelectron spectroscopy
Relative humidity

Capacity per unit area
Parasitic capacity

Parasitic resistance

Density

Dynamic viscosity

Contact angle

Surface tension

Dielectric permittivity
Friction coefficient

Droplet radius

Spherical cap
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Summary

Electrowetting technology, known since more than 100 vyears, just recently was
successfully applied for the fabrication of devices such as pixels, liquid lenses and uTas
(micro total analysis systems). Some of those devices are already a market product and
some others are expected to reach the maturity to be marketed in the short period,
although some fundamental aspects of the electrowetting phenomenon are not yet clear,
like the origin of the saturation and the driving forces that lead to a contact angle

variation.
In this dissertation are presented several contributions to the electrowetting technology.

First, have been reported the preliminary evidences about the contactless variation of the
contact angle. Furthermore, these phenomena have been studied deeply and rigorous

experimental work has been performed.

Experimental data have been cross checked with simulations results and theoretical

calculations.

Finally, the results of the contactless electrowetting experiments lead us to be able to
state that the driving element of the contact angle variation is the charge. Contactless
electrowetting method has also unlocked the possibility to experimentally measure the
impact of surrounding humidity in electrowetting dynamics and the limitations that
introduce in the saturation of contact angle. The relationship between relative humidity
and saturation contact angle resulted to be directly proportional and in line with the

Peek’s law prediction, here applied to a system in the micro scale.

Therefore the last part of the dissertation was dedicated to the study of the charge driving
of an electrowetting device in order to be able to control and predict the contact angle
dynamics. As additional results it has been found that charge injection rate affects the
speed of the contact angle variation, with negligible effects on the contact angle
saturation. Cross checking the experimental results with theoretical predictions it has
been found that the approximation of a droplet to a spherical cap gives a very good result
while no clear contributions could be given to the saturation problem, leaving it open and

without any clear solution, so far.



Additionally, in this work contains a comprehensive review of state of the art of
electrowetting technology and a detailed description of the multiphysic simulation

method used.
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Chapter 1: Fundamentals of Electrowetting

Electrowetting is the modification of the contact angle of a liquid drop by applying an electric field.



1.1 Introduction
lectrowetting is a technique that allows modifying the contact angle of a drop of liquid on a

solid surface by the application of an electric field.

The first observations of contact angle variation by electrical means were reported by
Gabriel Lippmann at the end of XIX century [1]. In his work, Lippmann reports on how to control the
variation of the contact angle of a mercury drop in contact with an electrolyte by applying an electric
field across such system, as shown in Figure 1-la. Lippmann observed what he called

electrocapillarity effect, which is the basis of the modern electrowetting concept.

In his work, Lippmann formulated the basic theory of electrocapillarity and also developed some

interesting applications, like an electrocapillarity based motor and a very sensitive electrometer.

Unfortunately, the works developed around electrocapillarity during the large part of XX century,
where about aqueous electrolytes in direct contact with mercury drops, or mercury drops in contact
with insulators, configurations that bring to unwanted electrolytic effects, even applying very low

voltage such as few milliVolts.

Just in 1981 Beni and co-workers[2], reporting on a novel pixel structure, Figure 1-1b,[2], described
and named for the first time the electrowetting effect. The novelty of the study was also that they
focused the attention on the triple contact line (TPL) behavior when a voltage is applied between

the substrate and the liquid.

Electrowetting on dielectric (EWOD) concept was introduced only few years later, in the ‘90, by
Berge[3]. His idea was to avoid the contact between the liquid and the conductive surface by
introducing a thin insulator layer in between. This feature introduces great reliability as the
electrolysis problems are solved; furthermore, it unlocks the use of this technology in a wide range

of applications, such as micro-lenses, electrowetting pixels and microfluidics advanced applications.

The general schematic of an electrowetting on dielectric system is presented in Figure 1-1c. The
basic electrowetting on dielectric configuration is a drop of conductive liquid sit on a dielectric

surface.



—

lectrolyte

Conductive wall

u Air/dielectric
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I
(

a) (b)

Conductive layer
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Figure 1-1: Schematic representation of a) an electrocapillarity device, b) an electrowetting device and c) and
electrowetting on dielectric device.

The dielectric surface covers a conductive layer, which connected to ground. The liquid drop is
polarized with a certain voltage. The contact angle suddenly decreases, as the wetting properties of
the surface are enhanced. The process is completely reversible and controllable; when the voltage
biasing the liquid decreases, the contact angle increases; when the voltage is removed, the system

goes back to its original state.

1.2  Theoretical concepts

As explained in the previous Section, typical EWOD setup is a polar liquid drop sit on a thin
hydrophobic insulator layer that covers the bottom electrode; the conducting drop is surrounded by
a dielectric; according to the application, it could be air or an immiscible fluid, like silicone oil. This

last solution reduces the hysteresis effects.

The estimation of the body force effect over the surface tension is done by analyzing the Bond
number. The bond number, reported in eq.(1-1), where Ap is the difference in density between the

liquid drop and the surrounding fluid, g is the gravitational force, R is the characteristic length of the



drop and vy, is the surface tension between the conducting and insulating phase, represents a

measure of the importance of surface tension over the body forces.

The typical drop size can range from few millimeters down micrometer size therefore the Bond

number [ is smaller than the unity[4]; therefore the gravitational effect over the drop is negligible.

The Bond number is given by:

ApgR?

B= (1-1)
Vv
Where Apis the difference in density of the two phases involved (kg/m?3), g is the gravitational

acceleration (m/s®), Ris the radius of the droplet (m) and Y.y is the liquid-vapor surface tension
(N/m). If no voltage is applied the drop takes a spherical cap shape due to Laplace equation,
eq.(1-2), where r, and r, are the two principal radii of curvature of the surface; at the triple contact
line the surface tensions between liquid (L), vapor (V) and solid (S) are in equilibrium and, at a

mesoscopic scale[5], the drop shows the Young contact angle defined by eq.(1-3).

1 1
Ap:YLV(_+_J:YLV -k (1-2)
n n
cos9, =Ysv Vst (1-3)
YLv

When an electric field is applied the equilibrium is broken; the contact angle 9y, decreases towards a

final contact angle ¥y, that is smaller.

Oy

Yv
Ysu Ysv

a
v

Figure 1-2: Force balance at the contact line.



The most generic equation that predicts the final contact angle is the Young-Lippmann equation:

£,
c0s9, =CosY, +—2rV? (1-4)
YLv
where & and & are the relative permittivity of the vacuum and the dielectric layer, t is the dielectric

thickness, 7y [N/m] is the liquid-vapor surface tension and t is the dielectric thickness [m]. This
equation was already formulated by Lippmann in his work[1], but in that case, the & was the
permittivity of the fluid and the thickness of the dielectric was not taken into account. As we can
see, the higher the dielectric constant and the thinner is the dielectric layer, the smaller the final

angle will be.

Thinner insulator layers will induce easier dielectric breakdown, therefore a tradeoff must be found

in order to tune the contact angle variation within a safety operational range.

For a general design of electrowetting devices, the Lippmann-Young equation, eq.(1-4), predicts
quite well the contact angle variation. On the other hand, one should reach complete wetting
when cos 9y = 1. This situation has never been observed so far, even using dielectric layers capable
to withstand very large voltages before the breakdown. The contact angle follows a parabolic
variation until a saturation state (to a voltage increase does not follow a contact angle decrease) is
observed. The Lippmann-Young equation is no more valid; instead the contact angle becomes

independent to the voltage applied.

The physics behind the contact angle saturation is still matter of interest and research. Several
works report on the contact angle saturation: Verheijen and Prins [6] relate it to the charge trapping
effect in the dielectric layer, also supported by the work of Janocha et al.[7]; Vallet et al. [8] attribute
it to the air ionization around the TPL, also sustained by Di Virgilio et al. [9] furthermore relating it
with air humidity; Quinn et al.[10, 11] attribute the contact angle saturation to the fact that the
surface tension between liquid and solid cannot be smaller than zero, being air ionization a
concurring effect rather than a limiting one; Papathanasiou et al.[12, 13, 14] propose a local

dielectric breakdown due to the diverging electric field in the vicinity of the TPL.

Up to date, any of the proposed theories has fully answered the contact angle saturation problem

that remains an open research topic in the electrowetting technology.



1.3  Electromechanical approach: electrostatic fields change the contact

angle in electrowetting

Electrowetting on dielectric is a phenomenon that intrigued many researchers from different fields
such as chemists, physicists, electrical and mechanical engineers; therefore many approaches have
been proposed and all of them predict the same final angle reduction. On the other hand, a broadly

accepted theory explaining the saturation has not yet been found.

Among all the different theories proposed, in this work will be used the one formulated by the
electromechanical approach, that provides not only information about how the contact angle
evolves, but also about the forces exerting on the liquid body by the electric field. This information
will be extremely useful at the moment of designing a set of equation for a reliable Finite Element
Analysis. The results will be given not only at the triple line boundary but for the overall body

dynamics.

When an electric field is applied to an electrowetting setup, mechanical forces are exerted on the
liquid by the electric field. In this Section the response will be discussed in terms of contact angle

variation due those forces.
This approach was firstly introduced by T.B. Jones and reported in [15, 16, 17].

The electrical body force exerted on isotropic liquids can be formulated in the Korteweg-Helmholtz
body force density[18]:

f = E—8—°E2V8+V8—°E2@ (1-5)

k =Pt 5 5 8pp
where p; is the net free space charge density in the liquid, pis the mass density and ¢ the
dielectric constant of the liquid and E the electric field. In EWOD context the liquid can be
considered homogeneous and incompressible, therefore the third term of equation (1-5), which

describes the electrostriction can be neglected[19].

By applying voltage between the drop and the counter electrode, the charge in the liquid are drawn
to the liquid/dielectric interface, the liquid is considered a perfect conductor so the free charge
density in the bulk is zero; only the forces acting on the free liquid interfaces are contributing to a

translational motion of the liquid. The calculation of the total net force acting on the liquid can



hence be computed by integrating equation (1-5) along the liquid surface, over the momentum flux
density of the electric field. The Maxwell Stress Tensor (MST) is particularly appropriate for this

computation [20]. Equation (1-6) is the MST consistent with equation (1-5).

T, = gos(EiEk —%BikEZJ (1-6)

O is the Kroneker delta function and i, k =x,y,z.

At the liquid/dielectric interface, the tangential component of the electric field vanishes at the
surface while the normal component is related to the surface charge density by p, = gof? -7 where

7 is the outward unit normal vector; E vanishes in the bulk of the liquid.

The net force acting on the liquid surface can be calculated by:

F= §2Tiknde (1-7)
The result obtained is that the only non-vanishing contribution is a force per unit surface area
directed outward the liquid surface and directed along 7.
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The electrostatic pressure term, P, is here introduced and represents a negative component to the
total liquid pressure. In order to understand how it contributes to the liquid motion, it is necessary

to understand the electrostatic field and charge density distribution along the surface.

In general, close to the surface and far away from the TPL the electrostatic pressure only acts in the
normal direction and any possible effect on the surface is counterbalanced by elasticity. In the
vicinity of the TPL the electrostatic pressure has also a tangential component due to the sharp
increase that the solid/liquid charge density also increases sharply, P, = g,6qU/d. The result is

that the electrostatic force pulls the drop from TPL resulting in a different contact angle.

The interpretation proposed by Digilov [20], based on thermodynamic analysis, suggested that at
the TPL the electrostatic force was originated by an excess of electrical charge. Vallet et al.[8] give
evidences about excess of charge at TPL by imaging the photon emission due to air or gas ionization;

many dielectric atmospheres (such as SFs an C,Fs) were used, resulting in different ionization



emissions but similar saturation levels, pointing out the saturation is not related to the dielectric
surrounding medium. Besides the charge accumulation at TPL, Vallet et al. proposes in [8] a
convenient methodology in order to analyze the electrostatic field near to the edge region, the TPL.
Vallet et al. consider the drop an infinite planar wedge; by applying the Schwarz-Christoffel
transformation it is then possible to calculate analytically the electrostatic field. These calculations
are shown in Section 3.5, where is also explained in detail the whole procedure to get to that

particular equation.

Using the Schwarz-Christoffel transformation proposed by Vallet et. al, Kang [21] calculates
analytically the horizontal net force acting on the drop, supposing that the drop shape remains
wedge, by integrating equation (1-8) horizontal component along the liquid/vapor interface. The
results show that both electric field and charge distribution diverge while approaching the TPL.
Hence the MST reaches a maximum value at the TPL and it fades down to a negligible value already

at small distance from TPL.
Due to its rapid decay, this force can be assumed to be localized.

The resulting force obtained by Kang[21] is:

F, = %V ? cosec9 (1-9)

This force can be decomposed into horizontal F., and vertical F.,components:

€y€ €y€

Fo =—24V2 F, =4V ?cot9 (1-10)
2d 2d

Interestingly, the horizontal force component is not depending on the contact angle: the F,,

component pulls the TPL until it is balanced by the dragging force due to the surface tension. On the

other hand, the horizontal force component is confined to a very small area close to the drop edge,

comparable to the dielectric thickness. The dielectric thickness is comprised in the range between

the micron and hundreds of microns. In the macroscopic point of view, the stress can be still

represented as force acting in a point.



1.4  Electrowetting on dielectric applications

The applications of electrowetting on dielectric technology are concentrated in optics and
microfluidics domain and it can be mainly divided in three areas: electrowetting lenses,
electrowetting pixels and electrowetting based microfluidics. Some more exotic application includes

energy harvesting devices, micro prism systems, bi-stable pixels.

1.4.1 Electrowetting lenses
Electrowetting lens concept was introduced by Bruno Berge[22], few years after he introduced the

concept of electrowetting on dielectric by coating the bottom electrode.

The concept he proposed is shown in Figure 1-3. A glass enclosure contains two transparent

immiscible liquids, one conductive and the other dielectric.

Incident light Incident light
Hydrophobic
coating

Glass enclosure

Conductiv

.o Electrodes
e liquid

(A) (B)

Figure 1-3: General schematic of an electrowetting liquid lens: a) shows the arrangement of the two liquids
contained in the glass enclosure when no voltage is applied. B) Represents the system at ON state, when a
voltage is applied to the electrodes. The contact angle between the two liquids is modified and then the
incident light path is modified, too.



The index of refraction of the two liquids differs; typical values are n=1.6 for the conductive liquid
and nz1.3 for the dielectric liquid. The glass enclosure has electrodes at the bottom and dielectric

coated electrodes on the side walls.

Being hydrophobic, the dielectric layer forms a high contact angle with the side walls, resulting in a
convex meniscus; incident light diverges, (Figure 1-3a). When the lens is turned on, the polarization
of the side walls results in a variation of contact angle between the two liquids and the side wall; the
meniscus becomes convex, therefore the light path is modified converging in a given point, (Figure
1-3b). The electrowetting lenses have been very interesting and promising because no movable
parts are involved, therefore the miniaturization is easily achievable. The variable focus lenses based
on electrowetting are very promising to be integrated in portable electronic devices such as mobile
phones, tablets and sport cameras. The French company Varioptic has been producing variable
focus lenses based on electrowetting since 2007, while in late 2011 it was acquired by Parrot

Company[23]

1.4.2 Electrowetting displays

Electrowetting pixel concept reported by Beni and co-workers in 1981[2] was lately developed by
Feenstra and Hayes[24], who reported in 2003 the development of an electrowetting display based
on voltage controlled motion of a colored oil covering the pixels. The basic schematic of the
electrowetting pixel is shown in Figure 1-4. The pixel substrate is made in glass covered by a

transparent electrode covered by a transparent dielectric hydrophobic layer (i.e. Teflon, Cytop).

The oil preferentially wets the hydrophobic dielectric layer when no voltage is applied; at OFF state,
the oil blocks light coming from the back of the pixel, or in case of reflective display, the light coming
from external source. The oil is surrounded by an electrolyte, i.e. water or other polar solutions.
When a voltage is applied between the back electrode and the electrolyte, the hydrophobic layer
changes its wettability properties. The electrolyte displaces the oil and wets the pixel surface. The oil

is confined in a corner allowing the light to shine through the pixel.

The electrowetting technology enables the fabrication of novel displays that show better
performances for outdoor use as a back-reflector can be integrated and light coming from external
sources enhances the luminosity. Transparent and trans-reflective displays can also be easily

fabricated, using the same fabrication process of standard LCD displays. At the moment few
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Figure 1-4: Schematic of an electrowetting pixel. a) shows the electrowetting pixel in OFF state. The
backlight is blocked by the colored oil wetting completely the pixel surface, which is a hydrophobic insulator.
b) shows the ON state of the pixel: the electrode is polarized therefore the wettability increase. The
electrolyte wets the pixel surface displacing the oil. The oil acts as a curtain that opens and allows the
backlight to go across the pixel. On the top of the pixel can be placed a color filter for the RGB color
arrangement. The backlight can be replaced by a back-reflector that allows the incident sunlight to be
reflected and then increase the usability of such displays in sunshine. Electrowetting pixels are also suitable
for transparent display fabrication.

companies are fabricating electrowetting based displays, among them Liquavista BV[25], a spin out
of Philips Laboratories, is holding the leadership, being acquired in 2010 by Samsung and lately

acquired by Amazon.

A slightly different electrowetting display concept, “electrofluidic displays” has been introduced by
Heikenfeld and co-workers [26] and resulted in a spin-off company, Gamma Dynamics[27]. In this
case, a liquid is dragged in and out of a reservoir close to the display surface, acting as an optical
curtain. Another electrowetting display company is ADT[28], based in Dusseldorf, Germany; ADT
commercialize big size displays based on a bi-stable pixel technology, based on electrowetting and

microfluidics.

1.4.3 Electrowetting for microfluidics applications
Electrowetting real potential is the ability to manipulate precisely small quantity of fluid; this feature
is very interesting for uTAS (micro total analysis systems) and for microfludics in general [29, 30, 31].

A general schematic of a lab-on-a-chip based on electrowetting is shown in Figure 1-5. The concept

11
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Figure 1-5: a) The drop sits in rest between the two plates, squeezed, no voltage is applied. The contact
angle showed is the static one, hydrophobic. b) shows the moment in which one of the electrode is biased.
The voltage varies and so the contact angle decreases due to the wettability increase. A net force arises and
pulls the drop to sit over the activated electrode. c) When voltage is withdrawn, the contact angle increases.
The drop sits in rest in a new position.

is based on addressable electrodes that can individually controlled in order to arrange paths along
which the drop moves. The programming of the activation sequence controls the movement of the
drop over the surface. The electrodes are buried beneath a dielectric hydrophobic layer. In Figure 1-
5 is shown a typical EWOD setup. In general, the liquid drop is confined between tho parallel plates
where the top one is conductor and it is connected to ground; the lower one has patterned
electrodes covered by an hydrophobic dielectric layer. When a drop sits across two electrodes and
one of them is polarized, the drop changes its contact angle asymmetrically. The wettability increase
of the polarized electrode gives rise to a net force in the bulk of the drop, that results in a net force
and hence in a movement. Electrowetting systems have been used successfully for the manipulation
of tiny amount of body liquids such as blood, urine, saliva, etc.[30]; in particular Cho et al. [29]
report the successful implementation of actions such as creation, merge, cutting and mixing of drop
that definitely enable the cost-effective implementation of automated solution for bioassay at micro
scale. The leader in electrowetting based devices for bioassay and genome sequencing is Advanced
Liquid Logic [32], a spin-out of the Duke University. In July 2013 Advanced Liquid Logic was acquired
by lllumina Inc[33], the leader manufacturer of life science tools and integrated analysis system for

genetic variation and function.

