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Summary

Summary
We have investigated statics and dynamics of droplet spreading by electrowetting.
We derive a model for electrowetting by studying the energy balance of a droplet
and its virtual displacement at the three-phase line. We relate the contact-angle to
the capacitance. The influence of gravity on the droplet shape and the contribution
of stray electric fields to the capacitance have been taken into account. At low
voltages, the droplet spreading is highly reproducible and no contact-angle hysteresis
is observed. At high voltages, hysteresis and contact-angle saturation occur. We
show that charge remains at the surface if a droplet is removed at high voltage. We
attribute these effects to trapping of charge in or on the insulating layer. Trapping
of charge may occur because beyond a particular threshold field, electrastatic farces
acting on the ion exceed the farces between the ion and the liquid. Measurements
of the trapped voltage as a function of the applied potential on the droplet result in
a threshold electric field equal to (2.3 ± 0.1) · 107 V m- 1 on a 10 f.J,m insulator. The
threshold voltage is independent of the type of ions in the liquid, the molarity of
the liquid and the initial contact-angle. We can remave trapped charge by exposing
the charged area to a droplet at zero potential.
Dynamically, measuring the current as a function of time provides accurate data on
the position and velocity of the three-phase line. The velocity of a 10 f.J,l droplet is
of the order of 0.1 ms- 1 . The droplet reaches 90% of its angle modulation within
10 ms. Due to inertia, the droplet oscillates around its new equilibrium position.
A stroboscopic film shows the droplet shape during displacement. We can see the
influence of inertia on the droplet shape. From the quasi-static assumption, we can
derive the contact-angle of the droplet and the net force working on it. The velocity
as a function of the resulting force is in line with the molecular kinetic model for
droplet spreading.
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Introduetion

1

Introd u ct ion

Electrowetting is the change in the wettability of a solid because of the application of
an electric field between a solid and a liquid. As electrowetting can be used to control
the affinity of substrates to liquids, varying the electric field gives an interesting tool
to study partial wetting and surface tension physics. With electrowetting, liquids can
be manipulated by non-mechanica! means. This can have applications in displays [1],
optical switches [2], variabie focallenses [3) and in micro-motors [4).
At Philips Research, an explorative research project on electrowetting has been
conducted since 1995, for possible applications in spatial X-ray filtering. Welters
performed experiments to develop a coating system for electrowetting purposes [5).
Renting and Prins showed that in principle a measurement of the capacitance of the
droplet is related to the electrowetting force [6).
The aim of this project is to study the maximum contact-angle modulation by
electrowetting, the cause for hysteresis and the velocity of the three-phase line of
a droplet which is spread by electrowetting. fundamental problems and limitations
of electrowetting. Therefore, we have stuclied the saturation of the electrowetting
effect at high electric fields and the velocity of the contact-line of the droplet during
spreading. We concentrate on electrowetting experiments with an aqueous liquid
and an insulating layer between the electrode and the liquid. Firstly, we present a
historica! survey of electrowetting and we derive the theory of electrowetting from
the energy balance. We have extended the conventional electrowetting theory by
taking into account trapping of charge. This may be the cause of saturation of
the electrowetting effect at high electric fields. After this, we propose different
models to explain the trapped charge as a function of the applied field. Then,
we discuss the relation between the capacitance of a droplet and its contact-angle,
taking into account possible effects of stray electric fields from the sicles of the droplet
and the influence of gravity on the droplet shape. We perform measurements on
electrowetting at high fields to derive the trapped voltage, which is compared to
the proposed saturation models. We show condensation patterns to indicate where
trapped charge exists and we demonstrate that we can remove the majority of it.
After that, we introduce a new measurement technique, in order to get the velocity
of the droplet in conjunction with the electrowetting force working on it during
spreading. We show results for different viscosities and applied field and we campare
the results with theory. Finally, we present photos from a stroboscopic film of a
moving droplet, to display the droplet shape during spreading and demonstrate the
reproducibility of the droplet movement.

This report is the result of a graduation project performed at Philips Research in
Eindhoven, at the department Microsystems Technology, under supervision of dr. ir.
M. W.J. Prins (Philips Research) and prof. J.H. Wolter (Eindhoven University of
Technology). It was carried out from April 1998 to February 1999.
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Theory of electrowetting

In this chapter, we describe the voltage induced spreading of a droplet on a solid
surface. This is called electrowetting. The model we demonstrate contains the
surface and electrastatic contributions to the free energy of the droplet. We start
with showing that Young's equation fora spread droplet follows from the model in
absence of an electric field. After that, we describe electrowetting in the absence
of trapped charge. Then, we include the effect of trapped ions in the insulating
layer. This can explain the contact-angle saturation which is the saturation of
the electrowetting effect at high electric fields [7]. After that, we present models
to explain the voltage dependenee of the trapped charge in the insulating layer.
Finally, we describe the molecular-kinetic model of wetting and we discuss capillary
waves.

2.1

Introduetion

The history of electrowetting starts with the discovery of electrocapillarity in 1875 [8,
9]. Electrocapillarity is the electric modulation of the surface tension between two
electrically conducting liquid media, usually mercury and an aqueous solution. The
change in surface tension occurs because of the builcl-up of aso-called diffuse electric
double layer in the aqueous solution. The double layer is the distribution of ions
near the mercury interface. Close to the electrode, ions of charge opposite to the
charge in the mercury have a higher concentration as they are attracted towards the
electrode. Ions of the same charge are repelled from the surface. The infiuence of
an electric field on the contact-angle of an electrolyte on a solid electrode has often
been investigated, see for instanee Ref. [9] and references therein.
Wedefine electrowetting as the movement of the contact-line between three media,
as a result of an electrically induced change in interfacial tension between a solid
and a liquid (see also Ref. [10]). The change in surface energy results in a change in
the contact-angle. The basic equations relating the contact-angle to the electric field
are derived by for instanee Sondag [11]. We study electrowetting in the situation
where a liquid is placed on a solid insulating substrate, surrounded by a vapour.
Electrowetting has first been reported by Minnema [12] in 1980 using an insuiator
and by Beni in 1981 [1] directly on the solid electrode. For systems with the liquid
directly in contact with the solid electrode, the full applied potential drops over a
diffuse electric double layer in the liquid. This causes a change in free energy of
the system and therefore movement of the droplet [1, 2, 10, 13]. In systems with an
insulating layer between the solid electrode and the liquid, the main voltage drop
is across the insulating layer and the voltage drop across the electric double layer
in the liquid can be neglected. A study of the contact-angle of a liquid droplet on
an insulating layer, with an electric field applied across this layer has been made
by Minnema [12], Berge [14] and Vallet [7]. In section 2.4 we will explain that the
contiguration with an insuiator results in electrowetting forces stronger than without
the insulating layer.
©Philips Electranies N.V. 1999
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Figure 1: Schematic drawing of an electrowetting experiment. A droplet of a conducting liquid is placed on an insulating layer of thickness d which is deposited on
a solid counter-electrode. Applying an electric voltage V changes the droplet free
energy and therefore the contact-angle () decreases.
We use a system with an insuiator between the solid electrode and the liquid in
our experiments, as shown in figure 1. The insulating layer is a parylene layer of
about 10 p,m thickness. The liquid is demineralised water with 0.2 M K 2 S0 4 unless
stated differently. Typical electric fields are 200 V per 10 p,m or 2 · 10 8 V m -l. The
metal electrode at the bottorn and the counter-electrode in the liquid droplet are
connected to a voltage source. The voltage souree keeps the potential between the
liquid and the metal electrode at a voltage V. The potential inside the droplet is
assumed to be uniform, because the liquid contains mobile ions.

2.2

Energy analysis of electrowetting

A droplet of a liquid on a horizontal substrate spreads until it has reached a minimum
in potential energy. This is determined by the cohesion forces in the liquid and the
adhesion of the liquid with the substrate. The phenomena of surface and interfacial
tensions are explained in terms of 'Y, the surface tension [N m -l] or surface free
energy [Jm- 2 ]. When electric charges are present in the system, the free energy and
therefore the droplet spreading are infiuenced by electrastatic forces.
Figure 2 shows the three-phase line between the droplet, the vapour phase and the
solid substrate. When a potential V is applied, a charge aL builcis up in the liquid
phase and aft on the metal electrode below the liquid. We have indicated that part of
the ions are trapped into the solid insuiator because of the electrastatic force working
on them. The trapped charge below the liquid, a~, can be different than below the
vapour phase, af'. The latter induces a counter-charge on the metal electrode. The
charge on the me tal electrode below the liquid is equal to aft = - (aL +a~) and the
charge below the vapour phase is a~= -af'
The molecules at the three-phase line are in thermal motion with a characteristic
velocity. On a molecular scale, the frequency of displacement is of the order of
10 5 Hz or higher. We will discuss this in more detail in chapter 2. 7, which concerns
the molecular kinetic theory to describe wetting kinetics. The vibrating contact-line
4
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Figure 2: Schematic picture of the contact-line with presence of an applied potential
and trapped charge. An infinitesimal increase in base area dA at set voltage V
results in a change in free energy of the droplet, because of a change in interface
area, placement of extra charge daL in the droplet and daM on the metal electrode.
The distance from the me tal electrode to the trapped charge layer is d1 , the distance
between the trapped layer and the liquid surface is d2 . The work to displace the
electric charge is performed by the battery.
is visible in figure 2 as a displacement by dA.
We define the thermodynamica! system as the droplet, the solid substrate, the metal
electrode and the voltage source. Throughout our entire derivation, we consider the
system in equilibrium at constant potential V. We focus on the change in free energy
due to an infinitesimal increase in base area. This increase in base area results in a
change of the free energy of the system, because of the surface energies as well as
the energy involved with the new charge distribution. In the case of equilibrium, the
droplet shape will change to a situation, such that the free energy is at a minimum.
It will be higher for either an increased or a decreased droplet base.
The increase of droplet base, dA, results in an expression for the free energy of the
system in differential form:

dF = 1sLdA -1svdA + 1LvdAcos0 + dUL- dUv- dWB.

(1)

We have introduced 1 as the surface tensions or surface free energies for the solid/liquid,
solid/vapour and liquid/vapour interfaces. The static contact-angle, 0, is the angle between the liquid and the solid substrate at the three-phase line, as measured
through the liquid phase. The electrastatic contribution to the change in the free
energy is given by dUL and dUv for the contribution below the liquid and the vapour
phase respectively. We assume that the extent of the trapped charge outside the
droplet is large compared to the insuiator thickness. Therefore, the contribution
of the charge change at the liquid/vapour interface on the side of the droplet to
the change of free energy is negligible. Only the position of the resulting fringing
field shifts, but there is no change in its contribution to the free energy. The work
performed by the voltage souree is given by dWB.
©Philips Electronics N.V. 1999
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Dissipation of energy results in contact-angle hysteresis. This means that that
dropiets on asolid substrate can have more than one stabie static contact-angle [15,
16]. The maximum angle is called the advancing, the minimum is called the receding contact-angle. Many thermadynamie metastable states can exist, because
of irreversibilities due to surface roughness and chemica! heterogeneities of the substrate. We show below that the substrates we use show no observable contact-angle
hysteresis and therefore, we leave dissipation out of the equation.
Equation (1) describes the free energy of the droplet system. In equilibrium, the
shape and surface of the droplet is such, that the energy is minimaL If we set
dF/dA = 0 in Eq.(1), we find the relations for the situation in equilibrium.

