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Abstract

In this study I have looked at two types of voltage programmable liquid opti-
cal device. The first is a rotatable liquid crystal waveplate and the second is
an amplitude programmable liquid phase grating. The rotatable waveplate was
created by confining a droplet of E7 nematic liquid crystal between two glass
substrates in a photolithographically produced square well of 60×60×15µm di-
mensions. The droplet forms a circular disc shape with two nematic defects at
opposite edges of the disc. The optical texture has been examined and the most
likely n-director orientation is shown to be Bipolar. Electrodes etched into the
sandwiching substrate allow an in-plane electric field to be applied and because
of the E7’s positive dielectric anisotropy the n-director of the droplet aligns itself
with the field. The speed at which this rotation occurs is shown to follow the
relationship θ = 0.0472τV 2 and rotation speeds of 450◦/s have been achieved.
The droplet is multistable and can be rotated to any arbitrary angle. The tem-
perature of the droplet affects its switching ability by changing the shape and
size of the droplet within the well. The switching time with voltage at differ-
ent temperatures has been investigated and shows that at higher temperatures
switching is faster. Rounded square droplets have also been seen which exhibit
six stable states which can be switched from one state to another by applying
various electric fields. The switching speed of these states has been investigated
for several different switching regimes.

A voltage programmable phase grating has also been demonstrated by induc-
ing an undulation in the surface of a thin film of either hexadecane or 1-decanol
oil. The thin film of oil is the result of a dielectrophoretic force created by a
non-uniform electric field above a set of interdigitated electrodes. The thickness
of the film is almost independent of the applied voltage. At higher voltages, an
undulation in the oil air interface occurs which is static and stable with the same
period as the electrode pitch. Measurements of hexadecane and 1-decanol oil
for a variety of layer thickness on several different electrode pitches show that
the amplitude of the undulation is proportional to the voltage squared. This
scaling relationship and the exponential dependence on the ratio of oil thickness
and the electrode pitch can be explained in terms of the balance between the
dielectrophoretic forces created by the non-uniform electric field and the increase
in surface energy associated with the surface deformation. For a thin layer of
oil with low dielectric constant the higher order spatial harmonics in the electric
field cause the undulation to become non-sinusoidal. The extent to which these
harmonics shape the surface of the oil is explored and their relationship to oil
thickness is shown. The relative contributions of these higher order harmonics
are also shown to be independent from the applied voltage. As an example of the
devices applications it has been shown to operate as an amplitude programmable
phase grating and diffracts the energy of an incoming 543nm laser from the zero
straight through order into the higher orders. The diffraction efficiency of 32.8%
is very close to that predicted by theory. The device is polarization insensitive
and switching times in excess of 40µs have been achieved in switching the first
diffraction order from its minimum intensity to its maximum.
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Chapter 1

Introduction

1.1 Aims and Rationale

Recently there has been much interest in photonic devices based on microflu-

idics. These include displays [3, 4], refractive tunable micro-lenses and optical

beamsteerers [5–7]. Many of the current devices use electrowetting to manip-

ulate the interface between two immiscible liquids to create the desired optical

effects. Diffractive optical elements used in telecommunications are dominated

by either acousto-optic or electro-optic devices [8], however such devices are in-

herently polarization sensitive due the the nature of the physical effects used in

their operation. The aim of this project is to use the dielectrophoretic force,

experienced by a polarizable liquid in the presence of a non uniform electric field,

to alter the interface between between a thin layer of liquid and its interface with

the surrounding air. By creating periodic variations in the thickness of the layer,

it should be possible to use the device as a polarisation insensitive diffractive

optical element which is able to divert the path of an incoming beam of light.

Liquid crystal devices are also of great interest for use in optical telecommu-

nications and display technology. Bistability and multistability is an interesting

characteristic of liquid crystals which can be exploited to create low energy dis-

plays and photonic switching devices for optical telecommunications. The aim of
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this work was to create a device in which multiple stable states of the optical axis

occur, at arbitrary in-plane rotation angles, in a small disc shape droplets of E7

liquid crystal. Such a device could be used to alter the polarisation state of light

at polarization sensitive optical interconnections, such as those previously men-

tioned. As a continuously rotatable wave plate it could be used to compensate

for mechanical stress induced polarization changes in optical fibres.

1.2 Liquid Crystals

Liquid crystal devices are now a ubiquitous technology in flat panel and portable

displays including twisted and super-twisted nematic displays [9, 10] high ef-

ficiency displays [11]as well as dye displays [12]. Because they show a massive

electro-optic response [13] they are also the subject of intense interest for applica-

tions in optical telecommunications [8, 14–16]. Such advances include holographic

optical switching incorporating ferroelectric liquid crystals [17] and computer gen-

erated holography [18], as well as optical switches, attenuators and gain equalizers

[19, 20]. Also, if polarization control is required, at temporary interconnections

between polarization sensitive components [21] and they have also found uses in

biomedical imaging [22].

Of particular interest in this study are the director orientations in small spher-

ical or cylindrical cavities and these director orientations have been the subject

of many studies. The planer polar alignment, discussed in chapter 3, has been

seen in cylindrical cavities in optical fibers [23, 24] and in anopore and nucleo-

pore membranes [25]. The bipolar alignment has been seen in polymer dispersed

liquid crystal (PDLC) films [26, 27] the thermal and tranmissive properties of

which have also been studied [28–30].
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1.2.1 Liquid Crystal Theory

Liquid crystals are a phase of matter in between liquids and solids (Figure 1.1).

They consist of long rod or disc like molecules and it is the order of these molecules

which impart the interesting characteristics of a liquid crystal .

Figure 1.1: Schematic illustration of solid, liquid crystal and liquid phases with
increasing temperature across the bottom

In a solid (Figure 1.1a) the molecules have both positional and orientational

order, that is to say they are fixed in space and all point in the same direction. In

a liquid (Figure 1.1 c) the molecules do not have any positional or any directional

order and the molecules are free to move within the liquid and to orient themselves

in any direction. In between these two phases of matter lies the liquid crystal

(Figure 1.1 b) in which the positional order of the molecules is lost but there still

remains some orientational order.

The direction in which the molecules point, in a liquid crystal, is represented

by the director and is the average direction in which the long axis of say a

thousand molecules in the liquid crystal points. In figure 1.2 the director is shown

as the vector n. It should be noted that the n-Director is pointing upwards. This

is a purely arbitrary choice and the director could easily be chosen to be pointing

downwards. There is complete equivalence between the up and down direction

of the director. This becomes important when looking at the optical texture of a
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liquid crystal (section 1.2.8).

Figure 1.2: Schematic showing the arrangement of the molecules in a nematic
liquid crystal

1.2.2 The Order Parameter

In liquid crystal the molecules are free to diffuse about the bulk much like that

of a liquid. Nevertheless, as they do so they also maintain a certain amount of

orientational order. The order parameter S of a liquid crystal defines how well

the molecules in the liquid crystal align with the director. This order parameter

is defined by the equation:

S =
< 3 cos2 θ − 1 >

2
(1.1)

Where θ is the angle between the molecules and the n-director [31]

It can be seen from equation 1.1 that if all the molecules in a liquid crystal

formed an angle of 0 ◦ with the director (i.e. they are perfectly ordered) then

the order parameter would be 1. For a highly disordered liquid crystal the or-

der parameter is independent of Theta. The order parameter of a liquid crystal

is also dependent on the temperature with the liquid crystal becoming increas-

ingly disordered with increasing temperature. The order parameter usually has

a value between 0.8 and 0.3 [32](Figure 1.3) until, at some point, all order within
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the liquid crystal is lost and the liquid crystal becomes an isotropic fluid. The

temperature at which the liquid crystal becomes isotropic is called the nematic

isotropic transition temperature.

Figure 1.3: The variation of the order parameter in a liquid crystal with increasing
temperature.

1.2.3 Nematic Liquid Crystals

There are several properties of a liquid crystal which determine it to be nematic

[13]. These main features are summarized below:

1. The centers of gravity of the individual molecules have no long range order.

2. There is some order in the overall direction of the molecules and they tend

to be parallel about some common axis. This common axis or average

direction of the molecular axis is known as the n director (figure 1.2).

3. The direction of the director is arbitrary in space; in practice the director

can be controlled with several techniques which will be discussed later.

4. There is complete equivalence between the n direction and the -n direction.
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5. The nematic phase will only occur in materials in which there is no distinc-

tion between right and left handed molecules.

1.2.4 Boundary Effects and Surface Anchoring

The interface of a liquid crystal with another medium affects the liquid crystal

such that it imparts a particular direction for the n-director at the boundary.

This preferred direction for the director is dependent on type and characteristics

of a particular boundary [13].

The three main types of anchoring at a surface are shown in figure 1.4. Fig-

ure 1.4a) shows a situation in which the alignment of the liquid crystal at the

surface is planer. This kind of planer alignment can be achieved at the surface

of a crystal[13] where the easy direction for the director is along a some simple

crystallographic axes. This type of alignment can also be achieved by coating a

surface with a polymer or surface coupling agent, with the molecules being ab-

sorbed parallel to the surface [33]. However, the parallel alignment introduced

by the addition of a polymer or bonding agent is a random planer alignment, in

that although the long axis of the molecules are in the plane of the surface, the

direction of the long axis is purely random which results in a schlieren texture

when viewed through crossed polarisers(section 1.2.9). The direction of the long

axis can be made to point in the same direction by unidirectional rubbing causing

the alignment to become homogeneous. A homeotropic alignment (Figure 1.4b)

at the surface in which the liquid crystal molecules align perpendicular to the sur-

face can be achieved on surfaces by binding amphiphilic molecules to the surface

which attach their polar head to the surface, and leave the tail perpendicular to

the surface[13, 33]. It can also be achieved with coupling agents such as silanes

with long alkyl chains[34].

A particular interest in liquid crystal studies are mechanically bistable de-

vices. A mechanically bistable device is one in which the director orientation
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Figure 1.4: Three types of anchoring at a surface. a) Homo tropic b) homogeneous
c)LC forms angle ψ at the surface

of the liquid crystal can assume either of two different and equal low energy

states [35]. Devices incorperating this affect have the advantage of low power

consumption because the optical properties of the device can be changed with

the application of a voltage and the device keeps these properties even if the

voltage is removed. Bistability has been achieved with various methods including

arrays of microscopic posts [35–37] and various types of surface grating struc-

tures [35, 36, 38]. Particular alignments can occur if liquid crystals are confined

in small cavities [39, 40] and easy alignment directions can be produced with

specific surface treatments such as nano rubbing [41] and silicon di-oxide films

irradiated with low energy ion beams [42].

1.2.5 Anisotropy and Birefringence

For an electric dipole consisting of two equal and oppositely charged particles Q1

and Q2 separated by a distance l the dipole moment p is defined as [43]

p = Ql (1.2)

If a linear and isotropic medium contains N molecules per unit volume then

the dipole moment per unit volume P is given by

P = Np (1.3)

If an electric field E is applied to a linear isotropic and homogeneous material
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the dipole moment induced in each molecule leads to a net dipole moment for a

unit volume called the polarization P. For small electric fields P is proportional

to E and the constant of proportionality is the electric susceptibility χe. The

polarization is given by the equation

P = ε0χeE (1.4)

Where ε0 is the permittivity of free space 8.85× 10−12 C2/Nm2

The induced polarization of the material arises via three basic polarization

processes [44]

1. Electronic Polarization occurs when, in an electric field, the centre of charge

of the electron cloud in a molecule moves slightly with respect to the centre

of charge of the nuclei.

2. Orientational polarization occurs when polar molecules tend to align in an

applied field.

3. Atomic polarization occurs when ions of different sign in solids such as

crystals move in different directions in an electric field.

In E7 liquid crystal there are no contributions to the polarization through

atomic polarization and the polarization of the liquid crystal arises from electronic

and orientation polarization.

Anisotropic Electronic Polarization

We can visualize anisotropic electronic polarization with a simple model of an

atomic nucleus bound to the electron shell by springs [45] (Figure 1.5), where

the spring constants in the x and y directions have different values µ1 and µ2

respectively.

In the presence of an electric field the force on the nucleus and the electron

cloud causes them to be displaced. The displacement of a spring for a given force
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Figure 1.5: model of a nucleus bound to the electron shell by springs

is governed by Hooke’s law F = µ∆x. Where F is the force, µ is the spring

constant and ∆x is the displacement. The force exerted on the electron cloud

and the nucleus by the electric field is governed by the equation F = qE, where

q is the charge and E is the electric field component in the given direction. From

these two equations we can see that qE ∼ µ∆x and thus the force in the x and

y direction is given by

qEx ∼ µ1∆x ⇒ qEx

µ1

∼ ∆x

qEy ∼ µ2∆x ⇒ qEy

µ2

∼ ∆x

Thus a smaller spring constant would result in a greater displacement ∆x and

a greater dipole moment. Since a smaller spring constant µ is analogous to a

larger electric susceptibility χ then a larger dipole moment would be created in

the direction with a lowest value of µ

Anisotropic Molecular Polarization

The polarization of the molecule arises due to contributions from the atomic

polarization of the atoms in the molecule and the polarization of any de-localized
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electrons in the molecule.

As an example figure 1.6 shows the chemical formula for 5CB. The benzene

rings in the molecular structure give rise to a delocalized cloud of electrons. In

the presence of an electric field this cloud is displaced relative to the atomic nuclei

in the molecule. The amount of displacement along the long axis of the molecule

is greater than the displacement perpendicular to the long axis. This leads to a

larger polarization along the long axis than that perpendicular to the long axis.

Figure 1.6: Chemical formula of 5CB

As stated in section 1.2.2 there is a tendency for the molecules in a liquid

crystal to point in a preferred direction. It is the combined effect of the ordering

of the liquid crystal molecules and the anisotropic nature of the molecules that the

liquid crystal shows an anisotropic bulk polarization in relation to the n director.

Thermal Contributions

The alignment of dipoles is also frustrated by the thermal motion. The probability

of a dipole, with dipole moment µ, pointing along a particular direction in an

electric field in a linear isotropic medium is given by the Langevin function (Figure

1.7).

The Langevin function shows that the ordering of particles in an electric field

increases with higher electric fields and with a larger dipole moment. It also

shows that as temperature is increased the ordering of the dipoles decreases.
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Figure 1.7: Langevin function

1.2.6 Anisotropy of Liquid Crystals

The electric susceptibility of a liquid crystal is a parameter which depends on the

polarisability of the liquid crystal and is an example of an anisotropic property

i.e it is dependent on the direction of the applied electric field. Since a liquid

crystal is more polarisable in one direction than the other there are two values

for the electric susceptibility χ‖ and χ⊥ for an electric field applied parallel and

perpendicular to the director respectively. If the director lies in the z-direction

then the total polarization of the liquid crystal for an electric field with compo-

nents Ex, Ey and Ez is now given by the sum of all the contributing components

of the polarization [32] i.e.

Px = ε0χ⊥Ex Py = ε0χ⊥Ey Pz = ε0χ‖Ez

In the presence of an electric field the charged parts of a liquid crystal molecule,
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i.e. the positive nucleus and the negative electrons of the molecules, experience

opposite forces which lead to the formation of an Induced electric dipole. This

induced electric dipole is dependent on the polarisability of the molecule in dif-

ferent directions. The difference between the polarisability in directions parallel

and perpendicular to the optical axis is known the dielectric anisotropy and is

governed by the equation

∆ε = ε‖ − ε⊥ (1.5)

where ε‖ and ε⊥ are the dielectric constants parallel and perpendicular to the

optical axis respectively. Since the dielectric constant ε of a material is given by

the equation [46]

ε = ε0(1 + χ)

we can see that a higher electric susceptibility χ gives a higher dielectric

constant ε. From equation 1.5 we can see that for a liquid crystal with a positive

dielectric anisotropy, i.e. if ∆ε > 0, then the dielectric constant parallel to the

optical axis ε‖ is greater than the dielectric constant perpendicular to the optical

axis and the dipole moment of the molecule is larger in the direction along the

optical axis. Conversly, if ∆ε < 0 then ε⊥ is greater than ε‖ and the larger dipole

moment is in the direction perpendicular to the optical axis.