1.4.4 Other applications of electrowetting on dielectric
Electrowetting on dielectric showed such versatility that very interesting and exotic applications

have appeared.



One of the most unique applications electrowetting is involved with is proposed by the company
mPhase[34], which introduced the electrowetting concept in battery field. Figure 1-6 shows the
mPhase battery manufacture schematic. Using electrowetting, the contact between anode and
cathode of a battery is created by electrolyte flowing from a different reservoir. This solution is
suitable for achieving a potentially infinite shelf-life, lower manufacture cost and power

management.

Recently, in 2011, two mechanical engineers from the University of Wisconsin, Tom Krupenkin and
Taylor Ashley[35] came up with a novel energy harvesting method based on microfluidics and
electrowetting; they named it reverse electrowetting or REWEOD. The REWOD is based on the
fabrication of channels or plates filled by discrete drops of conductive liquid surrounded by
dielectric liquid. In the case reported by Krupenkin and Ashley, the conductive liquid was mercury

and galinstan.

The idea behind the REWOD concept is that a mechanical stress can be converted in electrical
charges due to the interaction of a number of discrete drops with electrodes. Figure 1-7 shows the
three main drop actuation for energy harvesting through REWOD. An external electrical circuit gives
continuous bias between the drops and the electrodes; due to external actuation (i.e. pressure
generated by human step), when the drops move into the microfluidics circuit, the total charge that
can be maintained at the solid-liquid interface decreases; the excess of charges generated flows
back to the electrical circuit generating electrical current.

Initial State: 0 Volts

s Electrolyte sits on top of
the membrane

e Does not contact with
the electrodes

+ No power is generated

or wasted LA
T Proprietary
. triggerable
+ Electrolyte flows through Activated State: 1.5-3.0 Volts membrane is
the enabler

the memhbrane

hakes contact with the
electrodes

Poweris generated

Figure 1-6: Schematic representation of the mPhase system for smart battery systems and shelf-life
extension. Image reprinted with permission from the website of mPhase Technologies [34].
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Figure 1-7: Schematic of three major drop actuations. Reprinted by permission from Macmillan Publishers
Ltd: Nature Communications [35], copyright (2011).

This phenomenon still lacks of deep and detailed physic explanation, as only experimental data were
reported. In addition to that, several drawbacks are reported, such as line pinning of the drop
causing fluid actuation interruption, excess of charge trapping in the dielectric and breakdown of the

dielectric coating.

Despite of that, the main results are promising as in a relatively small packaging; 1W of excess
power can be easily created. Thus material optimization is needed to achieve the optimal power
production. Figure 1-8 shows how can be practically used REWOD energy harvester: Figure 1-8a
shows a REWOD device embedded in footwear, Figure 1-8b shows a vibration harvester that can be
integrated in tiles or roads; these ideas are not novel as some previous works propose integration
of piezoelectric in footwear [36] and there are commercially available energy harvester tiles by
Pavegen Systems[37], nevertheless the output power range it is only about 10 to 107 W[36, 38,
39].
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Figure 1-8: (a) Footwear-embedded microfluidic energy harvester and (b) a REWOD-based vibration
harvester. Reprinted by permission from Macmillan Publishers Ltd: Nature Communications [35], copyright
(2011).

1.5 Conclusions, motivation and dissertation outline

Electrowetting displays and lenses are already a commercialized product that works on the
electrowetting on dielectric principle; machines for genotyping based on this technology are ready
to be marketed; REWOD energy harvesting is very promising if compared to actual piezoelectric
technology. In spite of that, many of the fundamental aspects of the electrowetting on dielectric
physics have to be better understood, in order to reach a complete process optimization and in

order to improve the overall performances of the product.
The main challenges researchers in this field face are:

- Contact angle saturation
- Dynamics of the contact angle variation
- Fine control of the contact angle variation rate

- Decrease below 15V of the voltage control

Contact angle decrease close to zero degrees is theoretically possible, nevertheless it have never
been achieved. Obtaining a smaller contact angle assumes a capital importance in applications such

pixels and lenses. Up to date many debates are opened and no clear solution is found yet.

The contact angle variation is quite well described by Young-Lippmann equation eq.(1-4), until
saturation is reached. Eq.(1-4) does not take into account many dynamic effects that in the wetting

process really occur. A dynamic set of equations explaining the wetting is still missing.
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Usually, the contact angle variation is very suddenly, overshoots are very much limiting the
performances in pixel dynamics and lens precision. A smoother actuation could help to tune finely

the contact angle variation rate in order to avoid overshoots and smoothly reach the set point.

At the moment, many efforts have been done in order to lower the voltage below 15V. This voltage
target is a constraint given by the integration with portable electronics. Up to date many efforts
have been made in fabrication process optimization and material [40, 41]. In general, the dielectric
layer is the major responsible of actuation voltage increase, therefore the thinner it goes, the easier
breakdown occurs; the reliability is indeed a concern. A new actuation strategy might be a
convenient solution in order to overcome unwanted dielectric breakdown together with low contact

angle values.

This dissertation is aimed to shine light on electrowetting on dielectric technology, trying to offer a
further improvement for the actual electrowetting based applications and trying to open path to

novel electrowetting based applications.



1.6 Outline

Chapter 2 gives a broad overview on complete FEA analysis strategy for the evaluation of the
different electrowetting arrangements, according to the application it is referred to.

Chapter 3 is dedicated to the description of the Contactless Electrowetting on Dielectric
phenomenon. This phenomenon is related to the charge spreading from a source to a drop sit on a
dielectric hydrophobic layer. The contact angle variation is evaluated by comparison to previous
works and by FEA simulations.

Chapter 4 reports experimental data about contact angle increase due to “corona” effect that
unlocks future developments of contactless electrowetting on dielectric platforms for liquid
manipulation. Moreover saturation angle has been observed to be closely related to the humidity.

Chapter 5 reports about the dynamics of contact angle variation by controlling charges delivered to
the system. This method is suitable for finely tune the contact angle variation in systems that are
very sensitive to overshoots and therefore more precision is needed. Moreover, the energy
efficiency of electrowetting on dielectric devices can be enhanced.

Chapter 6 closes the dissertation by drawing conclusions and describing further works.
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Chapter 2: Electrowetting on dielectric
Finite Element Analysis

In this chapter are presented the results of Finite Element Analysis multiphysic simulations

performed using Comsol.

The systems taken into account for the modeling are the three different configurations of
electrowetting devices: sessile drop under electric field, electrowetting lens, electrowetting

pixel.
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2.1 Introduction

he aim of the chapter is to show how a performance FEA analysis of an
electrowetting device can be run by using the Comsol Simulation software. Up to
date, some contributions on the simulation of electrowetting on dielectric have
remained confined only to the CFD area, in particular, Cahill et al. [42] reports over a pure
CFD drop-based electrowetting simulation and later, in 2010 Dannenberg et al. [43]
introduce a basic coupling with electrostatics. In this Chapter, as Comsol are coupled
Computed Fluid Dynamics (CFD), circuit definition (CIR) and ElectroStatic (ES) modules in

order to get a multiphysic simulation coupling also the effects of the power supply.

In iError! No se encuentra el origen de la referencia. it is shown the conceptual

schematic of a multiphysic simulation of an electrowetting device.

CIR module provides the ES module a terminal voltage, calculated according to the
electrical circuit schematic (transients, voltage limitations etc). The ES module solves the
Maxwell equations starting from the voltage input from CIR. Voltage field, electric field,
electrostatic force are ES outputs that feed the CFD module. The CFD module solves
Navier-Stokes equations and calculates the phase field according to the fluidic boundary
conditions specified and to the effect of electrostatic forces, calculated by ES module and

given as an input to CFD module.

Geometry (Phase Field)

Cl ES ——> CFD

Vte,-m : FE’SX FE’SV
V
E(E,

Figure 2-1: Conceptual schematic of a simulation of an electrowetting device using Comsol software and
coupling electric circuits, electrostatics and computed fluid dynamics modules.



2.2.1 The mathematics of moving interface and electrostatics

2.2.1.1 CFD: the fluid flow modeling

CFD module solves the Navier-Stokes equations, in order to resolve the fluid motion in the

device designed by the integrated CAD tool of Comsol.

The set of equations is:

ou v [ T
pEer(u-V)u_V-[ pl +wu(Vu+(Vu) )]+Fst+pg+F -

Vu=0

where u denotes velocity (m/s), p the density (kg/m?), u dynamic viscosity (Pas), p
pressure (Pa), g gravity (m/s2). F, is the surface tension force (N/m®), and F is any
additional volume force (N/m®). External additional forces included in F allow coupling the
electrostatics with CFD by the definition of electrostatic volume force as an input of the
CFD model. In this way, the CFD simulation converts to an electro-hydrodynamic

simulation, explained in details in the following paragraph.

The fluid motion simulations have been run taking into account that the flow is influenced
by two different phases, the dielectric and the conductive one. Therefore the two phase
flow extension has been used. This extension allows tracking the fluid interface by using

the Phase Field method:

3yoe
Vy
2\/5 (2-2)
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where o is the surface tension coefficient (N/m), € is an internal numerical parameter (m)
that keeps control of the interface thickness between the two phases and which value
goes from -1 to 1 smoothly. y is an internal parameter that controls the fluid interface

mobility.

The phase field variable ¢ is =1 in air or oil and 1 in water. The density and viscosity,

different between the conductive and dielectric phase, are automatically calculated from

the phase field variable ¢ as shown following:



p=p+ (P, —p)d (2.3
=gy + (1 —1y)d
The surface tension is also automatically calculated taken into account the fluid interface

curvature and normal vector.

2.2.1.2 Electro-hydrodynamics modeling

As the fluid motion is induced by the electric potential applied. In case the voltage supply
has any special feature, like specific transient time, impedance adaptation or any other
feature that affects somehow the electrowetting circuit, a SPICE model can be set as input
to the CIR module, available in Comsol. On the other hand, the circuit can be easily
designed by using Comsol feature for the declaration of each component. Finally, the
circuit defined in CIR module can be easily coupled to the ES module by defining a special
node value as terminal voltage. The terminal voltage is hence used as input by the ES

module.

The ES module is capable to calculate the electric field in the droplet by solving the

Poisson equation:

V(ee,VV) = p; (2-4)

Where V is the terminal voltage, g and & are the permittivity of the vacuum and relative

to the material, and pyis the free charge density.

The equations shown above are automatically solved by the Comsol solver; however the
simulated system has two different fluid phases and they move according to the Navier-
Stokes equations, therefore, in order to couple electrostatics and fluid motion correctly it
is needed to track the electric permittivity with the fluid motion, the following equation

couples CFD and ES and it is set up as:

& =g+ (Srz - 8r1)¢ (2-5)



As mentioned in the previous paragraph, the coupling between the Fluid Flow and
Electrostatic physic is done by applying the electrostatic volume force as external force in

eq.2-1. The electrostatic force, hence, induces a variation in the fluid motion.

The electrostatic volume force (N/m?®) is calculated starting from the Maxwell Stress

Tensor (MST), by calculating its divergence:

F=VT, (2-6)
The MST is given by:

T=ED' —%(D- El) (2-7)

where I is the identity matrix, E is the electric field and D is the electric displacement
field:
E=-W (2-8)

D=¢,E (2-9)

For a 2D model, the MST tensor is represented by:

T, T
T :{ - Xy} (2-10)
T, T,
That is equal to:
1
&8, Ef —= &6, (Ef +EJ) &6, EE,
T= 2 1 (2-11)
&5, EE, &8, E} —Egogr(Ef +EJ)

The volume force due to electrostatics, which will only appear at the interface between

fluids, is therefore calculated as following:



(2-12)

2.3 Electrowetting on dielectric devices step-by-step simulation.

2.3.1 Geometry definition for optimized simulations
The three main electrowetting on dielectric device types were discussed in Chapter 1. In

this Section it will be discussed how to take advantage of symmetries looking towards a
simplification and optimization of the geometry at the moment of proceeding to

multiphysic simulations.
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Figure 2-2: A) Drop based electrowetting on dielectric. The geometry used for the simulation is a 2D section of
the droplet. Making a revolution around the symmetry axis a 3D representation of results can be easily done.
B) Liquid lenses are also simulated with a 2D axisymmetric geometry. By revolving the results around the
symmetry axis a 3D result is found. C) Electrowetting pixels, for their topology, can be divided into quarter.
Simulating a 3D axisymmetric quarter of pixel and mirroring the results a full 3D result can be obtained. On the
other hand, as the fluid motion in these structures is very complex, this approach is only for preliminary
simulations. For full 3D simulations there is no shortcut than simulating the full structure.
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2.3.2 Parameter definition
In order to properly run a multiphysic simulation, several inputs have to be provided to

the model; those inputs are material physical properties, behavioral/mathematic
functions and boundary conditions. Physical properties and functions involved in
simulations are entered as text files respectively. Boundary conditions are set step by step
in each single physical module section. Here are reported the material physical properties
(table 2-1) and the functions involved in electrostatic volume force calculation in table 2-

2.

In Annex Il it is reported in detail the step-by-step methodology for setting up correctly an
electrowetting multiphysic simulation, combining together circuit design, CFD and
electrostatics. In the next Sections of tis Chapter are reported the simulations of a droplet

based electrowetting device, an electrowetting pixel and an electrowetting lens.

Table 2-1: physical properties of materials typically involved in electrowetting device fabrication and hence,
simulations.

Material Density (kg/m®) | Dynamic viscosity (Pa*s) | Relative permittivity
Water le3 le-3 80
Air le-3 le-6 1
Oil (Decane)
.920e- 2
[44] 730 0.920e-3
Teflon[45] -- -- 1.9

Table 2-2: Functions involved in the simulations.

-epsilon0_const*(es.epsilon_r/2*(es.Err2+es.Ez”2)-
T11 :
es.epsilonrrr*es.Er’2)
-epsilon0_const*(es.epsilon_r/2*(es.Er*2+es.Ez”2)-
T22 :
es.epsilonrrr*es.Ez"2)
T12 epsilon0_const*es.epsilon_r*es.Er*es.Ez
T21 epsilon0_const*es.epsilon_r*es.Er*es.Ez
Fr d(T11,r)+d(T12,2)
Fz d(T21,r)+d(T22,2)
epsilon_r Tpf.Vf1*perm_air+tpf.Vf2*perm_water
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2.4 Droplet-based electrowetting simulation

In Chapter 1 have been described the main applications of electrowetting technology,
although the basic study of materials, liquids and gasses, electronics and actuation
strategies implemented in electrowetting devices is always done previously by a drop-

based electrowetting experimental session.

The performance assessment of electrowetting devices can be done by running droplet-
based experiments. For this reason the simulation of such structure is still very important,

even if there is no practical use of it.

The structure simulated is very simple and it consists into a liquid droplet surrounded by
air or by another immiscible liquid, sit onto a hydrophobic dielectric thin layer. The

droplet is conductive and it is connected to one electrode while the other electrode is

Electrode

Surrounding phase (air)

Hydrophobic layer

Back electrode

Figure 2-3: Droplet —based electrowetting device typical structure: a conductive liquid droplet, surrounded by a
dielectric phase (typically air), sits over an hydrophobic dielectric layer. The conductive liquid is biased by a
contacting needle while the back electrode is buried under the hydrophobic layer.

buried beneath the hydrophobic layer. This structure is shown in Figure 2-3.

Figure 2-4 shows the geometry simulated in Comsol. Only an axisymmetric section is
simulated in order to optimize the memory use and processing power involved into the
simulation. The simulations of the 2D half section represented in Figure 2-4 can be easily
post-processed by revolving the 2D results around the axisymmetric axis. It this way, a
pseudo-3D simulation result is obtained. On the other hand, the memory and processing
power required to the system is limited, allowing results within few minutes of

computation.
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Figure 2-4: Geometry designed to be simulated. Due to specific symmetries of the structure, only half a
section has been designed. The full simulation 3D results will be plotted taking advantage of the
axisymmetric axis and revolving the simulation 2D results around it.

The boundary conditions are applied to the system following the step-by-step process
described in Annex Il. In particular, the electric circuit module (CIR) conditions are the
same for all the electrowetting devices simulated and reported in this Chapter, while the
boundary conditions for electrostatics (ES) and fluidic (TPF) modules differ depending the

electrowetting device structure simulated.

For the droplet-based electrowetting device, the electrostatic (ES) and fluidic (TPF)

boundary conditions specifications are reported in the next Paragraph.

2.4.1 Boundary conditions setup for the droplet-based electrowetting device
simulation

Boundary conditions for the electrostatic (ES) module

The conductive droplet is connected directly to one electrode through a metal needle
(placed in the center of the droplet). The ground electrode is covered by a thin dielectric

layer. The coupling is done by capacity.
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The electrostatic module boundary conditions applied shown in Figure 2-4 are the

following:
e Ground
o Chosen as the lower area beneath the droplet
e Terminal

o Chosen the area delimited as “needle”, placed in the middle of the
droplet and connected to the CIR module.
e Thin low permittivity gap

o The hydrophobic Teflon layer, 1um thickness and dielectric constant 1.9.

The conductive droplet is connected directly to one electrode through a metal needle

(placed in the center of the droplet). The ground electrode is covered by a thin

dielectric
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Figure 2-5: Droplet-based electrowetting device geometry with highlighted ES boundary conditions.
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Figure 2-6: Droplet-based electrowetting device geometry with highlighted TPF boundary conditions.

Boundary conditions for the electrostatic (ES) module

The two phase fluid module boundary conditions applied shown in Figure 2-6 and are the

following:

e  Fluid initial values
o Electrolyte set to “fluid 1”.
o Air set to “fluid 2”.
e Volume force
o Applied over the whole geometry by specifying Fx and Fz as horizontal
and vertical volume force.
e Initial interface
o Interface between electrolyte and air. The initial contact angle as 100°.
e Constant pressure point
o Set up choosing the lower right corner, in order to make the system to
converge.
o Wetted wall

o Slip, allowing the fluid to move over the surface
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Study definition

The study is defined as previously:

e Phase initialization
o Only TPF selected
o Values of dependent variables
= |nitial expression
= Zero Solution
e Time dependent transient
o Time range: range (0,0.01/999,0.01)
o All physics selected and activated (CIR, ES, TPF)
o Values of dependent variables
= Solution

=  Study 1 Phase initialization.



2.4.2 Post-processing of the liquid drop simulation

The post-processing is carried out by using the embedded post processor of Comsol. By
plotting tpf.Vfl as surface plot, the result is shown in Figure 2-7a and Figure 2-7b, where
the droplet shape is compared at time t=0s and at time t=0.1s; the contact angle is plotted
in function of the time in Figure 2-9 and it is shown the contact angle reaches the
theoretical value for the physical properties used in the material and system description,
that is 67.2V. In Figure 2-8a is plotted the voltage across the whole system, taking into

account the propagation across the liquid, the air and the metal beneath the droplet.