2.3

Young's equation

For a droplet on a surface without any potential applied, there is no electrastatic
contribution. We write Eq.(1) as:
dF = '!'sLdA - ')'svdA

+ '!'LvdA cos()

.

(2)

In equilibrium, dF/ dA = 0, we find the equation that Young discovered in 1805 [17]:
')'LV COS(}

=

(3)

')'SV - ')'SL ·

This equation relates the surface energies to the static contact-angle. The forces
working on the liquid at the three-phase line in vector notation are shown in figure 3.

Figure 3: Vector notation representing the farces on the liquid at the three phase
boundary.

2.4

Electrowetting in absence of charge trapping

Electrowetting has been described in absence of charge trapping many times before,
as for example by Sondag [11]. Here, we will show that we can derive the same
equation with the principle of virtual work. The change in free energy in the vapour
phase Uv equals zero as no charge exists below the vapour phase. Therefore, we
only have to take into account UL to calculate the equilibrium situation.
We assume that the droplet on top of the substrate in figure 1 is kept at a constant
voltage V, while the metal electrode is at zero potential. The charge density in the
liquid at the solid/liquid interface is CJL at potential V. The metal electrode has a
6
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charge density at. = -aL at zero potential. The charge density below the vapour
phase is zero, a}: = aY, = 0, because of the absence of trapped charge.
In general, the electrastatic energy density per unit area is given by:

u=

-

A

I

1 ..........
-EDdx
2
'

(4)

where x is the distance between the layers and Dthe displacement, with D = EoErE.
The increase of free energy due to the charge distribution in the liquid, UL, as a
result of an infinitesimal increase in droplet base can be written as:

~dE D

dUL
dA

--

2

1 V
-d-aL
2 d
~ EoErv 2
2 d
'

(5)

where we have introduced the dielectric constant of the insulating layer Er· The
insuiator thickness is given by d. The work performed by the voltage souree per
unit area is given by:
dWs
dA

(6)
Using Eqs.(1, 5) and Eq.(6) and taking dF/dA
1'Lvcos0

= 0,

we find:

1 éoér

= ')'sv- 'YsL + 2TV2 ·

(7)

Wedefine the electrowetting force (Few [Nm- 1]) that works on the three-phase line,
as a function of change in 0 and as a function of the applied voltage:

(8)
This equation for Few is the one derived in literature to describe electrowetting. It
prediets a quadratic increase of the electrowetting force with the applied potential
V. Writing in terms of electric field, we obtain:
1

2

Few = 2éoérd E ,

(9)

so Few is proportional with the thickness of the insulating layer.
In the case of electrowetting of an electrolyte directly on a metal electrode, the
electric double layer has a typical distance of a nanometer. Instead, when we use an
insuiator with 10 p,m thickness, d is increased by four orders of magnitude. Provided
©Philips Electranies N.V. 1999
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that the dielectric constant of the insuiator (for parylene cr ~ 3) is of the sameorder
as the one of the double layer (e.g. cr = 8), the electrowetting force increases by
four orders of magnitude as well, at equal electric fields. Using an insuiator with a
thickness of around 10 J-lill, the capacitance is of the order of 100 pF cm- 2 . With
a voltage of the order 100 V, the electrowetting force is of the order 10- 2 Nm- 1 .
Another benefit of the insulating layer is that generally, it can withstand higher
electric fields than the electric double layer.

2.5

Influence of charge trapping

When we apply a potential difference between the liquid and the solid electrode,
charge builds up in the solid electrode and in the liquid. Electric farces work on the
ions in the liquid, and pull ions towards or even into the insulating layer. We define
trapped ions as ions which are bound stronger to the surface than to the liquid that
is surrounding them. The trapped charge (ar) is the charge due to trapped ions.
The ions can be trapped because they are physically pulled into little holes in the
polymer, they can be chemically bound or they can be 'frozen' on the substrate if
the electrastatic force working on them is stronger then the ion-liquid farces. In the
next section we will discuss possible models of charge trapping. First, we discuss
the infiuence of trapped charge on electrowetting.
As shown in figure 2, we assume that the trapped charge farms a charged layer at
a constant distance d 1 from the metal electrode. In general, the trapped charge
density helow the liquid is not necessarily the same as below the vapour phase.
In this analysis, we assume that the charge is already trapped or that the time
constant for the trapping of charge is very large compared to the typical times of
vibrating contact-line. Therefore, the rnaving three-phase line senses a constant
trapped charge and under these assumptions, the trapped surface charge density
can be considered to be equal below the vapour and the liquid phase. We consider
the situation in equilibrium. Therefore, we assume that the trapped charge is static
in size, distance and time. The charge density at the solid/liquid interface is aL.
It is kept at potential V as shown in figure 2. The charge density of the trapped
charge is written as ar. It is has a potential V,f: below the liquid and Vr below
the vapour phase. On the metal electrode below the liquid, the charge density is
a.ft- =-(aL+ ar) at zero voltage. The charge density below the vapour phase at
the metal electrode is a~ = -ar at zero volts.
The potential as a function of the distance in the insuiator is shown in the left panel
of figure 4 below the liquid and the vapour phase, in case of charge trapping and in
absence of it. The right panel shows a plot of the electrastatic field, which is the
derivative of the potential. It is clear that trapping of charge decreases the electric
field at the liquid/solid interface and consequently the electrowetting force.
We can calculate the different contributions to the free energy due to the changed
charge distribution for an infinitesimal increase of droplet base in Eq.(l). Using the
samegeneral expression for the energy density, Eq.(4), we find for the contribution
8
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Figure 4: Schematic plots of the potential (left) and the electric field (right) zn
the insuiator beneath the liquid and the vapour phase. Below the liquid phase, the
potential and electrastatic field with and without charge trapping are shown.
below the liquid phase:

dUL
dA

(10)
For the energy change due to displacement of the vapour phase CJL = 0, so we write:

dUv
dA

1

1

2d1E1D1
1

+ 2d2E2D2

Vr

-dl--O"T

2

dl

1

(11)

2VrO"r.

The work performed by the voltage souree per unit area is given by:
dWs
dA = VO"L.

(12)

We know that the electric field relates to the surface charge as O" = EoErE, so we
find the following relations between the surface charges and the potentials:
O"r
O"L
y::L
T

EoErVr

dl
EoEr(V- Vr)

d
dr

(13)

Vr+ d(V- Vr).

Using Eqs.(lO, 11, 12) tagether with Eq.(13), we find for the expression of the free
energy in equilibrium:
'"'fLvcosB = '"'fsv- '"'tsL

©Philips Electranies N.V. 1999
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·
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So for the electrowetting force, we find:

(15)
The extra term Vr accounts for the trapped charge and is a function of V. The value
for Vrat zero voltage gives the potential of zero charge as described by Fokkink [18].
We notice that the electrowetting force is proportional with the square of the applied
voltage minus a voltage due to charge trapping. Intuitively, this makes sense, as
the molecules around the back and forwards moving three-phase line sense only the
difference in surface charge of the vapour and the liquid phase. From experiments, we
will find saturation of the contact-angle modulation at high voltage. This indicates a
strong dependenee of the trapped voltage on the applied voltage. In the next section,
we present possible models for the voltage dependenee of the trapped charge.

2.6

Potential dependent charge trapping

In the previous section, we defined trapped charge as ions which are bound stronger
to the substrate than to the liquid. The bonding to the substrate depends strongly
on the electric field. We propose three mechanisms to explain the charge trapping
and the voltage dependenee of it. First, bonding can occur because at a particular
electric field the electrastatic force that works on the ions exceeds the forces between
the ion and the liquid. The ions will he pulled against the substrate and are trapped
(see figure 2) at a distance d2 equal to zero. The derivation of section 2.5 still holds
in this case. We expect to find zero trapped voltage for low enough fields and an
increasing trapped voltage for higher electric fields.
The second mechanism is that bonding can occur because the ion gains energy when
it is closer to the counter electrode. Therefore, the ions which are pulled to the
substrate by electrastatic forces try to get into possible nano-pores of the insulating
layer. As soon as they are at a distance a few times the ionic radius away from the
liquid, they have negligible interaction with the liquid and the ion is considered to
he trapped. In this model, the thermal energy of the ionsis important.
A third explanation of the trapping of ions is that the ions can he bound chemically
under the influence of the electric field. A strong dependenee on the type of ions
and ion concentration is expected. Furthermore, a chemical binding is expected to
he rather permanent, resulting in irreversible graphs for the trapped voltage. As we
will see from the experimental results, trapping is not irreversible. Therefore, we
have not considered a chemical model in more detail.
2.6.1

Ion binding by electrostatic forces

Chudleigh attributes the transfer of charge to polymer surfaces to electrastatic forces
which exceed ion-liquid forces [19] . He charged a liquid on a polymer and removed
the liquid, to find a surface charge on the polymer layer. Electrastatic forces work
10
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on ions in an electric field. For a certain threshold electric field, the electrastatic
forces between the ion and the electrode exceed the ion-liquid forces and the ions
are pulled against the surface. If the liquid is removed, these ions are still bound to
the substrate and remain there, causing a surface charge.
At the threshold electric field, ions are bound more strongly to the electrode than
to the liquid. They shield the electric field for 'free' or unbound ions in the liquid.
When the applied voltage and thus the electric field increases, more ions are 'frozen'
to the polymer surface. The free ions still sense the threshold electric field and the
value of the contact-angle saturates. We expect the voltage of trapped charge to be
close to zero until a threshold voltage is reached, after which it increases linearly
with voltage, as the additional applied voltage results in more bound charge.
We describe the trapped voltage for this situation as follows:

{16)
with Y'thr the threshold voltage and Ypzc the potential of zero charge.
2.6.2

Ion binding in nano-pores

Trapping of charge can occur as a result of gain in potential energy due to electrastatic forces working on the ions in the liquid. The gain in potential energy, cp, is
given by
(17)
cjJ = bqE,
with b the depth of the ion in the insuiator layer, q the charge of the ion in units
e and E the electrastatic field. There are positive and negative ions in the liquid,
indicated with a superscript + and - respectively. Trapped ions are indicated with
a subindex r, ionsin the liquid have a subindex L·
The relative density of trapped ionsis determined by Boltzman's equation. We write
D 1 as the surface ion-density. For ions with positive and negative charge, we find

D:f
Dt
D-r
DL,

(18)

with a a unitless factor to account for the density of accessible nano-pores and kB
Boltzman's constant. The average depth of the ions, b, is a positive constant. The
charge of the ions, q, is a positive number for positive ions and negative for negative
10ns.
If we assume that there is a positive electrastatic field, we notice that when T go es to
zero or when E goes to infinity, Dt decreases to zero and all the charge is trapped.
When T approaches infinity or E goes to zero, Dt = a+ D:f, so the charge is partially
in the liquid and partially trapped. The negative ions act correspondingly. For zero
©Philips Electronics N.V. 1999
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temperature or infinite electric field, DL goes to infinity, so all the ions are in the
liquid. For infinite temperature or zero electric field, DL = a- D;ç.. The charge is
distributed and the nano-pores are randomly filled with positive or negative ions
depending on the a-coefficients.
The total trapped charge is the trapped density multiplied with the charge:

CJr
(19)
For a 20 pF droplet at 150 V, 2 · 10 10 ions of charge one are in the electric double
layer due to the electric field. This implies a concentration of ions of the order
1024 ions m- 3 if the layer is 1 nm thick and the droplet radius around 2 mm. In the
bulk of the liquid, the concentration of ions is 6 · 1026 ions m- 3 for a salution of 1
moll- 1 . Thus, for a salution of molarity 1 moll-I, the change in density is of the
order one percent. We can neglect this difference and write Dt =DL =DL. When
a+ =a- =a and q+ = -q- = q as well, Eq.(19) is written as follows:
(20)
We can write the trapped voltage Vr as a function of CJr. We use Eq.(19) to find:

Vr

=

CJr irrdl
,
coér

CJrdl
+-Eoér

1
d1 ( + + +
( q+ 6+ )
( Q- 6- )) . (21)
v;zc + Eoér q a DL exp - kT E + q-a- DL exp - kT E

In this equation, we have added an extra contri bution of irreversibly trapped charge.
This results in a shift of the 'point of zero charge', indicated with v;zc· We expand
the exponent to a power series and find for the first order in E:

Vr

=

1
v;zc
+ -d1- ( q+a +DL+ + q_a _DL-) +
Eoér

+~J_ ((q+) 2 a+6+ Dt + (q-) 2 a_6_ DL) E + O(E 2 )
Eoér kT

(22)

.