Figure 1.8 shows these two scenarios where a region of liquid crystal is under

the influence of an external electric field. The average direction of molecular

alignment for a large number of molecules or the n-director is marked and lies

along the long axis of the region. In the figure 1.8a) the positive anisotropy of the

liquid crystal gives a dipole moment along the optical axis of the Liquid Crystal.

This in turn leads to forces generated in opposite directions at the tips of the

region which aligns itself to the electric field. Figure 1.8b) shows a liquid crystal

with a negative anisotropy and as such the rotational forces are generated at the
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Figure 1.8: The action of an electric field on a region of liquid crystal a) shows
the action if ∆ε > 0 and b)if ∆ε < 0

centre of the region and cause it to align perpendicular the electric field.

1.2.7 The Wave Plate

Polarisation controllers are generally required due to effects in long range optical

telecommunications which alter the state of polarization of light such as external

stresses on optical fibres changing the optical properties of the fibre [47] or where

light needs to be directed into polarization sensitive components. Liquid crystal

wave plates have been created with smectic and nematic liquid crystal in which

a homeotropically aligned sandwich of liquid crystal is forced to re-align by the

application of an in plane electric field [48–51]. With multiple electrode addressing

of the liquid crystal it can be made to rotate endlessly and as such allow any

polarization of light emerging from, or entering optical fibres to be controlled.

The dielectric anisotropy of a thin layer of liquid crystal allows it to be tailored

via the thickness of the slab to act as a wave plate. This is a slab of material in

which the two orthogonal components of the E-field of incoming light traverse the
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thickness of the slab at different speeds. Light propagates through a transparent

medium by exciting the atoms within the medium [52]. The electrons are driven

by the E-field and the re radiated secondary wavelets recombine to from the

resultant refracted wave. The speed of the refracted wave and thus the index of

refraction is determined by the difference between the frequency of the E-field

and the natural resonant frequency of the atoms. It was shown in section 1.2.6

that the electric susceptibility of a an anisotropic material is different in directions

parallel and perpendicular to the optical axis. This difference leads to a difference

in the resonant frequency of the atoms in these directions and thus the speed of

the radiated wave is also different in these directions.

By considering linearly polarized light traversing an optically anisotropic ma-

terial the incoming light can be represented as the vector sum of the components

of the E-field parallel and perpendicular to the optical axis of the material.

E0 = E‖ + E⊥ (1.6)

Where the individual components E‖ and E⊥ are given by

E‖ = Eo‖ cos(kz − ωt) (1.7)

E⊥ = Eo⊥ cos(kz − ωt + δ) (1.8)

δ is now the phase difference introduced by the anisotropy of the liquid crystal

as given by the equation:

δ =
2π

λ
(n‖ − n⊥)d (1.9)

Where λ is the wavelength of the light, n‖ and n⊥ are the parallel and perpendicu-

lar refractive indices respectively and d is the thickness of the plate. The amount

by which the phases of the components of the E-field differ leads to the emergent

light being polarized into different configurations. Figure 1.9 shows that if the
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phase difference δ = π then the light emerging from the wave plate is linearly

polarized with its axis of polarization reversed and if the phase difference δ = π
2

then the emergent light is circularly polarized. These two configurations of the

wave plate with δ = π and δ = π
2

are special cases of the plate and are known as

half-wave and quarter-wave plates respectively.

Figure 1.9: Polarization configurations for various values of the phase difference
δ. it is assumed that E‖ = E⊥

1.2.8 Optical Anisotropy (Birefringence)

The intensity of light passing through a birefringent slab between polarisers,

crossed at an angle χ is given by the general equation[53].

I = E2

[
cos2 χ− sin 2φ sin 2(φ− χ)sin2 δ

2

]
(1.10)

Where I is the intensity of the output light, E is the magnitude of the electric

field component, χ is the angle between the polarisers, φ is the angle between

the input polarizer and the optical axis of the slab and δ is the phase difference

between the two orthogonal components on leaving the slab given by equation

1.9

If the input polarizer and the analyzer are aligned orthogonal i.e. χ = π
2

this

equation reduces to:

I⊥ = E2 sin2 2φ sin2 δ

2
(1.11)

The term involving φ on the right hand side of equation 1.11 involves only the
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optical axis of the slab and in the case of a liquid crystal this is the same as the

n-director. Thus we can see that if the director is oriented such that it is parallel

or perpendicular to the input polarizer then sin2 θ = 0 for both cases of θ = 0

and θ = π and any light passing through the system is completely extinguished.

The term involving δ on the right hand side of equation 1.11 is dependent on

both the thickness of the slab and the wavelength of the incident light. Thus, for

a slab with a particular value of n‖− n⊥ the light is completely extinguished if δ

is an integer multiple of π.

The thickness term in equation 1.11 is also wavelength dependent, if the cor-

rect thickness of slab is chosen and the wave plate is illuminated with white light,

a particular colour of emergent light can be chosen.

This method of crossed polarization microscopy is used to extrapolate possible

director alignments in the liquid crystal droplets. Figure 1.10 shows a schematic

drawing of this effect.

Figure 1.10: Schematic of a nematic droplet under crossed polarisers. The droplet
has a radial alignment of the director shown as black bars and the brush texture
under crossed polarizers is shown in black

The circular droplet in figure 1.10b) has a radial alignment i.e. the director

is homeotropic at the edge of the droplet and radiates from the centre of the

droplet. In this configuration the director is parallel to the crossed polarisers both

horizontally across the centre of the droplet and vertically down the middle of

the droplet which leads to black brushes in a cross shape. By rotating the crossed
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1.2. Liquid Crystals

polarisers, different regions where the director is parallel or perpendicular to the

crossed polarisers allow the most likely director orientation to be extrapolated.

1.2.9 Nematic Defects

Although the molecules of a liquid crystal are ordered in the ways described in

section 1.2 this order is a short range order. If a thin layer of liquid crystal is

placed on a surface which imparts random planar alignment to the liquid crystal

(Section 1.2.4) and viewed through crossed polarisers the texture of the liquid

crystal shows small point like structures joined by black brushes (Figure 1.11).

The point like structures are formed because as the director of the liquid crystal

changes from one direction to another, this change is usually a gradual one.

However, if the direction of the director changes abruptly at a point then the liquid

crystal melts resulting in the formation of defect. The black brush structures show

areas in the liquid crystal in which the director orientation is either parallel or

perpendicular to one of the crossed polarisers (Section 1.2.8). Figure 1.11 shows

a typical image of the texture of a thin layer of nematic liquid crystal viewed

through crossed polarisers [54].

Figure 1.11: Schlieren Texture of a thin film of nematic liquid crystal viewed
through crossed polarizers
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1.2. Liquid Crystals

Figure 1.12: Schematics of some of the different strength defects seen in the
schlieren texture of a thin film of nematic liquid crystal. The director orientation
(Top row), The strength (Middle row) and The observed brush texture (Bottom
row) the crossed polarizer orientation is shown as arrows in the centre of the
diagram.

Closer examination of the defects under crossed polarisers reveals the brush

texture in the immediate vicinity. Detailed mathematical descriptions of the di-

rector configuration have been given [55] and the strength of the defect is given

as s = 1
4
(number of brushes) [13]. Figure 1.12 shows some of the director orien-

tations at a nematic defect (top) and the consequential brush texture (bottom)

seen when viewed through crossed polarisers. Figures 1.12a) and b) shows the

+1 and −1 strength defects which have four brushes and figures 1.12c) and d)

show the +1
2

and −1
2

strength defects which have two brushes.
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1.3. Dielectrophoresis

1.3 Dielectrophoresis

Dielectrophoresis is the translational motion of a neutral matter resulting from

polarization effects in a non-uniform field [56]. Any electric field, Uniform or non-

uniform, exerts a force on a charged body. Dielectrophoresis however is known

to exert a force on neutral bodies unlike electrophoresis which requires charged

particles[57]. Dielectrophoresis is not really a pumping mechanism, instead it af-

fects the hydrostatic equilibrium within a liquid [58]. It was first noticed by Pellat

in his classic experiment [59] in which a dielectric liquid was seen to rise between

two partially immersed parallel plate electrodes. The pumping of liquids have

been achieved using dielectrophoresis in devices such as the dielectric siphon [60],

but in this case the pumping of the liquid is achieved by gravity removing liquid

from the system and dielectrophoresis restoring the pressure imbalance. Flow

structures with millimetre spacing in the electrode dimensions usually require

very high voltages ∼ 20kV [61] and electric field intensities that usually exceed

that of air breakdown. By scaling down to much smaller electrodes, bench top

experiments were performed in which a thin bead of highly insulating transformer

oil was seen to rise in between vapour deposited aluminium electrodes on glass

[61]. In this experiment the electrodes were planer as opposed to parallel and the

finger of oil, with a semicircular cross section, rose several centimetres.

Dielectrophoresis with planer electrodes was later extended and the dielectric

liquid was replaced by highly purified water. In this case the electrodes were

coated with a dielectric layer to avoid electrolysis [61, 62] and down scaling of the

electrode size reduced the Joule heating.

The previous work was limited to the dispensing of liquid droplets between a

pair of co planer electrodes. However, it was later suggested [63] that by using an

electrode array, the narrow liquid finger would be replaced by a thin film moving

parallel to the electrodes.

It was suggested that dielectrophoresis could be used to separate different
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1.3. Dielectrophoresis

types of bacteria [64]; Other uses of non-uniform electric fields to induce a di-

electrophoretic (DEP) force have included the separation of breast cancer cells

from blood [65] and the manipulation of bacteria with conductivity gradients

[66]. Sub micron particles, including latex spheres and bioparticles, have also

been manipulated and trapped using a DEP force [67–69]. All of the previous

studies have relied on micro fabrication of various patterned electrodes to create

the non uniform electric fields necessary.

1.3.1 Dielectrophoretic Force on Polarisable Particles

Dielectrophoresis can be compared to electrophoresis (The action of an electric

field on a charged body) and figure 1.13 shows the situation for a charged and

neutral particle in a non-uniform field a) and a uniform field b)

Figure 1.13: The action of a non-uniform field on both a neutral and charged
particle a) and the action of a uniform field b) on said particles

In figure 1.13a) a charged particle in the non-uniform field moves along the

field lines towards the plate with the opposite charge, However a neutral particle

is first polarized by the presence of the non uniform field, which induces a dipole

moment such that a negative charge appears near the positive electrode and a

positive charge appears near the negative electrode. The particle then feels a
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force towards the region of high field gradient because although the charges at

opposite end of the body are equal the fields operating on the two regions of

charge are not. In a uniform field (Figure 1.13b)) the neutral particle is merely

polarized by the presence of the electric field but does not move, whereas the

charged particle again moves along the field lines towards the plate of opposite

charge.

Notice that if the polarity of the plates is changed then the neutral particle

would move in exactly the same direction in a non uniform field, because the

nature of the polarization would switch. For this reason the applied field gen-

erating the force could easily be an alternating electric field provided that the

polarization of the body can switch as the field reverses.

1.3.2 Dielectrophoresis on a Polarizable Medium

The potential energy of a dipole is given by the equation [43]

U = −p · E (1.12)

and the Force on the dipole is given by:

F = −∇U (1.13)

substituting equation 1.12 into equation 1.13 we get:

F = ∇(p · E) = (E · ∇)p + (p · ∇)E (1.14)

Since the dipole moment does not change with distance then p is constant

and thus:

F = (p · ∇)E (1.15)

In the vicinity of a point in a linear and isotropic dielectric the dipole moment
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per molecule is p. If there are N molecules per cubic meter then the polarization

per unit volume is given by [44]

P = Np (1.16)

By substituting equation 1.16 into 1.15 we get the force per unit volume.

F = (Np · ∇)E = (P · ∇)E (1.17)

The dipole moment per unit volume of a dielectric medium can also be given

in terms of the relative dielectric constant [44] where:

P = ε0(εr − 1)E (1.18)

Where εo is the permittivity of free space and εr is the relative dielectric

constant of the dielectric medium.

By substituting equation 1.18 into 1.17 we get

F = [ε0(εr − 1)E · ∇]E = ε0(εr − 1)(E · ∇)E (1.19)

Using a vector identity [70] and the fact that ∇×E = 0 equation 1.19 reudces

to give the force per unit volume on a linear and isotropic dielectric medium in

the presence of a non uniform electric field is given by

F =
1

2
ε0(εr − 1)∇ | E |2 (1.20)

Equation 1.20 gives three important results:

1. The dielectric force is proportional to the gradient of the electric field

squared. That is to say the medium is drawn to region of high field gradient

2. This force is always in the same direction irrespective of the sign of the

electric field. This means that dielectrophoresis occurs in an a.c. field
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3. The force is also directly proportional to the dielectric constant εr of the

medium such that a larger dielectric constant will give a larger force for the

same electric field.

1.4 Surface Tension

Surface tension or inter-facial tension is a force acting at the interface between

two distinct and immiscible media. It arises because of an unbalanced force felt

by the molecules at the interface. Figure 1.14 [71] shows a schematic of why

this force arises. Particle B feels a force from other molecules in the bulk of the

material and when this force is averaged over time the net force is isotropic, i.e.

there is no particular direction. Particle A at the surface will also feel forces from

other molecules within the bulk, however because of the scarcity of the molecules

in the air above the interface the time averaged force will lead to a force pulling

the molecule into the bulk.

Figure 1.14: Schematic of the molecules in a liquid and the forces on two of the
molecules, A at the surface of the liquid and B inside the bulk liquid

The surface tension is a restorative force and will always act to minimize the

surface area of the liquid and is usually defined as a force per unit length or

a force per unit area [72]. One way to envisage this is to consider a soap film

stretched over a wire frame (figure1.15).
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1.4. Surface Tension

Figure 1.15: A soap film stretched over a wire frame, one end of which is movable

One end of the wire frame is movable and if the surface tension of the soap

film is denoted by γ then work must be done to stretch the soap film by the

amount dx. The surface tension force is restorative and the force on the sliding

bar of the frame is in the opposite direction to the movement and is given by the

equation:

Work = γldx = γdA (1.21)

Where A is the are of the soap film.

1.4.1 Contact Angle Wetting and Spreading

Another important concept regarding inter facial tension is that of a triple inter-

face contact angle when a droplet of liquid is placed on a solid surface. Figure

1.16 shows this.

When a droplet is placed on the surface it immediately forms a spherical cap

because this is the lowest surface area for the surface tension to act upon. In

equilibrium i.e. the droplet is neither spreading nor contracting, the components

of the interfacial tension forces along all three interfaces are in equilibrium and

are governed by Young’s equation:

γGS = γLS + γGL cos θ (1.22)

Where γGS, γLS and γGL are the interfacial tensions between the gas/solid,
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1.5. Diffraction Gratings

Figure 1.16: Schematic showing the triple interface formed when a droplet is
placed on a surface

liquid/solid and gas/liquid interfaces respectively.

From equation 1.22 the angle θ formed a the triple interface is known as the

contact angle and is dependent on the physical and chemical characteristics of

the surface on which the droplet is placed. If θ < 90◦ then the surface is said

to show wetting characteristics and if θ > 90◦ then the surface is a non wetting

surface. The special case of superhydrophobicity occurs when the contact angle

θ > 170◦.