The electrostatic force calculated using MST is shown plotting “Fr” over the interface
between the liquid and air. The plot is shown in Figure 2-8b: the electrostatic force
component in r-axis is plotted in function of the arc-length of the interface. In the left side
is plotted the value of the highest point of the droplet (the upper center) while at the
right side the value corresponds at the point where liquid touches surface, the TPL. The
result is that at TPL, the electrostatic force is considerably higher. Finally, in Figure 2-10 is

shown a pseudo 3D representation of the droplet before and after applying a voltage,
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obtained by a revolution of the 2D results.
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Figure 2-7: In the picture is shown the liquid drop a) at the first simulation step and b) at the last one.
Contact angle changed significantly. The color scale represents the CFD variable ¢.
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Figure 2-9: Contact angle calculated at the TPL of the droplet in function of the time for a voltage source
supplying 70V
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Figure 2-8: a) Voltage across the drop and b) Electrostatic force calculated over the interface between the
liquid droplet and air. The left most side of the plot is representing the very central area of the droplet, while
the right side of the plot is the TPL. It can be seen that the electrostatic force increases strongly on the drop
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(a) (b)

Figure 2-10: Picture of the droplet obtained by revolving a 2D solution and applying iso-surface. In this way it
can be obtained a pseudo 3D representation of the droplet a) before and b) after applying a voltage.
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2.5 Electrowetting pixel simulation

As described in Chapter 1, the electrowetting pixel is based on the interaction of a colored
dielectric fluid, typically oil, and a transparent conductive electrolyte, packed together in a
“tub”-like structure obtained by fabricating walls, that contains the oil and it is

surrounded by the electrolyte, Figure 2-11.

The pixel surface, where oil sits, is hydrophobic, typically Teflon. When no voltage is
applied, the oil wets the hydrophobic surface, avoiding the light to pass through the pixel.
When the voltage is applied, the electrolyte, willing to wet the Teflon surface, displaces
the oil that remains confined in a side region of the pixel. The most of the pixel area is

now transparent and able to leave light shining through.

If voltage is removed, the oil flows to wet again the hydrophobic surface and acts as an
optical curtain. The typical structure of an electrowetting pixel is shown in Figure 2-11.
The geometry is designed in Comsol as shown in Figure 2-12. Only a section of the pixel is
simulated as the amount of memory and processing power involved into the simulation of
3D structures like this pixel is huge. Nevertheless, taking into account that the structure
has symmetry, only half of the section is represented. Even though the structure is simple
and small, the simulation takes generally hours to be solved. This kind of structure with

thin layers moving are very demanding in memory and processing power.

Electrode

Electrolyte

Walls Ground

(a) (b)

Figure 2-11: Typical electrowetting pixel structure where a)several pixels are divided by walls and b) the wall
only serves as constraint to avoid the black oil to invade the active matrix contiguous zone.
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The boundary conditions for the circuit module (CIR) remain the same, while for the
electrostatic (ES) and fluidic (TPF) module boundary conditions are defined differently and

they are shown in the next Sections.

Teflon

Electrode

Liquid interface

Transparent
electrolyte

BLACK Oil

Ground l

Figure 2-12: Geometry designed to be simulated. Only interactions between fluids are interesting. Walls are
omitted as the dielectric effect can be achieved by surface boundary conditions.



2.5.1 Boundary conditions setup for the electrowetting lens simulation

Boundary conditions for the Electrostatic (ES) module

The electrowetting pixel is packed between two glass plates covered with a transparent
conductive material. The plate in contact with oil is also coated with Teflon. The ground
electrode is placed beneath the oil surface, while the voltage terminal is put in contact

with the transparent electrolyte.

Electrode Ground
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Figure 2-13: Electrowetting pixel geometry simulated with highlighted ES boundary conditions

The electrostatic module boundary conditions applied shown in Figure 2-13 are the

following:
e Ground
o Chosen as the lower area beneath the oil
e Terminal

o Chosen the surface in contact with electrolyte and connected to the CIR
module.
e Thin low permittivity gap
o The hydrophobic Teflon layer, 0.8um thickness and dielectric constant
1.9.

o The side walls, 4um and dielectric constant 2.8 (SU8)
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Boundary conditions for the laminar two-phase flow (TPF) module

Wall- No slip Wall - slip Wetted wall Wall- No sli
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Figure 2-14: Electrowetting pixel geometry simulated with highlighted TPF boundary conditions

The two phase fluid module boundary conditions applied shown in Figure 2-14and are the

following:

Fluid initial values
o Oil set to “fluid 1”.
o Electrolyte set to “fluid 2”.
e Volume force
o Applied over the whole geometry by specifying Fx and Fz as horizontal
and vertical volume force.
e Initial interface
o Interface between electrolyte and oil.
e Constant pressure point
o Set up choosing the lower right corner, in order to make the system to
converge.
e Wetted wall

o Slip, allowing the fluid to move over the surface

The side walls are defined as wetted wall with a contact angle of 85°.
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Study definition

The study is defined as previously:

e Phase initialization
o Only TPF selected
o Values of dependent variables
= |nitial expression
= Zero Solution
e Time dependent transient
o Time range: range (0,3.0e-4/30,3.0e-4)
o All physics selected and activated (CIR, ES, TPF)
o Values of dependent variables
= Solution

=  Study 1 Phase initialization.



2.5.2 Post-processing of electrowetting lens simulation

In Figure 2-15 it is reported the plot of the electrowetting pixel closed, Figure 2-15a with
the detail of the oil touching the side wall with an angle of 85°. As soon as the
electrostatic force acts, the oil is pushed away until reaching equilibrium, being

contracted and in contact with the opposite side of the pixel.

In Figure 2-16 it is shown the electrostatic force (white arrows) acting over the oil. In
Figure 2-16a, the electrostatic force pushes oil to contraction. In Figure 2-16b, just before
reaching the equilibrium point, it is plotted the residual electrostatic force and in addition
the voltage field all over the pixel area. In oil domain the voltage is influenced by the

dielectric nature of the material.

um

pm

(c)

(b)

Figure 2-15: a) EW pixel with oil covering the surface, no voltage applied; b) detail of the interface between the
oil and the wall: 85°contact angle between oil, electrolyte and wall. C) When voltage is applied the oil
contracts and lets electrolyte wetting the bottom surface.
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Figure 2-16: a) Plot of the initial stage of the pixel opening: the electrostatic force pushes away oil from the
wall surface and b) reaches the equilibrium. In the plot shown in b) it is also represented the voltage across
the oil drop.

In Figure 2-17 it is shown the velocity field of the liquid enclosed in an electrowetting
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Figure 2-17: a) Velocity field of the liquid while oil contracts, at the very beginning of the opening and b)
reaching the equilibrium point.

pixel. The liquid starts experiencing a velocity increase at the TPL, Figure 2-17a, and when
the system reaches the equilibrium, the oil is almost completely contracted onto the

opposite side wall, Figure 2-17b, the electrolyte flows over the droplet.

The recirculation of the fluid at high velocities inside the pixel enclosure limits the
switching speed performance and efficiency of the device: energy is dissipated due to
fluid-fluid interactions and fluid-surface frictions are linearly dependent with speed.
Simulations help to understand how fluid recirculation happens in order to limit energy

losses.
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2.6 Electrowetting lenses simulation

Electrowetting lenses, shown in Chapter 1, are very interesting application for high end
compact camera sensors, i.e. on smart-phones. The special interest is that the focal depth

this kind of lenses can reach is not possible to achieve with standard mechanical lenses.

The limitation of standard lenses is the fabrication of actuators that move the lenses and

the packaging in few cubic millimeters volume. Electrowetting lenses solve the problem.

Electrowetting lenses do not need any moving part for the actuation; in fact, only the

electrodes and liquids are involved in focal variation.

The dynamics of the lenses, anyway, are not easy to control due to hysteresis, electrode
shape difficult to fabricate and high voltage required for the liquid shape control. In
addition side effects like pinning and hysteresis are limiting electrowetting lens
performances. Multiphysic electrowetting simulations are very handful for preliminary

studies and early design validation.

The simulation conditions for the CIR, ES and TPF modules are the same as shown in
Section 2.4, with the exception that instead of air, oil is used, therefore for the dielectric

phase the parameters to be used are the corresponding to oil in Table 2-1.

Boundary conditions for the electrical circuit module (CIR) do not change in comparison to
Section 2.4 and they are not reported here. Volume force, calculated using Maxwell Stress
Tensor is the same, therefore the full list of equations can be imported as a .txt file.
Specific boundary conditions for ES and TPF modules set up differently for this geometry

are reported following.



2.6.1 Boundary conditions setup for the electrowetting lens simulation

The electrowetting lens simulated structure is shown in Figure 2-18. It consists in a stack
of transparent electrolyte and dielectric oil, packed into a closed round packaging where
the ground electrode is placed beneath the hydrophobic surface where dielectric oil is sit,

while the biasing electrode terminal is buried beneath a hydrophobic Teflon layer.

| Ground

Transparent

\Liguid interface
electrolyte

Transparent

oil Electrode

Liquid interface

Figure 2-18: Schematic of the electrowetting lens structure simulated in Comsol.

The interface of the two liquids is reported at the middle of the structure. A voltage

supply is connected between ground and terminal.

The simulation is performed taking into account that the system has a cylindrical
symmetry, therefore only a section of the system is simulated and afterwards it is
transformed to get a 3D representation of the results, as shown for the droplet-based

simulation in Figure 2-10.

Boundary conditions for the Electrostatic (ES) module

The electrostatic module boundary conditions applied are shown in Figure 2-19 are the

following:



e Ground
o Chosen as the upper wall in contact with the transparent electrolyte.
e Terminal
o Chosen as the area buried beneath Teflon hydrophobic layer and
connected to the CIR module.
e Thin low permittivity gap

o The hydrophobic Teflon layer, 1um thickness and dielectric constant 1.9.
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Figure 2-19: Electrowetting lens geometry simulated with highlighted ES boundary conditions.

Boundary conditions for the laminar two-phase flow (TPF) module

The two phase fluid module boundary conditions applied are shown in Figure 2-20 and

are the following:

e Fluid initial values
o Oil set to “fluid 1”.
o Electrolyte set to “fluid 2”.

e Volume force

| e




o Applied over the whole geometry by specifying Fr and Fz as horizontal and
vertical volume force.
e Initial interface
o Interface between electrolyte and oil.
e Constant pressure point
o Set up choosing the lower right corner, in order to make the system to
converge.
e Wetted wall

o The hydrophobic layer is defined as wetted wall with a contact angle of

85°.
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Figure 2-20: Electrowetting pixel geometry simulated with highlighted TPF boundary conditions.
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Study definition

The study is defined as previously:

e Phase initialization
o Only TPF selected
o Values of dependent variables
= |nitial expression
= Zero Solution
e Time dependent transient
o Time range: range (0,0.01/19,0.01)
o All physics selected and activated (CIR, ES, TPF)
o Values of dependent variables
= Solution

=  Study 1 Phase initialization.

2.6.2 Post-processing of electrowetting lens simulation
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Figure 2-21: a) Electrowetting lens prior the application of voltage at the electrodes (70V) and b) after
applying the voltage.

In Figure 2-21 is shown the picture of the geometry studied in Comsol, before and after
applying voltage to the electrodes. In Figure 2-22 is shown the pseudo 3D representation
of the liquid bending, obtained by performing a 3D revolution of a 2D simulation result set

and finally, applying an isosurface to 0.5 phase field level in order to see the liquid

interface only. Lateral and Iso views are reported.



The measurement of the volume force, bending the liquid interface is shown in Figure
2-23. The z-component of the force has been measured along the liquid interface at time
t=0. As expected, it is maximum at the left side, where triple contact line is, and close to 0

in the middle, where electric field is also very low.

i | S5 L
(a) (b)

Figure 2-22: a) Electrowetting lens prior the application of voltage at the electrodes (70V) and b) after
applying the voltage.
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Figure 2-23: Force (z component) along the liquid interface. The value is high at the right side, corresponding
to the TPL and driving the system by contact angle variation.

In Figure 2-25 is reported the simulation of the speed of the liquid when the lens is

actuated. It is clear the liquid moves faster at the center of the geometry, where the liquid

interface experiences the most of the movement.



On the other side, at the TPL, it is measured the contact angle in function of the time,
reported in Figure 2-24. Contact angle varies suddenly when voltage is applied and it
experiences a very noticeable ripple in the beginning, when the steady state is not yet

reached.
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Figure 2-25: Velocity field inside the electrowetting lens, showing the fluid dynamics inside the packaging.
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Figure 2-24: Contact angle in function of the time for an electrowetting lens biased with a 70V voltage source.
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2.7 Conclusions

In this Chapter has been shown a comprehensive step by step guide useful to perform a

full multiphysic simulation of an electro-hydrodynamic system.

The major contribution is the link between electrostatics and fluid dynamics; Maxwell
Stress Tensor has been defined as a volume force in order to couple the effects of voltage

to the dynamics of the liquid interface.

Moreover, it has also shown a way to introduce non linearity, parasitic effects and
dynamics of a power supply by simulating a circuit and feeding with it the full model, or

just import a model previously simulated or given by the manufacturer.

Quick results have been shown by post-processing data for the three major
electrowetting on dielectric configurations: the drop-based experiment, the

electrowetting pixel and the electrowetting lens.

Annenx |l describes more in detail the comsol comands used and the simulation step-

bystep procedure in order to help the reader understanding the simulations.
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Chapter 3: Contactless electrowetting

Contactless electrowetting is a technique that allows modifying the contact angle by air
ionization. The liquid is in contact only with the surface beneath. The contact angle is
modified by charge accumulation at the triple contact line.



3.1 Introduction

iquid handling in extremely safe and clean conditions plays a very important role in
applications such as uTAS and integrated analysis systems. More important is the
need to limit contamination and interactions with the liquid, which may lead to

jeopardized results of essays and tests.

Typically, in EWOD-based microfluidics, the drop is confined and squeezed between two
hydrophobic coated glass plates. The top glass has a continuous electrode that provides

the electric contact for the capacitive coupling with the drop.

The interaction area of the liquid is indeed double, having to flow touching constantly the
top and bottom plate, that converts in more pinning probability of the TPL with the
surface, more friction, therefore poorer handling performances. In addition, possible
interactions between any remnants of previously manipulated liquids with the actual

manipulated drop are doubled.

Satoh et al. proposed an open channel solution[46] for the liquid handling; nevertheless it
is still performed along specific paths addressing to specific electrodes an electrical pulse
sequence; the side effect of the standard actuation by electrical pulses is that dielectric

breakdown can easily occur[47].

In this chapter a novel technique for contactless electrowetting on dielectric actuation is
reported. Contactless techniques for plasma separation in blood samples were already
proposed by Arifin et al.[48]. Nevertheless the actuation for samples manipulation was
performed by electrode addressing. Here it is proposed a technique to avoid electrode
addressing for drop manipulation; charges stored at the TPL induce a selective wettability

increase that finally results in a total net force for the drop propulsion.



3.2  First experimental evidences

The first experimental evidences of contactless electrowetting are reported in [49]. The
air ionization was produced by using a commercial ion gun by Milty, showed in Figure 3-1,
based on a piezoelectric generator. The device is manually triggered; the trigger produces
a single shot discharge of negative or positive charges. When the gun trigger is pressed,

negative charges are shot; releasing the trigger, positive charges are shot.

Figure 3-1: Milty ion gun device.

The ion gun has been characterized by measuring the current using an Agilent 4156C

semiconductor analyzer. The measurement setup is made by a 4” copper disk connected
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Figure 3-2: lon gun current measurement setup.
to the equipment probe; the copper disk gathers all the charges when the ion gun is
triggered in its vicinity at a controlled distance of 18mm. The measurement setup is

shown in Figure 3-2.
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The ion gun is triggered several times (hundreds) close to the copper disk. The data are
recorded and the current over time is integrated by excel. The average is done by dividing
the total charge by the number of shots. The result is the average charge delivered per
shot is found to be 1.25uC. In Figure 3-3 is displayed a burst of ion gun shots over a 20

seconds time frame.

The first experiment has been performed as a trial on a single water drop sitting on a
hydrophobic layer. The visual inspection determined that the contact angle was severely
affected by the charge shot. In particular a hydrophilic behavior was observed; if the
charge shot was performed on the Teflon surface, the most peculiar effect was that the
drop was moving around, trying to find a position where to rest. The charge shot resulted

as a propeller for the water drop.
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Figure 3-3: Current transient induced by a burst of ion gun shots in a 20s time frame. The measurement has
been taken by measuring the charge with an Agilent 4156c.

The contact angle is here the only measurable magnitude. As mentioned previously in
Section 1.2, the Young-Lippmann equation, eq.(1-4), describes the contact angle variation
in electrowetting. The origin of the contact angle variation is the electric charge stored

per unit area capacitance; hence it is independent form the charge source. In this case



reported, no voltage is directly applied at the drop; the effect is instead ensured by ion

gun charges.

Taking into account the capacitance C, and charge Q, per unit area

C, =2 (3-1)
t
and
Q,=C.V (3-2)

the Young-Lippmann equation (1-4) can be written as:

Qi

AYLv

C0s9,, =C0SY, + (3-3)

In equation (3-3) the contact angle before applying charges, 8., and after applying
charges, 0y, can be directly measured; the capacity and charge per unit area can be

calculated starting from the dielectric thickness and physical parameters of the system.

3.2.1.1 Device fabrication process
The electrowetting setup proposed for the first exploratory tests is composed by a set of

devices constituted by a conductive substrate coated by a dielectric layer, which in this
case was Teflon or Polydimethylsiloxane (PDMS). Figure 3-4 summarizes the three

substrates used for the experiments.

The devices are different in fabrication. These differences have a reason. In order to
compare the contactless electrowetting effect, standard electrowetting experiments must
be carried out. The application of a high voltage often leads to a dielectric break out. A
thin layer of PMDS on metal electrode is preferred because the behavior of this stack is
much stronger than the Teflon coated one. Together with the dielectric strength, the
PDMS shows nice results when the maximum voltage available (260V) is applied, resulting

in a wide contact angle variation. On the other hand, the contactless electrowetting



showed good performances on devices with high dielectric thickness; thicker material
could be applied in order to not reach the saturation or dielectric break out without major
drawbacks in terms of response range. The results of the tests are reported in Table 3-1

while the visual inspections are resumed in Figure 3-6 and Figure 3-7.

3.2.1.2 Teflon coated devices fabrication process
The Teflon coating used for the preparation of the dielectric hydrophobic layer is the

Teflon AF 400S1-100-1. The solution has not been diluted. The fabrication process flow for

the device coating is described as following:
Substrate preparation:

- RCA cleaning and following dry oxidation for the growth of a 260nm oxide layer
- Piranha cleaning of the substrate
- HMDS coating 3500rpm for 60 seconds

- Curing 5 minutes at room temperature (RT).
Teflon coating:

- Spin coating of 3500rpm for 60 seconds
- 15 minutes at RT

- 12 minutes at 115°C on hotplate

- 15 minutes at 220°C on hotplate

- 30 minutes at 330°C in furnace.

The resulting coating is homogeneous and reproducible. The measured thickness is

1.2pum.