We write the constant term as Vpzc and Vr as a function of V

Vr = Vpzc

1
Eoér kT

+ - -J._ ((q+) 2 a+6+ Dt + (q-) 2 a_6_DL) V+ O(V 2 )

.

(23)

The nano-pore density a, the concentration in the liquid DL and the charge of the
ions q are constants. The only variables are therefore the voltage and the average
depth of the ions 6.
For a repeated number of high voltage steps or an extended period of de high voltage,
a continuous electrastatic force is working on the ions and the average depth and
12
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therefore the trapped voltage increases. By looking at Eq.(15), we conclude that
the electrowetting effect decreases in this situation.
To fi.rst order, the trapped charge is linearly dependent on the electric field, or

(24)
with
(25)
The constant r;, depends on temperature, the type of ions in the liquid, the concentration of ions and on substrate properties. Substituting this in Eq.(15), we write
for the electrowetting force with first order charge trapping:

(26)

2. 7

Model for droplet spreading

The dynamics of wettingare usually described by either a hydrodynamic modelor a
molecular kinetic model. Recently, a combination of these two has been proposed [20,
21] which will not be discussed here. The dynamics of wetting are always written
in terms of the velocity as a function of the contact-angle or the resulting force
working on the contact-line. The hydrodynamic model takes into account the energy
dissipation due to viscosity of liquids. The molecular kinetic theory accounts for
dissipation at the solid/liquid interface. At low velocities, the latter is dominant
and the molecular kinetic theory is most applicable. However, at high veloeities
viscous dissipation becomes more important and the hydrodynamic theory fits the
data better.
The capillary number, Ca, gives the ratio between the surface and the viscous forces.
It is defined by:
(27)
C a- TJV

-

"(

'

with TJ the viscosity of the liquid, v the velocity of the moving liquid and "( the
surface tension. For capillary numbers Ca« 1, the dynamic behaviour of the liquid
is determined by the surface instead of viscous forces. In case of water, "( = 0.072
Nm- 1 , TJ = 0.89 mPa s and for veloeities less than 1 ms- 1 as we will measure, we
find Ca ~ 0.01. This means that the droplet shape is not infiuenced by viscous
forces. Note that inertial forces can still have an infiuence on the droplet shape.
Since the capillary number in our situation is much smaller than one, viscous forces
are relatively unimportant and we will use the molecular kinetic model to fit the
measured velocity curves in our further analysis.
A model to account for dissipation in the three-phase zone has been described by
Blake [22]. The principal hypothesis is that the motion of the three-phase line is
determined by the statistica! kinetics of molecular events in the three-phase zone.
©Philips Electronics N.V. 1999
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Electrowetting with droplets

The liquid molecules have a certain frequency of displacement in the forward and
backward direction, K+ respectively K-. This results in a velocity normal to the
three-phase line of

(28)
We have introduced À as the characteristic length of displacement here. For a
spreading droplet, K+ is larger than K-:, so molecules move outside the droplet
easier than inside. Figure 5 shows the three-phase line, where the liquid molecules
vibrate.

Figure 5: Molecular kinetic theory for droplet spreading. The liquid molecules at the
three-phase line vibrate between different sites on the substrate at a distance À.
In case of equilibrium, we introduce the equilibrium frequency K 0 :

K+ = K- = Ko.

(29)

Blake applied Eyering's theory of absolute reaction rates to write the equilibrium
frequency in termsof the molar activation free energy of wetting LlGw:

Ko =

(k~T) exp (~~~;)

(30)

,

with kB the Boltzman and h Planck's constant. T is the absolute temperature and
Nis Avogadro's number.
The energy used to overcome a harrier and to jump a distance À on the solid is
dissipated in the system. The irreversible work per unit area clone by the driving
force is w. Blake and Hayes now assumed that:
K
K

_

+ _ (kET)
( -LlGw
- h
exp NkBT
=

(kET)

h

exp

w

+ 2nkbT

)

( -LlGw
w )
NkBT - 2nkbT '

(31)

with n the number of sites per unit area of the solid at which work is dissipated
(n = À 2 , assuming an homogeneaus distribution) so the net frequency of molecular
displacement is:
K

K+- K2K0 sinh ( 2n;BT)

14

(32)
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Assuming that the driving force is the out-of-balance surface tension acting on the
wetting line, the work performed per unit area can be written as w = 'Y'Lv( cos () 0 cos 0), with 00 the static contact-angle in equilibrium and () the dynamic contactangle, depending on the velocity. The velocity of the wetting line is

_ K , . h ('Y'Lv( cos Oo -cos 0))
2 QASlll
k T
.
2n B

V-

In case 1'Lv(cos00

-

cos())< 2nk 8 T this equation simplifies to:
v =

2.8

(33)

KoÀ'f'Lv

k
(cos 00
n BT

-

cos 0) .

(34)

Capillary waves

Capillary waves can exist on a droplet due to inertial and capillary forces. For
a droplet with capillary waves with an amplitude small compared to the droplet
radius, in the linear regime, the frequency of the lowest order is given by:

(35)
with p the density of the liquid and R the radius of the droplet [23]. The period of
the oscillation, Tc is given by

{36)
In the derivation of this equation, the droplet is assumed to be free and R is assumed
to be constant. The partially wetting droplet that we consider is not free and during
displacement, Ris not constant. This will imply deviations on '~c·
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3

Principles of static and dynamic droplet
experiments

In this chapter, we show that by measuring the capacitance of a droplet we can derive
its static contact-angle. From current measurements, we can derive the velocity of
the rnaving contact-line of the droplet.

3.1

Introduetion

To our knowledge, the contact-angle in wetting experiments has always been measured optically. By solving the Laplace equation for the observed shape, an angle
accuracy better than one degree is achieved, see for instanee Refs. [20, 21]. However, optica! measurements are complicated by optica! distortions and the number
of measuring points is limited by time constraints.
We show that the capacitance of the droplet system is related to the contact-angle
of the droplet. We start with deriving the relations between the contact-angle and
the droplet base, the droplet shape and the droplet volume. The shape of a droplet
is determined by surface tension and the gravitational force. For small droplets,
the surface tensions are more important and the droplet appears to be the cap
of a sphere. Larger volumes result in more oval looking draplets because of the
gravitational force, resulting in a relatively higher contact-angle. We discuss the
influence of gravity on the droplet shape in detail. Then, we relate the capacitance
of the droplet to the base area and discuss the influence of stray electric fields.
After that, we show that measuring the current to the system after applying a
potential, provides sufficient information to get dynamic data of the velocity of the
droplet at the contact-line during spreading. In addition, a quasi-static contact-angle
can be derived, resulting in the net force as a function of time which is working on the
droplet. The number of measurement points obtained in a 50 ms droplet spreading
experiment can easily be of the order of a thousand and the processing of the data
is relatively easy and fast.

3.2

Contact-angle versus droplet base in absence of gravity

If we assume that the droplet is small enough to neglect the gravitational force, it
will be shaped as the cut-off of a perfect sphere. It is possible to calculate the base
if the contact-angle and the volume of the droplet are known. By integrating over
the top of a sphere to find a volume, Renting derives the following relation between
base area A and the volume V, the radius R of the sphere and the contact-angle [6]:

(37)
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We rewrite this equation to find the contact-angle as a function of volume and base
area. The exact derivation can be found in Appendix A.l. First, wedefine two new
variables:

A

a

1

( 1r~V2) 3
3

b

= (16 + 8a3 + a6 + 2 (4 + a 3 ) 2 )

l

3

(38)

With these variables, we can write the relation between the contact-angle, the base
area and the droplet volume for a spherical droplet as:
cos(} = -1

a2
b

ab
4+ a

+ - + - -3

(39)

This equation is an analytica! exact solution in the absence of gravity.

3.3

Influence of gravity on the droplet shape

Gravitational forces change the droplet shape from the spherical cut off to a more
oval-like shape. The droplet shape is given by equating the Laplace equation and
the hydrastatic pressure, as given by O'Brien et al. [24]:

1

"!Lv ( R1

1)
+ R2
= pgz + p * '

(40)

with R 1 and R 2 two principal radii of curvature of the droplet, p the liquid density,
g the gravitational constant and p* the pressure difference at liquid/vapour interface
at the top of the droplet, z = 0 as shown in figure 6.

<j>=1t/2

Figure 6: Schematic drawing of droplet shape in the infiuence of gravity.
This equation is solved similar to O'Brien's method, by writing the shape parameters
as a converging series. In zeroth order, gravity is neglected and the result is a sphere,
as expected. Higher order solutions deviate from this spherical result, increasingly
for higher droplet volumes.
Integration of the parameter description over angles from zero to the contact-angle
(0) gives a relation between the principal radii of curvature and the volume. The
18
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base area and the contact-angle are both functions of the droplet shape parameters
and the radii of curvature. For a set volume, the relation between the contact-angle
and the base area can be calculated if the droplet shape and thus, the relations
between the volume and the radii of curvature are known.
In Appendix A.2, we explain in more detail the calculation of the solutions to
Eq. (40). We have calculated the solution of this equation up to the third order.
From the convergence of this series, we conclude that the maximum error in the relation between base area and contact-angle fora volume of 10 JÛ is within 1%. A plot
of the droplet base area versus the contact-angle in zeroth and third order approximation, is shown in figure 7 fora 10 j.tl droplet of water, with "/LV = 0.072 N m- 1 ,
p = 1000 kg m- 3 and the gravitational constant g = 10 m s- 2 • The graph for the
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Figure 7: The calculated angle deduced from the base area of a 10 j.tl droplet, in
zeroth and third order approximation. As we expect, the zeroth order spherical shape
assumption results in lower angles than the higher order approximation where gravitational farces are included.
third order can be fitted by a quadratic curve, with an accuracy better than 1% to
give an equation to calculate the contact-angle from the base area and the droplet
volume. For an aqueous 10 j.tl droplet, we find the relation between the contact-angle
and the base area A to be:
(}

ao

+ a1A + a2A 2 ,

(41)

with
al

2.381. 10 11
-1.1214 ·10 7 m- 2

a2

174.97 m- 4 •

ao

Since the deviation from the spherical approximation due to gravity is significant
for a 10 J.tl droplet, we will use the quadratic fit to analyse our experiments.
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3.4

The capacitance of a droplet

As described in figure 2, the potential applied to a droplet induces charge in the
droplet and on the solid electrode. The capacitance is defined as the total charge
on two conductors divided by the potential between these conductors. The droplet
system has a capacitance comprising one similar to a parallel plate capacitor (Cpar)
and a stray capacitance (Cstr) from the sicles of the droplet, as shown in figure 8 on
the left. The wires, the electrode/liquid interface and the ionic double layer near
the insulating layer have series contributions large enough to be neglected to the
capacitance, so we can write:
C = Cpar

+ Cstr

(42)

·

~~

~

..... ;

r·······:

····... l
··.j

Figure 8: In the lejt figure, a droplet with electric field lines is shown. Cpar comes
from under the droplet, Cstr from the stray electric field outside the droplet. The
coordinates used in the equations to calculate the stray capacitance are explained in
the right figure.
The main contribution is Cpar, given by the formula for a parallel plate capacitor:
C

_ cocrA
par- d

(43)

with A the base area of the droplet.