1.5 Diffraction Gratings

A diffraction grating is a repetitive array of diffraction elements, either apertures

or obstacles which have the effect of periodically altering either the amplitude,

the phase or both of an incoming wavefront [45]. Tuneable gratings are of great

importance in that they are able to redirect, focus or modulate light in response

to a user controlled input signal [73]. Such devices include blazed gratings made

from sub wavelength arrays of pillars [74], liquid crystal gratings [75–79] as well

as phase gratings created by tuneably buckling gold coated elastometric surfaces

or silicon sheet polymers [80, 81].

If the elements of the diffraction grating are a set of transparent and opaque
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1.5. Diffraction Gratings

regions then it has an effect on the amplitude of the passing wave front. This

type of grating is called an amplitude grating. On the other hand if the grating is

an array of stripes with varying optical thickness then a modulation in the phase

of the passing wave front occurs and this type of grating is known as a Phase

Grating.

1.5.1 Amplitude Gratings

The grating equation [45] is the equation which describes the positions of the high

intensity regions in the diffraction pattern created when plane waves are incident

on an array of slits and is given by:

b sin θn = nλ (1.23)

Where b is the centre to centre distance between the slits, θn is the diffraction

angle, λ is the wavelength of the incident light and n is the order of the diffraction

spot. (Figure 1.17)

Figure 1.17: Schematic of light diffracted through an amplitude grating with N
slits center to center spacing b slit width a

The intensity of the diffraction spots for a diffraction grating having N iden-
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tical slits with a centre to centre spacing b and a slit width of a [45] is given

by:

I(θ) =
I(0)

N2

(
sin β

β

)2 (
sin Nα

sin α

)2

(1.24)

where I(θ) is the intensity at angle θ, I(0) is the incident intensity, α =

ka
2

sin θ, β = kb
2

sin θ and k = 2π
λ

is the wave vector. The (sin β
β

)2 term in equation

1.24 is known as the diffraction envelope and governs the relative intensity of

the various order diffraction spots. Figure 1.18 shows the relative intensity and

positions of the zero, first and second order diffraction spots for a diffraction

grating with N = 10 slits of width a and centre to centre spacing b. Where

b = 3a.

 

 

I(

sin

Io

ba 2 a0

Figure 1.18: Graph showing the relative intensities of the zeroth, first and second
order diffraction spots for a diffraction grating with N = 10 and b = 3a”

The important features of figure 1.18 are:

• The maxima in the diffraction pattern occur when sin θ = λ
a
, 2λ

a
, · · · nλ

a
as in

equation 1.23
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• The relative intensities of the diffraction orders are governed by the sin α
α

term in equation 1.24 and this function is zero when sin θ = λ
b
. It is also

worth noting that if b = a
2

(i.e. the slit width is the same as the gap

width) then the zero occurs at exactly the same place as the second order

diffraction spot.

1.5.2 Phase Grating

A conventional phase grating (figure 1.19) consists of two materials M1 and M2

which are both transparent and have different refractive indices (Figure 1.19a).

When incident plane parallel light passes through the material, a ray passing

through M1 experiences a phase retardation which is dependent on the wavelength

of the light, the thickness of the material and the refractive index of the material.

The phase retardation of light in a particular material is given by the equation.

δφ =
2πtn

λ
(1.25)

Where t is the thickness of the material, n is the refractive index of the

material and λ is the wavelength of the light incident on the grating.

Figure 1.19: Schematic of two types of phase grating a) a grating with two
different materials of different refractive index and b) a grating of one material
with a periodic variation in thickness
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If material 2 has a different refractive index to that of material 1, the light

passing through M2 will have a different phase retardation to that of the light

passing through M1. This phase retardation of the light results in interference of

the emergent light which leads to a diffraction pattern in far field. In this respect

the incident light is diffracted into the higher order diffraction spots where the

diffraction angle θ0 · · · θn depends on the periodic variation of different material

properties and the diffraction angles are again given by the Grating equation.

(Section 1.5.1). The phase lag created in a light ray (equation 1.25) is also

dependent on the thickness of the material in question.

So for a wave front travelling trough a grating made from two materials with

periodically varying refractive index (Figure 1.19a) the phase difference is given

by the equation

δφ =
2πtn1

λ
− 2πtn2

λ
⇒ δφ =

2πt(n1 − n2)

λ

Alternatively, for a wave front travelling through a medium of singular refrac-

tive index but with a periodically varying thickness (Figure 1.19b). The path

difference is given by:

δφ =
2πt1n

λ
− 2πt2n

λ
⇒ δφ =

2πt(t1 − t2)

λ

In this sense a phase grating can be produced by a periodic variation in

thickness in a material with a single refractive index or a grating with periodically

varying refractive index.

If the phase difference between light rays passing through regions of different

thickness or refractive index is π radians, destructive interference occurs between

the light rays and the maximum amount of incident light is diffracted from the

zero order into the higher order diffraction spots. It should be appreciated that

this situation can arise by either correct choice of the refractive index difference

between the two materials used in the grating (Figure 1.19a) or by the correct
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thickness difference between regions of the same refractive index (Figure 1.19b).

1.5.3 Fourier Optics

For a linear system [45] of plane waves incident on an aperture, the Fraunhofer

or far-field diffraction pattern created on a distant object can be approximated

by performing a Fourier Transform on the transmission function at the aperture.

In general any periodic function f(x) can be written as the sum of an infinite

Fourier series [45].

f(x) =
A0

2
+

∞∑
m=1

Am cos mkx +
∞∑

m=1

Bm sin mkx (1.26)

The coefficients Am and Bm are found using

Am =
2

λ

∫ λ

0

f(x) cos mkxdx (1.27)

Bm =
2

λ

∫ λ

0

f(x) sin mkxdx (1.28)

We can consider a diffraction grating as the square function wave centred

about the origin. Since the function is centred on the origin it has even symmetry

therefore the constants Bm are all zero and the series expansion of the square

function can be written as.

f(x) =
4I0

π

[
cos kx +

1

3
cos 3kx +

1

5
cos 5kx · · ·

]
(1.29)

Where I0 is the intensity across the aperture and k = 2π
λ

The coeficients of Am in equation 1.29 are 1, 1
3
, 1

5
· · · and represent the relative

intensities of the diffraction spots. Notice that the even terms in the expansion of

the square wave have completely disappeared. In real term this means that one

would expect there to be no second, fourth and sixth etc order diffraction spots

in the pattern. This coincides with figure 1.18 where a = 2b and the diffraction
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envelope is zero at the same position as the second order diffraction spot.

1.5.4 Thin Sinusoidal Phase Grating

As stated in section 1.5.2 a phase grating can be created by use of a material in

which the thickness varies periodically. This kind of grating has previously been

created by reflecting a laser at a grazing angle from the surface of liquid in which

a surface ripple is created by means such as mechanical and thermal agitation

[82–84]. If incident light is transmitted through the liquid, the periodic sinusoidal

variation in the thickness of the material would lead to a sinusoidal variation in

the optical path length of light traversing the material. This would also lead to

a sinusiodal variation in the phase lag of light normally incident on the grating.

The Fraunhofer diffraction pattern of a thin sinusoidal phase grating can be

found by performing a Fourier transform on the aperture function[85] and the

diffraction angles are governed by the same equation as an amplitude grating

where the spacing between slits is now replaced with the wavelength of the sinu-

soidal surface profile Λ i.e.

Λ sin θ = nλ (1.30)

However the relative intensities of the various order diffraction spots are de-

pendent on the difference in optical path length between the peaks and troughs

of the sinusoid or the amplitude of the sinusoid.

It can be shown [85] that the variation in the intensities of the diffraction

spots is proportional to the Bessel function

ηq = J2
q

m

2
(1.31)

Where ηq is the diffraction efficiency of the qth order diffraction spot, Jq is a

Bessel function of the first kind and m is the optical path length difference relative

the amplitude of the sinusoidal surface. Figure 1.20 [85] shows the diffraction
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efficiency of an ideal thin sinusoidal phase grating. Where q is the order of the

diffraction spots.

The thin sinusoidal grating deflects energy from the zero order spot into the

higher order spots and it should be noted that no power is absorbed by this kind

of grating. The power appearing in the various orders is merely the sum of that

which is incident on the grating and as the optical path length varies then so does

the amount diffracted into the various order spots. Also the maximum achievable

power diffracted into the first order spot is 33.8% [85].
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Figure 1.20: Diffraction efficiency j2
q (

m
2
) versus (m

2
) for three values of q

The roots and the maximums of the Bessel function from figure 1.20 are shown

in table 1.1[86].
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Table 1.1: The roots and maxima of the Bessel function shown in figure 1.20
First Order Second Order Third order

min 2.41 0 0
max 3.83 1.84 3.05
min 5.52 3.83 5.13
max 7.02 5.33 6.71
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Chapter 2

Experimental Techniques and

Methods

The devices created using the methods in this chapter are shown in figures 2.1

and 2.2. The liquid crystal device consists of two pre coated borosilicate glass

plates, into which electrodes have been etched. Both plates are coated with a

2µm layer of SU8-10 Photo resist and the droplet itself is confined inside a box,

which is patterned into a 15µm layer of SU8-10 photo resist, such that it is centred

between both sets of electrodes,

The dielectrophoretic phase grating consists of a set of interdigitated elec-

trodes which are etched into a borosilicate glass substrate, pre coated with In-

dium Tin Oxide. This is then coated with a 2µm layer of SU8-10 and the oil

layer is formed when a droplet is placed above the electrodes on the SU8 surface,

under an applied electric field.
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Figure 2.1: an exploded Schematic drawing of the Liquid crystal device used in
this study.

35



Figure 2.2: An exploded Schematic drawing of the Dilectrphoretic phase grating
device used in this study.

36



2.1. S1813 Photo Lithography and ITO electrode Etching

2.1 S1813 Photo Lithography and ITO electrode

Etching

The electrodes used in the devices use an interdigitated pattern of electrodes, of

the type commonly used in biological particle manipulation [44, 64, 87] in which

the spacing between the electrodes is a same as the width of the electrodes.

Figure 2.3 shows a schematic of the electrode layout of an interdigitated pattern.

They were fabricated using a Photolithographic process with Shipley S1813 R©

[88]. Figure 2.4 shows a schematic of the processing involved in creating the

electrodes. A borosilicate glass substrate, pre coated with an Indium Tin Oxide

(ITO) transparent conductor, (Figure 2.4 a), was spin coated with S1813 on a

Laurell WS-6505-6NPP spin coater at 500 rpm for 5 seconds and then increased

to 3000 rpm for 30 seconds to give a layer of 1.5µm thickness,(Figure 2.4 b). This

layer is then baked at 105◦ for 75 seconds on an EMS 1000-1 hotplate and the

substrate is then allowed to cool. After cooling to room temperature the layer

was exposed to UV light for 1.4 seconds through the patterned mask, containing

the interdigitated electrode pattern, using a MicroTec SUSS MJ4B Mask aligner

(figure 2.4 c). The substrate was then developed in a 50/50 mixture of Microdev

developer solution and de-ionized water where the pattern of the electrodes is

transferred into the S1813 layer (Figure 2.4 d). After developing the substrate

was immersed in a bath of 0.5M Oxalic acid and allowed to etch for 8 Minutes.

The acid etching removes the ITO coating in areas not covered with S1813 leaving

only the pattern of electrodes required. After etching the remaining S1813 photo

resist was then washed away using Acetone to leave only the electrode pattern

(Figure 2.4e).
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Figure 2.3: Schematic drawing of the interdigitated electrode pattern. The total
electrode area is 5mmtimes5mm. However, the dimensions of the idividual elec-
trodes depends on the mask used. The spacing in between the electrodes is the
same as the electrode width.

Figure 2.4: Schematic of the S1813 Photo lithography process a) ITO coated
borosilicate glass substrate b) with S1813 photoresist layer c) exposure through
a mask d) developed pattern etching e) resulting Pattern
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2.2 S1813 Photo Lithography and Gold Sput-

tered Electrodes

In section 5.7 a dielectric stack coating was used in the dynamic studies of the

diffraction device. The electrodes used in this experiment are created using the

same Photolithographic process as in section 2.1, however, because the device

was to be used in reflection, it was important that the periodic variation in the

reflective dielectric stack coating, imparted by the thickness of the underlying

electrodes, be minimised. Thus, in order to reduce the thickness of the electrodes

they where sputter coated with a 10nm layer of gold. Since sputter coating occurs

in exposed regions of glass as opposed to the removal of ITO in exposed regions, a

negative mask was used to give the reverse pattern of the electrodes required, See

Figure 2.5, and after pattern development the sample was sputter coated with

TiO2 for 24 seconds and Au for 15 seconds. This gives the electrodes a thickness

of 10nm measured using a Pacific Nonotechnology Nano-R2 AFM.

Figure 2.5: Schematic of the negative mask used in the production of gold sput-
tered electrodes
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2.3 SU8-10 Photo Lithography

SU8-10 is a negative photoresist and was used as a dielectric layer in the manufac-

ture of the devices used for experiments in chapter 5 and 6 and in the production

of the box architectures used to confine liquid crystal droplets.

2.3.1 SU8-10 Processing

Figure 2.6 shows a schematic of the SU8 Photolithographic process. First a thin

layer of SU8 of the required thickness was spin coated onto a substrate (Figure

2.6a) and b). This layer was then baked on a hot plate to promote the evaporation

of the solvent before being exposed through a patterned mask (Figure 2.6 c). After

exposure the layer was baked to promote polymerization, developed in PGMA

developer and washed with Isopropylalcohol. This removes the parts of the layer

which have not been exposed to the UV light and leaves only the areas exposed

to the UV light. The pattern created depends on the mask used, see sections 2.1

and 2.2

Figure 2.6: Schematic of the SU8 Photo lithography process a) ITO coated
borosilicate glass substrate b) with SU8 photoresist layer c) exposure through
a mask d) developed pattern
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2.3.2 Creating boxes for Liquid crystal droplets

The process of creating a box to confine the liquid crystal droplet was a three

stage process consisting of creating a base layer, creating the walls and finally

filling and capping.

Creating a base Layer

A borosilicate glass substrate, containing pre etched electrodes (section 2.1) was

spin coated with a 50% solution of SU8-10 diluted in its own developer at 500rpm

for 5 seconds and then raised to 2000rpm for 30 seconds. The resulting 2µm layer

was then pre baked at 65◦ C for 2 minutes and then ramped to 95◦C at 20◦/min.

Once this temperature is reached the sample is baked for a further 2 minutes. It

is then allowed to cool slowly and after cooling the layer is exposed to UV light,

at 50mW/cm2, for 6 seconds. The sample is baked for a further 2 minutes at

65◦C and ramped at 20◦C/min to 95◦C for a further 2 minutes after which it is

allowed to cool to room temperature.

Creating the walls

In order to create the walls of the box to confine the droplet, a 15 µm layer of

SU8 was spin coated onto the existing 2µm base layer. The same baking time,

temperatures and spin regime used to create the base layer was followed. However,

the SU8-10 50% solution was replaced with pure SU8-10 and the exposure time

was changed to 4 pulses of 3.3 seconds with a reduction filter inserted into the

mask aligner to reduce the flux to 30mW/cm2 . A mask was also inserted into the

mask aligner, which was patterned with an array of squares. The baking process

was the same as the previous 2µm layer but after the post bake the substrate

was developed in PGMA developer for 3 minutes. The sample was finally washed

in Isopropylalcohol to remove any remaining SU8-10. This Process created an

array of square holes in the second layer of SU8-10. Figure 2.7 shows a scanning
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electron microscope image of the box before filling with E7 liquid crystal.