3.2.1.3 PDMS coated device process
The PDMS coating is simpler and more stable; on the other hand reaching a very thin layer

is more difficult as the spin coating speed is very high. Two kinds of substrates have been

coated with PDMS, a pirex glass/TiAg and a Si/SiO, substrate.
The pirex glass substrate has been prepared as following:

- Piranha cleaning of the glass
- Ti/Ag sputtering in Univex 250 equipment, 700nm layer thickness

- Piranha cleaning prior the PDMS coating.



The Si/SiO, substrate has been prepared as following:

- RCA cleaning and following dry oxidation for the growth of a 260nm oxide layer

- Piranha cleaning prior the PDMS coating

The PDMS has been prepared using the Sylgard 184 elastomer kit. The dilution between
elastomer and curing agent has been done with a ratio of 1:10 V/V. The mix has been
stirred vigorously, using a laboratory spatula and it has been degassed by putting the
mixture in a vacuum chamber. The PDMS has been then applied by spin coating. Different
spin speeds have been used. The best results in thickness and homogeneity of the PDMS

layer have been:

1000rpm for 60 seconds on Si/SiO,
- 5000rpm for 120 seconds on Ti/Ag

Following the spin coating, the PDMS has been cured at 70°C on hot plate for 30 minutes.

PDMS Teflon AF
I
Ti/Ag SiO, ZGON Si0, 260

Pirex ilicon Silicon

(a) (b) (c)

I

Figure 3-4: Schematic view of the three types of devices used for the standard (a) and contactless (b and c)
electrowetting experiments.
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3.3 Experimental setup and preliminary results

The experiments have been performed by monitoring the contact angle variation using a
KSV CAM200 contact angle goniometer. For the standard electrowetting measurements,
the voltage has been applied by connecting the system to a variable voltage supply,
capable to provide 260VDC maximum. Contactless electrowetting experiments have been
performed placing the ion gun on the top of the water drop at a fixed height of 8mm. The
water drop dispensed was sat on the hydrophobic surface, just below the ion gun needle.
The amount of water dispensed was 5 pl, the water was standard de-ionized laboratory

water, semi-conductor grade.

The schematic arrangement of the experiments is shown in Figure 3-5.

lon gun needle

Hydrophobic surface

Figure 3-5: Schematic arrangement of the contactless electrowetting experiment.

In Table 3-1 are reported the contact angle values recorded along the experimental
session. The initial contact angle is very similar for the two coated surfaces and it is in the
range of 108° in average, indicating that the hydrophobicity of both surfaces were quite
similar; nevertheless a small asymmetry on the right and left sides of the drop is

noticeable.

When ion gun is activated, a shot of negative charges is delivered and hence the contact
angle varies. The contact angle variation behavior changes dramatically according to the

dielectric coating used.



Table 3-1: Summary of the results before and after ion gun shot.

Teflon AF (1.2um) PDMS (52um)
Left Right Left Right

Contact angle before ion gun activation 111°+1.2 | 106.4°+1.5 | 106.6°+1.4 | 107°+1.8
Contact angle after negative charges shot 100.1°+3.7 | 87.7°t4.1 57.2°£1.9 | 59.2°%2.2
Contact angle after spontaneous relaxation 110.2°+5.2 | 105.2°+4.9 | 71.8°1#6.1 | 65.9°t7.1
Contact angle after a positive charge shot - - 102°+7.7 101°+6.9
Ca(F/m2) 1.4x10° 4.8x10”
Qa’=27,6Ca(cos 9y- cos 3¢) (Land R) (C/m’) 3.71x107 | 6.55x107 | 5.4x10® 5.27x10%
QA2=2yLGCA(cos 9y- cos 3 ) (Averaged) (Cz/mz) 5.13x10” 5.335x10°

Case 1: Teflon coating

In the case of Teflon coating, the contact angle variation measured is modest and it is
comprised between 10° and 20° as reported in Figure 3-6; high asymmetry between left
and right side of the drop is also reported. The contact angle variation happens very fast
when the ions are applied. Just after the ion shot is finished, the contact angle recovers

the initial condition.

A peculiar behavior that is worth to be mentioned is the high instability of the drop on the
substrate when the ion gun is activated. In case the needle was not perfectly in line with
the drop center, the drop was propelled away from the needle vicinity, causing difficulties
in reproducing a sufficient number of experiments on the same site. The speed induced to
the water drop is measured in the range of 0.02m/s by dividing the distance between one

frame and the other and dividing it by the sample time.

(a) (b)

Figure 3-6: a) shows the initial contact angle of a 5ul water drop sit on a Teflon coated substrate; b) shows
the drop while experiencing the ion shot. Asymmetry can be noticed between the left and right side of the
drop. Contact angle variation is poor.



Case 2: PDMS coating

In the case of the PDMS coating device, the contact angle variation when ions are applied
is in the range between 47.8° and 49°; the asymmetry is much smaller, being in the range
of 10°. This trend is fully compatible with the C, values, reported in the last row of Table

3-1, due to the different values of the coating thickness and dielectric permittivity.

An important observation that must be reported is a sort of memory effect of the contact
angle variation after the ion shot. When negative charges are shot over the drop sitting on
a PDMS coating device, the contact angle decreases dramatically and does not fully
recover spontaneously, instead, it remains 31.4°-41.1° away from the initial conditions. In
order to fully recover the initial state, a positive charge shot must be applied. In other

words, the system is bi-stable and it is triggered by the applied ion sign.

In the case of the PDMS, this bi-stable effect is certainly due to the charge trapping

effect[50, 8] at the interface between the PDMS coating and the metal surface.

Figure 3-7 shows the effect of the ion gun on the liquid drop, according to the substrate
the drop is placed on. Figure 3-7a shows the drop on Teflon surface at rest; in Figure 3-7b
the effect of ion shot is reported. A light displacement of the drop is noticeable. Figure
3-7c and Figure 3-7d depict the drop of water sit on a PDMS surface before and after the

ion shot.



(a) (b)

Figure 3-7: a) The water drop is sit at rest on a PDMS coated surface, no ions are applied. b) lon gun is
activated and the contact angle reduces to reach its minimum value. c) lon shot is finished, the contact angle
increases lightly but does not fully recover.

3.4 Comparison between conventional and contactless
electrowetting

In this section contactless electrowetting performance is compared with conventional
electrowetting in order to validate and estimate what is the novelty impact of the
technique. A set of complementary experiments have been performed using a 260VDC
power supply in order to bias a 5uL water drop, in contact with a metal probe,

reproducing a conventional electrowetting experiment setup.

The voltage has been swept from 0 to 260V in order to draw a complete curve and also

the Lippmann-Young equation has been calculated for the devices under test.



As can be seen in eq. (3-3) in a given solid-gas-liquid interface, the real magnitude

responsible for the contact angle change is the charge stored per unit interface area.

This is similar to what happens in electrostatic driven MEMS actuators where the charge
stored bears the main responsibility for the electrostatic force developed between plates

[51].

In order to plot on the same graph the conventional electrowetting and the contactless
electrowetting experimental results, together with the Lippmann-Young equation, the

following magnitude has been calculated:

Qi =2v,6C, (cos9, —cosY,) (3-4)

This magnitude represents the square of the charge stored per unit area for both
contactless and conventional electrowetting experiments. The results are plotted in
function of Q4 (CaV) in Figure 3-8; for comparison, the theoretical values of Q4 calculated
from the Lippmann-Young equation are also represented in dashed line. Figure 3-8 is the
log-log plot of the magnitude described above. The theoretical curve given by the
Lippmann-Young equation is a straight line with a slope 2 (as Q. is represented in
function of Q). The conventional electrowetting results do not follow the theoretical
results; nevertheless a slope close to 2 can be identified in most of the range of values of
Qa explored. The two horizontal lines represented in Figure 3-8 are calculated for the
contact angle variation due to air ionization on Teflon and PDMS substrates. The vertical
lines intersect the conventional electrowetting experiments line at 4.4x10™*(C/m?) in the
case of devices coated with PDMS and at 1.1x10(C/m?) in the case of devices coated with

Teflon.

These resulting values can be easily transformed into an “effective voltage” that would
lead to a similar contact angle variation in comparison with the conventional
electrowetting setup. The effective voltage calculated for Teflon coated devices is

V.#=75.71V while for PDMS coated devices is V.4=933.33V.

The summary of the first experimental results are:



1. Teflon coated devices show instability of the drop and low contact angle variation
but high mobility of the drop, which can be very interesting if used in pTAS
devices for drop manipulation.

2. PDMS devices show very high effective voltages with respect to the Teflon coated
devices; nevertheless dielectric breakdown does not appear.

3. PDMS coated devices show a very interesting memory effect.
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Figure 3-8: Plot of QA2=27LGCA(cos 9~ cos ) for Young-Lippmann equation, conventional EWOD (solid line)
and for the contactless EWOD measurements on PDMS and Teflon.
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3.5 Simulation of force and charge density in the edge of a drop
for conventional electrowetting

In this section are reported the COMSOL simulation studies performed by modeling a
simple electrowetting system based on a conductive liquid drop sit on a planar surface.
The electrostatic force acting on the edge of the drop has been evaluated by integrating
Maxwell Stress Tensor, considering surface and point charge distribution and by varying
the value of contact angle §. The results of the simulations are then compared with the

analytical solutions and results proposed by Kang et al.[21] and by Vallet et al. [8].

The geometry showed in Figure 3-9, where the upper triangle represents the water drop
with infinite wedge sit on the surface, the dielectric surface is represented by a rectangle
of thickness t, also infinite, which is also considered in references[21] and [8] to
analytically calculate the charge distribution on the drop surface when a voltage V is

applied between the drop and the bottom electrode.

t I Fey

Figure 3-9: Cross section of the solid-gas-liquid interface used for the Comsol simulations

The analytic solution is found by applying the Schwarz-Christoffel conformal mapping

[52].

This solution provided physical insight in the underlying physics of electrowetting; in
particular it was shown that the charge was accumulating at the edge of the drop and that

the horizontal force was independent on the contact angle.



In references[21] and [8] two main assumptions are made: the drop is considered

electrically conductor and the dielectric layer has the same permittivity of the air.

Electric field and charge distribution can be calculated solving Maxwell equations
analytically; unfortunately, this possibility is restricted only to few electrode shapes; the
shape depicted in Figure 3-9 is not among them, nevertheless it is possible for the case of
two parallel infinite electrodes and Schwarz-Christoffel transformations allow the

transformation to such particular shape.

Eg.3-5 was used by Vallet et al.[8] in order to solve analytically the electrowetting

problem a shown in the following equation:

W w o P
Z(W)=I (e +1)"dw +in (3-5)
I
In the transformed coordinates plane W(u,iv) u and v are scaled by % and %, being t the

dielectric thickness and V the voltage applied respectively. The parameter a = g, where p

e . 9
and g are positive integers, relates with the contactangleasa =1 — —

The distance from the triple point (5 ) becomes, from eq. (3-5)

dc_t
du =

e —]f (3-6)
Therefore the distance C can be calculated by:

t u
C=;£

Also from eq. (3.5), the charge density on the surface of the drop can be written as:

e —]fdu’ (3-7)

o 1

e 5

Gy
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Figure 3-10: Plot of the normalized surface charge density values simulated by Comsol multiphysics along the
normalized distance from the triple point.

EO:r V and it is plotted in function of the distance C from

The graph is normalized to oy =
the triple point normalized by t, the dielectric thickness. Figure 3-10 shows the simulation
results performed using Comsol of the normalized surface charge distribution along the
normalized distance from the triple point for several values of 4, namely 30°, 110° and

150° in comparison with the results reported by Kang et al. in [21].
The extra 110° value is taken into account because is the baseline of the contactless and
conventional electrowetting experiments performed. The results agree well with the

analytical solutions, especially in the case of ¥=150° and §=30° when%<0.2; in the case

g

of T>O.2 the matching it is poorer nevertheless the trend is not altered.

The same Comsol code allows the computation of the electrostatic force components

acting upon the drop edge by integration of the Maxwell tensor.

This is shown in Figure 3-11 where simulation results are again compared to the analytical

results reported in Kang et al. [21]. Analytical predictions say that horizontal component



of the electrical force is independent from the contact angle, whereas the vertical

component is proportional to the cotangent of the contact angle, cotd.

Figure 3-11 shows the plot of the two components of the electrostatic force. The points
represent the values taken from the work published by Kang et al.[21], the lines are the
results of the Comsol simulations. Simulations tend to confirm the analytic results,
anyway it can be observed that the analytical solution tend to overestimate the force
value and that there is effectively some dependence of the x-component of the force with

the contact angle.

Figure 3-10 and Figure 3-11 confirm that the numerical simulations provide consistent
results and that they can be taken in confidence, and open the way to release some of the
basic assumptions made by Vallet et al.[8] and by Kang et al.[21] to consider more realistic

geometries and material properties.
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Figure 3-11: Horizontal and vertical components of the electrostatic force on the drop edge, after applying
an external voltage of 1V, as a function of the contact angle. Points are taken from Kang et al. [21].
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3.6  Simulation of force and charge density in the edge of a drop
for electrowetting driven by air ionization

As described in the previous Section, the stored charge at the interface is the main
parameter conditioning the contact angle variation. In this section it is examined how the

contact angle would change, following the air ionization in the vicinity of the drop.

In the case the drop is an ideal conductor, the Gauss theorem states that the electric field
inside the drop is zero and that the surface is equipotential. If the drop is a perfect
dielectric, without conduction losses, the surface potential will be, in general, a function
of the { coordinate, ¢(). In the case of dielectric surface and dielectric drop, the
distribution of charge over the drop surface and over the dielectric surface depends on

the adsorption properties and nature of both.

The air ionization method is not yet completely understood and modeled in order to
estimate the spatial distribution of the charge over the surface and how long it will stay
before vanishing; however Comsol software allows extending the simulations to the case
where the drop is not conductive, instead it shows a dielectric nature. The assumption of
equipotential surface is no longer valid in this case; therefore hypothesis the surface
charge distribution can be done. In particular, two limiting assumptions can be done: (a)
the charge accumulates along the TPL at the edge of the drop, and (b) the charge is

homogeneously distributed over the surface.

In particular, the first assumption is corroborated by data reported again by Vallet et al.
[8] where accumulation of charge at the drop edge has been observed by fluorescence by
applying high voltage directly to the drop and by Di Virgilio et al.[9], ionizing air above the

liquid drop using a corona ionizer and a high sensitivity camera.

Figure 3-12 shows the simulation results for the two assumptions made above: (a)
singular point charge of value Q placed at the triple line and (b) uniform surface charge

density, os.

As it can be seen, the surface potential peaks at the leftmost of the plot, corresponding to
the edge of the drop for case (a) whereas it peaks far from the edge in the case (b). It is

interesting to see that the surface potential gets smaller at the triple line when it is



considered a uniform charge density at the surface. This result is consistent with the fact
that the capacitance per unit area increases as it gets close to the triple line (as the
effective thickness of the capacitance is getting smaller), and hence the voltage has to be
smaller in order to keep constant the surface charge density; in contrast, in the scenario

of a point charge Q located at the triple line, the potential is maximum there.

It can be concluded that the conductive or dielectric properties of the drop dramatically
change the distribution of the surface charge (in conducting drops) or the distribution of

the surface potential (in dielectric drops).

4
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Figure 3-12: Comparison of the surface potential distribution in a dielectric drop following
scenarios of point charge at the edge of the drop (Q) and a constant surface charge density (o).
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3.7 Conclusions

Localized ionization of air around a liquid drop sitting on a hydrophobic dielectric surface
has showed to induce contact angle variation on two different coatings: Teflon and PDMS.
Both coatings show a peculiar effect: on Teflon, the contact angle variation lasts only few
seconds, on the other hand, the liquid drop results propelled at high velocity. On PDMS
coating, the effects lasts longer; in fact the effect seems to be bi-stable and it depends on
the polarity of the ions. When a negative shot is applied, the contact angle drops down
and when the ion-gun shot finishes, the contact angle does not recover; in order to fully

recover, it needs an extra positive ions shot.

These observations have been put in relationship with the conventional electrowetting,
by comparing them plotting the Q,> magnitude as a function of the Q, in order to get an
idea of the equivalent polarization voltages. The method does not induce the dielectric

breakdown; therefore very high voltages are seen.

Furthermore, the system has been related to the electromechanical model of
electrowetting proposed by Kang et al. [21] and with the work published by Vallet[8].
Comsol simulations have been extensively used for performing a set of simulations that
brings to similar results as the ones analytically found by Kang. Specifically, it seems that
the results of the contactless electrowetting technique can be explained by a similar
model explaining conventional electrowetting. That maybe indicates that the ion shot
charges are distributed over the surface of the drop and of the device similarly, also taking
into account that the simulations remove some restrictive assumptions (infinite wedge
drop) made in order to solve successfully the analytical model used by Vallet and by Kang.
It is then anticipated that the charge create by the ion-gun shot tends to accumulate at
the edge of the drop. The contactless technique produces, though, the same effect than a
wire in touch with the liquid. The electrostatic force stretching by the TPL builds similarly

and the contact angle varies in agreement to that.

Furthermore, the numerical code, used for the simulations, opens the path to simulations
of drops of dielectric materials (i.e. pure water). It has been reported that in such case,
the surface potential would change along the surface according to the hypothesis made
on the surface charge distribution and that the contact angle modulation would be more

noticeable in the case of a conducting drop.
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Chapter 4: “Corona” ionization-driven
electrowetting.

In electricity, a corona discharge is an electrical discharge brought on by the ionization of a
fluid or gas surrounding a conductor that is electrically charged.

In this chapter it is presented how electrowetting on dielectric effect can obtain by corona
ionization, a method that avoids any contact between the polarization electrode and the
liquid sample. Contactless electrowetting on dielectric technology is enabled.



4.1 Introduction

hapter 3 introduced first evidences of electrowetting driver by accumulation of
charges at the TPL; those charges are likely originated by contacting and
polarizing the liquid directly or by spreading a certain amount of charges around

the drop.

In Chapter 3, simulations and experiments have been performed to conclude that the
charges, originated by a source in the vicinity of the liquid drop, tend to accumulate to the
TPL. Those assumptions have been cross-checked with some previous works which
theoretical conclusions are in good agreement with the simulation and experimental

results.

Nevertheless, the source of the charge detailed in Chapter 3, was not constant and

reliable.

In the present Chapter more extended and systematic measurements are presented,
where the charging conditions at the TPL are provided by using a setup based on a

“corona” ionizer.

Corona ionizers are based on the ionization of molecules of the surrounding air by the
application of a sufficiently high potential between specific geometry electrodes (e.g., pin
to plane) creating a large electric field gradient [53]. The control of static charge on
insulating materials is a widespread use of this technique in the semiconductor industry to
avoid undesired electrostatic discharge (ESD). In fact, this is the only practical way to
neutralize static charge because grounding has no effect on the level of charge in

insulators.

Here it is reported on several observations monitoring the contact angle change after the
corona has been switched on, photoluminescence pictures of the drop and the

surrounding area, and surface charge measurements.

Also, it is shown that air ionization has an important effect on the contact angle change,
increasing the wettability of the surface. The results of these experiments have been then

compared to the results of conventional electrowetting, leading to the conclusion that in



the range of experimental voltages explored, the contact angle lies in the saturation

regime.

A reversible effect is also discussed, when contact electrowetting is performed over a

PDMS surface.