3.5

The stray capacitance of a droplet

In this section, we estimate the contribution of the electric field lines from the sides
of the droplet to the capacitance. This results in a stray capacitance. The derivation
is included in more detail in Appendix B.
To calculate the contribution to the total capacitance due to Cstr, we simplify the
problem and assume that the droplet is a semisphere at potential V on a plate at
zero potential. We introduce spherical coordinates, as shown in figure 8 on the
right. In Jackson [25], the potential <I> is given for the case of a sphere consisting of
20
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two hemispheres at opposite potential. This results in a potential plane at z = 0,
describing our contiguration well. The potential is given by

V
4"

<I>(r,B,cp)

'Tr

l

j2w d rp' [/1 d (cos B') - _jo d (cos B')
0

0

1

a2)

a(r2 _
(a+ r 2

-

2ar cos -y)31 2

'

(44)

with
cos 1' =

cos Bcos B' +sin Bsin B' cos( cp - rp') .

(45)

We differentiate Eq.(45) to get the electric field. At z = 0 and r = a, E will go
to infinity, since there is a step in the potential. To avoid this, we integrate B' not
to 1r /2, but to a small angle ó from 1r /2. In the real system, the insulating layer
removes the singularity in the electric field. The thickness relates to ó as sin ó = dj a.
After some rewriting the integral expression for E at z = 0 is:
!!__J

E ( ) = 3V jw d ,
x
cp
na

0

2
/

dB'

0

2

(x
(1 +x 2

-

-

1) cos B' sin B'
.
5/2
2xsmB'coscp')

(46)

'

where we use x = r /a as a unitless variabie in the radial direction. In figure 9, the
electric field as a function of the unitless radial distance from the droplet is plotted.
The electric field decreases rapidly for increasing distance, at two times the radius
distance, E is less than 1% of the value at the parallel plate capacitor (E = 100
(unit V /a)).
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Figure 9: The electric field at z = 0 outside the sphere versus the unitless radial
distance from the droplet center, for ó = 0.01 (thickness of 10 J-lm insulating layer
for a 1 mm radius).

,
We integrate Ez over the entire x, y-plane outside the sphere (x 2:: 1) to find the
stray charge Qstr· As the capacitance is equal to the charge divided by the potential,
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we find:

J
00

Qstr = co
V
V

C str

d E
2nT r z

a

6Eoa joo dx /1!" d<p'
1

0

~~-8dO'
0

(x2

(1 +

1) cos 0' sin 0'
2x sin 0' cos <p')5/ 2

-

x2 -

(47)

A plot of Cstr versus 8 is shown in figure 10. A change in 8 results in only a
small change in Cstr, so the integration of <p 1 to only 1r /2 - 8 instead of to 1r /2, is
converging. From a practical point of view, we have integrated this equation for
x = 1 to x = 1000. This introduces only a slight deviation from integrating to
infinity or to x = 10, because of the rapidly decreasing electric field.
For typical values of a 10 JÛ droplet, a = 1.4 mm, d = 10 f-1ID (so 8 rv 0.01),
Cstr = 0.3pF. In this case Cpar = 15 pF, so Cstr is around 2% of Cpar· We neglect
this contribution in the remainder of our analysis.
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Figure 10:
The stray capacitance for different values of b. For a typical 10 fJ,l
droplet (a= 1.4 mm, d=10 j1m; 8 ~ 0.01} Cstr = 0.3 pF, while Cpar = 15 pF.

3.6

Deriving the droplet velocity from the current

The current I is defined as the differential of the charge per time unit:

I(t) =

~~

( 48)

.

We consider the droplet system to be anideal capacitor. Since Q =CV with C the
capacitance, we can write:

I(t)

= dQ(t) = CdV
dt

22

dt

+

VdC .
dt

(49)
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The first term results from a change in the potential on the droplet. This term is
responsible for charging the initial capacitance of the droplet. The second term is
the current needed to charge the changing capacitance. As the electric field results in
spreading of the droplet, the base area increases and consequently, the capacitance
increases (Eq.(43)).
If a step function in the voltage is applied, the voltage rises very quickly to the
maximum. At this stage, dVjdt is large and the first term in Eq.(49) is important.
This term decreases while the capacitor is charged. The second term, to charge the
increasing capacitance of the spreading droplet increases while the droplet accelerates to its maximum velocity. For a certain moment in time, the first and second
term are equal and from then on, the dG/ dt term dominates. Since we assume that
the droplet can be described as a parallel plate capacitance (Eq.(43)), we have a
relation between the droplet area and the current for times higher than the charging
timeT, when the dV/dt term is small enough to be neglected.

I(t) = VdC = Véoér dA
dt
d dt
Since

d(r 2 )

dA

dt

(t > T) .

=

(50)

(51)

1fdt'

we find the velocity of the three-phase line in radial direction to be:

(t > T) .

(52)

From Eq.(50), we find the base area of the droplet as a function of time to be:

A(t)

= Ao + J I(t)dt
V

(t > T) ,

(53)

with A 0 the base area of the droplet at 0 V. Since Eq.(38) relates the base to the
contact-angle, we know the contact-angle as a function of time in a quasi-static
approximation. We can relate the contact-angle to the resulting force, Fres(t) which
is working on the contact-line of the droplet. The capillary number is small, so that
the droplet shape is determined mainly by surface tensions instead of viseaus farces.
However, the shape of the droplet is influenced by inertia effects, such as capillary
waves. This introduces an error in the quasi-static contact-angle as well as in the
quasi-static resulting force.
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4

Experimental setup and methods

Our study on electrowetting is based on experiments using a conducting liquid on a
solid substrate. We have used two different substrates. For static experiments, we
have used a silicon wafer with a conducting aluminium layer on it. For the dynamic
experiments, we used glass with a conducting indiumtinoxide (ITO) layer. On top
of the conducting layer, a parylene layer of about 10 p,m is deposited. Finally, a
50-100 nm layer of AF1600 -a fluorinated hydrophobic polymer- is put on top, by
dipcoating the sample. With an Eppendorf 10 p,l pipette, we place a droplet of
(10.0 ± 0.1) p,l on the hydrophobic surface. It has a static contact-angle of around
115 degrees.
Figure 11 shows the experimental set up with the metal electrode, the parylene layer,
the AF1600 top-coating and a droplet on top of it. The counter-electrode is a thin
platinum wire, which is placed inside the droplet. The conducting liquid is water
with ions dissolved in it. Unless stated differently, we use an aqueous salution of 0.2
molar potassium sulfate. The droplet has a contact-angle () which can be measured
optically with a camera or it can be derived from the capacitance measurement
as describe in section 3.2 and 3.3. The voltage souree in the picture provides the
potential.

Figure 11: Schematic view of the droplet system. The sample consists of a metal
electrode, a parylene layer and a AF1600 hydrophobic top-coating. On top of this,
we place a droplet of conducting liquid with a platinum counter-electrode inside. The
contact-angle is ().

4.1

Capacitance measurements

To measure the capacitance, we use an HP4192A Impedance Analyser, which is
connected as shown in figure 12. A pc with a Labview program controls the device to
make data collection more convenient. The impedance analyser provides a dc-signal
with a small oscillation superimposed on it. By measuring the impedance amplitude
and impedance phase, it calculates the capacitance of the device under test. The
©Philips Electronics N.V. 1999
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ac-oscillation is small enough not to affect the droplet shape. We use an oscillation
frequency of 700 Hz and an oscillation voltage of 5 V RMS(after amplification).
The dissipation factor D, which is the real part of the impedance divided by the
imaginary part of the impedance, is measured simultaneously with the capacitance.
The dissipation factor is used to check the validity of the capacitance measurement
and typically, it has a value below 0.02. Typical voltages on the droplet range
between -200 V and 200 V. For the contact-angle saturation measurements, we used
higher potentials.

PC

Figure 12: Schematic picture of the experimental setup. The HP 4192A lmpedance
Analyser provides the potential. After amplification, it is applied on the droplet
and the capacitance is measured. The monitor from the amplifier provides the signal
exactly in phase with the signal on the droplet. A pc controts the impedance analyser.
The amplifier is custom-built at Philips Research. It has an amplification factor of
100, a bandwidth of 10 kHz, and a maximum current output of 1 mA. The output
signals range between -600 V and 600 V. More details about the amplifier can be
found in Ref. [6].
We characterise the system of droplet and substrate by measuring the capacitance
as a function of the applied voltage, a C(V)-curve. A typical example of a C(V)curve is shown in figure 13. In total in 50 steps, the voltage is decreased first to
-225 V, then it is increased to +225 V, after which is is decreased again to zero. We
notice that the curve is very reproducible. There is no contact-angle difference in
advancing and receding contact-angle visible and only at high electric fields, some
hysteresis is observed.

4.2

Current measurements

A second type of measurement is done to extract the velocity of the rnaving threephase line from measuring the current as a function of time. As shown in figure 14,
we use a Philips PM 5139 function generator to provide a stepfunction. This signal
is amplified and applied to the droplet. As explained in section 3.6, measuring the
current as a function of time provides information on the time dependent capacitance
26
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Figure 13: Typical C(V) -curve. The vo ltage decreases from zero to -225 V after
which it increases to +225 V and then decreases again to zero potential in total 50
steps. The curve is independent of the polarity of the applied voltage. The minim·um
is at 0 V, the capacitance at 0 V decreases 3% during the measurement, which might
be due to evaporation of the droplet. At high negative electric fields , we see hysteresis.
The arrows indicate the order of the measurement points.