Figure 2.7: Scanning Electron Microscope Image of the SU8 box before filling
and capping

Filling and capping

In order to fill the square wells with E7 liquid crystal the lower substrate contain-

ing the array of square holes was placed on a hot plate at 65◦C and a thin layer

of E7 liquid crystal was spread onto the surface with a pipette. To create the top

substrate a second Piece of borosilicate glass, with pre-fabricated electrodes, was

then spin coated with a 50% dilute solution of SU8-10 for 5 seconds at 500rpm

and then ramped to 2000 rpm for 30 seconds to create a 2µm layer. Before any

baking processes took place, and whilst the layer was still wet, the top plate was

inverted, positioned above the base substrate and pressed into place. The relative

orientation of the electrode to each other depended on the device. Two types of

device were studied one of which had the electrodes oriented at 40◦” and one

with electrodes oriented at 90◦”. The device was then placed in a metal clamp
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and the whole device structure and clamp placed on the hotplate for 2 min at 65◦

and then ramped at 20◦C/min to 95◦C for 2 minutes. The whole device was then

removed from the clamp and exposed at 50mW/cm2 for 6 seconds. The device

was finally placed back in the clamp and baked at 65◦C for two minutes and 95◦C

for 2 minutes to harden the top layer and seal the device together.

After capping and filling the device edge are glued using araldite glue to fur-

ther strengthen the bond between plates and wires are soldered to the electrodes

to allow the device to be addressed.

2.3.3 Creating a dielectric layer for the dieletophoretic

phase grating

The dielectrophoretic phase grating was fabricated by etching a set of electrodes

onto an ITO coated Borosilicate glass substrate (section 2.1). The resulting

electrode set was then coated with a 2µm thick dielectric layer of SU8-10. This

was done by spin coating a 50% solution of SU8-10 in its own developer at 500rpm

for 5 seconds and 3000 rpm for 30 seconds. The substrate is then pre exposure

baked (PEB) for 1 minute at 65◦C and ramped to 95◦C at 20◦C/min and left

for 2 minutes. After the PEB the layer is exposed to UV light for 6 seconds

to promote polymerization. After exposure It is subjected to a post exposure

bake for 2 minutes at 65◦C and again ramped at 20◦C/min to 95◦C where it is

baked for a further 5 minutes. A final baking at 175◦ for 30 minutes is employed

to promote further polymerization of the surface and results in a much harder

dielectric surface. After the surface preparation the whole device is allowed to cool

slowly, to prevent shrinkage and cracking of the surface and wires were soldered

to the relevant contacts using ITO solder.
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2.4 Device Addressing Techniques

The experimental setup for the analysis of the liquid crystal droplet devices is

shown in figure 2.8. The device itself was placed on a Linkam LTS350 micro-

scope temperature stage controlled by a Linkam TMS 94 temperature controller.

Heat sink compound was applied to the surface of the device to allow better

thermal conduction with the stage. The stage was placed in a Canon BX51 op-

tical microscope and viewed with crossed polarisers in place. The voltages were

applied to each individual set of electrodes using a TTi TGA1242 2 channel arbi-

trary waveform generator with each signal being amplified 100 times with a Trek

PZD350 piezo amplifier. The image from the microscope was captured using a

JVC TKS350 analogue video camera and transmitted to a monitor. An acetate

mask containing gradations of 5◦ was attached to the monitor screen to allow

easy reading and setting of the angle of rotation.

Figure 2.8: Schematic diagram experimental setup used to measure the angle of
rotation of a liquid crystal with a variation in voltage at different temperatures

2.4.1 Pulsed rotation of Liquid crystal droplets

The pulsed rotation of the liquid crystal droplet was achieved by applying a burst

of a 10kHz sine wave with variable amplitude to either set of planer electrodes

(Figure 2.9). The number of complete sinusoids in each burst was varied allowing
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the burst duration to be calculated.

Figure 2.9: Schematic diagram of the application of burst voltages to the liquid
crystal droplet

2.4.2 Continuous rotation of Liquid Crystal droplets

A rotating electric field, in the plane of the electrodes was created by modulating

a 10kHz sinusoidal driving signal, applied to each electrode set, with a second

signal with variable amplitude and frequency. By introducing a phase difference

of 90◦ between the signal applied to each set of orthogonally oriented electrodes, a

rotating electric field was generated in the plane of the electrodes with a variable

amplitude and frequency of rotation.The resulting wave forms were amplified with

a Trek PZD350 Amplifier (figure 2.10).

2.4.3 AC addressing of Dielectrophoretic Phase Grating

The experimental setup for the testing of the Dielectrophoretic phase grating is

given in figure 2.12. A TTi TGA1242 two channel arbitrary waveform generator
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Figure 2.10: Schematic diagram of the application of a rotating electric field to
the liquid crystal droplet

was used to create an AC 10Khz Signal with alternate electrodes having an ac

bias of V0(rms) and the interdigitated alternate electrodes were earthed. The

signal was amplified 200 times using a Trek PZD700 piezo amplifier. This signal

was then applied to the electrodes of the sample as in figure 2.11. The sample was

placed in one arm of the interferometer (a full description of the Interferometer is

given in section 2.5) and the resulting interferogram from the CCD camera was

passed to a laptop computer for storage and analysis.

2.4.4 Modulated Addressing of Dielectrophoretic phase

grating

For the measurements of the intensity of the different order diffraction spots and

for the measurements of the switching time of the device, the a.c. signal applied

to the electrodes was modulated with either a triangular or a square wave. This

allowed for the amplitude of the applied voltage to increase and decrease linearly
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Figure 2.11: Schematic diagram of the application of an AC voltage to the elec-
trodes in the dielectrophoretic phase grating

Figure 2.12: Schematic diagram of the experimental setup for the application of
an AC voltage to the electrodes in the dielectrophoretic phase grating whilst in
the interferometer.
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with the period of the modulating waveform. The amplitude of modulating wave

was adjustable such that the minimum and the maximum values required for a

particular experiment could be set, see figure 2.13

Figure 2.13: Schematic diagram of the application of an AC voltage to the elec-
trodes in the dielectrophoretic phase grating with a triangular modulating signal

For switching speed experiments (section 5.8) the triangular modulating wave-

form was changed to a square wave. This allowed the applied voltage to be

switched discontinuously between the maximum and minimum voltage required

for a particular experiment.

2.5 Interferometry

The Mach-Zehnder Interferometer is essentially a two beam interference technique

which is used to measure the changes in optical path length created by a sample

introduced in to the sample beam. Figure 2.14 shows how the wavefronts travel

through the interferometer. In perfect alignment the wavefronts of both beams

are reflected twice and transmitted once and arrive at the detector exactly in

phase, see Figure 2.14a. This condition would effectively create no interference

fringes. By introducing a slight tilt angle into the reference beam the wavefronts

emerging from the last beam splitter are slightly out of phase in some regions and
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Figure 2.14: Schematic diagram showing how the wavefronts travel through the
Mach-Zehnder Interferometer and create tilt fringes. a) the mirrors are beam
plitters are perfectly aligned leading to no phase difference in any of the beams
and no interference pattern is seen. b) The introduction of a slight angle into
one of the beams leads to a phase delay in some regions of the beam creating an
interference pattern.

in phase in others (Figure 2.14 b)). This variation in phase difference between

the two causes parallel interference fringes localized in the plane of the sample.

2.5.1 Experimental Setup

The Mach-Zehnder interferometer (Figure 2.15) used consists of a 17mW HeNe

laser source which is then spatially filtered to give a broad beam with a Gaussian

distribution, which is cropped such that the intensity varies very little across the

beam. The beam passes through a 50/50 beam splitter where the beam is split

into a reference beam and a sample beam. A slight angle is introduced between

the two beams before being recombined at the second beam splitter. This creates

interference fringes which are then imaged with the CCD camera. The relay lens

system allows the localized fringe pattern to be transferred to the CCD camera.

The sample can also be imaged in normal light whilst in situ in the interferometer

by placing a back light into the sample arm behind the sample. The device to be

measured is placed in the sample arm of the interferometer and as such changes

the optical path length of the sample beam further and this additional difference
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in the optical path length causes the fringes to shift. An example image can be

seen in figure 2.15. By measuring the relative shift of the fringes and having a

knowledge of the refractive index of the oil, it is possible to determine the change

in surface height of the sample. See section 2.5.4

Figure 2.15: Schematic diagram of the Mach-Zehnder interferometer used to Mea-
sure the oil surface undulation

2.5.2 Reading the Interferograms

With a sample introduced into one arm of the interferometer, the tilt fringes

created by the introduction of an angle between the reference beam and the

sample beam is modified further. By orienting the sample such that the electrodes

run orthogonally to the tilt fringes, the periodic change in optical path length,

caused by the spatial variation in the sample created by the undulation of the oil

surface, creates a rippling effect on the interference fringes. Figure 2.16 shows a

schematic of how the fringes vary when a voltage is applied to a sample. Since

the axis of the undulation is aligned with the tilt fringes any change in the surface

height causes a shift to the left or right in the fringes (Figure 2.16 b).
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Figure 2.16: Interferograms of the Surface undulation created by the application
of a voltage. a) zero volts and b) Under voltage

2.5.3 Measuring the Fractional Fringe Shift

The fringe shift of the interferograms is measured using image processing. The

raw interferograms (Figure 2.17 a) are imported into ImageJ. It is first smoothed

with the standard smoothing tool on the ImageJ tool bar (Figure 2.17 b). It

is then converted into an 8 bit black and white image and then the threshold

adjusted with a lower threshold level of 0 and an upper threshold level of 115

(Figure 2.17 c). From the resulting image six fringes are selected from the centre

and the image is cropped to show only those six fringes. Any artefacts from

the other fringes at the edge of the cropped image, or remaining artefacts from

thresholding, are removed leaving only the six fringes to be measured, Figure

(2.17 d).

After the image processing the average spacing between the fringes is calcu-

lated by plotting the grey value profile for the line across six fringes, and taking

the average difference between the minima. To calculate the relative fringe dis-

placement, as a fraction of a fringe width, the peak to peak amplitude of the

fringe is measured ( Figure 2.16 b) and this value is divided by the average fringe

width.
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Figure 2.17: a) Raw Interferogram b) smoothed interferogram c)Thresholded
interferogram d) Six remaining Fringes

2.5.4 Surface Height Change

Figure 2.18: Schematic of the optical path taken through a sample with a surface
height change

The relative shift of the fringes as a fraction of a fringe width can be converted

into a surface height change by considering the different regions through which

the light is travelling. In figure 2.18 we can see that in region 1 where the light

travels through the oil for a distance h and through air for ∆h the optical path
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length k ¦ r is given by the equation

k ¦ r =
2π

λ0

(h.noil + ∆h.nair) (2.1)

where k is the wavevector 2π
λ0

, r is the distance traveled in a particular medium

and noil and nair are the refractive indices of the oil and air respectively. λ0 is

the wavelength of the laser used, in the case of the interferometer λ0=632.8nm.

In region two the optical path length is given by

k ¦ r =
2π

λ0

((h + ∆h).noil) (2.2)

The difference in optical path length is 2π moving from one dark fringe to the

next or

2π

λ0

((h + ∆h)noil − (h.noil + ∆h.nair)) = 2π (2.3)

by rearranging equation 2.3 an equation for the height change represented by a

shift, left or right, of one fringe can be obtained.

∆h =
λ0

noil − nair

(2.4)

So, by calculating the number of a fringes shifted on the interferogram and taking

into account the refractive indices of air and the oil used it was possible calculate

the corresponding change in the height of the surface. i.e.

∆h = Nf × λ0

noil − nair

(2.5)

Where Nf is the number of fringes shifted by a particular fringe.
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2.6 Optical Diffraction Pattern Measurements

The optical diffraction pattern created by the Dielectroporetic phase grating was

measured in situ in the interferometer. This allowed the Undulation of the surface

to be imaged in the interferometer, whilst at the same time the diffraction pattern,

created by either transmission through the sample, or reflection from the bottom

surface of the sample, could be measured.

2.6.1 Transmission

In this experiment a second beam splitter was introduced into the sample arm of

the interferometer. This allows the red 632.8nm laser light for the interferometer

to pass and also allows for the introduction of a green laser (λ=543nm)into the

same path (Figure 2.19). This laser beam was then reflected by a silvered mirror

and directed to a photo diode. The voltage output of the photo diode was read

into a multimeter linked to a Lab view computer program. The photo diode is

also attached to a movable swing arm such that the angle can be scanned across

the diffraction pattern. A plot of the intensity versus the positive and negative

angle from zero can then be obtained. The central pivot of the swing arm is

offset behind the reflecting mirror such that the offset distance is the same as the

distance from the sample to the mirror. This compensates for the 90◦ changes in

the diffraction pattern and allows the angles to be measured accurately.

2.6.2 Reflection

The diffraction pattern measurements were carried out using the interferome-

ter setup in Figure 2.20. A beam splitter is introduced above the recombining

beamsplitter and the green laser is then positioned such that the light enters the

beamsplitter and travels on to the sample where it is reflected off the dielectric

stack coating and back to the beam splitter. The diffraction pattern created by

the device is then reflected at 90◦ toward the photodiode as in the transmission
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Figure 2.19: Schematic of the inteferometer with the introduction of a second
laser for diffraction pattern measurments
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experiments.

Figure 2.20: Schematic of the inteferometer with the introduction of a second
laser for diffraction pattern measurments
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Chapter 3

Multi Stable Nematic Liquid

Crystal Wave plate

3.1 Introduction

A nematic liquid crystal droplet has been confined in a square well such that it

forms a circular disc shape with edges formed by the meniscus of the liquid crystal.

The optical texture of the droplet has been examined using crossed polarization

microscopy and the most likely orientation of the n-director has been deduced and

shown to be a bipolar configuration. The confining box is positioned such that it

lies between interdigitated electrodes etched into a layer of ITO on a borosilicate

glass substrate and oriented at 40◦ to each other. By applying electric fields in

the plane of the electrodes it was possible to reorient the director in the droplet.

The rotation time of a circular droplet is shown to follow the linear relationship

θ = 0.472τV 2 and also to exhibit multistability. The temperature of the droplet

affects the shape and size of the droplet and in cases where the side walls of

the well begin to affect the shape the V 2 relationship no longer applies. Non-

circular droplets have also been seen and the most likely director orientation has

been deduced. These droplets are shown to exhibit orientations similar the that

seen in other work and again it has been possible to switch these multi stable
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droplets between a variety of states using different electric field amplitudes and

orientations.

3.2 Device Construction

Figure 3.2 shows the device in which a nematic liquid crystal droplet was formed

by confining a small amount of liquid crystal in an array of boxes with dimensions

60×60×15µm. A microscope image of the device taken in reflection without

crossed polarisers and with a 200× magnification is shown in Figure 3.1. Since

the electrodes have a higher reflective coefficient than glass they appear as light

regions in the image and it can be seen that the pixel under test lies directly

between both the horizontal and diagonal sets of electrodes. The interdigitated

electrodes are oriented at 40◦ to each other and were etched into a 50 nm layer

of ITO on a borosilicate glass substrate using the technique in section 2.1. The

electrodes used on both the upper and lower substrates have a geometry of 120µm

electrode width and 120µm spacing. The confining array was created using the

procedures given in section 2.3.2 and performs two important functions. Firstly,

it defines the positions of the droplets relative to the electrode positions and,

secondly, it segregates an otherwise continuous layer of liquid crystal into small

droplets. The meniscus of the liquid crystal droplet is continuous about the

circumference of the droplet and does not rupture when it comes into contact

with the confining walls at lower temperatures. The shape of this free surface is

however changed at lower temperature.