XPS measurements have been performed before and after corona exposure to make sure

that the observations are not related to the deterioration of the PDMS.

Finally, in an effort to contribute to an understanding of contact angle saturation and
because the only source of charge involved in the experiments is the ionization of air, the

saturation angle value has been measured in function of the air relative humidity.

An interesting relationship between saturation contact angle and humidity is found: the

saturation contact angle increases as the RH is increased.



4.2 Fundamentals of the “corona” effect

“Corona” discharge is a phenomenon that occurs at ambient temperature and pressure

when high voltage is applied to a pair of electrodes separated one to each other.

“Corona” effect is strictly related to the electrode shape and generally it shows up when
the electrodes are highly asymmetric, and commonly one of them has a strong curvature
with respect to the other. The most common case of “corona” effect is constituted by pin-

to-plane electrodes.

There are two main types of “corona”: the positive and the negative “corona” effect.

If the pin shaped electrode is connected to positive output of the voltage supply, then the
system it is called “positive corona discharger”, on the other hand if it is connected to the
negative output of voltage supply, the system it is called “negative corona discharger”.
Properties of negative and positive corona discharge are very different from each other

and they are explained following.

The electric potential at which “corona” happens it is called corona threshold voltage.
Above this voltage there is a region around the tip of the electrode where the current
increases with the voltage, this region is called Ohm’s Law regime and ionization is

confined in this region.

Positive “corona” provokes a very stable and defined Ohm’s law regime region around the
electrode tip, as the electrons resultant by the ionization, are attracted towards the
curved electrode while positive ions are repelled. By inelastic collisions, more molecules
are created in an electron avalanche. Out of the ionization region, more secondary
electrons are created by the electron avalanche and the reaction is self-sustaining in air

surroundings.

Negative “corona” is more complex and less stable as the electrons are repelled by the
electrode tip and the amount of secondary electrons created by this kind of ionization is
not sufficient for a stable and sustainable reaction, therefore in general, negative corona

is not homogeneous therefore effects are less reproducible.

In the experiments described in this Chapter, positive “corona” has been used.



When the Ohm’s law region regime grows until arcing and breakdown appear, it means
the dielectric strength of the surrounding environment has been overcome. The dielectric
strength is the maximum electric field a material can withstand before conduction. For air
it is 3kV/mm and above this level, air ionizes rapidly and arcing and sparks occur.
Although this value depends on humidity of air, therefore it may vary considerably, as
shown later in the Chapter. With air ionizing, the main side product created is ozone, but

also negative ions OH and positive ions H".

Those are responsible of the charge transportation towards the opposite electrode and in
the surrounding region of the system. These carriers are responsible to bring charges from
the tip of the pinner used as “corona” charger device and the charges are acting on the

liquid surface modifying it and varying the contact angle of the liquid drop.
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4.3 “Corona” ionizer measurement setup

“Corona” ionizers are devices based on the ionization of the air molecules by the
application of a sufficiently high voltage between two electrodes. The electrode geometry
plays a very central role in the creation of ion flow. Several geometries are possible to be
implemented; the most common include pit-to-plane, wire-to-plane and wire-in-cylinder.
Typically the geometry chosen is “pin-to-plane” as the electric field gradient created is

larger [53].

4.

Figure 4-1: Simco-lon Pinner for local ion charging.

The ionizer used for the experiment has been acquired at Simco-lon and consists in a PFTE
bar having 5 pins generating ionization; the radius of the pins has been measured and it is
45um. The ionizer is shown in Figure 4-1. The pins’ are fabricated of stainless steel and
current is limited by an 80MQ resistance in series with the voltage supply in order to
prevent spark over. The ionizer is connected to a HVDC power supply, provided by
Ultravolt Inc. The HVDC Ultravolt system supplies a DC potential comprised between -

15KV and +15KV with low ripple with a maximum power is 30W.

The general schematic of the measurement setup is shown in Figure 4-2.
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Figure 4-2: Schematic representation of the measurement setup: the high voltage power supply polarizes the
ionizer and it is connected to the oscilloscope in order to store the voltage transient. The oscilloscope also
stores the electrometer analogue measurements synchronized with the power supply. The ionizer and the

electrometer are placed above the droplet at a controlled fixed distance. The drop sits over a PDMS layer and

it is observed with the help of two cameras, counter posed. The cameras are synchronized by a trigger signal
coming from the voltage supply.

In the moment the corona ionizer builds charges, they are measured by using a handheld
electrometer distributed by Electrostatica, SA. The electrometer is small enough to be
mounted together with the ionizer and close to the substrate. The height between the
substrate and the ionizer/electrometer is fixed to be 1cm. The electrometer generates a
TTL compliant analog signal that is acquired by using a digital oscilloscope (Agilent

DSO1102B).

The optical acquisition is made by using two different systems: a contact angle
goniometer CAM200 and a high sensitivity camera ImagEM, provided by Hamamatsu. The
camera is cooled at -652C in order to reduce the thermal noise, and it is equipped with a

telecentric optic 1X. This camera is then capable to acquire photoluminescence.

The substrate structure used for the tests is based on a bare silicon wafer covered with a

thin layer of PDMS. The silicon wafers have been accurately cleaned in two steps:
- Piranha cleaning

- HF dipping.
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The piranha cleaning is aimed to eliminate all possible organic impurities present on the
wafer. The piranha solution is obtained by mixing concentrated sulfuric acid to 30%
hydrogen peroxide. When the mixture is ready, the silicon wafers are submerged for

40minutes, until the temperature decreases to approximately 40°C.

The wafers are then rinsed with deionized water and dipped in HF 2% for 10 minutes. This

last step eliminates the native oxide present on the silicon surface.

Previously, a PDMS batch was prepared using the polymer kit Sylgard 184. Each 4inches
wafer needs approximately 5ml of silicon oil mix in order to be completely and
homogeneously covered. The mix has been done by setting a 10:1 ratio between silicone

oil and curing agent. Hereafter is reported the preparation steps:

- Measure 4.5 ml of silicon oil and pour them in a plastic container with sufficient
capability (300ml)

- Measure 0.5ml of curing agent and mix it gently with the silicon oil until complete
homogeneity has been reached.

- Place the container in a vacuum chamber.

- Build vacuum until the bubbles form and then break the vacuum to atmospheric
pressure.

- Repeat this process until no bubbles can be seen in the mixture.

In order to have three different PDMS thicknesses, the wafers have been coated at
different spinning speeds using different recipes: after an acceleration step of 30s at
500rpm, the PDMS has been spun at 500rpm/1000rpm/1500rpm for 65s. The resulting
thicknesses obtained are 69.5um, 53um and 44pum. Once the PDMS was spun, the wafers
have been cured on a hot plate at 702C for 30 minutes. After this curing step, the PDMS
polymer is completely cross-linked and it is ready to be used. The contact angle shown by

the PDMS towards water in air is above 1008°.



4.4 Measurements results

In this section are reported the measurements results obtained using the measurement

setup shown in Figure 4-2.

The measurements have been performed in air using deionized water. The droplets were
dispensed in a controlled way using a micropipette, selecting a size of 20ul. For each
measurement a new water droplet was placed under the corona ionizer at a controlled

distance of 1cm.

Once the device was placed beneath the ionizer head and the liquid was correctly
dispensed and centered with respect to the ionizer head, the HVDC voltage supply was
triggered on; therefore high voltage was applied to the ionizer and the oscilloscope

measure was taken.

As reported in Section 4.1, no major changes in contact angle variation were reported for
the voltage source set below 4kV; corresponding to the breakdown voltage of air[54], that
also has been reported as a function of humidity[55]; the corona discharge usually
appears before brush discharge or spark-over as soon as the electric field reaches the
critical value derived by applying the Peek breakdown criterion for a pin-to-plane

geometry[56].

Figure 4-3: The picture shows the air breakdown luminescence of the corona ionizer. The luminescence starts
from the five needles of the ionizer and can be also appreciated around the drop perimeter. This fact is
evidence of electrical charge accumulation along the TPL.
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Applying the Peek criterion, the inception voltage calculated for the geometry used is
found to be 2.5kV thus the applied voltage has to be increased beyond this threshold in

order to appreciate any contact angle variation.

Photoluminescence observations have been performed using a high sensitivity camera
Hamamatsu ImagEM. In Figure 4-3 is reported the air breakdown luminescence picture:
bright streams of ions originated from the needles of the ionizer appear and going to the
drop and the surrounding area. While the voltage was still applied, luminescence was
observed along the perimeter of the droplet; this observation is evidence that charges

accumulated at the TPL where they recombine emitting photons.

Intensity(A.U.)

Figure 4-4: Luminescence observed with no high voltage applied to the ionizer. The intensity graph, in
arbitrary unit, shows the luminescence effect at the TPL.
Figure 4-4 shows the residual luminescence still observed when high voltage source is
switched off. Few sparks originated along the TPL with no voltage applied, as reported by

the luminescence intensity graph reported beneath the picture.

The luminescence effect was accompanied with a significant contact angle reduction.
Besides the high sensitivity camera, a measurement camera has been used for the contact

angle measurement. The starting contact angle was around 110°, the contact angle after
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ionization was comprised between 70° and 55°, as in the case shown in Figure 4-5,

thereby confirming the wettability increases.
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Figure 4-5: Contact angle measured in function of time for several values of the corona ionizer polarizing
voltage. 4kV (upper left), 4.5kV (upper right), 8kV (bottom left) and conventional electrowetting (bottom left).
All devices were coated with 69.5um PDMS with exception of the 8kV measurement where a 53um PDMS
layer was used. The thick lines (upper left, upper right and bottom left) are fitting results from the analytical
model proposed by Castafier and Di Virgilio [62]. The measurements were performed with temperature
conditions comprised between 20.2°C and 21.4°C and relative humidity around 27%-28%.

These observations agree with observations reported by Peek in [56] confirming the
charge accumulation over the edge of the drop as was predicted by calculations using
Schwartz-Christoffel transformations[52]. Moreover, it is confirmed that air ionization acts

similarly as the direct application of voltage to the liquid droplet.

Figure 4-5 resumes the contact angle measurements as a function of time. Those
measurements were performed using a high speed camera Basler A601f, place opposed
with respect to the high sensitivity camera as shown in Figure 4-2 and set at 400fps by

reducing the viewing area to 100x400pixels. The measurements were performed by
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setting the polarizing voltage of the corona ionizer at several values; the measurements
are then compared with the bottom right graph in Figure 4-5 where are plotted the values

of conventional electrowetting measurements.

The conclusions taken out of the plots shown in Figure 4-5 are multiple. Firstly, the
transient becomes faster with the voltage increase, as can be clearly seen comparing the
top left and bottom left plot. If the ionizer is biased at 4kV, the transient lasts
approximately 150s, before the variation in contact angle could be appreciated. This

effect could be due to the threshold described by Quinn in ref.[10].

Moreover, it is noticed that higher values of source voltage produce transients having
smaller asymptotic values in the contact angle; although these values are very close to
each other, being between 56° and 64°. The comparison of these results with the
conventional electrowetting measurements plotted in Figure 4-5 bottom left indicates

that the saturation regime is reached.

Finally, from the plot at bottom left of Figure 4-5, damped oscillations are observed,
mainly at higher voltages. Oscillations are consistent with resonance modes, as Oh et al.
predict in ref.[57, 58, 59]; resonance frequency is in fact expected to be around 20Hz for
the lower resonance mode, although the model apparently underestimates the
observations: the resonance frequencies observed are found typically in the range of

30Hz.

The modeling of the movement of the fluid leads to a free boundary problem between
the droplet and the surrounding air or fluid, which has been studied using different
approaches for different geometries. The movement of a drop on a surface has been
dynamically modeled with the help of the phase-field model[60]; a finite element model
method for electrowetting devices between two parallel plates has been proposed[61, 62]
and a shape-inverse approach calculates the curvature[63]. All these models require a CFD

tools to be implemented.

More simplifying approaches are proposed by Castaifer and Di Virgilio in ref. [64],
neglecting inertia, gravitational effects and viscous losses or assuming quasi-static
conditions for constant triple-line velocity, as also considered by Blake[65], Berge[3] and

Vallet[8, 66].



Spontaneous wetting models, the conventional molecular-kinetic (MK) proposed by
Blake[67] model and hydrodynamic model proposed by Voinov[68], can be successfully
applied for the recovery modeling after excitation[69] although it is not possible for the
transient induced by the electrowetting. Hereafter it is proposed a suitable model for the

contact angle variation transient induced by electrowetting.

In Figure 4-5, are shown experimental measurements with superimposed fittings obtained
applying the model described in ref.[64]. The model proposed is a lumped model coupling
a Thevenin equivalent circuit of the source (V4 is the equivalent source voltage and Ry, is
the equivalent resistance) with the simplified differential equations of the dynamic

surface tension balance.

It must be remarked that V,, and Ry, model-equivalent circuits of the corona charging
setup shown in Figure 4-2, and hence those two lumped parameters also include practical

distributed effects.

In the examples shown in Figure 4-5, the value of R;, had to be adjusted to very large
values, namely, 4x10™Q for the 4 kV experiment and 5x10** Q for the 4.5 kV experiment
whereas for a larger voltage, 8 kV, the key parameter for the fitting was the friction
coefficient, which was set to 0.5 Ns/m?, and the value of R, was irrelevant for R, < 500 Q.
These results are interpreted from the fact that at higher voltages the supply of charge to

the triple line is sufficiently fast that the transient speed is limited only by friction.

At low voltages, however, the transient is limited by the charge supply rate, indicating
that the ionization is limited as described in by Intra et al. [70], and hence can be defined
a “current-starved” charging supply regime. It also has to be mentioned that the model
described in ref. [64] did not include saturation effects. The values adjusted from the
model for V, provide effective values only for the charge per unit area, gamos, defined as
follows:

&€

quod = %Vth (4-1)

In the experiments the values provided by eq.(4-1) are generally smaller than the

measured values of gamess, given by:
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where V.0 is the measure of the electrometer. This indicates that we are in the
saturation regime. To confirm this assertion further, we have performed conventional
electrowetting with a contact needle in the drop and measure the contact angle as a
function of the applied DC voltage. This is shown in Figure 4-5 (bottom right), where the

saturation angle lays around 65°.

In Figure 4-6 is reported a plot of (cosdy, - cos¥,) as a function of the charge per unit area,

gs, measured by the electrometer for the 53um-thick PDMS samples.
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Figure 4-6: Plot of the values of (cos 8,-cos 8,) as a function of the measured values of the charge per unit
area, q,. Lippmann_Young equation (— ), Quinn [10] saturation limit (---), d =53 um, er=2.62, y,,=72.9
x10° ,N/m and y,, = 19x10° N/m.




Over the measurement graph are also superimposed he theoretical plot of the Lippmann-
Young (—), eq.(1-4), in a log-log plot. Moreover, we have also drawn a horizontal line (--

---) corresponding to the value given by eq. 4-3:

oS I = Lsv (4-3)

Lv

which is the contact angle saturation limit predicted by Quinn et al. [10], by stating that
the solid-liquid surface tension minimum value is zero. By applying eq.(4-3) to the
contactless case, the saturation contact angle is s,r = 74.6°; by calculating (cos9, - cosdy),
it is found the value represented in Figure 4-6 by a horizontal line. All data points in this

graph above the horizontal line are beyond the saturation limit predicted by eq.(4-3).

From the observations, as shown in the results in Figure 4-6, the saturation values that

have been measured fall beyond the predictions of eq.(4-3).

4.5 The effects of humidity on contact angle saturation

In the previous Section have been discussed the results of the contactless electrowetting
experiments and one of the main conclusions is that the saturation regime for the contact
angle has been reached and the contact angle saturation value is smaller than the limit

predicted by Quinn et al.[10]

This result is consistent with the comparison made in Table 1 in ref. [10] of the result of
eq.(4-3) with several published experimental results; the agreement was within 13°. (See,

for example, the results cited in ref. [71])
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The conclusion is that apparently eq.(4-3) overestimates the contact angle saturation

value. It was also discussed in ref. [10] that the interpretation given in Vallet et al.[8]

attributing saturation to air ionization was more concurrent that a limiting effect.

Recently, additional light has been shed on the saturation effect in liquid-vapor-solid[72]

and in liquid-liquid-solid [69, 73] attributing the saturation to trapped charge [74].
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Figure 4-7: plots of contact angle as a function of time for a 7.5kV source voltage, 69.5um thick PDMS
samples and several values of relative humidity (RH): 46% (— ), 60% (---) and 70% ( — - — ). Solid lines are
model fittings. Experiments were performed at a temperature comprised between 24.4°C and 25.2°C.



Performing contactless electrowetting, the only source of charges involved is air
ionization; as it is observed that the wettability increases after ionizing air, the question of

whether the air humidity could any effect on contact angle saturation value arises.

For this purpose, the setup was modified in order to perform contactless electrowetting in
a sealed transparent plastic box. The air relative humidity (RH) inside the plastic box could
be controlled and monitored continuously in order to make sure the experiments were

run in steady RH conditions during the contact angle dynamics observations.

In Figure 4-7 are shown results of measurements depending on relative humidity. As can
be seen in the main Figure, the contact angle saturates at larger values as the relative
humidity increases. It can also be observed that the transient is also slowed down as the
RH increases. The change in Js,r is quite significant because a change in RH from 46% to

70% produces a change in Gs,r from 72° to 86°.

It is difficult to attribute only to eq. 50 these changes in the saturation angle because this
would require either a smaller value of ysy or a larger value of y,y or both simultaneously
as the humidity increases. No evidence has been found of such behavior for the surface

tensions of PDMS and water in presence of air and variable RH.

Taking into account that the Peek critical field for the breakdown of air increases with
humidity and that the corona inception voltage gradient also increases with humidity for a
positive corona[75] the interpretation of the results is that the efficiency of charge
transport from the corona area to the interface decreases as the humidity increases,
possibly because of the increase in the inception voltage gradient and also the increase in

the electrical conductivity of air[54].
Figure 4-8 shows a summary of the main results of the humidity effects.

As can be seen, the increase in the contact angle saturation value as the relative humidity
increases corresponds to a decrease in the value of model parameter V;,, consistent with

eq.(1- 4) and eq.(4-3).

Moreover, the fall time is seen to increase from low humidity to high humidity values

quite sharply as RH gets larger than some 40%, corresponding to a very significant



increase (log scale of Figure 4-8 b) in the model parameter Ry, thereby indicating that the

two parameters are decoupled.

These results in Figure 4-8 support the interpretation that air ionization and air humidity

have a significant effect on the transient dynamics of the contact angle and its saturation

value
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4.6

Reversibility

The previous section the wettability increase dynamics after corona ionization it has been

discussed. This section is dedicated to the reversibility of the effect when the corona

jonizer is switched off.

A summary of the observations made is the following:

a)

b)

c)

d)

After the drop on top of the PDMS layer has been exposed to the corona and no
further manipulation of it is made, the contact angle remains low for a long time
(minutes to hours).

If after corona exposure a micropipette is used to suck the drop out and
immediately afterwards a new drop is deposited in the same place, then the
contact angle recovers totally.

If the PDMS surface is first exposed to the corona ionizer for a few seconds with
no drop on it and then switches off the corona ionizer and deposit a fresh drop on
the surface, then the contact angle is low. If the drop is sucked up with a
micropipette and a fresh drop is deposited in the same place, then the contact
angle is fully recovered.