PM 5139

TDS 320

PC

rsJ

Figure 14: Experimental setup to measure I(t)-curves . The PM 513g function generator provides the stepfunction. The current is measured across the resistance with
the TDS 320 digital oscilloscope. After averaging the signal the computer sets new
time and voltage scales, in order to measure a complete I(t)-curve with high accuracy.
and therefore about the droplet radius and velocity of the meniscus. 'We can deduce
the velocity of the contact-line from the I(t) curve only if the initia! charging has a
negligible contribution to the current . The amplifier has to be fast in order to have
a large dV/dt term initially. The amplifier response for different voltages is shmvn
in figure 15. At 100 p,s, the voltage is within 1% of its final voltage.
The cun·ent is determined by measuring the potential across a 100 H2 resistance as
shown in figure 14. The TDS 320 digital oscilloscope averages the signal 16 times
to reduce the noise. The oscilloscope is connected to the pc via the IEEE port.
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Figure 16: Absolute value of C11,rrent for free and spacered droplet. The extra current
contribution for the free droplet is due to the current needed to charge the extra
capacitance of the droplet as the base area of the droplet increases.

Figure 4.2 shows the absolute value of the current on double logarithmic scales
for a free moving droplet along with the results for a droplet that is constrained
by placing it in a spaeer made of tape. Therefore, it cannot move and there is
no contribution from dC/dt). At fi.rst , the dV/dt term dominates and the initial
capacitance is charged, so the two curves are similar. For around t > 0.2 ms however,
the free rnaving droplet has a higher current because of the charging of the extra
capacitance due to the increasing base area. The inset shows the current versus time
on linear scales, indicating the difference more clearly.
The current is measured as a function of time up to 50 ms. In order to get sufficient
information , we have to do consecutive measurements. \Vhile switching the droplet,
the signa! is averaged a couple of times. After collecting the data, the time and
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voltage scales of the oscilloscope are changed to a certain different time and voltage
scales, in order to get an I(t)-curve with the desired accuracy. A typical program
for a velocity measurement with -200 V applied voltage is shown in table 1. The
voltage is measured across the 100 kf2 resistance, so that it corresponds toa cmTent
as shown in the last line of the table.
time per division
maximum voltage detected
corresponding current

25 ps
-6 V
-60 pA

1 ms
-0.5 V -100 mV
-1 pA
-5 pA

100 ps

1 ms
-30 mV
-300 nA

2.5 ms

-6 mV
-60 nA

Table 1: Typical time and voltage scale program for velocity measurements. The

applied voltage is -200 V.

A Labview progam has been written to control the experiment. First, it sets the
wavegenerator to a frequency of 1 Hz and to the switching voltage applied to the
drop let. After that , the computer sets the time and voltage scales of the oscilloscope.
After having averaged the signal for 16 times , the data is collected and the next
voltage and time scales are set. Usually, a complete measurement contains 5 different
time and voltage scales. As a result , the droplet has to switch about 100 cycles, to
perfarm one I(t) measurement. This means 100 times high voltage followed by zero
potential.
From capacitance measurements as a function of number of cycles, we know that
small changes of modulation in contact-angle occur in the first tens of cycles . Before starting an I(t) measurement, a new droplet therefore has to switch at least 50
cycles to get a stable situation. Af"ter this , the current measurement is performed.
vVe check whether the system is not changed irreversibly during this measurement,
by camparing the C('V)-curve from befare with the one measured after the I(t)
measurement. Figure 17 shows a typical graph of a C(V) measurement of a new
droplet , of the same droplet after 150 cycles and of the droplet after the I(t) measurement is finished . Almast no deterioration of the electrowetting effect is visible:
so we conclude that the physical properties of the sample and the droplet have not
changed during the experiment.
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Figure 17: A C(V) C'/l,rve of a new droplet, the same droplet after 150 cycles at
-160 V and a C(V)-cur-ve of it after the I(t) measurement, at 400 cycles.
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5
5.1

Results: statics measured by capacitance
Typical capacitance measurement

In this section, we will show a typical capacitance measurement, measured according
to section 4.1. vVe place a 10 JÛ droplet on a sample. The applied voltage is decreased
from zero to -500 V and the droplet spreads out (advances). Then, the voltage is
increased to zero volts , while the droplet contracts (recedes). vVe cover this voltage
range in 100 steps. vVe measure the capacitance as a function of applied voltage
as shown in figure 18. The top curve is the advancing droplet, the lower curve
represents the receding part. vVe notice that the !ow-voltage part of the advancing
and receding curve (0 > V > -250 V) coincide. Thus electrowetting is reversible,
even after saturation occurred. No difference in advancing and receding contactangle , so-called contact-angle hysteresis , is observed. In the high-voltage part of the
curve (V < -250 V) , we see saturation of the contact-angle and hysteresis. The
receding curve shows at the same voltage a lower contact-angle than the advancing
curve. Electrowetting is independent of polarity of the applied voltage. For positive
voltage, we measure a reversible saturation of the electrowetting effect as well.
40r
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·- 20r
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Figlire 18: Typical C(v') curve for high voltage. ft is measured by decreasing voltage to -500 V and increasing it again to zero potential. From around -220 V, the
capacitance saturates and hysteresis between the advancing and the receding curves
occurs. We have tested a 10 f.Û droplet on a (9.9 ± 0.1) pm insulator.
The contact-angle can be deduced from the capacitance, if we know the capacitance
per unit area and the droplet volume (Eqs.( 41 , 43)) . vVe can measure the capacitance per unit area by using a spaeer with a known base area and measuring its
capacitance. Another method is to measure the thickness and the dielectric constant
of the parylene insuiator by interferometry. Figure 19 shows the contact-angle as
derived from the capacitance measurement. The solid line is the theoretica! curve,
as calculated using Eq.(7) . The electrû\vetting effect saturates at voltages around
-220 V. Contact-angle saturation has also been observed by Vallet et al. [7] and
vVelters et al. [5], without an explanation fo r the effect.
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Figure 19: Theta as a function of voltage, derived from the capacitance measurement
withEr = 2.74, d = 9.9 p,m, V= 10 p,l and '"'/L'V = 0.072 Nm- 1 and Eq.(41) . The
solid line is according to Eq. (7). Measured by decreasing voltage to -500 V and
increasing it again to zero. We notice that the contact-angle saturates at around
60 degrees, for voltages below -230 V. The measured contact-angles at the zero-volt
potential coincide within 0.1 degree.
Csing Eq.(8) , we derive the electrowetting force from the contact-angle. The electrowetting force as a function of applied voltage for the measured data and according
to Eq.(8) is plotted in figure 20 . For all voltages, the measured curve is below the
theoretica! curve.
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Figure 20: Electrowetting force as a function of applied voltage, saturating at high
voltages. The solid line is according to Eq.(15). We u,sed the same data as in the
curve before.
To account for the contact-angle saturation, we have proposed an extended model
to describe electrowetting. We assume that charge is trapped in or on the insulating
layer. By calculating the minimum in free energy by virtual displacement for this
situation, we found Eq. (15).
is the trapped voltage and accounts for the trapped
charge. A plot of the trapped voltage versus the applied voltage is shown in figure 21.
For voltages between zero and -220 V the trapped voltage is negligible. For voltages
below the threshold voltage, every extra volt is trapped. The threshold electric field

Vr
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Figure 21: Trapped voltage versus the applied voltage. The trapped voltage is defined
in Eq. (15}. There is a clear threshold voltage at 230 ± 10 V. The slope of the line
after the threshold voltage is almast one, meaning that for high voltages every extra
volt above threshold is trapped.
is (2. 2 ± 0.1) 10 7 V m - 1 .

5.2

Results of trapped voltage

Figure 22 shows the result of four different measurements of 10 JÛ, 0.1 M KCl
dropiets at different spots on the same sample. The absolute value of the threshold
voltage is 230±10 V in every measurement. For an insuiator thickness of (9 .9±0.1)
fJ.ffi, this results in a threshold electric field of (2.3 ± 0.1) 10 7 V m- 1 . The error on
the points close to zero volt is large, as a result of the square root with the applied
voltage in the function for the trapped voltage, so these points are irrelevant in our
analysis. Measurements of the trapped voltage as a function of the applied field are
highly reproducible.
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Figure 22: Trapped voltage versus the applied voltage for Jour different measurement.s. The absolute threshold voltage is 230 ± 10 V for every mea.mrement. We
have used 10 f.Ll, 0.1 M KCl droplets. Two are tested for negative voltage, two for
positive voltage. The difference between the curves occurs mainly in the receding
branches.
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Figure 23: Trapped voltage versus the applied voltage for three solutions, 1. OM, 0.1 M
and 0.01M KCl. Six measurements are performed, two for each molarity, one jor
increasing negative and one for increasing positive voltage. The absolute value for
the threshold voltage is 240 V ± 10 V for every molarity tested.
The infl.uence of ion molarity on the trapped voltage is shown in figure 23. The
differences in the curves are well within the accuracy of the measurement . The
absolute value for the threshold voltage is 240 V ± 10 V.
Figure 24 shows the plots of the trapped voltage for different solutions. As one can
see, the trapped voltage is not dependent on the liquid. As before, the differences
between the curves are well within the accuracy of the measurement and the absolute
value for the threshold voltage is 240 V± 10 V. \tVi th t he thickness ofthe sample the
same as before, this corresponds to a threshold electric field (2.2 ± 0.1) 10 7 V m - l .
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Figure 24: Trapped voltage versus the applied voltage for two different solutions,
0.1M K 2 S04 and O. lM KCl. Four measurements with jour draplets are performed,
two for each solution, one for increasing negative and one for increasing positive
voltage . The absolute value for the threshold voltage is 220 V ± 10 V fo r both
solutions, result·ing in a threshold field (2 .2 ± 0.1) 107 V m- 1 .
To study the dependenee of the trapped charge on the contact-angle, we have
changed the initial zero-volt contact-angle of the droplet by the use of oil. This
results in a higher initial zero-volt contact-angle of around 135 degrees instead of
115 degrees. The resulting curve for the capacitance as a function of applied voltage
34
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is shown in figure 25. We have performed two measurements for negative applied
voltage and one for positive. The curves are not as smooth, but they reproduce well.
vVe see that contact-angle saturation occurs at the absolute value of the threshold
voltage 220 V±10 V. For this measurement, the thickness of the parylene layer is
9.4 J.Lm, resulting in a threshold field of (2.3 ± 0.1) 10 7 V m- 1 . vVe conclude that
a change of 20 degrees of the zero-volt contact-angle results in the same threshold
voltage, within the measurement accuracy.

0 ~-~50~0~~--2~5~0~~~0~~~2~5~0~~~5~00
voltage [V]

Figure 25: Capacitance as a junction of applied voltage. A droplet with an oil ring
around it results in a higher initial contact-angle . Saturation occurs at the same
threshold voltage for all the measurements, although these are taken at thr·ee different
spots. We have maesured twice at negative applied potential.