Figure 3.2 shows a schematic drawing of the device. a 2µm layer of SU8-10

photo resist also coats the electrode on the upper and lower substrates. This

was created using the techniques in section 2.3.2 and imparts a random planar

alignment to the liquid crystal [35].
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Figure 3.1: Microscope image showing a circular droplet of liquid crystal and its
orientation in the electrode system. The electrodes can be seen as the lighter
regions which surround the droplet

Figure 3.2: Schematic of the device containing the liquid crystal droplet
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3.3 Orientation of the Optical Axis

The droplets confined in the array formed circular discs with a diameter of 50µm

and a thickness equal to that of the box height, of 15µm. This geometry for

the confining box of the liquid crystal is chosen such that the director lies in the

plane of the layer [89] and results in the optical texture seen in figure 3.4. For

this radius of droplet, 50µm, the nematic alignment is kept significantly in the

plane of the substrate provided that the thickness of the droplet is not increased

above 25µm. [26] for the thickness of our cell, 15µm, the anchoring forces at the

SU8 surface become more important. also at this thickness if the diameter of the

droplet is increased above 100µm the liquid crystal can form a random planar

schlieren texture [90]

3.3.1 Optical Texture

Figure 3.3 shows the droplet at the centre of figure 3.1. The images were taken

using transmitted light with 500× magnification. Figure 3.3a shows the pixel

oriented in the vertical direction, by applying a burst of a.c. voltage of 10 Vrms

at 10 kHz to the horizontal electrodes, whilst figure 3.3b shows the pixel oriented

in the diagonal state by applying the same burst to the diagonal electrodes.

Since the layer of liquid crystal appears dark between crossed polarisers when

the director is either parallel or perpendicular to the crossed polarisers (section

1.2.8) The cross shape of the brushes in figure 3.3a has two fold symmetry and

indicates that the director is parallel or perpendicular to the crossed polarisers

in this central ”cross” region of the image. When the droplet is rotated to the

diagonal state the brushes are seen at the top and bottom of the droplet and on

the left and right hand side of the droplet. This indicates the director orientation

at these positions is now aligned with the crossed polarisers.

Also in figure 3.3a the free edge of the droplet appears to have two dimple

features at the top and bottom of the droplet. These features are moved to
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the upper right and lower left quadrant when the droplet is switched and could

correspond to the presence of nematic disinclinations.

Figure 3.3: Image of the Droplet at the centre of Figure 3.1 in the vertical a) and
diagonal b) states. The crossed polarisers are aligned vertically and horizontally

Figure 3.4 shows multiple microscope images of the nematic droplet at the

centre of figure 3.1 between crossed polarisers. The orientation of the cross po-

larisers for each image is given in figure 3.4b). The top right image and the

bottom left image of each set of nine images correspond to the crossed polarisers

being oriented at +45◦ and -45◦ and the image at the centre correspond to the

crossed polarisers being vertical and horizontal.

In figure 3.4a) when the crossed polarisers are rotated through 45◦ the brushes

sweep out towards the edge of the droplet separating in the middle. The dark

brushes now occur to the left and right of the defect at the top and bottom of the

droplet. In figure 3.4b) the dark brushes initially start on the top bottom and

left and right of the droplet. When the crossed polarisers are rotated through 45

◦ they form the dark cross seen in figure 3.3a) but now tilted at 45◦.

Figure 3.5 shows the pixel at different orientations and subject to an AC

voltage. Figure 3.5a) shows the start position of the pixel; figure 3.5b) shows

the pixel during the application of the burst to the horizontal electrodes; figure

3.5c) after the voltage is removed; figure 3.5d) on application of the burst to the

diagonal electrodes; and figure 3.5e) after the voltage is removed and the final
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Figure 3.4: Microscope image showing a circular pixel under cross polarisers at
different angles. a) the pixel switched to the horizontal state b) the position of
the cross polarizers c) the pixel switched to the diagonal state

state of the pixel.

Figure 3.5: Microscope image of the droplet taken through cross polarisers and
switched to two relative positions a) zero volts b) 10V, 10kHz applied to horizontal
electrodes c) zero volts d) 10V, 10kHz applied to diagonal electrodes e) zero Volts
all switched at room temperature.

It is clear from figure 3.5 that the orientation of the optical axis, as shown

by the cross texture of the brushes, after the application of the electric field

lies primarily in a direction parallel to the electric field. Since The nematic

material E7 has a positive dielectric anisotropy, ∆ε = ε‖− ε⊥ > 0, where ε‖ is the

permittivity parallel to the n director and ε⊥ is the permittivity perpendicular

to the n-director, the director will tend to align itself parallel to the electric

field. This would indicate that the n-director is substantially vertical through the

centre of figure 3.4a). There are three possibilities for the director orientation

at the free surface of the droplet; homeotropic; Planar or tilted orientations [91].
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The external air outside the droplet can be classed as an isotropic fluid [13].

The tilted orientation of the director at the interface is unlikely, since it would

not give rise to the cross shape pattern in the brush pictures. The two possible

director profiles in which the director orientation is planar and homeotropic at

the droplet edge is shown in figure 3.6. The planar polar configuration has been

seen previously in cylindrical cavities in optical fibres [23, 24] and in anopore

and nuclepore membranes [25]. However, the fact that when this occurs the

nematic disinclinations are also in line with the electric field, the most likely

orientation for the director within the droplet is that given in figure 3.6a) This

bipolar orientation has been seen in previous studies of polymer dispersed liquid

crystal (PDLC) droplets [26, 27] where the droplets are spherical. The droplets

in this study could be seen as a cross section through a spherical droplet.

Figure 3.6: Schematic of the two possible director orientations which would give
rise to the cross shaped brush texture seen in the LC droplets. a) Bipolar orien-
tation b) planer polar configuration
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3.3.2 Rotating the Director

By varying the rms amplitude of the voltage burst, it was also possible to rotate

the optical axis of the droplet to other arbitrary stable states. In order to test

the rotation characteristics of the droplet the device was placed in an optical

microscope under crossed polarisers whilst a voltage was applied. The setup for

the experiment is shown in figure 2.8 and the experimental technique is given in

section 2.4. By varying the amplitude and burst duration of the applied electric

field the angle of rotation of the optical axis was found to be controllable to an

accuracy of 1◦. The amplified signal voltage was applied to the sample in order

to rotate the optical axis from the vertical state by a fixed number of degrees for

several different voltages. Measurements are shown in figure 3.7 for rotations of

1.25◦,2.5◦,5.0◦ and 10.0◦. The start point for each set of measurements was the

vertical state shown in the centre of figure 3.4a) and after each reading the device

was reset to this state by the application of a 5 second burst 20V a.c. 10kHz

signal to the horizontal electrodes.

Figure 3.7 shows the burst duration, on a logarithmic scale, plotted against

the voltage applied between the diagonal electrodes. This data is taken from the

droplet shown in figure 3.3, however the same general trend was seen in a total

of four different droplets. The best lines of fit, from regression analysis, for each

angle are plotted as continuous lines. The same equation was found to fit all the

data and this is given by equation 3.1

θ = 0.0472τV 2Degrees (3.1)

The best line of fit for the data in figure 3.7 was obtained from the plot in

figure 3.8 which shows a plot of τ/θ versus 1/V 2 and a regression analysis of this

graph gives the equation of best fit as

1

V 2
= (0.00028± 0.00006) + (0.0472± 0.0008)

τ

θ
(3.2)
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The dependence of θ on the square of the voltage can be explained with refer-

ence to the Gibbs electrostatic energy of a system, W = −(1
2
)D ·E For a nematic

liquid crystal material, this leads to a torque for rotation of the n-director which

is proportional to the square of the electric field and to the dielectric anisotropy

∆ε. The time evolution of the n-director can be described using dynamic nematic

continuum theory. With a single rotational viscosity γ1. [92] A simplified form

this theory is given in equation 3.3 where it has been assumed that the droplet

is freely rotating and that there is no elastic coupling to the SU8 surface

γ1
dθ

dt
=

1

2
ε0∆ε sin 2θE2 (3.3)

For the data in Figure 3.7, the electric field was applied at an angle of θ = 40◦

to the initial n director orientation. The gap between the in plane electrodes was

120µm and for this electrode geometry the electric field in the centre of the gap

is given approximately by E = πV
2l

, where V is the rms magnitude of the applied

a.c. voltage. When these parameters, the initial rate of rotation from Equation

3.1 and the dielectric anisotropy of E7 of ∆ε = 13.7 [93] are substituted into

equation 3.3 this yields an estimate for the viscosity of γ = 26Nsm−2.

From equation 3.1 and figure 3.7 an angular rotation speed of 450◦/s is possi-

ble at room temperature and with 100 Vrms driving voltage. An increase in speed

by a factor of 5 could be achieved by reducing the gap between the in plane elec-

trodes from 120µm to the order of the droplet diameter. The effective viscosity

calculated previously is some two orders of magnitude higher than the indepen-

dently measured value of γ = 0.18Nsm2. [93]. This indicates that the detailed

structure of the droplet and the interaction with the SU8 confining well must

be taken into account. A significant reduction in the effective viscosity could be

achieved by reducing the azimuthal surface anchoring by, for instance, using an

appropriate surface treatment.[94] Working at a higher temperature, as shown in

the next section, and using a material having a higher ratio of ∆E
γ1

would lead to
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a further increase in rotational speed.

3.4 Temperature Dependence

3.4.1 The Size and Increasing Temperature

The size and shape of the droplet confined in the matrix is highly dependent

on the temperature of the device. Figure 3.9 shows a microscope image of the

droplet using reflected unpolarised white light and a magnification of 500× for

different temperatures 20.7, 25, 30 and 35◦ C. The droplet has the most circular

shape at 30◦C and as the temperature falls the droplet increases in size until it

begins to interact with the walls of the confining well as can be seen at 20.7 ◦

where the droplet is no longer circular.

As the temperature of the droplet is increased, the droplet decreases in size

as can be seen when the droplet is at 35◦C above this temperature the droplet

begins to disappear completely although the temperature at which the droplet

disappears is different for every droplet and depends on the initial volume of

liquid crystal contained in the box. although changes in the surface tension of

liquid crystals with temperature have been seen, they mainly occur near the

nematic-isotropic transition temperature [95–97]. Indeed measurements of the

contact angle of E7 liquid crystal on an SU8 surface between 20◦ and 63◦ showed

no changes, with the contact angle remaining at 5◦.

Figure 3.10 shows the average diameter, for a different confined nematic

droplet to the one shown in figure 3.9, as a function of temperature. The di-

ameters where obtained using ImageJ image processing software by measuring

the diameter in four directions and taking the average. The size of the droplet is

plotted as a percentage of the initial size at 18◦C.
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3.4. Temperature Dependence

Figure 3.9: Images of a nematic droplet confined in a box matrix at different
temperatures
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Figure 3.10: Graph showing the Percentage change in the droplets diameter with
temperature
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3.4.2 Droplet Recovery with Decreasing Temperature

Figure 3.11 shows images of the droplet as the temperature is lowered. In figure

3.11a) the droplet is at 35◦C and is reduced in size. As the temperature begins

to fall, figure 3.11b small droplets of liquid crystal appear very rapidly across

the base of the confining box. These droplets then begin to coalesce and the

droplet eventually regains it’s original size. This process of recovery to a single

droplet can take many hours. The small droplet formation is very similar to that

seen in the dewetting of thin liquid films [98–103]. Possible causes for this are

nucleation of dry patches in the surface via defects, dust or material heterogeneity

or the amplification of thermal instabilities in surface waves at the liquid vapour

interface. If this is the case then it indicates that material has been moved from

the main bulk of the droplet to a thin layer covering the base of the confining

well.

Figure 3.11: Images of a nematic droplet as the temperature falls. The starting
temperature is 35◦

3.4.3 Optical Texture Dependence on Temperature

As well as the size and shape of the droplet being dependent on the tempera-

ture, so too is the optical texture of the droplet. Figure 3.12 shows the droplet

viewed through crossed polarisers at 20◦, 28 and 30◦. The optical texture of the

cross shape and thus the bipolar orientation of the director becomes much less

prominent at the higher temperatures with the whole droplet appearing black,
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3.4. Temperature Dependence

indicating that a greater area of the droplet has the director aligned either verti-

cally or horizontally. This could be due to a change in the strength of the surface

anchoring at the free surface or at the SU8 surface. It may also be due to changes

in the elastic constants of the liquid crystal.

Figure 3.12: Images of a nematic droplet confined in a box matrix at different
temperatures taken through crossed polarizers

3.4.4 Switching Dependence on Temperature

The interaction of the outer surface of the droplet with the walls of the box also

gives rise to an interaction of the nematic disinclination with the walls of the

box. Figures 3.13 and figure 3.14 show the burst duration at different voltages in

switching the droplet shown in figure 3.9 from the vertical state to the diagonal

state.

The affect of the surface interaction and the wells of the box are clear on figure

3.13 and figure 3.14. The contact formed with the box wall presents the defect

with an energy barrier to overcome during the droplets rotation which lead to the

breakdown of the relationship seen earlier in Equation 3.1 for smooth switching

of the device. At 30.5 ◦ C (figure 3.9) the droplet follows the linear relationship,

but at lower temperature, as the droplet becomes increasingly squared, the burst

duration for higher voltages increasingly increasingly deviates from the previous

relationship.
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Figure 3.13: Graph showing the pulse duration at 10kHz for switching a pixel
from one state to another with increasing temperature
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Figure 3.14: Graph showing the pulse duration at 10kHz for switching a pixel
from one state to another with decreasing temperature
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3.5 Non Circular Droplets

3.5.1 Static States

In some cases the liquid crystal confined by the box formed a rounded square

geometry. Although this shape could be changed to circular by increasing the

temperature of the device it is interesting to study the switching of device be-

tween the various states with different positions of the defects relative to the

confining box. In this case the optical axis was similar to previously seen in liq-

uid crystals confined within small wells [89] in which, in a confining well which is

completely filled with liquid crystal, the director was again aligned between two

nematic disinclinations but these disinclinations tended to preferentially form at

the corners of the box.

Figure 3.15 shows a typical droplet in which the volume of liquid crystal is

higher relative to the confining box volume. This causes it to form a rounded

squared geometry at room temperature. The confining box is 60 × 60 × 15 µm

and the electrodes have a width of 120µm with a gap of 120µm. The electrodes

can be seen as light areas, top and bottom and the electrodes to the left and right

of the droplet are aligned at 40 ◦ to the other electrodes as in the circular droplet

described in section 3.2

Figure 3.15: Microscope image showing a non circular pixel at 500 × magnifica-
tion and its position relative the electrodes
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3.5. Non Circular Droplets

Figure 3.16 shows images of a non circular droplet taken through crossed

polarizers at angles between -45◦ and 45◦. The different defect configurations are

shown in figures 3.16 a) through to c) whilst figure 3.16 d) shows the orientation

of the crossed polarisers. In this case there were six possible configurations of the

nematic liquid crystal, one being the two fold degenerate state where the defects

are at opposite corners of the rounded square as in figures 3.16 a) and b) and

the other being the four fold degenerate state in which the defects form at the

corners along one side of the square (figure 3.16 b).

Figure 3.16: Microscope image showing a non circular pixel under cross polarisers
at different angles. a) the pixel in state 1 b) the pixel in state 2 c) the pixel in
state 3 d) position of the cross polarizers

The textures in the droplet in this shape are very similar to those seen pre-

viously in nematic alignments created using confining boxes of 80µm [89] Which

are shown in figure 3.17 [89].

As stated previously it was found that by applying a pulsed voltage to either

pair of the electrodes it was possible to reconfigure the defects and switch between
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3.5. Non Circular Droplets

Figure 3.17: Alignment states observed in transmission between crossed polarisers
under a magnification of 100×. The polarisers are rotated by 0◦(upper row) 10.5◦

and 21.0◦(lower row)relative to the device. The arrows in each case indicate the
polarizer orientations. The wall were formed from squares with sides of 80µm.

the configurations shown in figure 3.16.

Figure 3.18 shows Images of the droplet in two states and a schematic of a

square droplet with the defects shown as black dots in the corners of the droplet

the start and finish position is shown for each switching regime and is duplicated

in the schematic with arrows showing the movement of the defects.