If the PDMS layer is exposed to the corona and before depositing a drop on top of
it place the sample on top of a hot plate at 40°C for a few seconds, then the
contact angle that we measure after that is the same as before the corona

exposure.

After applying ion shot

—

(a) (b)

Figure 4-9: Effect of ionization of air over the liquid drop. a) The rests over a hydrophobic dielectric surface
and exhibits a contact angle of 100° approximately and b) the reduction of contact angle to levels around 70°
due to the air ionization. Over PDMS the contact angle remains low for long periods of time (~minutes) and it

recovers slowly.



Before discussing these observations, it is worth reporting on the XPS measurements
made on PDMS before and after corona ionization. Those measurements have been
carried out in order to verify the possible deterioration of the PDMS due to the corona

ionization exposure.

It has been reported in the literature that the PDMS surface becomes hydrophilic when
exposed to an electrical discharge[76]. It has been described that the main effects of
corona discharge on PDMS are the formation of a glassy SiO, surface layer, an increase in
the oxygen content of the surface, and the degradation of the network structure.[77]
However, PDMS shows the capacity to regain its hydrophobicity after some time. It has
been shown that corona exposure with a voltage of 30kV at a distance of 5mm for 1 to 30

minutes creates damage that recovers on a timescale of 100 to 1000 min[76].

The possible surface damage of PDMS samples has been investigated by XPS
measurements looking into the oxygen contents using a Kratos Ultra DLD system with a
non-monochromatic source (Mg KR, 1253.6 eV). The measurements have been made at

INA (Instituto Universitario de Nanociencia de Aragdn, Zaragoza, Spain).
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Figure 4-10: O 1s peaks resolved for the PDMS untreated sample and for corona-treated samples at 7.5 and 14
kV. The untreated and 7.5-kVtreated samples show very similar and symmetric responses here as the sample
treated at 14 kV shows a shift toward higher binding
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The pressure in the chamber was kept at around 10”Pa, the sample area is approximately
1cm?, and the sampling depth is around 10nm. The value of the C 1s core of 284.5eV has
been used for the calibration of the energy scale. Three PDMS samples have been cut
from the same substrate. One of them was at 14kV and fitted with two peaks: the one at
lower energy is centered at 529.5eV and corresponds to O 1s as in unoxidized PDMS, and
the second at higher binding energy and centered in 530.2eV could be associated with the
possible incorporation of silanol groups, Si-OH, on the surface. The conclusion is that the
chemical environment changes when a PDMS sample is submitted to DC ionization on the
order of 14kV whereas it does not if the DC ionization is some 7 to 8kV for a time of

exposure of 180s.

Refs.[78, 76] report damages in PDMS surface created by a more aggressive electrical
discharge than the one used in the experiments carried out in this research; the exposure
producing damages on the PDMS structure lasted from 1 to 30 minutes, which is a much
longer time than in contactless electrowetting case, which was a few seconds, and also

the corona voltage was much higher (30kV compared to a maximum of 14kV).

Finally, in contactless electrowetting experiments the distance between the corona
electrode and the drop was twice as long. The results shown in Figure 4-6, Figure 4-7 and
Figure 4-8 for the wettability increase were for samples where the experimental

conditions were such that XPS measurements did not find material deterioration.

The experiments enumerated in points (a) to (d) above are not compatible with PDMS
damage recoverable on a timescale of 100 to 1000 minutes. They are, however,
compatible with the effect of mobile charge. The explanation is that the charge created by
the corona ionizer is stored in the capacitance created by the drop, PDMS layer, and
substrate and, according to Young’s law, reduces the solid-liquid surface tension and

decreases the contact angle.

If the sample is kept electrically isolated, then the charge remains there for long time and
the effect does not revert spontaneously. If some mean is provided for the charge to
leave the sample, such as drawing away the drop using a micropipette or by just

moderately heating the sample, then the contact angle recovers.



The effect of dielectric charging recovery by moderately heating the sample has been

extensively used in studies of the dielectric charging of MEMS devices[50].
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Figure 4-11: O 1s peaks fitted for (a) the untreated sample and (b) the 7.5kV- and (c) 14-kV-treated samples.
The untreated and 7.5-kVtreated samples show very similar and symmetric responses.

They can both be fitted with just one peak, which surely corresponds to unoxidized PDMS. The 14 kV peak
shows a small asymmetry that leads to a two component fitting: C1 at 529.5 eV and C2 at 530.2 eV.
Two fitting components mean that oxygen on the surface can be found in two different compounds:

unoxidized PDMS, expressed by the peak at lower energy, and partially oxidized PDMS, expressed by the
higher-energy peak describing the incorporation of Si-OH groups.
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4.7  Conclusions

The effects of air ionization on the wettability of hydrophobic surfaces have been
investigated by means of a corona ionization instrument and PDMS surfaces on top of a

conductive substrate.

It has been shown that the wettability increases provided that the corona voltage is above

a value that in our case was in the range of 4kV for our experimental setup.

Although in the vicinity of 4kV the contact angle transients were slower than at higher
voltages, the asymptotic value of the contact angle was very similar in all experiments.
Model fitting was used to calculate parameter values, and it was concluded that the
charge supply to the triple line is the limiting effect for low-voltage values whereas at

larger voltages the limiting parameter is the friction coefficient.

The conclusion is that, in all cases, the asymptotic value of the contact angle was in the

saturation regime.

The effects of the humidity of the air on the value of the saturation contact angle were
also investigated, and a significant increase was observed for increasing values of the
relative humidity along with a slowing down of the transient. Air ionization and the
humidity have important effects on the wettability of hydrophobic surfaces and also on

the saturation contact angle.

Finally, evidences are provided that the effects observed are not related to the

deterioration of the PDMS sample surface due to electrical discharge.
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Chapter 5: Charge rate control of
electrowetting dynamics

According to the results presented previously, charges seem to play a central role in
contact angle variation. Controlling the charge injection rate it is possible to control
electrowetting dynamics, therefore new applications can be enabled (i.e. linearization of
electrowetting response) and energy consumption could be optimized.
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5.1 Introduction

The analytic model presented by Castafier et al. in ref.[64] is applied to electrowetting
setups as shown in Figure 5-1, where the droplet is biased by a voltage source and by
“corona” ionization. The model describes well electrowetting dynamics in of those setups
and two important operational parameters of the droplet movement are underlined:

e The power consumed by the source

e The time to respond of the droplet.
Among the numerous electrowetting applications, some of them as liquid lenses[22] and
displays [2, 24, 79] already market products and more, as lab-on-a-chip devices [29, 46,
80, 31] are expected to reach maturity shortly.

Operational parameters such as settling time, power consumed and speed become more

and more relevant.
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Figure 5-1: Schematic view of the experimental settings used in ref. [64] for a)standard electrowetting on
dielectric experiments and b)electrowetting on dielectric driven by corona charge.



Hence experiments and models helping to better understand this parameter link to the
dynamics, may lead to bridging the gap between numerical and circuitry modelling, such
as Comsol.

In this Chapter will be discussed the “charge driving” electrowetting, that is basically
electrowetting on dielectric effect by controlling the amount of charges supplied to the
system instead of applying a voltage. The model proposed by Castafier et al. in ref.[64] is
extended here to a situation where a parasitic resistance and capacitance are present and
some preliminary simulated results are presented.

Following, multiphysic simulations are performed and compared with experimental

results.

5.2 Charge driving electrowetting

Electrowetting devices are usually biased by a simple voltage source and the energy
consumption evolves according to the voltage supply technical features.

Charge driving electrowetting, instead, involves a driving source that is capable (a) to
deliver a controlled amount of electrical charge and (b) to set a specific charge delivery
rate. Both features are relevant for the droplet dynamics control as the electrical charge
delivered sets the steady state of the contact angle and the charge delivery rate sets the

transient speed.

The Young-Lippmann equation eq.(1-4) can be written as follows:

€p€ 2 q2
cos3; =c0s9, +—2"V," =c0os 9, + —2—

(5-1)
2ty 2y,Ca

where ; is the contact angle value at the end of the transient (t—), 9y is the initial value

of the contact angle, ¢, is the vacuum permittivity, ¢;and t are the relative permittivity and

the thickness of the dielectric respectively and y_y is the liquid-vapor surface tension.

As exposed in eq.(5-2), the voltage dependent term can be written as a term dependent
by the charge per unit area ga stored in the droplet-dielectric-substrate capacitance, and

Ca represents the capacitance per unit area.
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Equation (5-3) steady state solution is reached at when (+—®), thereby indicating that the
amount of electrical charge transferred and stored per unit area in the liquid-dielectric-
substrate system. Eq. 5-4 does not give any information about the speed of the transient

but only that $ is achieved when a charge per unit area equal to

qs = \/ZCAJ/LV (cos%; —cosY,) is provided by the source to the electrowetting device.

The theoretical analytical model proposed in [64] reports about dynamics of the droplet
movement under voltage and charge biasing, without taking into account also parasitic
capacitances of wiring and measurement equipment; the transient, hence, depends on
both the charge per unit area s and the charging rate, which in the end results to be the

charging current.
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Figure 5-2: Schematic of a) voltage driven electrowetting on dielectric and b) charge driven electrowetting
on dielectric. A) When voltage is applied, charge are injected during the transient showing a high inception
peak which value depends on the voltage supply resistance; voltage is constant during all the process. B)
Driving electrowetting by injecting charges, voltage starts rising smoothly, while a controlled amount of
charges are delivered to the device in a specific time span, depending on the droplet capacity. In this way,
droplet dynamics are better managed and energy spent for the system can be easily controlled and
optimized.



In Figure 5-2 it is shown the comparison between the conventional voltage driving, Figure

5-2a, and the charge driving approach proposed here, Figure 5-2b.

The conventional electrowetting voltage driving, shown in Figure 5-2a, consists of a
voltage source V; connected in some way to the droplet. At time t=0 a given voltage is
applied to the droplet. The internal power source resistance R; is generally very low and
acts as an inrush current limiter, which means that the current peak at the beginning of

the transient is only limited by the voltage source compliance.

Figure 5-2b shows a practical implementation of the electrowetting charge driving. The

circuit consists in a current source of value (loy) of a given duration (Toy).

The total charge delivered by the source can be calculated as lonXTon and the charge rate
(charge per unit time) is lon. The total amount of charges to be delivered to the device in
order to get to the final contact angle Jis easily related to

(IONTON)

Qa=",— (5-2)

A

where Aris the area of the drop when the contact angle value is 4.

As can be seen in the Figure 5-2b, the voltage transient evolves according to the main
physical parameters involved in the electrowetting dynamics; the maximum value it can

reach is lonXTonXCon Where Coy is the droplet capacitance at the end of the transient.

In conclusion, the main difference between the two driving methods is that using charge
driving method a constant value of the charge rate can be set; using voltage driving

method, the charge rate cannot be controlled.

The lack of control of the charge rate of an electrowetting device when biased, due to the
complexity of the fluid dynamics of the system, often involves vibration or oscillation
modes, that are frequently witnessed during experiments[81], and they have been
modeled theoretically[82]. These oscillation modes are excited by a step-voltage
waveform, whereas the oscillation can be prevented using the charge driving mode

described in this Chapter.



104

(b)

ton

/' _\ !
d | Dielectric
Substrate 4
=
Ire ICP" Ica v
IS Rp CP C(t)
— L3 = -

Figure 5-3: Schematic of the a) charge drive experimental setup and b) equivalent electrical schematic of the

system

In [64] a transient model was reported and validated that couples contact angle variation

and charges. In order to take into account also the parasitic behavior of the wiring (C, and

Rp) and the measurement equipment the model has been modified as follows:

Where

|S:de_v+i %
dt R, dt
q=0,A
y_9_ O
C C,

(5-4)

(5-5)

(5-6)
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- (5-8)
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%
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Q(9)= ( ) (5-10)

2
(2-3c0os9+cos® 93

where A is the area, r the radius of the spherical cap droplet base, 9 is the contact angle, {
is the friction coefficient, vol is the volume of the droplet, C, and C,, are the capacitance per
unit area and parasitic respectively, R, is the parasitic resistance and finally, ga is the

charge per unit area.

The breakdown of energy coming from the source into components is:

Eszjls%dt=j|sg_idt (5-11)
2
A
Ec =qA (5-12)
2C,
2
= =1J' A ~Ga | gt (5-13)
R Ca

The conservative and dissipative forces are:
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With this model, a typical example of a liquid droplet sit on a dielectric layer with the
following properties is taken into account for an exploratory test: g,=110°, 20 pl volume of

the drop, (=4, y.v=72.86x107, ysy=19.8x107, ys (0)=44.71x107, d=30.28x10°®, £,=2.63.

The timing chosen for the test is that in the system is injected positive charge for a Toy,
during time Tor=Ton NO charge is injected and then at Ton+ Toner is injected the same

amount of negative charges, namely 2.642x10® C.

In Figure 5-4 the effects of selecting different values for toy are shown. Contact angle as a
function of time for a commutation of the source (T,=0.5s), (—)T5,=0.05s, (----)T,,=0.1s, (-

..... JTon=0.25. lonXTon=2.642x10°C.

The effect of the duration of T,, is very significant, and therefore it is plausible that the
influence of the rate delivery of charges to liquid capacitance does matter on the

transient dynamics of the droplet.

In following Sections will be described the experimental setup and the result discussion,
where the theoretical model values will be compared with simulation and experimental

results.
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Figure 5-4: Contact angle as a function of time for a commutation of the source ( tor=0.5s), (—)ton=0.05s,
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5.2.1 Contact angle measurements and simulation: discussion of results and
conclusions

Starting from the fabrication data described in the next Section where experimental
results are reported and illustrated in Table 5-1, a complete simulation has been
performed using Comsol multiphysic. The physics involved are: electrostatics (ES module),
circuit model (CIR module) and two phase fluid flow moving mesh (TPFMM module), that
is based on Laminar Two-Phase flow module, but with the possibility to track geometry

movements.

The electrowetting CAD model has been designed taking advantage of the symmetry of
the system. The CAD model is in fact, half a section of the drop-based setup. The whole
3D representation can be easily obtained by revolving the results around the symmetry
axis.

The physical properties of the system are the same as shown in Table 5-1; the size
proceeds from the optical measurements and experiment arrangement (i.e. needle width

0.7mm, drop height/ base diameter 1.09mm/2.16mm).

Time=0 Surface: Density (kg/m®)

Time=0  Surface: Domain index

A118s

1000

¥ 1.2044 vi

(A) (B)

Figure 5-5: A)The structure 2D axisymmetric designed in Comsol Cad n order to simulate the electrowetting
device and B) the revolving of the 2D axisymmetric section that gives a 3D representation of simulation results.

The current supply has been modeled using the CIR module. The schematic of the current
supply is shown Figure 5-6 and the main components are:

e Theideal current generator, which value is 1,=5, 12.5, 20 or 25nA;




e The compliance resistance Ry, which value is 70[V]/I; which value is between
2.8GQ and 14GQ.

e The voltage interface to the physical system designed in Comsol CAD /vsU

1|U

| Re Q V(t)

I

Figure 5-6: Voltage limited current supply schematic: an ideal current generator is connected in series with a
resistor and an interface between the simulated circuitry and the system designed by mechanical CAD.

The voltage drop across the external simulated device is then used for solving the
Maxwell equations as input of the electrostatic (ES) module. The electrostatic module is
interfaced with the circuit modules by setting as power supply a terminal; in the terminal
options menu, the terminal type must be set on “Circuit”.

The voltage across the Uvs/ device will be fed to the electrostatic module. In the
electrostatic module section, is also set the ground (common with the circuit module) and
the low permittivity gap boundary. For the low permittivity gap module are used
parameters from materials (Teflon relative permittivity: ~1.92[83], SU8-2002 relative
permittivity: ~2.8[84]) to calculate the stack dielectric permittivity, that finally results to
be 2.6.

Electrostatic force, calculated by the integration of Maxwell stress tensor as mentioned in
Chapter 2, is obtained starting from the results that this module outputs.

The model coupling is done by introducing the F, and F, electrostatic force as input of the
TPFMM module, that solves the Navier-Stockes equations.

In TPFMM module section are defined mesh movement constraints, wall boundary
conditions and, in particular, the initial contact angle is defined by specifying the surface
tension values of the system in the subsection dedicated to the fluid-fluid and wall-fluid
interface; the fluid surface tension was set to 0.05mN/m, Teflon surface free energy (SFE)
is 0.02mN/m and being 100° the contact angle, applying Young equation, eq.(1-3), the

liquid-Teflon surface tension results to be 0.043mN/m.
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Figure 5-7: Terminal voltage simulated by combining CIR and ES and then applyied to the geometry
simulated. The voltage evolution is completely exponential and it is typical of a R-C network. The time
constant depends on the resistance used for voltage limitation and the overall capacity (dielectric layer and
liquid droplet)

In Figure 5-7 are shown the plots of voltage across the device in function of the current.
The final voltage tends asymptotically to 70V, although at low current values, already for

12.5nA injected, the saturation time is so high that exceeds a simulation time of 5s.

The voltage behavior is typical of an RC network with time constants compatible with a
theoretically calculated capacity value of 1.34x10'°F, assuming a droplet with radius Imm
and physical parameters listed in previous Section.

The time constants values are comprised in the range between 0.5s for 25nA current
value and 2.5s for 5nA current value.

The contact angle variation resulted from is shown in Figure 5-8.

Applying the Lippmann-Young equation, eq.(1-4), the theoretical final contact angle is
0.754rad (43.5°).
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Figure 5-8: Contact angle variation as a function of time for several current values. The geometry simulated
is biased by applying a current ranging between 5nA and 25nA, with a voltage compliance of 70V. The initial
contact angle was 1.74rad. Final minimum contact angle reached is 0.754rad, which is also the predicted
contact angle by Lippmann-Young equation, eq. (1-4). Nevertheless only with high amount of current
injected, in simulated system this value is reached in acceptable short time range.

The theoretical lower contact angle value is only reached for the two highest current
values, highlighting that applying 25nA current, the contact angle drops with oscillations,
which are not present in the voltage curve, meaning that the effect is purely driven by the
fluidic physics and not a reflex of voltage behavior, but due to the fact that the voltage
drops so fast, not oscillating.

In Figure 5-10 it is shown a comparison between experimental measurements and
theoretical results obtained using the model reported in[64].

The contact angle measurements reported have been obtained by applying the same
current values across the electrowetting setup as per the Comsol simulation: 5nA, 12.5nA,
20nA and 25nA and also the voltage compliance was set at 70V.

The initial contact angle was measured to around 1.74 (99°); the final contact angle,
instead, ranges between 1.29rad (73.93°) and 1.37rad (78.55°); compared with previous
simulation results obtained with Comsol, there is a clear mismatch: the final contact angle

is not aligned with experimental data and also the dynamics does not fit at all; in
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particular at low currents, the time constant is extremely big compared with reality, while
it is in the correct range for higher currents.

Figure 5-10 shows the theoretical model results fit very well with experimental data: the
overall behavior is similar to measurements and the final saturation contact angle
measured fits within a negligible deviation range. That corroborates the theoretical model
described in [64] fits much better than multiphysic based simulations and also better than

Lippmann-Young equation.