5.3

Visualisation of trapped charge

We showed in the theoretica! section that trapping of charge can result in the contactangle saturation \-Ve observed. From the plots of the trapped voltage versus the
applied voltage, we know that ions get trapped if a voltage higher than a threshold
voltage is applied. vVe visualised trapped charge by making condensation patterns.
vVe breath over the sample and as the water molecules in the moist air are polar,
they are preferentially deposited at the charged surfaces [7]. vVe have prepared a
sample with trapped charge by applying -500 V to a droplet a couple of times. After
removal of the droplet, we made a condensation pattem under a microscope. The
result is shown in figure 26 on the left. The rings indicate different positions of the
droplet . To determine whether the trapped ions are is in the insulating layer or on
top of it, we have tried to remove it . vVe have placed and removed a droplet , which
was increased by the syringe method to a size big enough to cover the entire surface
of trapped charge. The potential on the droplet was kept at 0 V all the time. The
result is visible in the right pane of figure 26. It is clear that this eperation removed
the majority of the trapped charge. A second indication of the presence of trapped
charge and its removability is that a new droplet placed on the charged surface moves
across the surface very difficult and with jumps only. On the discharged surface, it
moved more smoothly as there is lesser trapped charge to infl.uence the droplet shape.
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Figure 26: Condensation patterns to vi:malise trapped charge. Left: charged surface,
prepared by multiple times applying -500 V on a 10 p,l droplet. Right: same surface,
discharged by placing a 0 V droplet to cover the charged area.

A third indication comes from measuring the capacitance as a function of applied
field. At the charged surface, the curve, which on a virgin substrate is symmetrie
around 0 V, has its curve shifted, so that the minimum is at higher applied voltage
(around -120 V). After discharging the sur·face, this shift of applied potential is
reduced by a factor of three. However, this measurement is not reproducible as the
trapped charge on the surface is non-homogeneaus and because placing a droplet
starts remaval of the trapped ions immediately.

Figure 27: Hydrophilic rings outside the droplet, as aresult of a potential higher than
the threshold potential. Trapped charge ·r emains at the insulator after the droplet
receded. This charged ring shields the electr'ic fields.

As a further illustration, figure 27 shows an example of a droplet with a ring of charge
outside of it. A potential of -500 V was applied to spread the droplet. Because of
inertia, the droplet spreads out further than its new equilibrium position. It leaves
behind trapped charge, while receding back to its new equilibrium position.
36
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5.4

Conclusions

From our measurements, we can conclude that for a certain threshold electric field ,
ionsstart to be trapped. This threshold is independent of the position on the sample,
the ions in or the molarity of the liquid or the contact-angle. It is independent of
voltage polarity. The trapping of charge is reversible, as we conclude from the
reversibility of the trapped voltage versus the applied voltage.
The threshold indicates that the binding in nano-pores is not the mechanism of trapping of charge, as no threshold is expected in this si tuation (see Eq. (24)). Chemical
binding is net the case either, because charge trapping appears to be highly reversible, which is net expected for chemica! bands. Furthermore, different liquids
and molarity would net have a similar threshold voltage in the case of chemica! binding. The model that explains charge trapping with electrastatic farces prediets a
threshold voltage, after which the charge is bound strenger to the counter electrode
than to the liquid. This voltage is symmetrie for positive and negative voltage and
is independent of the molarity or type of ions. The model suggests that the trapped
charge is left at the substrate, so it has to be possible to remave it.
'vVe visualised the trapped charge with a condensation pattern. 'vVe demonstrated
that most of the trapped charge can be removed by repeatedly placing and removing
a droplet at zero volts at the same position.
In future research , the charged area at and around the droplet has to be measured
quantitatively, to provide more accurate data of the charge distri bution after charging and after discharging. This can be done with a scanning Kelvin probe.
If the threshold for charge trapping depends on the electric field only, we are able
to change the value of the saturation contact-angle by varying the thickness of the
insulator. Since the electrowetting effect is proportional to d · E 2 , an increasing
thickness with the same threshold electric field should result in a lower contactangle.
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6
6.1

Results: dynamics measured by current
Deriving the velocity from a current measurement

In this section, we describe how to derive the velocity of the three-phase line from
a current measurement. We have measured the current of a spreading droplet on
a substrate.
The 10 JÛ droplet of aqueous liquid with 0.2 M K2 S0 4 , is spread
with a step-function of -225 V. The resulting current measurement is depicted in
figure 28. For t < 0.2 ms, the current is mainly due to the initial charging: the
droplet has not moved at this moment. For t > 0.2 ms , the current is a result of
the spreading droplet. Integrating the cmTent from t = 0 s to t = 0.2 ms gives the
total charge on the droplet befere it started to move. Dividing by the voltage results
in the capacitance at zero voltage, which corresponds to the capacitance when it is
measured with the impedance analyser.

] 1o-e
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1o-•

1o-l

time [s]

Figure 28 : A typical graph of the absolute value of the cur-rent of a 10 fll drop let.
The applied voltage was -225 V. The blue curve is the initia[ cha·rging with negligible
droplet movement, the green curve represents the current due to droplet movement,
with a negligible contribution of the initia[ charging. Note the oscillations in the
curve, depicting a vibrating droplet. Typical times of movement are of the order of
10 ms.
Integration of the CUlTent gives the total charge on the droplet as a function of time.
This corresponds to the capacitance as a function of time after dividing the charge
by the applied voltage.
The relation between the capacitance and the droplet base is known (Eq.(43)) . The
velocity as a function of the current is given by Eq.(52) . A graph of the velocity
of the three-phase line of this droplet is shown in figure 29 . For t close to zero,
the measured points are not reliable, but for t > 0.5 ms , it represents the actual
velocity, with an estimated contribution of the charging cmTent (dVfdt in Eq.(49))
of less than 10%. Another cause for error is introduced because the oscilloscope
has to switch to different voltage and time scales and these can have a slight offset
\vith respect toeach other. Calibration can minimise this. As expected , the velocity
is high initially, of the order of 0.1 m s- 1 , after which it decreases to zero. It is
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interesting to see the oscillation, which indicates an overshoot of the droplet. Later
in this chapter, we show stroboscopic images of the moving droplet with capillary
waves changing the equilibrium droplet shape. vVe expect these capillary waves to
be responsible for the oscillations.
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Figure 29: A typical graph of the velocity of the three-phase line of a 10 p,l droplet
with an applied voltage of -225 V. For t > 0.5 ms, the curve has an estimated
contribution fmm the charging current of less than 10%. The velocity is of the order
of 0.1 m s- 1 .
The position of the three-phase line equals the integrated velocity of the three-phase
line (Eq.(53)). Figure 30 shows the posi ti on in radial direction as a function of time.
T he droplet radius increases from 1.6 mm to approximately 2.1 mm, which agrees
with observations from photographs taken from a spread and unspread droplet, as
well as with capacitance measurements as performed by the impedance analyser.
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Figure 30: The position of the th·ree-phase z.ine in radial direction versus time. The
droplet radius in creas e.~ from 1. 6 mm to approximately 2. 1 mm. The radius is calculated by integrating the velocity.
As explained in Chapter 3.2, the capacitance is related to the contact-angle. Therefore, if we assume that a droplet shape resembles the shape in equilibrium, we have
a quasi-static contact-angle as a function of time. The high capillary number indicates that viscous f01·ces have a negligible effect on the shape of the droplet for the
40
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veloeities we measure. However, inertia effects change the droplet shape. Therefore , this quasi-static contact-angle is not exact. Since the waves are deviations of
the droplet shape from the basic static shape in equilibrium, this is still a good fit.
Figure 31 shows the time dependent contact-angle on linear scales.
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Figure 31: The contact-angle as a function of time. Initially, it decreases rapidly
until approximately 10 ms, then it oscillates and stahilizes at 68 degrees . Ther·e is an
uncertainty in the quasi-static contact-angle, because of differences from the static
equilibrium droplet shape due to inertia effects.
From the time dependent contact-angle in relation to the contact-angle at zero volt
(the initia! contact-angle), we can derive the time dependent force . This is the
electrowetting force which acts on the droplet at timet. The resulting force is given
by the total electrowetting force for an applied voltage minus this quasi-static time
dependent force . The resulting force , Fres, is the force which is still werking on the
droplet to change its shape. Fort= 0, Fm= Few and fort= tfinal , Fres = 0. The
resulting force is given by :

Fres = Few-

"(Sll

(cosfJ(t)- cosBo) ,

(54)

with fJ 0 the initia! contact-angle. Figure 32 shows the resulting force at the threepha..c:;e line as a function of time. As it is derived from the quasi-static contact-angle,
this force is quasi-static as well. The resulting force also has an uncertainty in it,
because of the deviation of the quasi-static droplet shape from the static equilibrium
shape. The three-phase line of the droplet moves beyend the equilibrium position
because of inertia effects. Therefore, the resulting force is asciilating around zero
until the droplet reaches equilibrium.
In most wetting models, as in the molecular kinetic, the velocity of the droplet
depends on the contact-angle and therefore on the net force. That is why we plot in
figure 33 the velocity of the contact-line versus the net force. The overshoot of the
droplet and oscillations around the crigin of the graph are visible as the circling of
the curves towards zero. The droplet, oscillating around the equilibrium situation,
is damped by viseaus farces and friction with the substrate.
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Figure 32: A typical graphof the resulting force versus time as derived from Eq. (54) .
Typical forces are of the order 0. 01 N m- 1 . There is an uncertainty in the resulting
force b"çcause of the uncertainty in the dynamic droplet shape.
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Figure 33: The velocity of the three-phase line versus the resulting force working on
it. Capillary waves result in an overshoot of the droplet. This results in oscillations
aro~nd the origin of the graph, which are visible as the circles. It is damped by
viseaus forces.

6.2

Results of velocity measurements

We have performed velocity measurements while varying a number of different parameters: the applied voltage , the molarity and viscosity of the liquid, the droplet
volume and use of a eenstraining oil ring. vVe will discuss the results with a graph
of the velocity as a function of time and a graph of the velocity versus the resulting
force graphs. Finally, we show that the molecular kinetic theory gives a reasonable
fit to our d.ata.
All the velocity experiments are performed on glass samples with a layer of indiumtinoxide deposited on top as the metal electrode. On top of this, a parylene layer
with a hydrophobic AF1600 top-coating is deposited.
vVe varied the volume of the droplet. vVe measured three dropiets at three unused
positions on the same sample. The dropiets varied in size from 5 J..Ll to 20 J..Ll and are
switched at -150 V applied voltage. Figure 34 shows the velocity as a function of
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volume
5 p.l
10 p.l
20 p.l