The droplet could be switched from a diagonal state to a horizontal states, see

figure 3.18a), by the application of a voltage across the horizontal electrodes. In

this case the diagonal starting position is the opposite position to that in figure

3.18c) and the switching is achieved by moving the defect along the bottom edge

of the droplet to the bottom right hand corner of the droplet.

The pixel could also be switched from a horizontal state to a diagonal state,

figure 3.18b) and in this case the defect in the top right hand corner of the droplet

was moved to the top left hand corner by the application of a voltage across the

horizontal electrodes. This caused the defect to move across the top of the droplet

from corner to corner.

The droplet could also be switched from one diagonal state to other by the
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3.5. Non Circular Droplets

Figure 3.18: Images of the different switching states of a squared circular pixel.
Crossed polarizer images start and finish position (left); Cartoon showing defects
for each switching regime(center); and the direction of the applied electric field
(right).
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3.5. Non Circular Droplets

application of the voltage to the diagonal electrodes. See figure 3.18c). In this

case the defects took a route along the top and bottom edges of the droplet.

The droplet could be switched from one diagonal state to the other diagonal

state by moving both defects at the same time across the bottom and the top

of the droplet to their opposing corners. In this case the voltage was applied to

the horizontal electrodes. This method of switching also led to the formation of

an intermediate state in which the two defects stopped slightly short of the true

corner positions, which could be due to defect pinning at in homogeneities in the

wall of the confining box, however the final corner to corner state of the droplet

was formed after the voltage was removed and the defects relaxed into the corner

positions of the droplet. Figure 3.18d shows these three stages of the switching

of the pixel.

The droplet could also be switched from one diagonal state to other by he

application of the voltage to the diagonal electrodes. See figure 3.18c. In this

case the defects took a route along the top and bottom edges of the droplet.
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Figure 3.19: Graph showing the switching times, in response to a 10 kHz sinewave,
of the different regimes of switching described. The key shows the regimes as
described in figure 3.18
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3.6. Conclusion

Figure 3.19 shows the switching times versus the voltage for the different

regimes described in figure 3.18. On inspection of the graph it is clear that

switching in both directions is possible from the diagonal to the other diagonal

state, i.e. figure 3.19 c) and d), however, these two curves are very different. as

would be expected due to the different E-field orientations meaning the rotational

force is applied perpendicular to the director orientation in curve c) but not in

curve d).

3.6 Conclusion

The azimuthal rotation of the optical axis of a nematic liquid crystal droplet has

been demonstrated. It has been shown that the orientation of the optical axis

can be switched to any arbitrary rotation angle. The governing relationship of

the switching has been shown in equation 3.1. The shape of the droplet has been

shown to be highly dependent on the temperature of the droplet with the disc

shape droplet becoming smaller at higher temperatures. This size dependence

also has an effect on the optical texture of the droplet and affects the switching

relationship. As the droplets shape becomes governed, to a greater extent, by the

shape of the box, the switching relationship of equation 3.1 no longer applies. The

droplet within the cavity also showed other rounded squared geometries at room

temperature and these droplets were able to be switched between several stable

states in a variety of electric field configurations and defect movements. The study

showed that the diagonal states of a rounded square droplet could be switched

from one diagonal to to the other when the electric field was applied in two

different orientations (figures 3.18 c) and d), however switching the pixel using

the horizontal electrodes required much longer burst durations of the voltage.

This switching may be explained with reference to figure 3.15 as the electrodes

are not aligned perfectly parallel to the flat edges of the droplet. This would lead

to a very small torque force on the nematic molecules when the field is applied,
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3.6. Conclusion

resulting in the rotation of the optical axis. The study of these switching regimes

has also given some insight into the movement of a defect on a free surface in the

presence of an applied electric field.
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Chapter 4

Defect-Defect Interactions in

Rotating Nematic Droplets or

”Defect Traffic Jams”

4.1 Introduction

In the previous chapter we looked at the pulsed switching of a nematic liquid

crystal droplet in electric fields oriented diagonally to each other. In this chapter

the action of a rotating electric field on the confined liquid crystal droplet is

studied. With the electrodes now oriented orthogonally it is possible to create an

in plane rotating electric field. The droplet shows the same director orientation

as in the previous chapter and smooth rotation of the nematic defects about the

circumference of the droplet has been achieved. The effect of temperature on the

smooth rotation is shown to follow the relationship T ∝ 1
V 2 and the rotation is

faster at higher temperatures. The interaction of the nematic disinclination at

the edge of the droplet with the walls of the confining well are shown to affect the

rotation and by adjusting the amplitude of the driving voltage and its frequency

of rotation, several non periodic rotation regimes have been studied.
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4.2. Device Construction

4.2 Device Construction

The device consists of a nematic liquid crystal droplet confined in a square well

in the same way as that described in section 3.2. A schematic of the electrode

orientation is shown in figure 4.1. The confining well was produced in exactly

the same way, with exactly the same dimensions, as the device in chapter 3 and

the process is described in section 2.3.2. However, in this device the orientation

of the electrodes relative to the droplet had been altered. Figure 4.1 b) shows

an image of the droplet taken at 500× magnification. The electrodes, which are

now oriented at 90 ◦ to each other, are seen as lighter bands across the top and

bottom and along the left and right hand edges of the figure 4.1b). The confining

box is oriented diagonally at 45◦ to the electrodes. Figures 4.1 a) and c) shows

a schematic of the electrodes, their orientation and the position of the droplet

relative to each set of electrodes.

Figure 4.1: a) and c) electrodes in the device with the position of the relevant
droplet marked by a dotted line b) image of the droplet taken in transmission at
500× magnification

4.3 Optical Texture

With the electrodes in this orientation it was possible to switch the droplet using

either a horizontal or vertical electric field. Figure 4.2 shows the droplet viewed

at 500 × magnification through crossed polarisers the droplet is shown switched
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4.4. Smooth Rotation of the Droplet

into two stable states, one vertical (figure 4.2a) and one horizontal (Figure 4.2b).

The positions of the crossed polarisers are shown in figure 4.2 c) .The droplet was

switched into the vertical and horizontal state by applying a 5 second burst of

a.c. voltage across the horizontal electrodes and the same burst to the vertical

electrodes respectively.

Figure 4.2: The droplet switched into the vertical state a) The horizontal state
b) and the positions of the crossed polarizers c)

Applying the same arguments as that given in chapter 3 section 3.3.1. Re-

garding the crossed pattern seen under crossed polarisers and the tendency of the

n-director and the Nematic defects to align with the electric field the director

orientation is that of the bipolar pattern in chapter 3.

4.4 Smooth Rotation of the Droplet

With the electrodes oriented at 90◦ to each other it was now possible to create

a rotating electric field using a two channel phase locked waveform generator

(section 2.4.2) in the plane of the electrodes and thus rotate the optical axis

of the nematic droplet though a full 360◦. The rotating electric field was cre-

ated by addressing the individual electrodes as described in section 2.4.2 and the
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4.4. Smooth Rotation of the Droplet

experimental setup for viewing and data capture is described in section 2.4

Figure 4.3: Image showing nine frames from one complete rotation of a nematic
droplet (left) in a rotating electric field the images are taken at 1 second intervals.
the droplet is rotating anticlockwise and corresponding cartoons of the positions
of the nematic defects are shown on the right

An example of a smooth rotating droplet is shown figure 4.3. In this example

of smooth rotation the peak to peak amplitude of the electric field was 80V and

the frequency of rotation of the electric field was 0.1Hz. The actual droplet images

are shown on the left and a schematic showing the defect positions is shown on

the right. The droplet was imaged at 1 second intervals through one complete

rotation. The nematic defects on the edge of the droplet do not traverse the

perimeter at a constant rate. In figures 4.3 b),d),f) and h) the defects are not

at exact opposite edges of the droplet. Nevertheless, this state of rotation is

classed as smooth rotation for the purposes of this study because if left to rotate

indefinitely it is uninterrupted and continuous. The non uniform rotation of the

defects is caused by the interaction of the defects with the walls of the confining

box. In figure 4.4 the droplet is shown in the confining well and the edge of the

well has been highlighted with a dotted line. The instances when the defects are
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4.4. Smooth Rotation of the Droplet

not at directly opposite each other during rotation tend to be when the defect

is approaching a region where the edge of the droplet is closest to the confining

wall. In these areas of closest approach the walls of the well present an energy

barrier to the defect.

Figure 4.4: Microscope image of the nematic droplet with the confining box
marked with a dotted line.

As stated in chapter 3 the shape and size of the droplet was highly dependent

on the temperature. The temperature of a droplet, which was circular at all

temperatures studied, also affected the relationship of the driving frequency and

the voltage. Figure 4.5 shows a plot of voltage required to achieve smooth rotation

against the period of rotation at different temperatures on a logarithmic scale. For

each temperature, the voltage at a particular frequency of rotation, was adjusted

until an uninterrupted smooth rotation was achieved. The linear fit parameters

for the lines plotted on figure 4.5 are shown in table 4.1 where the line of best

fit is given by the equation log10(V ) = log10(α) + β log10(T ). At 26 and 28◦ the

gradient of the graph is 0.5 to within the error but at lower 20,22 and 24◦ the

gradient is 0.53 which is close to 0.5.

Figure 4.5 follows the relationship of T ∝ 1
V 2 where T is the period of a com-

plete rotation and V is the applied voltage. It also shows that as the temperature

of the sample increases the applied voltage needed to achieve the same rotational
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Figure 4.5: Graph showing the threshold voltage for smooth rotation of the liquid
crystal droplet at different temperatures.

Table 4.1: Linear fit data for Figures 4.5
Temperature ◦ C α δα β δβ

20 2.463 0.011 -0.526 0.008
22 2.459 0.008 -0.532 0.006
24 2.427 0.005 -0.525 0.004
26 2.353 0.009 -0.507 0.007
28 2.311 0.009 -0.498 0.006
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4.5. Non-Smooth Rotation

period decreases. This may be due to a reduction in viscosity or changes in the

elastic constants, the dielectric anisotropy or surface anchoring.

4.5 Non-Smooth Rotation

As stated previously, the nematic disinclinations do not traverse the circumfer-

ence of the droplet at a uniform speed. As the defects pass the regions of close

proximity to the well wall there is an interaction which presents an energy bar-

rier to the defect and causes it to slow down. These interactions hinder smooth

rotations and if the droplet was driven at frequency faster than that required for

smooth rotation at a particular voltage, or if it was driven with a lower voltage

than that required for smooth rotation at a particular frequency the droplet no

longer rotated smoothly.

These interactions with the well wall and the interaction between defects led

to the formation of several interaction regimes which are discussed here. to sim-

plify the discussion the regimes will be referred to by the names: ”T-formation”,

”double defect” and ”defect sticking”.

The experiment was performed using a droplet which was circular at 18◦ C,

the electrodes were the same as in the previous experiment and the confining well

had the same dimensions as previously. The frequency of rotation of the driving

voltage used was between 0.01Hz and 0.1Hz and at each frequency interval the

voltage was set to such a value that smooth rotation was occurring in the droplet.

The voltage was then adjusted in small increments until the droplet no longer

freely rotated and the rotation led to one of the following regimes

4.5.1 T-Formation

The first regime found is shown in figure 4.6a) to h). This formation occurred

when a smoothly rotating droplet had the voltage lowered at a particular fre-

quency. The images are taken at 3 second intervals for a droplet with a driving
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4.5. Non-Smooth Rotation

voltage 69V and a rotation frequency of 0.07Hz.

Figure 4.6: Droplet viewed through crossed polarizers showing one complete rev-
olution with T formation for a droplet at 0.7Hz and 69V the pictures are taken
at 3 second intervals

In this regime the defects are initially travelling in a clockwise direction. The

first defect on the left hand side of figure 4.6a rotates to the upper left quadrant

and begins to stick and slow down (figure 4.6 b). The second defect now begins

to catch up with the first and leads to the T-formation. This name arises simply

because of the pattern of the optical texture observed (figure 4.6 d). At this point

the first defect is pushed past the sticking point moves quickly down the right

hand side of the droplet whilst the second defect remains almost stationary in

the top left quadrant (figure 4.6e through to f. The second defect now moves

to the top of the droplet (figure 4.6 g). The second defect does not stick at the

top of the droplet, which would produce a second T-formation, instead it moves

continuously around to the beginning of the cycle (figure 4.6 h).

Figure 4.7 shows the voltage at which the T-formation begins at different

frequencies in a nematic droplet when the voltage is decreased slowly from a

smooth rotation voltage.
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Figure 4.7: Graph showing the threshold voltage at which the T-formation regime
of a rotating LC droplet beginsand is plotted on a log-log scale

4.5.2 Double Defect

In the Double-Defect regime the previously shown smooth rotation voltage was

applied at a particular frequency. When smooth rotation was established the

frequency of rotation of the electric field was increased until the droplet was no

longer smoothly rotating. This Regime lead to the formation of what could be

a third defect which quickly coalesces with one of the other defects. Figure 4.8

shows images of a droplet in this regime.

The droplet in the images is being driven by an electric field with a rotation

frequency of 0.117Hz and amplitude of 90V and the rotation is clockwise. The

time interval for each image is not the same because the double defect coalescence

occurs very quickly whilst the rest of the cycle occurs more slowly. The time of

each image is shown underneath and the eight images show one half of a complete

rotation.

At 0 seconds the defects are in the top right and bottom left quadrant of

the droplet. At 1 second the defect in the top right of the droplet has moved

down and what could be a third defect is seen just below it. Between 1.00 and
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4.5. Non-Smooth Rotation

Figure 4.8: Images of a droplet being driven with a rotating electric field of 90V
and a rotation frequency of 0.117Hz. The time in seconds is noted below each
picture. The eight images show one half of one complete rotation and the rotation
is in the clockwise direction.

1.75 seconds these two defects coalesce and the remaining defect carries on in a

clockwise motion. Between 2.00 and 4.00 seconds the top defect in the droplet

undergoes the same formation of two defects which coalesce, and this repeats for

the next half of one rotation.

Figure 4.9 shows the applied field voltage versus frequency for the onset of

the double defect rotation regime described previously.

4.5.3 Defect Sticking

If the amplitude of the driving voltage is sufficiently low, the interaction of the

defects with the well walls became much more significant. Eventually, the defects

become stuck at certain points on the edge of the droplet. In order to investigate

this, the droplet was rotated into the position in figure 4.10 a) by the application

of a smooth rotation voltage, which was removed at the correct moment. The

voltage at a particular frequency was then slowly raised from zero until the defects
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Figure 4.9: Voltage versus frequency of the threshold of the onset of the double
defect rotation regime of a nematic droplet.

eventually freed themselves.

Figure 4.10 shows the droplet when the defects have become stuck. In figure

4.10a) one defect is stuck on the right hand side of the droplet and the other in

the bottom left quadrant. As the direction of the rotating electric field passes

the horizontal the defects can be seen to wobble and try to free themselves. The

defect in the bottom left quadrant has a much greater range of motion to the

defect on the right. This defect oscillates between the positions in figure 4.10a)

and figure 4.10 c). It is not until there is sufficient amplitude in the applied field

that this defect reaches the position in figure 4.10 c) and with a sufficiently large

electric field the defects are able to free themselves.

Figure 4.11 shows the threshold voltage required for different frequencies to

allow the defects to break free of the sticking points.
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4.5. Non-Smooth Rotation

Figure 4.10: Images showing the sticking points of the defects on the edge of a
droplet.
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Figure 4.11: Graph showing the voltage versus frequency for the defects in a
droplet to free themselves from the sticking pionts
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4.6 Conclusions

A nematic droplet has been shown to rotate in a rotating electric field and the

relationship between the frequency of rotation and the amplitude of the rotating

field have been shown to follow the same V 2 relationship as previously discussed

in chapter 3. The nematic defects at the edge of the droplet have been shown

to interact with the confining walls of the confining well. This has lead to some

interesting interaction between the two defects on the edge of the droplet and

also to interesting rotation regimes. Four regimes have been shown and Figure

4.12 shows frequencies and voltages of these regimes.
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Figure 4.12: Graph showing the voltage versus frequency relationship for the
different regimes studied plotted on a log log scale.