5.3 Charge-drive electrowetting experimental setup

The experimental setup designed in order to test the electrowetting devices driven by
charge-pumping is based on a precision semiconductor analyzer Agilent 4156C and a
contact angle goniometer KSV CAM200 provided with a Basler A601f camera; the
synchronization of two instruments is done by using a LED light composed by 7 white light
LEDs: the semiconductor analyzer acts as a voltage supply for the LED light and current to
the electrowetting device through a probe; the same probe used for current injection is
also used as voltage measurement.

The Basler camera equipping the KSV CAM200 can be triggered by measuring the light
level of a pixel. The triggering level of the pixel can be “dark” of “white”. When no voltage
is applied to the LED and no current is injected, the KSV CAM200 stays in standby; in the
moment that the LED is switched ON, and current is injected into the electrowetting
system, the pixel chosen as trigger becomes white and that triggers the contact angle

goniometer that makes the acquisition of a number of frames.

High Speed Camera
(contact angle goniometer) LED Light

B

Computer

Agilent 4156C

Figure 5-9: Experimental setup used for the contact angle measurement together with the current
injection/voltage measurement over the device under test.

The first 2 seconds are sampled at 160FPS, after the speed decreases to 1FPS, this is
because it is the camera’s frame grabber maximum sample time at full speed. At the same
time, the semiconductor analyzer records current and voltage values across the
electrowetting device with a sampling time of 560us. Before measurements, adjustments

are made in order to avoid any delay between current injection and LED light switching.



The minimum time is found by adjusting the current across the LED light in order to
minimize the switching point. The rise time is measured using the semiconductor analyzer
and it is adjusted to 0.3ms by modifying the current compliance. A 0.3ms delay in voltage
and current measurement is also introduced in order to synchronize the graphs on the
same time base. Of course, both instruments were controlled by a PC.

The experiments were made by placing a 5ul drop of conductive liquid on an
electrowetting device. The liquid used was not pure water. In order to extend the lifespan
of the electrowetting devices, electrolysis must be avoided. Due to the fact that the Teflon
surface presents some imperfections due to the fabrication process and due to the
extremely small size of water molecule, it is very likely that electrolysis occurs on the top
of the Teflon layer, and therefore compromises the electrowetting device.

Instead of pure water, the use of mixture of ethylene glycol and water/NaCl was
successfully tested in the past[82, 81]; adding glycerol[85], electrolysis becomes even less
probable. In fact, as glycerol molecules are long and much bigger, therefore pores on
Teflon layer are less accessible. Finally, the liquid used for the measurements was a
mixture of ethylene glycol and glycerol; the electric conductivity was adjusted by adding

NaCl. The physical properties of the liquid used are shown in Table 5-1.

Table 5-1: Liquid physical properties.

Density (kg/m?) 1165
Viscosity (Pa/s) 0.5
Surface tension (N/m) 0.05
Electrical conductivity (uS/cm) 5.5e-6
Relative permittivity 42.5

The electrowetting devices used for the experiments were fabricated starting from a bare
glass slide. On the glass slide was previously sputtered a thin layer of aluminum (700nm);
afterwards, a barrier layer was spun over the aluminum. As a barrier layer has been used
SU8 2000.5, spun at 2000rpm for 65 seconds and post-baked at 95°C during 1 minute.

The result was a 745nm SUS8 layer. Upon the SU8 barrier layer has been spun Teflon AF
1600 1%wt, at 2000rpm during 65 seconds and it has been post-baked 30 minutes at
165°C. The resulting Teflon layer was 508 nm thick and the surface showed a hydrophobic

behavior.



The droplet was contacted from the top using a gold needle probe, while the bottom
electrode was grounded. The variables registered were the contact angle, the voltage
across the terminals and the current delivered by the output of the 4156c Agilent
Precision Semiconductor Analyzer.

From the raw measurements the total energy delivered by the source was calculated by

time integration of the Voltage x Current product.

5.4 Measurements and simulation results

The measurements using the KSV goniometer and the Agilent semiconductor analyzer
have been done on the same set of electrowetting devices, fabricated and characterized
as reported in Section 5.3. The contact angle values have been recorded at full speed (160
FPS) during the first 2 seconds of the measurement, due to the cache memory limit of the
camera, and then the speed has been decreased to 1 FPS. The electrical measurements
have been done sampling the voltage across the electrowetting device at 560us; the
maximum value of the voltage was 70V, set as compliance of a current source. The
current source, instead, has been set between 5nA and 25nA. The initial contact angle of
the 5ul liquid drop deposited on the Teflon surface was typically 99° while the final
contact angle was comprised in the range between 74° and 79°. The measurements
conditions were kept constant: temperature at 23°C; humidity around 30%. The
differences are attributed to the fact that although the measurements were made on the
same substrate they were made sequentially and local changes on the dielectric thickness
or surface state cannot be excluded from one measurement to the next.

The main measurements results are reported in Figure 5-8 and Figure 5-11.

In Figure 5-8 are shown the contact angle values recorded compared with the simulated
results using the model proposed by Castafier and Di Virgilio [64], where in Figure 5-11 is
shown the voltage evolution recordings across the electrowetting device in function of

time for the different values of lpy between 5nA and 25nA.
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Figure 5-10: Experimental contact angle measurements for several values of current (=) compared with model
[64] prediction results (=) when parasitic capacitance C,=0. The initial contact angles lay in the range between
99.65° and 100.5°, the final contact angles are comprised between 73.93° and 78.55°.

5.4.1 Electrical measurements across the electrowetting device: discussion
and conclusions

The electrowetting device has been submitted to extensive experimental sessions by
controlled injection of current and measuring relevant parameters.

With current injection into the electrowetting device it is simultaneously recorded the
evolution of the voltage across the device. This information is valuable at the moment of
the estimation of the capacitive coupling of the liquid with the device.

The capacity value of the system is easily measured and the device can be fully
understood if these data are cross-linked with contact angle variations.

In Figure 5-11 are reported several plots of the voltage evolution in function of time for
several values of current.

At first, a superimposed ripple can be observed over the measurement and it is due to the

50Hz of the supply voltage network, therefore it can be neglected.
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Figure 5-11: Voltage measured across the electrowetting device under test while injecting current in the
range between 5nA and 25nA. The voltage firstly evolves exponentially, where the time constant is driven by
the resistance and capacity of the system. At a certain moment, it starts to evolve linearly; this happens
when the contact angle saturates and the droplet is still. The voltage level at which this phenomenon
happens, grows with current.

Furthermore, the curve plot can be split into three zones: the first zone is characterized by
the fact that the voltage evolves non-linearly; the second zone shows a linear growing of
the voltage until the compliance value, the third zone shows the system is in steady state
condition, where the voltage value is equal to the compliance of the current supply and
no current is injected into the system.

Zone 1: at the beginning the device is not charged. When current is injected, the charges
start accumulating on the surface of the droplet. The droplet modifies its boundaries as
the TPL. Three main capacities can be identified in the typical electrowetting device: the
substrate capacity, the dielectric layer capacity and the liquid droplet capacity; only the

last one can modify its value due to the moving TPL.

At the beginning, the smaller and leading capacity is the one of the liquid drop, as the
liquid is conductive but the charges across it are unbalanced and they stay unbalanced as
long as the TPL moves. The movement of the contact line results into a larger capacity as
the contact angle decreases and the drop height also decreases. Current is injected in this

phase.

117



Zone 2: when the voltage stops evolving non-linearly and starts evolving linearly, could be
named “switching point” and it is the moment when the TPL stops moving, the contact
angle transient is over and the liquid interface stays still. The dominant capacity becomes
the dielectric layer’s one, therefore the slope defines the capacity of this layer as it is
assumed the liquid is conductive. In this phase, current value is still higher than 0 as
charges are injected until the device capacity is charged fully.

In Figure 5-12 are shown two curves almost superimposed one to each other, one being
the time at which contact angle saturation is reached and the other being the time at
which the voltage stops evolving non-linearly (for several values of /oy). Also, it is possible
to conclude that at higher current values, the switching point is reached faster.

Zone 3: Once the compliance voltage is reached, the system enters in a steady state: the
voltage reaches the compliance of the voltage supply and does not vary any more. On the
other hand, the current injected is 0 as the capacitive coupling is reached.

At a glance, the plot of the contact angle saturation and the one of starting point of linear
increase of the voltage across the device overlap on each other, Figure 5-12, and this
corroborates that a moving droplet polarized with charge injection varies its capacitance
while the contact line moves.

In Figure 5-13 it is compared the switching voltage value and the time when the switching
voltage value is reached: when the charge injection rate is higher the switching voltage is
reached in about 0.5s (25nA current value) while it takes more than 1.6s if for lowest rates
(5nA current value). On the other hand, as it can be seen from the right axe, the voltage
reached when switching point happens, also varies and the trend is the opposite: if high
current is applied, and therefore injection rate is high, the voltage at which switching
point happens is lower than if low current is applied. In particular, the switching point
voltage ranges 43.2V and 47.3V, being the impact of the charge driving much smoother on

the switching voltage than on the switching time.
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Figure 5-13: Plot of the comparison between the trend of the time at which the voltage switches from

exponential to linear evolution and the voltage at which the switching happens. It is shown that at higher
current injected, the switching point is reached much faster, ranging from more than 1.6s for 5nA to 0.5sfor
25nA current. On the other hand, the voltage at which the switching happens is comprised between 44.4V

and 47.3V.

119



As a resume, the following statements can be written:

e The voltage increase across the droplet is non-linear when the TPL moves;

e The switching point happens when the contact angle saturation is reached;

e The non-linearity is due to the equivalent capacity of the liquid droplet;

e The switching point is reached faster with higher current values, as per the
contact angle saturation.

e The switching point, for the devices under test, happens at a voltage comprised
between 44.2V and 47.3V, and it is higher for higher current values. This is maybe

a cause the contact angle saturates at lower values.

Plotting derivative with respect to the time of the voltage and multiplying it by the inverse
of the current injected it is calculated of the capacity of the device: in Figure 5-14 are
reported the values of the measured capacitance across the device for several current
values taking into account the Zone 1 of the voltage measurement. The initial capacitance
measured is in the range of 0.2nF. The final capacity value reached in this phase changes
according to the current injection value and it is comprised between 0.3nF and 0.36nF.
When the droplet is charged and the contact angle transient is finished; the leading
capacity is the one of the substrate and it is smaller than the switching point value. From
the linear zone in the voltage plot, Figure 5-11, it is possible to experimentally derive the
value of the stack capacity that results to be 2.061+0.12x107°F. This value is in line with
calculated and simulated capacity values that are respectively 1.26x107°F and
9.89871x10'°F. That means that the assumption of the use of a spherical cap to model
the droplet shape made by Castafier and Di Virgilio in ref.[64] fits very well with
experimental data and therefore it is a good approximation. The results are resumed in

Table 5-2.

Table 5-2: Summary table of the electrowetting system capacitance, measured, calculated and simulated.

Method Value Formula
Experimental measurement 2.061+0.1 2x10°'°F C d_V*i
dt Iy
Calculation by material properties 1.26x10'°F o £o&, A
d
Simulation (Comsol ES module) 9.89871x10™°F Maxwell eq. solving
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Figure 5-14: Capacity measured across the electrowetting on dielectric device under test. The starting point
is very similar for all the experiments run; on the other hand, the dynamics are different. The final capacity
value reached is higher for higher driving currents, as well as the speed of increase.
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5.5 Speed control and energy reduction in electrowetting

The contact angle recorded during experimental session and depicted Figure 5-8 shows
clearly a dependence of charge injection and speed. Analyzing the data obtained, for each
value of current driving it can be computed the value of the fall time, defined as time
difference between the 10% and 90% of contact angle variation, that means the point

where the contact angle is 9, —0.1*(9¢ —9,) and the point where the contact angle is

9, —0.9%(9; —9,).

This calculation gives a unique measure of the transient speed. Moreover by time

integration of the instantaneous values of the product Current x\Voltage, the amount of

energy drawn from the source can be calculated.

The source energy is shown in Figure 5-15: both results as a function of the source
current. As expected, the higher the current involved, the higher the energy drawn from
the source. On the other hand, the fall time is steadily decreasing as the current of the
source is increased. This indicates that the average speed of the transient increases as the
charge rate increases. It can also be seen that the values of the energy drawn from the

source range from 2x107J to 3x10”J and increases as the current of the source increases.

In Figure 5-15 the calculated results from the theoretical model reported in [64] are also
shown in solid lines. As can be seen the energy consumed from the source is
underestimated by the model, mainly due to the simplifications done as it is only

considers the friction losses.

Even if the approximation is good, it is clear from the experimental results that other
losses have to be taken into account to better describe the phenomenon. These
limitations are not seen on modeling of the speed of the transient, which is much better

adjusted.

Furthermore, in Figure 5-16, it is shown the comparison between the energy drawn by
charge drive, the predictions done applying the theoretical model and together with the
conventional electrowetting voltage driving. It is very clear that conventional voltage

driving of an electrowetting device is heavily inefficient.



In Figure 5-17, where the contact angle is plotted as a function of time, it can be seen the

effect of the inefficient driving, not only energy wise.

In fact, oscillations are observed and much faster settling time than that registered in
Figure 5-8. We have also computed the energy consumed from the source in this case and

we have found a value of 5x107°J.

Oscillations in liquid droplets have been systematically observed and modeled [59]and
nonlinear effects have also been observed when the amplitude of the oscillation is 10%
larger than the radius of the drop [86]. In our measurements our interpretation is that the
oscillations modes excited by the sharp voltage drive mode leads to larger viscous losses

than in the charge drive mode which is smoother.
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Figure 5-15: (Top) Energy drawn from the source as a function of the driving current (bottom) Fall time as a
function of the value of the driving current. Solid line represents the theoretical results obtained applying the
model by Castaiier and Di Virgilio [64]
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Figure 5-17: Contact angle measurement driving the electrowetting device by a voltage source, 70V with
20mA current compliance. Oscillations are observed and large overshoot appears at the very beginning of
contact angle variation.
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5.6 Conclusions

Taking as starting point the findings reported in Chapter 4 about the role of charges in
contact angle variation and taking into account the work done by Castafier et al in [64], in
this Chapter has been presented a novel method for the electrowetting device diving, that

uses charge injection by a current supply instead of voltage, as commonly is done.

After having simulated the circuit and the geometry using a multiphysic simulator such
Comsol, coupling, circuit simulation, electrostatics and fluid dynamics, several results have

been obtained.

Those data have been compared with experimental results, during which, current, voltage

and contact angle have been recorded.

The first interesting result is that the speed of contact angle varies according to the
charges rate, the higher the charges are injected, the faster the contact angle drops. That

shows a clear role on the charge dynamics over the TPL.

Nevertheless, voltage seems to not evolve exponentially, as it is proper of a capacity
coupled device as an electrowetting device is. Instead the shape of the voltage changes
with time. In particular, the evolution of the voltage is exponential as long as a contact
angle variation happens. When the contact angle is still, in saturation region, the voltage

evolves linearly.

A clear relationship of this phenomenon has been reported in Figure 5-12, where the
saturation time and the switching point from exponential to linear are plotted in function
of current value: the two curves almost overlap. Furthermore, it has been shown that the
switching point is reached faster at higher current driving values, with very large
differences between low and high current values; on the other hand, the saturation
voltage also varies, being higher at higher at higher driving current values, nevertheless

the impact is not so significant, as reported in Figure 5-13.

When system reaches the saturation, another interesting finding has been reported: the
capacity, which is evolving differently if the contact angle is varying or not, shows a
different increase rate, reported in Figure 5-14. In the same Figure, it is possible to see

how at higher currents driving the device, the faster the capacity increases and the



highest is its final value. The capacity measured, is compared with the simulated by
Comsol and calculated theoretically. This shows that the spherical cap approximation is
not so distant from the reality, being an acceptable approximation, as all the values are in

agreement being all close to each other.

The final part of the Chapter, relates about the energy consumption of the current driven
system, as the charges are only injected in the very beginning. The comparison between
the measured values and the theoretically calculated using the model by Castafier, shows
that the model underestimate the energy consumption, probably due to the fact that
some dissipative phenomena are neglected, while it fits very well the timing of contact

angle variation.

Comparing the experimental results driving the electrowetting device by current and by
voltage, and superimposing the theoretical model calculation of the energy consumption
at the supply, it is clearly shown in Figure 5-16 that the current driving method not only
unlocks the possibility to drive the device smoother, but also, efficiently, as the energy

consumed is far less compared to the conventional voltage driving.
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Chapter 6: Conclusions and future work

For more than 100 years, electrowetting has only been performed applying voltage, when
the role of charges is fundamental. lonizing charges can unlock a liquid handling
technology performed without the interaction between liquid and upper electrode.
Charges also are the key for a smoother and more efficient electrowetting driving;
electrowetting pixels can be more easily drivable for gray-scale applications and liquid
lenses can be more easily and precisely actuated. Being those last ones, technologies
usually embedded on portable devices, energy efficiency will be extremely profitable.



6.1 Concluding remarks

his work relates about the phenomenon of the electrowetting on dielectric driven

by charges instead of voltage.

In particular, in this work has been reported the fundamental role played by

charges in contact angle variation, that before was never taken into account before.
In particular, two main findings have been reported:

1 Theionization of the surrounding of a droplet can induce a contact angle variation
2 The injection of charges at a controlled rate has strong impact over the dynamics of

the contact angle and also on the energy consumption of the system.

Also, the contact angle saturation has been studied and some interesting effects of the
charges have been reported. Unfortunately, this issue remains still open and unsolved

even though some more information have been added.

In addition, a full multiphysic simulation of electrowetting has been performed, taking

into account the power supply, the electrostatics and the fluid dynamics.

6.2 Contactless electrowetting

In this work the contactless electrowetting phenomenon has been presented. This
phenomenon consists in varying the contact angle of a liquid drop sit over a hydrophobic

surface by applying charges ionizing the surrounding of the drop.

The experiments have been performed using a single ionization source, before a ion gun
and after a corona charge device; nevertheless liquid has been moved from its initial

position due to the fact that contact angle does not change symmetrically over all the TPL.

If a matrix of ionizing needles can be fabricated, and each one of the needles addressed
singularly as per creating a single charge source point, therefore the droplet can be easily

moved along a path.



This technique could unlock a liquid handling over a surface, plane or not, without having
to put in direct contact the liquid to a counter electrode. This feature avoids cross
contaminations in case of different fluids, and this is extremely important in applications
like genome sequencing or in UTAS. A simple schematic of a contactless electrowetting

device is shown in Figure 6-1, where the major challenges are

- Voltage addressing to each needle, that is quite simple using a voltage control
active matrix
- High quality hydrophobic coating using several high dielectric strength barrier

layers in order to prevent sparks and dielectric damages.

On the other hand, there is no need to fabricate any special patterning of the bottom

electrode, as it only serves to address the electric field.

Therefore the operations would be quite easily performed using a simple addressing logic.
On the other hand, only liquid motion has been observed, while any study or investigation
has been done in liquid manipulations basic functions, like splitting, merging, mixing and

dispensing.

There is still a long path to walk towards a fully functional contactless electrowetting

device.