radius
1.0 mm
1.3 mm
1.6 mm

meas. osc.
5.4 ms
7.7 ms
10 .8 ms

theory Eq.(35)
8.2 ms
11.8 ms
16.8 ms

Table 2: M easured and theoretical oscillation moments for dropiets of increasing
volume. The theoretical value is a constant factor 1. 5 times higher than the measured
ones. This is possibly because the assumptions in the derivation of the capillary wave
theory are not valid, as this droplet moves in the non-linear regime, r is not constant
and the droplet is not free but partially wetting a substrate.
time. The magnitude of the velocity is comparable, but the oscillations are delayed
for bigger droplets. This is expected from the theory of capillary waves, Eq. (35), as
they depend on the radius of the droplet. The measured and theoretica! values are
displayed in table 2. The theoretica! values are higher by a factor 1.5. Deviations
may occur because the amplitude of the oscillations is not small compared to the
droplet radius , i. e. the oscillation is in thc non-linear regime. Furthermore, the
droplet is partially wetting the substrate and is not free as in theory. This may
result in higher orders of oscillation. Finally, the droplet radius is not constant, but
it increases during the spreading of the droplet.
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Figure 34: Velocity as a function of time fo r draplets of different volumes. The
applied voltage was -150 volt. The moment ofthe oscillation is delayedfor ·in creasing
volume, in correspondence with the capillary wave theory.
In .figure 35 , we plotted the velocity as a function of the resulting force . The trend
in the curves is different , especially at the beginning, for high force and velocities.
The oscillations around the crigin show good similarity. Vv'e have no explanation
for the order in the curves, it could be that the cause of the differences is substrate
inhomogenei ties.
The dependenee on viscosity of electrowetting is determined by measuring the velocity of .five dropiets with different viscosity. They are placed at .five different spots
on the same sample. Figure 36 shows the graphs of the velocity as a function of
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Figure 35: Velocity as a function of resulting force for draplets of different volumes.
The applied voltage was -150 volt. The trend in the curves is nat the same. We have
no explanation for the this, it could be that substrate inhomogeneities are responsible.
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Figure 36: Velocity a.<; a function of time for draplets with different viscosity. The
10 p,l draplets are switched at -200 V. As expected, for· higher viscosity the oscillations
are smaller·.
time. As expected, the oscillations decrease with increasing viscosity. Viscous forces
are responsible for damping the oscillations because viscous forces are proportional
to the velocity and make sudden movements more di.fficult.
The trend of the velocity-force curves as shown in figure 37 is similar, indicating
that the velocity of the three-phase line is independent of viscosity and depends
almest solely on the resulting force and therefore on the contact-angle. The region
around the crigin shows that the oscillations decrease for increasing viscosity and
that the order of the curves is as expected. Thus, viscous forces are important only
in damping the fast oscillations.
The region near the crigin of the graph of the viscosity measurement is shown in
more detail in figure 38. Here, one can see the decrease of oscillations very clearly,
especially for the last curve, with viscosity 9 mPa s.
vVe measured the velocity for different molarities of K2S0 4 . vVe measured three
dropiets at different spots on the same sample. The velocity as a function of time
44
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Figure 37: Velocity as a function of resulting force for draplets with different viscosity. The basic shape is al·ike, but from the region around the origin of the graph, we
notice that the oscillations decrease for increasing viscosity and that the order of the
curves is as expected.
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Figure 38: Detailed look at the velocity as a function of resulting fo rce around the
origin. Th e oscillations decrease drastically w·ith increasing viscosity. The order of
the curves in terms of oscillations is as expected.
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Figure 39: Velocity as a function of time for dra plets of different molarity. Droplets
of 0. 02 M, 0.2 Mand 0.4 M K2 S04 are tested with an applied voltage of -200 V.
is shown in figure 39. :-;o prominent differences ap peal'.
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Figure 40: Velocity as a function of the resulting force for draplets of different molarity. The applied voltage was -200 V. We have no explanation for the shape and
the order of the curves.
However, the velocity versus force plot in figure 40, shows differences between the
trends of the curves. In a different measurement on a different sample, we have
noticed a similar irregular pattem for curves of different molarity. The reason could
be that the sample was not sufficiently homogeneaus to campare the results and
that the differences are within the noise of these measurements. The C(V)-curve of
the 0.2 M curve was not as reproducible as the other two. It is also possible that the
molarity of the liquid is important because of changes in the conductivity. We would
expect to see a logica! order in the curves for increasing molarity, but the result is
different. Yfore research is needed to find the origin of this result conclusively.
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Figure 41: Comparison of a velocity versus resulting force curve with the molecular
kinetic theory. The trend is fitted well, the oscillations are superimposed on the trend.
The viscosity of the droplet ·i8 1.65 mPa s. The fitting parameter.'> are)..= 0.86 nm,
Ko = 1.5 10 7 .,- 1 .
vVe have fitted two graphs with different viscosity to the molecular kinetic theory.
Figure 41 shows a fit with a low viseaus liquid and figure 42 shows a fit with a
more viseaus droplet. The trend in the curves is fitted well. The oscillations are
superimposed on the it. The fit parameters indicate that we are between the low
and high velocity curves, in the stick-slip region. In this region , the movement of the
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Figure 42: Comparison of a velocity versus resulting force curve with the molecular

kinetic theory. The trend is fitted welt, the oscillations are superimposed on the tr·end.
The viscosity of the droplet is 9.00 mPa s. The fitting parameters are À= 0.55 nm,
.
K 0 = 4.810 7 s- 1 .
contact-line is unsteady. Our fit parameters are in the range of Blake's experimental
curves [22], in the stick-slip regîon.

6.3

Stroboscopic recording of a moving droplet

vVith a stroboscope, we made photographs of a switching droplet. A step-function
of -1.50 V at a frequency of 50 Hz is applied to a droplet, while a stroboscape with
a frequency slightly different from 50 Hz illuminates it. A CCD camerasampledat
50 Hz is used to make the stroboscopic film . Some resulting photographs are shown
in figure 43. From this experiment , we can conclude that the droplet movement is
indeed reversible, since otherwise we would not see a continuously moving droplet
on the stroboscopic film. vVe can see from the photographs that one mode of the
capillary waves is excited, which we attribute to inertia effects.

6.4

Damped velocity measurements

In order to decrease oscillations on the velocity measurements, we have measured
the velocity of the contact-line of a droplet which is constrained by a ring of oil
around it.
First, the velocity and forces working on the droplet are measured for varying
amounts of oil. The oil is placed on the sample tagether with the conducting liquid.
It forms a ring around the aqueous liquid. The velocity versus time for 1, 2 and
3 ~-tl oil tagether with 10 ~-tl aqueous salution is gîven in figure 44. As expected, for
increasing amount of oil, the velocity and the oscillations in the droplet decreases.
The oil restrains the aqueous salution to move freely, sirree the viscosity of the oil is
higher than that of water and the oil surrounds the aqueous solution. The derived
resulting force working on the three-phase line versus the velocity is shown in fig©Philips Electranies N.V . 1999
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Figure 43: Stroboscopic photographs of a moving droplet. The droplet i.<; switched at
50 Hz. The shape is influenced by capülary waves caused by inertia.
ure 45. This graph shows that although the velocity curves are different, the trend
in the velocity versus force curves is similar. This indicates that the velocity of the
contact-line depends on the resulting force, as expected from theory. The difference
is because draplets with more oil change their shape slO\ver. As expected, a larger
oil amount results in fewer oscillations.
vVe varied the applied voltage on the droplet and measured the current. vVe use
1 ,ul of oil in combination with 10 ,ul of liquid for this experiment. All these experiments were performed on the same droplet at the same position. The velocity for
different step-voltages is shown in figure 46. A droplet, constrained in a spaeer has
been tested as well, to give an indication of the contribution from initia! charging,
without movement. Notice that the charging current of this droplet is an overesti48
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Figure 44: Velocity as a function of time for different amounts of oil. The oil, having
a higher viscosity prevents the aqueous liquid from moving freely . Therefore, a larger
amount of oil results in slower acceleration of the contact line and a velocity curve
which is shifted to the right.
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Figure 45: Velocity as a f7i,nction of resulting force for different amo1mts of oil. The
trend in all curves ·is very similar. The osc'illations decrease when the amount of oil
is increased.
mation of the contribution, as the base area of the constrained droplet was about
a factor four times larger than the 10 J.Û droplets. Since the electrowetting effect is
proportional to the square of the applied voltage, a higher electric field leads to a
higher electrowetting force . Therefore, it results in a faster rnaving three-phase line.
The oscillation of the contact-line increases with increasing voltage, but the time
when the oscillation occurs is the same . This supports the idea of capillary waves,
as the period of the oscillation is independent of the force that causes the asciilation
(Eq.(36) ).
The velocity of the contact-line versus the resulting force , as shown in figure 47,
indicates a direct relation between the velocity of the contact-line and the force
working on it, as predicted by the theoretica! models. All curves are close to each
other, which indicates that the velocity is mainly determined by the electrowetting
force or the droplet shape. This means that for the trend in the curve, viseaus effects
are unimportant.
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voltage independent capillary waves.
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Figure 4 7: Velocity as a function of resulting force of a 10 p,l aqueous salution and
1 p,l oil. DijfeTent voltages aTe applied to the system. The trend in the curves is
sim-ilar. The amplitude of the oscillations increases with increasing step-voltage.

6.5

Conclusions

Measuring the current as a function of time provides a fast and convenient method
to acquire much information about a droplet while it is wetting the substrate. vVe
demonstrated that electrowetting can be very reproducible and measurements of
dropiets on different positions on a single sample are comparable. In dynamic measurements, an error is introduced, because the initial charging of the droplet is
neglected. vVe estimate this to result in a maximum overestimation of the current
of 10%.
vVe can derive the velocity of the three-phase line and a quasi-static net resulting
force that is working on the three-phase line. This results in an interesting tool
to study partial wetting physics, as the initial force to start the wetting can be
accurately controlled by changing the voltage which is applied to the system. Typical
times of movement for a 10 p,l droplet are of the order of 10 ms. The typical velocity
50
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of the contact-line is of the order of 0.1 m s -l.
Viscous forces are unimportant, as the trend in the force velocity curve is the same
for all the liquids with different viscosity we have tested. However, the oscillations
decrease with increasing viscosity. Viscous forces play a part in the fast oscillations,
because they are proportional to the velocity.
Increasing the electric field results in enhanced electrowetting. The velocity is higher.
It has negligible infl.uence on the period of the oscillations and moment in time when
the new equilibrium position is reached. vVe expect the oscillations to be caused by
capillary waves, initiated from the three-phase line immediately after the voltage is
applied. It causes an increase and after that a decrease of the position and velocity
of the three-phase line. From the experiment with different droplet volumes, we
notice that the oscillations are not occurring at the same moment in time, which is
in correspondence with the concept of capillary waves.
Changing the molarity of the liquid resulted in different graphs. It is unclear why
this is measured. It can be due to substrate inhomogeneities or there can be a
physical meaning. ~~Iore research is needed to investigate this.
The stroboscopic film demonstrates that the voltage-induced movement of the droplet
is reproducible, as to make stroboscopic films, movement has to be reversible throughout the cycles. In orde to shoot one film, the droplet switches more than 5000 times.
Furthermore, the stroboscopic photographs indicate that capillary waves play an important role in the droplet shape. vVe showed that we the oscillations can be damped
by liquids with higher viscosity or by using an oil ring to surround the droplet.
For future research, it will be interesting to study the infl.uence of the substrate on
the velocity of the three-phasc line. ;\:Ioreover, increasing the insuiator thickness and
increasing the applied potential proportionally, to get the same electric field, results
in a stronger electrowetting force. vVe expect the velocity to increase as a result.