In figure 4.12, the smooth rotation of the droplet follow the relationship T =

1
V 2 and if the droplet is driven with a higher voltage then smooth rotation always

occurs. If the voltage is lowered from that giving smooth rotation, the droplet

falls into the T-formation regime and the defects begin to catch up with each

other and interact. If on the other hand the frequency is increased from smooth

rotation the nematic director can no longer keep up with the rotating electric field
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4.6. Conclusions

and more defects begin to form and coalesce. Eventually, at very low voltages the

interaction of the defects with the confining well becomes increasingly significant

and they begin to stick at certain points on the droplets perimeter.

Modeling the liquid crystal droplets may be possible with models which allow

for changes in the order parameter [104] allowing the description of defects where

the liquid crystal melts and reduces the order parameter. The model could pos-

sibly be created with a variable surface energy around the circumference of the

droplet which may simulate the interactions of the defects with the well walls.
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Chapter 5

Sinusoidal Undulations in the

Surface of an Oil Film

5.1 Introduction

The subject of this chapter is the undulation in the surface of a thin film of liquid

oil created by (DEP) forces resulting from a non-uniform electric field (section

1.3) which creates an amplitude programmable phase diffraction grating. Under

the application of a non-uniform electric field a small droplet of hexadecane or

1-decanol oil placed on a surface, containing underlying interdigitated electrodes,

spreads into a thin film. The film is shown to be uniform, with a thickness which

is virtually independent of voltage. With the application of voltages, higher than

that required to create the film, a wrinkle is induced in the oil/air interface. A

static analysis of the amplitude of the undulation shows that the amplitude is

dependent on the ratio of the electrode pitch and the oil thickness. It is also

dependent on the dielectric constant of the oil used to create the layer. A model

of this mechanism is created by taking into account the dielectrophoretic forces

in the region of the undulation and the energy increase in the oil air interface.

The device is then shown to operate, in both transmission and in reflection, as a

voltage programmable phase grating where it is able to modulate the intensity of
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5.2. Device Construction

an incoming laser. Finally, a preliminary study of the switching capability of the

device produces switching times in excess of 40µs for modulating the intensity of

the first diffracted order from its minimum value to its maximum value.

5.2 Device Construction

A schematic of the device is shown in figure 5.1a) it consists of a set of interdig-

itated electrodes which are etched into a 50nm thick layer of ITO (transparent

conductor) pre-coated onto a borosilicate glass substrate (Section 2.1). The elec-

trodes are arranged in the interdigitated pattern shown in Figure 5.1b). They lie

in the xy-plane such that they can be addressed as in figure 5.1b) with one set

of electrodes at ±V0.rms whilst the other alternate electrodes are at 0V . The

electrodes are then coated with a thin solid dielectric layer of SU8-10 photore-

sist (Section 2.3.3). This layer acts to stabilize the device against current flow

through the oil and also aids in the spreading of the oil under voltage by reducing

the initial contact angle with the surface. Finally a thin layer of oil is spread onto

the top surface of the dielectric.

Figure 5.1: Schematic of the structure of the device a) side view b) interdigitated
electrode geometry plan view

5.3 Device Operation

The layer of hexadecane or 1-decanol on the surface of the device was created by

dispensing small volumes of oil in the region of the electrodes and then applying
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a spreading voltage to pull the oil into a thin layer. The volume of oil dispensed

was controlled using a Gilsen 0.1-2µl pipette and thus allowed some degree of

control of the thickness of the oil film.

When a voltage is applied to the interdigitated pattern of electrodes it creates

a highly non-uniform electric field which is periodic and has the same period as

the electrodes An indication of the field created in this device is shown in figure

5.2. In this non-uniform field a dielectric material experiences a dielectrophoretic

(DEP) force in the direction of the increase in magnitude of the electric field

gradient. The force is given by equation1.20 derived in section 1.3.2

Figure 5.2: Schematic of the non uniform field profile created by the electrode
arrangement in the device

On initial contact with the surface the oil remains in a spherical cap with a

very low contact angle (Section 1.4.1). Figure 5.3a shows this situation in top and

side view. Measurement of the contact angle of hexadecane with an SU8 surface,

using drop shape analysis software, showed this angle to be 5◦ ± 1◦. With the

application of an electric field the oil spreads along and across the fingers of the

electrodes into a flat uniform layer above the electrodes [63] as shown in figure

5.3 b). The voltage required to spread the oil into a thin layer was initially

200V, however once a thin uniform layer was created it could be maintained in

position above the electrodes with a voltage as small as 20V. On the removal

of the electric field the oil begins to recover its original spherical cap shape by
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means of a restorative force generated by the surface tension of the oil. However

the recovery of the layer into a spherical cap shows hysterisis and is much slower

than when drawn out into a film.

Figure 5.3: Schematic of the way oil contacts the surface of SU8. a) a side and
top view before the application of any electric field b) after the application of an
electric field, but before surface undulations appear

With the application of voltages greater than that used in the initial spreading

of the oil the DEP force creates wrinkles in the surface of the spread oil film. This

wrinkle is static, reproducible and stable [105–107]. The period of the wrinkle

is equal to the electrode pitch and the peaks and troughs are parallel to the

electrodes along the y-direction. This periodic undulation is the result of the

force on the oil towards the regions of highest field gradient [64], which in this

case occur at the electrode edges [1, 2, 108] and cause the oil to collect there

preferentially. The relationship between the amplitude of these wrinkles to the

applied voltage and the thickness the layer was the subject of the first study.

In order to study the amplitude, voltage and thickness relationship the com-

plete device was imaged in transmission an interferometer [53] using a He-Ne laser

of wavelength 632.8 nm. The interferometer allows the spatial variation of an

optical path length, resulting from a variation in thickness of the hexadecane/1-
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decanol film to be directly imaged in transmission. With a knowledge of the

refractive index of the oil used the peak to peak amplitude of the undulation can

be calculated (See section 2.5.2). The two arms of the interferometer had been

turned into a vertical position to allow the sample to be placed horizontally to

avoid any gravitational effects on the layer (Section 2.5).

An example of the fringes produced is given in figure 5.4 where the Amplitude

of the wrinkle (filled circles) created in a 12µm thick layer of oil is plotted against

the r.m.s amplitude of the applied voltage squared. The solid line shows the

linear regression fit to the data: A = (5.107 × 10−5)V 2 + 0.118, in micrometers.

The inset photographs show the interferograms for the undulation at 80V (Top

left) and 160V (Bottom right).

Figure 5.4: Graph showing the amplitude of the undulation in the surface plotted
against the voltage squared. Inset are the slices of the interferograms at 80V (top
left inset) and 160V(bottom right inset).

Under an applied periodic potential the appearance of the undulation in the

oil-air interface reduces the dielectric energy of the system. The surface tension

(Section 1.4) acts as a restorative force and resists the deformation of the film.

The observed dependence of the amplitude if the undulation on the square of the

voltage is calculated in section 5.6.
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5.4 Characterizing the Oil Layer

5.4.1 Measuring the Oil Thickness

The thickness of the particular oil used in the experiments was obtained by anal-

ysis of interferograms taken in a position at the edge of the electrodes. Figure 5.5

shows an example of an inteferogram from which the thickness can be measured.

In figure 5.5 hexadecane is under an applied voltage of 300V. At the bottom of

figure 5.5 there is a region which does not contain any oil and is just below the last

electrode in the pattern. Just above this is a region the oil is rapidly increasing in

thickness and the interference fringes are seen to bend sharply towards the left of

the picture. Above this area of rapid change is an area where the thickness of the

oil remains constant and a slight undulation is seen in the surface. By measuring

the relative number of fringes shifted, by a particular fringe in traversing from a

region of zero oil to a region of constant thickness, the thickness of the oil can be

determined using the method in section 2.5.4 and equation 2.5.

Figure 5.5: Inteferogram showing the characteristic edge profile of hexadecane
under voltage over 40µm electrodes. The bottom edge of the electrodes can be
seen with no oil on this part of the surface
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5.4.2 Surface Undulation and Electrodes

Figure 5.5 also provided valuable information about the profile of the layer surface

relative to the underlying electrodes. The surface distortion and the underlying

electrode placement that causes it was obtained by taking an image of the elec-

trodes in a particular region of the sample, using white light in transmission,

whilst the sample was in situ in the interferometer. The electrodes, being only

80% transmissive, appear as dark regions on the image and the gaps appear as

light regions. Exactly the same region on the sample is then imaged in trans-

mission with the He-Ne laser and the resulting interferogram is overlaid with the

white light picture to find the phase of the surface undulations with reference to

the electrode pattern.

Figure 5.6 shows an image of a set of 320µm pitch electrodes. The image

is taken in transmission so the marked electrodes appear as the dark region in

the image. Figure 5.6a) and c) are extracts of an image taken in exactly the

same position on the sample using the interferometer and overlaid in the correct

position. When the fringe change is compared with the underlying electrodes the

fringes can be seen to move rightward on top of the electrodes and leftward in

the regions between. By comparison with figure 5.5 a rightward change can be

associated with the oil becoming thinner and a leftward change can be associated

with the oil becoming thicker. Using this technique it is clear that the peak in

the undulation is above the gap between the electrodes and the trough is above

the electrodes. The period of the undulation is determined by the period of the

electrodes.

In figure 5.6 the undulation above the electrodes appears to have a flat top,

giving the undulation a non sinusoidal shape. This shape variation will be dis-

cussed later in chapter 6.
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Figure 5.6: An overlay of an interferogram and an optical image of the same
region of electrodes, taken in transmission. The electrodes can be seen as dark
regions in b and have been marked on the right hand side of the image. The
interference fringe pattern for an undulating layer of Hexadecane is seen in a and
c.

5.4.3 Uniformity of the Layer Thickness

With both hexadecane and 1-decanol the thickness changes very rapidly at the

edge of the electrodes, reaching its maximum thickness over the first few electrodes

and then becomes constant over the rest of the surface. This can be seen in

figure 5.5 because the fringe pattern above the rapidly changing region becomes

a uniform undulation parallel to the electrodes. The thickness of the oil layer was

found to be almost independent of the applied voltage (figure 5.7). The graph

shows the edge profile of a hexadecane layer of average height 8.45µm above

electrodes with a 320µm pitch. The average thicknesses over half a wavelength of

the surface undulation (Figure 5.8) are given in table 5.1. The average thickness

is marked on the graph and can be seen to vary very little as the voltage increases.

The first two electrodes in the array are marked with bold lines, and this rapid

change becomes much steeper as the voltage is increased, however the overall

thickness of the layer remains almost constant.

101



5.4. Characterizing the Oil Layer

0 50 100 150 200 250 300 350 400 450 500
0.0

1.0x10-6

2.0x10-6

3.0x10-6

4.0x10-6

5.0x10-6

6.0x10-6

7.0x10-6

8.0x10-6

9.0x10-6

1.0x10-5

1.1x10-5

 

 

Th
ic

kn
es

s 
(m

)

Distance ( m)

 300V
 400V
 500V
 600V

Figure 5.7: Graph showing the edge profile of a 8.5µm thick layer of oil, at 300V,
400V, 500V and 600V, the electrodes have a 320µm pitch and are shown as thick
black lines.
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Figure 5.8: Close up of marked region in figure 5.7 With the average height of
8.45µm marked on the graph
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Table 5.1: Average height of the λ
2

region shown in figure 5.8

Voltage Min Height×10−6(m) Max Height×10−6(m) Average×10−6(m)

300V 7.79 9.40 8.59
400V 8.10 9.10 8.60
500V 8.12 8.73 8.30
600V 8.02 8.36 8.19

5.4.4 The Uniformity of the Undulation Amplitude

The shape of the undulation was seen to vary depending on the position along the

length of the electrode. Figure 5.9 shows the wrinkle created by placing 0.25µl of

hexadecane on electrodes with a 160µm pitch, with an applied voltage of 600Vrms

The images show the shape of the undulation in six different positions above

the electrode region. The positions of the images are shown schematically in

figure 5.9 a) as the regions bounded by dotted lines. The maximum amplitude

of the undulation above the electrodes can be seen to vary along the length of

the electrode. This effect is shown schematically in figure 5.10 The depth of the

trough above the electrodes and at the tip of the electrode is smaller than the

depth of the trough at the base of the next consecutive electrode, whilst in the

centre of the electrodes the depth of the trough is equal on consecutive electrodes.

This variation is most likely due to resistive loss in the electrodes.

Figure 5.9: Interferogram showing how the amplitude of the ripple shows a double
periodicity depending on its position on the electrodes.
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Figure 5.10: Schematic of the shape variation of the undulation probably due to
resistive loss in the electrodes.

5.5 Static Amplitude Measurements

Figures 5.11 through to figure 5.18 show the amplitude of the undulation created

at the surface of the hexadecane and 1-decanol film as a function of voltage

squared. Hexadecane has a dielectric constant of 2.05 whilst 1-decanol has a

dielectric constant of 8.10 [109]. The Samples tested were 320µm, 240µm, 160µm

and 80µm pitches, in each case the electrode width is the same as the electrode

spacing so in the case of a 240µm pitch the electrodes are 120µm and the gaps

between electrodes are 120µm. Each graph shows this relationship with different

oil layer thicknesses and the linear fit for each data set. The linear fit results are

shown in table 5.2 where the equation of best fit is given by:

A = α + βV 2 (5.1)

where A is the peak to peak amplitude of the undulation.

The variation of the thickness of the oil was achieved by controlling the vol-

ume of hexadecane or 1-decanol initially deposited onto the surface before the
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spreading voltage was applied as outlined in section 5.4.

Figures 5.11 through to figure 5.18 along with table 5.2 show that a higher

amplitude can be achieved for a given voltage if:

• A larger pitch of electrode is used for a given layer thickness.

• A smaller layer thickness is used for a given pitch of electrodes.