As an addition to the fundamental study of electrowetting phenomenon, it has been
reported the effects of humidity in contact angle saturation: in particular that as the
humidity of surrounding air increases, also the contact angle at saturation increases,
showing that the recombination rate at the TPL is also and strongly influenced by the

surrounding environment.
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Figure 6-1: General schematic of a contactless electrowetting device for liquid handling.



6.3 Charge driving electrowetting devices: main advantages

The injection of charges at a controlled rate, into a standard electrowetting device, has

been discussed deeply in Chapter 5.

First of all, the system has been simulated with the help of multiphysic simulations and
applying the model introduced by Castafier [64], taking into account the parasitic effects

of wiring on the full system.

After that, the system has been measured by injecting charges at several rates. Finally the

results have been cross checked.

The simulations done applying the theoretical model by Castafer and the multiphysic
simulations show the contact angle at different speeds, even though the theoretical
model by Castafier is more accurate than the one developed in Comsol. The voltage

calculated is exponential as the system is capacitive coupled.

In reality, the measurements show that the voltage is not completely exponential, as

when the contact angle saturates, it increases linearly.
As expected, the speed of contact angle variation varies in function of the charge rate.

This is the main goal of the Chapter, as the control over the motion of the TPL is extremely
beneficial for the two more mature electrowetting technologies: electrowetting pixels and

electrowetting lenses.

One of the challenges of electrowetting displays is to show a good, and linear, response to
the voltage applied in order to get a characterization of a gray scale excitation signal over

at least 256 levels.

This is not possible, at the moment, as the electrowetting pixel suffers a high hysteresis
and also the non-linearity experienced by applying a voltage step starting the pixel
opening complicates the driving. If charge rate is controlled, the response can be quite
easily characterized; pixels can open more smoothly, therefore a better linearization can

be achieved.



In the same way, electrowetting lenses are nowadays affected by problems in controlling
the focal dynamics. The dynamics of the internal interface between oil and conductive

liquid is the key to achieve a fast focusing and precision in depth of field.

By well characterizing the TPL speed and dynamics, a fine position control in closed loop

can be easily implemented.

The big importance, therefore, of the charge injection rate in an electrowetting device
resides in the fact that the dynamics can be characterized for the design of a fine closed

loop control.

Together with the easier controllability of droplet dynamics, injecting charges in a
controlled way optimizes the power required for operations. The amount of energy
required has been found to be from 10 to 100 times smaller, reported in Figure 5-17, than
with conventional driving. As typically electrowetting displays and liquid lenses equip
portable electronics such as smartphones or tablets, the energy consumption is a key

point in making the technology attractive to the market.

As last remarks, it was also observed that the saturation angle has some relationship with

charge injection rate: the decreasing at higher charge injection rates.

The fact that the contact angle saturates at lower values is seen to be due to the fact that
the voltage “switching point” from exponential to linear increase happens later at higher

charge rate, Figure 5-12.
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Annex |

A. Schwarz-Christoffel transformation

Maxwell equation solving is not an easy task when the shape under analysis is far from
being a pair of infinite parallel plates. Schwarz-Christoffel transformations help to

transform complex shapes into easier ones, where Maxwell equations are solvable.

The water drop under depicted in Figure 3-9 can be sketched as the physical plane Z=x,y
depicted in Figure A-1. In plane Z is considered a triangle with vertices A;, A, and A,

where A; is finite and A4, A, are respectively -co and +oo.

Zplane y

Figure A-1: Shape in physical plane to be transformed by Schwarz-Christoffel transformation in a complex
plane.
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Figure A-2: Representation of the physical plane Z(x,jy) and the transformed plane T(t, jt).

Applying the Schwarz-Christoffel transformation in equation (A-1) the physical plane Z is

transformed in a complex plane T{(t,j7):

_4 &
Z(t)zclj;(t—tl) *(t—t,) *..dt+C, (a-1)

135



Where ¢; are the exterior angles defined rotating counter clockwise (CCW) along the
polygon and the sum of which is equal to 27. In this case the exterior angles of the three

vertices of the triangle are defined as following:

. A1= T
. As=- [ (itis negative because of the CCW constraint)

« A=2m-(m-B)=m-p (because the sum of the three must be equal to 2n)

The destination of points A;, A,, and Az on the transformed plane T are t4, t; and t3 can be
chosen arbitrarily, nevertheless choosing one of them at infinite, say t,=+, is a good

choice as its effect will be absorbed in the constant C; of the transformation equation.

Table A-1: transformation correspondence between physical plane and transformed plane

Physical plane Z| Exterior angles [Transformed plane T
A -00 T t.=0
A, jh n-B t, =+
As +00 -B t;=-1

Introducing the data Table into Equation (A-1) therefore:

B
t r
Z(t)=C, jt (t—t) tdt+C, (A-2)
0
As can be defined B = an
t
Z(t) = cljt (t—t)“tdt+C, (A-3)
0
That is the transformation that brings the points on Zto a complex plane T.
In order to calculate the two constant C,, eq. (A-3) is calculated in point As.

. t3
jh = Cljts(t —t)“tdt+C, (A-4)

That results in:

C,=jh (A-5)

And therefore



v

t3:—1 t1:O

Figure A-3: Graphic representation of the calculation of the constant C;. When
r—0 is when the point t; is reached.

Z(t)=C, j_tl(t —t)“t"'dt + jh (4-6)

The constant C1 can be calculated by pointing in t;=0 and evaluating the increment of the

integral of eq.(A-4) around that point infinitesimally.

When t = t;-r the integral is:

Z(t,-r)= Qf{r (t-t)*t'dt+ jh (A-7)

And when t = t;+r the integral is:

Z(t +r)=C, fl (t—t)“t"dt + jh (4-8)

As ris infinitesimal, (t + 1)* has the same value in eq.(A-7) and in eq.(A-8) has the same

value. It is possible, hence, to write:

Z(t, +r)—2Z(t, -r)=C, J:r(t —t)“tdt + jh (4-9)

As (t + 1)* = 1 because —r < t < +r isinfinitesimal:

Z(t+r)-Z(t, —r1) = cj—+1h (4-10)

If t = re/? and dt = rje/?dg thenfort = —r @ = mand fort = +r ¢ = 0. Therefore

eq.(A-10) can be solved as:

i iz (A-11)

+rdt orje“"
t J.re"/’

Hence:

Z(t,+r)—Z(t,—r)=—jaC + jh (A-12)
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With r - 0 C; results to be:

h
C,=— (A-13)
V4

Therefore eq.(A-3) can be written as:

Z(t) = h f (t—t)“tdt+ jh (4-1)
T %%

The transformation from T — W plane is t = e¥, dt = e¥dw and transforms a positive
semi-plane to a band between two infinite parallel lines, as showed in Figure A-4. When

t =—1 resultsin=jx;t = 0resultsinw = —ocoand t = 400 results in w = +oo0.

T

anEEEEE R R R n e — o assssssssmEsEmmEns

Ts=-1 T,=0 Ty=+c0

w
P Wg:jﬂ'

§

W1 W2

Figure A-4: Representation of the T plane transformed in the W plane.

Eq.A-14 is hence written as:

Z(w)= EJ.W e"+1)“e"e"dw+ jh (A-151)
Tz
Therefore:

Z(w) _h j_w (€" +1)“dw+ jh (4-16)
7T

Eq.A-16 can be used to solve analytically electrowetting problem for the specific shape

presented at the beginning.
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Annex II

B1 Step-by-step modeling of electrowetting devices

B1.1 Initialization
In this Annex is described the step-by-step process for a complete multiphysic simulation

setup, involving electronic circuits (CIR), electrostatics (ES) and computed fluid dynamics
(CFD). When Comsol is started, the interactive wizard starts automatically. The navigation

between screens is done by the right arrow, Figure B-1.

Firstly user selects the simulation type; as symmetries are used for geometry design, and
simulation time optimization, 2D axisymmetric simulation has been chosen (Figure B-1a).
Following, the physics selection window appears: multiple physics are chosen by multiple

selections, Figure B-1b.

NMo \ BMat|[EMo| T DO S Model Wiz . 58 Material Br | [} ModelLibr| = O
Select Space Add Physics & @ﬁ -
Dimension ; @ﬂ =
@ Recently Used
30 %' Laminar Two-Phase Flow, Phase Field (tpf)
I @ 2D axisymmetric I % Electrostatics (es)
2D ¥2 Blectrical Circuit (cir)
7 1D axisymmetric -‘__5 Thermal Stress (ts)
1D £ Solid Mechanics (solid)
0D X AC/DC =
(a) (b)
< Model Wiz &8 Material Br | [l Model Libr| = O] [/ Geometry % Material 8r | [l] Model Libr | = I
- | Build All
Select Study Type & F1 i a
E + Units
Studies

Angular unit:

[ Degrees -

(c) (d)

Figure B-1: Step by step simulation model definition. A) Definition of the space in which simulation is run; b)
selection of the physics involved in simulation; c) study selection of the simulation and finally d) definition of
the units for the geometry design.
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For electrowetting, the physics involved are “Laminar Two Phase Flow” (TPF), “Electrical

circuits” (CIR) and “Electrostatics” (ES).

The simulation to be performed is a time-dependent simulation as the focus is the
transient dynamics; therefore transient with phase initialization simulation type is chosen
(Figure B-1c). The simulation start up finalizes when the chess flag is clicked. Prior the
geometry and boundary conditions definition the length unit must be specified; mostly,
electrowetting geometries are in the millimeters range, therefore the unit length is

chosen accordingly.

Before designing the geometry, it is good practice to define, if needed, custom variables
and functions. For electrowetting devices these variables and functions are mainly

described in Table 2-1 and Table 2-2.
This procedure can be done by following the instructions below:

- In the Model Builder menu, right click on Global Definitions and select
Parameters; enter the following settings from Table 2-1.

- In the Model Builder menu, expand the Model 1 menu and right click on
Definitions. Select Variables and enter the functions specified in Table 2-2.

Geometry definition

Model geometries can be designed using built-in Comsol CAD or they can be imported

from external CAD program by clicking on “Geometry” in the simulation tree.

Once the geometry to be simulated is fully designed or imported, materials are assigned

to the correspondent domain and boundary conditions are specified.

Figure B-2 shows the axisymmetric representation of a droplet of approximately 5pul
(~1mm radius) sitting on a slightly hydrophobic surface and surrounded by air. The
geometry is obtained by right clicking Geometry in the Model Builder and using the tools
available for geometry design; in order to import an existing geometry Import from the
drop down menu must be selected.

The dielectric layer is not designed as the mesh of the geometry would not converge due

to the size of the layer (~1um).

Instead, the thin dielectric layer is defined as a boundary condition in the ES module.
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Figure B-2: Electrowetting on dielectric droplet based simulation geometry.

Table 2-2 shows the full implementation of the Maxwell Stress Tensor calculation. The
coupling between ES and CFD is done by tracking the fluid-fluid interface and recalculating
the relative permittivity according fluid movement.

This strategy implemented by taking advantage of the level set method magnitude
tpf.VfX, which represents the volume of fluid fraction of the phase X. In this way the
material physical properties related to a domain follow the movement of the fluid

interface even though the geometry designed does not change move.
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Figure B-3: Material properties definition menu.

Material properties are assigned by clicking on the Materials menu, Figure B-3, and
adding a new material or picking one from the material library and then modifying
physical parameters with the ones specified in Parameters definition. To each material, a

domain must be associated. Boundary conditions are applied to each module separately.

B1.2. Boundary conditions setup for droplet-based electrowetting simulation

Boundary conditions for CIR module

CIR module defines the power supply circuit. In the most generic case, power supply
provides voltage and there are no specific requirements. In the case taken into account,

as example, the voltage supply has a current compliance of 20mA.
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Figure B-4: a) CIR module: a PSpice netlist can be directly imported, nevertheless a circuit definition can be
done by using the components shown and interfacing them to ES module using External lvsU, Uvsl and I-
terminal. B) Schematic of the generator circuit interfaced to the electrowetting on dielectric device. The
interface to the simulated geometry is done by a ||U component that applies to ES module terminal the
voltage and current computed by the CIR module.

Circuits defined as PSPICE net list can be easily imported by right-clicking on Electrical
Circuit (CIR), on the other hand, it is possible to define circuits from the same menu by

adding components and specifying nodes and values.

The circuit to be described is shown in Figure B-4, where the voltage V(t) at terminals
depends on the voltage generator with values comprised between 50V and 70V; the

current i(t) is limited by the resistance of the generator R, to a typical value 20 to 100maA.

The boundary conditions applied to voltage generator, resistor and external load (I|U) are
shown in Figure B-5a, Figure B-5b and Figure B-5c respectively. The voltage generator

boundary conditions are shown in Figure B-5a.

The device parameters are set to: DC voltage and 70V; the voltage generator is placed
between nodes 1 and 0. Resistor boundary conditions are shown in Figure B-5b; the
resistance value is set to 3.5kQ), in order to limit current to 20mA; the resistor is placed

between node 1 and 2.
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Finally, Figure B-5c shows the boundary conditions for the external load (I|U). The
component is placed between nodes 2 and 0; electric potential is set to “terminal

voltage”, nevertheless this option only appears after Terminal component is added in ES

module.
) Voltage s [l Model Lib | % Material B| = O = Resistor [} Model Libr | %2 Material Br | = O | [# Bxternal [Vs, U % Material Browser =8
~ Mode Connections ~ Mode Connections + Node Connections
Label Nedenames Label Mode names Label Mede names
[ o K
" n 0
~ Figure ~ Figure
+ ~ External Device
€CTriC potential:
~ Device Parameters V' | Terminal voltage (es/terml) b
| Resistance:
R EEJ(9) £2
 Device Parameters
Source type:
DC-source Y
Voltage:
Vire 70 v
(a) (b) ()

Figure B-5: Boundary conditions for a) the voltage generator, b) the resistor and c) the external lvsU
component. In particular external IvsU component feature “Terminal voltage” will appear when in ES module
will be added the Terminal component.

Boundary conditions for electrostatic (ES) module

ES boundary conditions are set by right-clicking on the Electrostatic (ES) menu in the
model tree. In this menu, domain and line boundary conditions can be specified, as shown

in Figure B-6.

The electrostatic boundary conditions specified are set over lines. Ground, terminal and
low permittivity gap conditions are applied to the model geometry as shown in Figure B-7,

Figure B-8 and Figure B-9.
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Figure B-6: Electrostatic boundary conditions. The features highlighted in blue apply boundary conditions to
domains while the features highlighted in green apply boundary conditions to lines and contours.
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Figure B-7: Low permittivity gap boundary condition defined on the surface of the hydrophobic layer. The
hydrophobic layer has been defined as 1um thick and showing a relative permittivity constant of 1.9 (Teflon).
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Figure B-8: ES electrostatic module boundary conditions definition: a) thin low permittivity gap (dielectric
layer) definition; b) Terminal definition on node 1 and c) ground definition.
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Figure B-9: Ground is designed to be the bottom of the electrode. A)By default, it is node 0. b) shows the
boundary line chosen as Ground

The low permittivity gap is specified by manually entering thickness and relative

permittivity of the Teflon layer. The boundary is chosen as the line between the bottom

electrode and the electrolyte/air.

The terminal is linked to the electrical circuit by specifying the terminal type (circuit) and
selecting the lines that form the needle contour. In the same way it is chosen the ground,
the area beneath the electrolyte and the air, as shown in Figure B-9.




Boundary conditions for the laminar two-phase flow (TPF) module
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Figure B-11: VVolume Force boundary condition definition by applying Maxwell stress tensor calculated by ES
module to the Laminar Two -Phase flow

The laminar two-phase flow module only takes into account liquid domains, which means
that the geometry areas occupied by metal have to be unselected from TPF simulation.
This operation is done by clicking on Laminar Two-Phase Flow (tpf) menu and unselecting

the needle and bottom electrode domains as shown in Figure B-10
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By right clicking on the Laminar Two-Phase Flow (tpf) menu, volume force boundary
condition can be set over the liquid and air domains, by entering Fr and Fz values in
Volume force menu shown in Figure B-11. In order to allow the system to converge, it is
mandatory to define a Zero Pressure Point. This operation is shown in Figure B-12 and

usually it is chosen a corner that can never be reached by the liquid movement.

s 54 Laminar Tiy=Dkaca Elo Dbacn Giald fendl [l 1l
' Fluidpy O Fluid Properties
5 Asdal Sy ¥ Velume Force

I Walll |+ Gravity
5 Initial V|

) Initial Values

25 Initial I
0 Initial V| *05  Inlet
© Volume +  ouuer
@ Pressur
D Wall2 °
5 Mesh1 | D Symmetry
o Study 1 *E Initial Interface
= ="| %% Periodic Flow Condition
nar Two-Phase Fl i
Pairs »
Points 3 {*@a Pressure Point Constraint

i Sort by Space Dimension

f MoveUp Ctrl+Up
L tion ¥ Delete Delete
@ Disable =]
Sl s Rename 2 I
bhase flow model B | ropeties = 5 o7
_phase flow, phad
[ DynamicHelp FL  fogress | Log | (=] Results 2 Sy T RIREY

Figure B-12: Zero pressure point boundary condition. In detail is shown the point, far from the drop domain,
where pressure is set to “0”.
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Figure B-13: Initial fluid interface boundary selection. The interface between the liquid drop and the
surrounding air must be selected.

Following, phase 1 and phase 2 must be identified. This operation is done by selecting
Initial values in the domain properties definition. Figure B-15 shows the full work flow:

first enter as fluid 1 the droplet domain, Figure B-15a; add another “Initial values” at the
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Figure B-15: Fluid initial conditions a) drop domain set as “fluid 1” and b) air domain is set to “fluid 2”.
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FigureB-14: Wetted wall boundary definition. The surface where the droplet sits shows an initial contact
angle of 110°. The boundary condition is defined by entering the contact angle value in radians or specifying
the dimension is degrees.

model tree and select air as fluid 2, Figure B-15b. Following, the interface between liquid
droplet and air must be defined. Figure B-13 shows how to apply this boundary condition

to the model geometry.
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Finally, the wall constraint is defined by clicking on “Wall”; if “Wetted wall” boundary
condition is selected, then a specific contact angle (or a function of it) can be specified. In
this case, the angle specified is 110° as reported in FigureB-14.

B1.3 Study definition
In order to perform correctly a multiphysic simulation, a study must be prepared. The
study to perform a correct CIR-ES-TPF simulation must have at least 2 steps: Phase

initialization and time dependent step.

In Phase Initialization step is needed to set the initial conditions for the TPF module. In
Figure B-16a it is shown how to set the Phase initialization step: CIR and ES physics must
be not selected while in Dependent values menu Initial expression and Zero solution must
be selected. The Time dependent step, just below, must be set as in Figure B-16b: all
physics are selected; the Dependent values are set to Studyl, Phase initialization and

Automatic. The time range specified in this case is 1ms with 1000 steps.

In order to start the simulation, Study1 must be selected, therefore in the upper menu will

appear the symbol “=” as shown in Figure B-17.
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Figure B-16: Study definition. A) Step 1: phase initialization only takes into account the laminar two-phase
flow module. The dependent variables must be set to “initial expression” and “zero solution”. B) In Step 2, a
full CIR-ES-TPF simulation is performed, starting from the solution of study 1 and over a time range
comprised between 0 and 0.001s with 1000time steps.
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