©Philips Electronics N. V. 1999

51

Electrowetting with dropiets

52

©Philips Electranies N.V. 1999

Conclusions

7
7.1

Conclusions
Static measurements

We derived arelation between the base area of a droplet and the contact-angle fora
10 J.Û droplet in the presence of gravity. We deduced that the influence of stray fields
from the sides of the droplet to the total capacitance is less than 2%, validating the
parallel plate approximation. If the capacitance per unit area (i.e. the thickness of
the insuiator and the dielectric constant) is known, we can calculate the base area
from the capacitance and consequently, derive the contact-angle of the droplet. The
estimated error in the contact-angle is 3%.
We studied contact-angle modulation at high electric fields. We noticed contactangle saturation at voltages above 230 V for an insuiator with a thickness of 10 jjm.
We visualised the presence of charge on the sampleaftera droplet was removed at
high voltage and we demonstrated the feasibility of removing the majority of the
trapped charge by covering the charged area with a droplet at zero potential. To
account for the saturation of contact-angle, we presented a model for electrowetting
that includes trapping of charge. Applying this model, we find that beyond a partienlar threshold voltage, ions get trapped on or in the insulator. We found that the
threshold voltage is symmetrie around zero volt and that it is independent of the
molarity of the liquid, the type of ions in the solution and the initial contact-angle.
A possible explanation of the voltage dependent trapping of charge is that the electrastatic force acting on the ion exceeds the force between the ion and the liquid at
the threshold electric field. As a result, the ion gets trapped on the substrate and
is no longer part of the liquid.
In future research, the trapped charge should be measured quantitatively with for
instanee a scanning Kelvin probe. The possibility of discharging the sample is very
promising and needs to be studied in more detail. Furthermore, varying the insuiator
thickness results in a different electrowetting force for similar electric fields. Therefore, it should be possible to reach a lower saturation contact-angle. Eventually,
decreasing the contact-angle to zero would result in total wetting.

7.2

Dynamic measurements

We have demonstrated that measuring the current as a function of time provides a
fast and convenient method to acquire information about the dynamics of a wetting
droplet. For instance, we can derive the velocity of the three-phase line and a quasistatic resulting force that is working on it. This measurement technique provides a
tool to study partial wetting physics, as we can accurately control the wetting force
with the applied voltage. An error is introduced, because we neglect the charging
current. We estimate this to result in a maximum overestimation of the current
of 10%, at times after approximately 0.5 ms. We have no measurement points
of the velocity before 0.5 ms, but know that the droplet is accelerating to reach
©Philips Electranies N.V. 1999
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its maximum velocity. A second cause of errors is the switching of the oscilloscope
between different voltage and time scales, which can have a slight offset with respect
to each other. Calibration of the oscilloscope can minimise this problem.
We found that the time during which the 10 pJ droplet changesits shape to the new
equilibrium state is approximately 10 ms. The velocity of the contact-line is of the
order 0.1 m s- 1 .
We noticed that due to inertia effects, the droplet moves beyond its equilibrium
point. Oscillations due to capillary waves are visible in the velocity curves as well
as in stroboscopic photographs of the rnaving droplet. The velocity as a function of
resulting force is the same for the range of viscosity that we have tested (0.9 mPa s
- 9 mPa s). However, the amplitude of the oscillations on the droplet decreases
with increasing viscosity of the liquid.
A study of the influence of the substrate on the velocity of the three-phase line will
be interesting for future research. Increasing the insuiator thickness and applying
the same electric field results in a stronger electrowetting force and will result in
higher velocities.
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A

A.l

Calculating contact angle from capacitance measurements
Droplet in absence of gravity

Assuming a droplet is shaped like the cut-off of a perfect sphere, it is possible to
calculate the area of a this part if the angle and the volume of the droplet are
known. By integrating over the top of a sphere to a volume V, Renting [6] derives
the following relation:

(55)

We rewrite this to () as a function of volume and base area, by taking one point
of wich we know the contact angle and the volume and the base area. For a semi
sphere, the contact angle is 90°, the volume of the sphere is ~7r R 3 and the area is
1rR2 . Writing the area as a function of V, one obtains:

!

(56)
Now, using the equation (55) and filling in the last one, it is possible to write A/Ass
as a function of the volume and angle:

(() V) =

a,

__:!_
A ss

=

(1 -

sin
3

2 cos()

2
()

+ 21 cos 3 B) 32

(57)

By rewriting sin 2 () as 1- cos 2 (), cos() can be written as a function of a. Introducing
an extra variabie b, only dependent on a, with
b = ( 16 + 8a

3

+ a + 2 ( 4 + a ) ~)
6

3

1

3
,

(58)

we write for the relation between the contact angle as a function of A and V in case
of a spherical droplet:
ab
a2
cos() = -1 + - + - (59)
b
4 + a3

A.2

Droplet in the presence of gravity

A droplet on a surface in a no-gravity environment is shaped like the cut-off of a
sphere. When gravity forces are included in the model, the contact angle for a a
droplet of constant volume and set ground area will always be higher.
©Philips Electranies N.V. 1999
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In zeroth order, the droplet shape is spherical and can be decribed as follows for an
axissymetric system as we have [24]:
sin cp
1- cos cp.

xo
Yo

(60)

In these equations, x and y are unitless variables, derived from the cylindrical coordinates r and z. rIs the radius of the droplet at height z as measured from the top
of the droplet, as shown in figure 48.

Figure 48:

Schematic drawing of droplet shape showing the coordinate system.

They relate to x and y by:

x= r/L
y = z/ L,
L the radius of droplet at cp =

1r /2

(61)

or the radius of curvature.

In [24], as a first order description of a droplet with gravity forces, the following is
derived:

y

+ EY1

Yo

(62)

,

with
1
2
cp
-cos cptan-

3

2

1

1.2

1

3

2

6

2

1

(

2cp

1

1

2

2

3

- cos cp + - sm cp + - cos cp + - ln 2 cos -) - - - - ln 2
3

(63)

and

(64)
The real volume (V)of the droplet is calculated by taking an integral over x and y
as follows:
V

L 31Yi"'=e 1rX 2 dy
0

L3

lo

0

60

B
1rX

2

dy
-dcp .
dep

(65)
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We calculate the volume in zeroth and first order as a function of(). As the volume
of a droplet is known, we derive the relations between () and L for this given volume,
again in zeroth and first order. From L, the ground area, A, can be calculated for
both zeroth and second order, as follows:
1r

L x~I~=O

2

7r L2x21~=0

(66)

.

A plot of the ground area versus the angle in zeroth and first order approximation is
shown in figure 49. The zerothorder contact angle is approximately 5contact angle.
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Figure 49: The calculated angle from the ground area of a 10 JÛ droplet, in zeroth
and first order. The spherical (no gravity) shape assumption in the zeroth order
gives a lower angle than a first order approximation with gravity farces included, as
expected.
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B

Calculating the stray capacitance of a droplet

The capacitance of a droplet consists of two contributions. The first and main
contri bution is from the well known parallel plate capacitance (Cpar). The second
one is a capacitance, (Cstr), due to the electrical field outside the droplet. A droplet
with electrical field lines is drawn in figure 8 on the left. The middle part, with the
straight lines results in Cpar· The bended field lines outside the droplet gives Cstr·
The parallel plate contribution is given by:
C

_

EoErA

par-

(67)

d

Below, we calculate the contribution of the latter, assuming the droplet is a semisphere at potential V on a plate at zero potential. We will differentiate the potential
to find the electrical field. Then, we will integrate this field over the xy-plane outside
the droplet, to find the induced charge and thus the capacitance due to the stray
electrical field. The sphere and the coordinates is shown in figure 50 on the right.

l
·········]······...,
:
··..··..::
~..

Figure 50: In the left figure, a droplet with electrical field lines is shown. Cpar comes
from under the droplet, Cstr from the bended field lines outside the droplet. The
coordinates used in the equations are explained in the right figure.
In Jackson [25], the potential <I> is given for the case of a sphere consisting of two
hemispheres at opposite potential. This results in a potential plane at z = 0,
descrihing our situation well. The potential is given by

<I>(r, (), r.p)

V j21r

,.,.
4

0

dep'

[/1 d( cos()')
0

/1

with
cos 'Y =

jo

--1

l

a(r2 _ a2)
d( cos()') -,.----.,::-'------'-----:--::-;-:(a+ r 2 - 2ar cos 1') 3 /2

'

(68)
cos() cos()' + sin() sin()' cos( r.p - r.p') .

(69)

Differentiating Eq. (69) gives the electrical field. This simplifies Eq. (69), as due to
the symmetry in the system, only the z-component of E(r, (), r.p) is nonzero at z = 0.
Therefore, we only have to differentiate to 8/ 8z. In spherical coordinates:

8
8z
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=

a 8r

8 8()
8 8r.p
8r 8z + 8() 8z + 8r.p 8z ·

(70)
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Electrowetting with dropiets

For () = 1r /2 at
coordinates:

z

= 0 and

as there is no dependenee on cp, we find, using cartesian

ä
äz

1 ä

(71)

r ()() ·

Now, the z-component of the electrical field at z = 0, becomes:
E

= Ez(z = 0) =

1 ()<})

ä<I>
äz

r ()()

!" I I
V

21r

-1

o

·[ 1

d<p'

d(cos 8')

(a 2 + r2

l

d( cos 11')

-

2ar sin()' cos cp')

5/2.

(72)

At z = 0 and r = a, E will go to infinity as there is a step in the potential. In our
system, the insulating layer avoids this, so we will integrate ()' not until 1r /2, but
until a slight angle 6 from 1r /2. The thickness relates to 6 as sin 6 = dj a. Rewriting
the integral results in

E =

V
~
1ra

where we write x

= r /a

~-<)

I I
71"

dep'

0

(

d()'

0

2

)

()'

.

()'

x - 1 c~s sm
5 2
(1 + x 2 - 2x sm ()'cos cp') I

'

(73)

as a unitless variable.

The integration can be dorre analytically over x, the integration over cp' is calculated
numerically. A plot of Ea/V is shown in figure 51. As an artefact due to 6, E goes to
zero for values less than 1 + 6. This is neglectable in the integration. As expected,
E decreases rapidly for increasing distance, about three orders of magnitude per
order of magnitude in x. The output of the Mathematica files with which this is
calculated is included in the appendix.
We integrate Ez over the entire x, y-plane outside the sphere (x ~ 1) to find the stray
charge Q str. As the capacitance is equal to the charge, Q divided by the potential,
we find:

I

00

C str

Qstr _

V

co

- V

21rr dr E z

a

6c 0 a

JI._"

I
I I
00

71"

dx

1

0

dcp,

2

0

(x 2
)
()'"()'
- 1 cos sm

d()'
(1

+ x2 -

.

2x sm ()'cos cp')5/2

(74)

The capacitance of a droplet on a finite planeis obviously less than that of a infinite
plane, but as we can see from figure 51, E decreases rapidly. From calculations we
find that integrating x from 1 to 10 or from 1 to 1000 results in a difference of only
6 %. Therefore, from a practical point of view, we integrate this equation for x = 1
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Appendix
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Figure 51: The electrical field at z = 0 versus the unitless distance outside the sphere,
for c5 = 0.01 (thickness of 10 J.Lm for 1 mm radius).
to x = 1000. A plot from Cstr versus c5 is shown in figure 52. A change in c5 results
in only a small change in Cstn so the integration of <p 1 to only 7f /2 - c5 instead of
to 1r /2, is still a converging integral. For typical values of a droplet, a = 1.4 mm,
d = 10 J.Lill (so c5 = 0.01), Cstr = 0.3pF. Cpar in this case will be Cpar = 15 pF, so
Cstr is around 2
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Figure 52: The stray capacitance divided by the radius the sphere for different values
ofö. Fora typical droplet (a= 1.4 mm, d=10 J.Lm; c5 = 0.01, this gives Cstr = 0.3 pF,
while Cpar = 15 pF.
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