• An oil with a larger dielectric constant is used.
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Figure 5.11: Graph showing peak to peak amplitude of the surface undulation as
a function of applied voltage squared and hexadecane thickness for 80µm pitch
electrodes
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Figure 5.12: Graph showing peak to peak amplitude of the surface undulation as
a function of applied voltage squared and hexadecane thickness for 160µm pitch
electrodes
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Figure 5.13: Graph showing peak to peak amplitude of the surface undulation as
a function of applied voltage squared and hexadecane thickness for 240µm pitch
electrodes
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Figure 5.14: Graph showing peak to peak amplitude of the surface undulation as
a function of applied voltage squared and hexadecane thickness for 320µm pitch
electrodes
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Figure 5.15: Graph showing Peak to Peak amplitude of the surface undulation
as a function of applied voltage squared and 1-Decanol thickness for 80µm pitch
electrodes
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Figure 5.16: Graph showing peak to peak amplitude of the surface undulation
as a function of applied voltage squared and 1-decanol thickness for 160µm pitch
electrodes
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Figure 5.17: Graph showing peak to peak amplitude of the surface undulation
as a function of applied voltage squared and 1-decanol thickness for 240µm pitch
electrodes
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Figure 5.18: Graph showing peak to peak amplitude of the surface undulation
as a function of applied voltage squared and 1-decanol thickness for 320µm pitch
electrodes
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Table 5.2: Linear fit to equation 5.1 for data in figures 5.11 through to figure 5.18
Oil d(µm) h(µm) α× 10−8 δα× 10−8 β × 10−12 δβ × 10−12

Hexadecane 320 10 -8.04 1.13 6.74 0.05
14 -5.85 1.47 5.68 0.07
12 -1.14 2.27 6.18 0.10
22 -3.11 1.56 6.74 0.07
29 -2.21 1.05 5.45 0.05

240 14 -7.97 1.47 5.59 0.06
12 -1.40 1.54 6.26 0.07
40 -1.81 2.57 3.46 0.10
45 -1.45 2.30 3.78 0.10

160 13 5.33 3.58 9.04 0.16
15 5.03 1.94 6.55 0.09
20 -7.13 2.14 3.69 0.09
21 -4.09 1.54 2.44 0.07

80 9 -1.21 2.59 3.26 0.11
16 3.92 1.59 2.00 0.07
14 1.19 1.77 1.72 0.08
28 -6.50 3.07 1.21 0.11

1-Decanol 320 24 30.70 6.94 61.41 1.26
25 76.00 4.57 63.04 0.83
25 10.44 3.91 69.34 0.70
11 -12.74 4.70 91.71 0.85

240 15 -18.5 4.84 81.0 1.01
10 31.77 2.83 79.37 0.54
20 -6.91 3.29 62.57 0.69
23 37.66 6.44 61.23 1.17

160 16 -38.81 6.66 68.40 1.40
13 -23.22 3.66 60.12 0.77
20 -39.24 1.49 54.42 0.31
14 -21.13 2.97 68.70 0.63

80 14 13.07 3.91 29.70 0.82
16 21.15 3.23 33.76 0.68
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5.6 Modeling the Undulation

The equation ∆h =
16εV 2

0

3γπ4 exp
(−2πh

d

)
, which governs the amplitude of the ripple

with respect to the parameters of the device, was derived for an applied voltage

on a film of oil directly on top of the electrodes by considering the change in

the dielectric energy stored in the liquid and the interfacial energy stored in the

assumed sinusoidal wrinkle of the liquid-air interface above the electrodes and

minimising with respect to the wrinkle amplitude. The assumptions made are:

1. The wrinkle amplitude is small (A << p).

2. The periodic potential profile due to the electrodes, V (x, y) is described by

a Fourier series expansion to the second order only.

3. The potential profile is unperturbed by the presence of the oil/air interface.

4. The oil-air interface for the wrinkle is sinusoidal.

For a given electrode width and gap, a Fourier series expansion of the voltage

profile can be made and the dielectric energy calculated [1]. To obtain an ana-

lytically tractable result in the calculation of the dielectric energy WE = 1
2
D ·E,

Terms to the second order were retained and the energy was then integrated over

the fluid volume above the electrodes. The integral involves a series expansion for

the case where the wrinkle amplitude is much less than electrode gap widths. The

net result is an energy that depends on V 2
0 , multiplying terms involving a factor

with the wrinkle amplitude, and exponentials containing the wrinkle amplitude

to pitch. The wrinkling of the liquid-air interface changes its area and this can

be calculated for small amplitudes. The combination of these two energies was

minimized with respect to changes in wrinkle amplitude.

The potential profile is a solution of Laplace’s equation and can be determined

for y > 0 if the boundary conditions at y = 0 are known. Assumptions are made

such that the potential goes to zero as y goes to infinity and the thickness of the
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electrodes can be ignored since they are much thinner than they are wide [1].

The boundary condition for the potential at y = 0 is shown in Figure 5.19.

Figure 5.19: Boundary conditions for the potential at y = 0 used to solve the
elctrical potential in the system

The potential profile crated by the electrodes is:

V (x, y) =
∞∑

n=1

Ancos(knx)e−kny (5.2)

Where An are the Fourier coefficients given by

An =
8V0

π2(2m + 1)2
cos[(2m + 1)

π

4
] (5.3)

and

kn =
(2m + 1)π

2d
(5.4)

We calculate the electric field profile from

E(x, y) = −∇V (5.5)

and thus calculate the energy W [44] from

W =
1

2
D · E =

1

2
εE · E (5.6)
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This then gives the energy as

2W =ε[A2
1k

2
1 exp(−2k1y) + A2

2k
2
2 exp(−2k2y) + · · ·

2A1k1A2k2 sin(k1x) sin(k2x) exp(−(k1 + k2)y) + · · ·
2A1k1A3k3 sin(k1x) sin(k3x) exp(−(k1 + k3)y) + · · ·
2A1k1A3k3 cos(k1x) cos(k3x) exp(−(k1 + k3)y) + · · ·
2A1k1A3k3 cos(k1x) cos(k3x) exp(−(k1 + k3)y) + · · · ]

where k1 = π
2d

, A1 = 16V0

π2 cos
[

π
4

]
= 16V0√

2π2

k2 = 3π
2d

, A2 = 16V0

9π2 cos
[

3π
4

]
= − 16V0

9
√

2π2

k3 = 5π
2d

, A3 = 16V0

25π2 cos
[

3π
4

]
= − 16V0

25
√

2π2

The orders of the terms in the Fourier expansion are:

First Order exp(−2k1y) = exp
(−π

d

)

Second Order exp(−(k1 + k2)y) = exp
(−2π

d

)

Third Order exp(−2k2y) = exp
(−3π

d

)
, exp(−(k1 + k3)y) = exp

(−3π
d

)

Terms in the expansion higher than the second order are ignored to give this

equation 5.7

W =
8εV 2

0

d2π2

[
exp

(−πy

d

)
− 2

3
cos

(πx

d

)
exp

(−2π

d

)]
(5.7)

The electrical energy within the volume of oil is then found by performing a

volume integral on equation 5.7 with the limits of the integral being the electrode

pitch and the height of the oil from the electrodes. When evaluating this integral

it is assumed, as previously stated, that ex = 1 + x2

2
+ x3

6
+ . . . ≈ 1 + x Thus

WT =
8lεV 2

0

d2π2

∫ 2d

−2d

∫ h−∆h cos(kx)

0

[
exp

(−πy

d

)
− 2

3
cos

(πx

d

)
exp

(−2π

d

)]
dxdy

(5.8)
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Evaluating the integral using the previous assumptions leads to the equation for

the energy stored in the volume of oil on the surface.

WT =
32lεV 2

0

π3

[[
exp

(
−πh

d

)
− 1

]
− π∆h

3d
exp

(
−2πh

d

)]
(5.9)

The inter-facial energy in the oil/air interface is found by performing a line

integral of the sinusoidal undulation and multiplying by the inter-facial tension.

Thus the length of the sinusoidal interface

L =

∫ 2d

−2d

[
1 +

(
dy

dx

)2
] 1

2

dx (5.10)

evaluating the integral gives

L = 4d

[
1 +

(
π∆h

2d

)2
]

(5.11)

and the energy in the surface is given by

WI = 4dlγ

[
1 +

(
π∆h

2d

)2
]

(5.12)

By equating the energy in the volume with the energy in the surface of the

oil we can say that the total energy in the system is the inter-facial energy minus

the volumetric energy i.e. W = WI −WT and for the interface to be in it’s lowest

energy state then ∂W
∂∆h

= 0, so for our system.

∂W

∂∆h
= 8dlγ

( π

2d

)2

∆h− 32lεV 2
0

3dπ2
exp

(
−2πh

d

)
= 0 (5.13)

And by rearranging to make ∆h the subject we get

∆h =
16εV 2

0

3γπ4
exp

(
−2πh

d

)
(5.14)
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Equation 5.14 shows that the amplitude of the undulation created on the

surface of the oil has a V 2 relationship to the voltage. The equation also shows

that larger ripple amplitudes can be achieved by selecting a oil with a larger

dielectric constant or a lower surface tension.

Equation 5.14 provides good design insight into the various physical properties

needed to achieve the photonic effects, but experimentally there is a need for a

calibration factor in the exponential term. Figures 5.20 and 5.21 show plots of

ln( A
V 2 ) versus β(h

d
) (where A is the peak to peak amplitude of the ripple) for the

undulation amplitudes in both hexadecane and 1-decanol where the pitch p = 2d.

Linear regression analysis of the data in figures 5.20 and 5.21 give the following

two scaling relationships of the form ln( A
V 2 ) = α + β(h

d
):

1-Decanol ln
(

A
V 2

)
= (−23.00± 0.03) + (2.70± 0.14)

(
h
d

)

Hexadecane ln
(

A
V 2

)
= (−25.71± 0.02) + (2.89± 0.07)

(
h
d

)

The data gathered from the static undulation measurements of hexadecane

and 1-decanol are also plotted in figures 5.22 and 5.23 where for each oil, the data

has been plotted as amplitude versus V 2exp(βh
d

), where β is the constant which

gives the best fit for the data from the previous regression analysis.

In figure 5.22 the data for hexadecane is best fitted to the model when β is

-2.89 and in figure 5.23, the data best fits the model if β is set to -2.73. although

these values for the constant β do not match the theoretical value 2π.

The theory leading to equation 5.14 has a number of approximations given

in section 5.6. To keep it analytically tractable and produce a formula with the

key dependencies correctly described. The Fourier modes are truncated and the

complexities introduced by the dielectric layer and the interface at the oil-air

boundary, are not taken into account. A complete theoretical treatment of the

device would require corrections to the theory. However the scaling relation-

ships for hexadecane and 1-decanol have been shown and the analysis correctly

indentifies the dependencies on particular parameters.
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Figure 5.20: Plot of ln( A
V 2 ) versus (h

d
) for all the amplitude data on hexadecane.

The linear fit to this data is shown as a solid line
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Figure 5.21: Plot of ln( A
V 2 ) versus (h

d
) for all the amplitude data on Decanol. The

linear fit to this data is shown as a solid line

122



5.6. Modeling the Undulation

0.0 5.0x104 1.0x105 1.5x105 2.0x105 2.5x105 3.0x105
0.0

5.0x10-7

1.0x10-6

1.5x10-6

2.0x10-6

2.5x10-6

 

 

pe
ak

 to
 p

ea
k 

am
pl

itu
de

(m
)

V2Exp(-2.89h/d)

Figure 5.22: Graph showing the amplitude, of all data for samples with 2µm layer
of SU8 and various thicknesses of hexdecane, against V 2 times the exponential
function
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Figure 5.23: Graph showing the amplitude, of all data for samples with 2µm layer
of SU8 and various thicknesses of 1-decanol, against V 2 times the exponential
function

124



5.7. Phase Grating

5.7 Phase Grating

As discussed in section 1.5.2 a device in which there is a periodic undulation in the

surface of a transparent medium could, in theory, be used as a phase grating by

causing the optical path length of any light passing through it to be periodically

modified. This periodic modification of the optical path length would also lead

to an interference pattern of various diffracted order spots. The intensity of the

various order spots is directly dependent on the relative phase shift between the

maximum and minimum value of the optical path length. The optical path length

difference in our device can be varied by varying the amplitude of the undulation.

The device was tested to verify that it could deflect the energy from the zero order

undeviated spot into the other higher orders by using the voltage.

In order to test this hypothesis the device was illuminated either in reflection

or transmission with a green laser (λ = 543nm) whilst in situ in the interferom-

eter. The experimental setup for reflection experiments is described in sections

2.6.2 and for transmission experiments in section 2.6.1. For transmission exper-

iments the dielectric coating above the electrodes consisted of a 2µm layer of

SU8-10 photoresist, which was deposited using the method in section 2.3.3. For

diffraction experiments in reflection the dielectric coating consisted of dielectric

stack made up of 17 alternate layers of Titanium Dioxide (TiO2) and Silicon

doixide (SiO2), which had thicknesses of 54.28nm and 87.22nm respectively. The

total thickness of the stack was 1.13µm. The specification of the dielectric stack

[110] was such that the red laser light, used to capture the interferograms, would

be transmitted and the green laser light, used in the diffraction experiments, was

reflected. In all of the following experiments the voltage applied was a 20kHz a.c.

square wave. This voltage was modulated using the method described in section

2.4.4 for the experiments in section 5.7.1 and section 5.7.2.
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5.7.1 Hexadecane in Transmission

The first device tested had an 80 µm pitch with a 2µm dielectric layer of SU8-

10. It was illuminated in transmission with the green laser whilst being imaged

in the interferometer. An a.c. 20kHz applied voltage was manually adjusted

in 10V steps between 200V and 580V. A photodetector was scanned across the

interference pattern at each interval and the maximum intensity of each spot

between the -3 and +3 orders where measured. Figures 5.24 through to 5.27

show the variation in the peak intensity of the various order spots plotted against

the voltage. Only the Peak intensity of the spots is plotted and the relative width

of the spots has not been taken into account.

Figures 5.24 through to 5.27 show that the all the spots vary in intensity and it

can be clearly seen that the zero order spot decreases in intensity to a minimum at

around 450V whilst the first, second and third order spots increase to a maximum

at around 400V, 450V and 530V respectively. This observation is consistent

with the theory of the intensities of the diffraction spots being dependent on the

difference in optical path length between the peaks and troughs of the sinusoid

or the amplitude of the sinusoid (section 1.5.4)[85]. In this case the phase shift

is due to a difference in optical path length in traversing different regions of the

undulating oil film. (See also section 2.5.4). However, if the oil was acting as an

ideal thin sinusoidal phase grating, The spot intensity for the zero order should

be zero at its first minimum (section 1.5.4 figure 1.20). It is clear that this is

not the case. The intensity of the zero order has only decreased to 60% of its

initial intensity. Other characteristics of figures 5.24 through to 5.27 are similar

to that for a thin sinusoidal grating in that the intensity of the first, second and

third order diffraction spots all rise to a peak as the amplitude of the undulation

increases and the zero order falls to a minimum.
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Figure 5.24: Graph showing the variation in Peak intensity for the Zero order
diffraction spot for hexadecane in transmission
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Figure 5.25: Graph showing the variation in Peak intensity for the first order
diffraction spots for hexadecane in transmission
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Figure 5.26: Graph showing the variation in Peak intensity for the Second order
diffraction spots for hexadecane in transmission
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Figure 5.27: Graph showing the variation in Peak intensity for the Third order
diffraction spots for hexadecane in transmission
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5.7.2 Decanol in Transmission

Since the voltage at which first minima in intensities of the various order spots was

so high and since equation 5.14 shows that the amplitude of the undulation can be

increased by choosing an oil with a higher dielectic constant, the next experiment

was done with 1-decanol as the oil layer. 1-Decanol has a dielectric constant of

8.1 and a surface tension very close to that of hexadecane of 28.4mN/m.

The same 80µm pitch sample was illuminated in transmission and the oil layer

used was 1-decanol. The applied voltage Vo across the terminals was a 20 khz a.c.

square wave which was modulated using a 1Hz triangular wave as explained in

section 2.4.4. The photo detector was now kept in position on a particular spot

of interest and the output through a complete cycle of the modulating triangular

wave recorded and captured using an Agilent 54622A oscilloscope. This procedure

was then repeated for the various order spots. At the same time the amplitude

of the ripple was measured using the interferometer and the results are shown in

figure 5.28 where the intensity traces for the zero, first, second, and third order

spots are plotted against the voltage on the left hand axis and the amplitude is

plotted against the voltage on the right hand axis.

From table 1.1 it is now possible to calculate the theoretical value for the peak

to peak amplitude of the undulation at the maximum and minimum intensities

for all the order spots.

The function is at a minimum or a maximum when m
2

is at one of the values

given in table 1.1 from arguments in section 2.5.4 for a surface undulating such

that the peak to peak amplitude is ∆h the optical path difference is given by

2π

λ0

((h + ∆h)noil − (hnoil + ∆hair)) = 2n (5.15)

Where n is a value of root of the Bessel function table 1.1 and rearanging for

∆h we get
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∆h =
nλ0

π(noil − nair)
(5.16)

From table 1.1 it is now possible to calculate the theoretical value for the peak

to peak amplitude of the undulation at the maximum and minimum intensities

for all the order spots when the device is used in transmission (Table 5.3).

Table 5.3: Ripple amplitude corresponding to the roots of the Bessel function
1.20

n=0 n=1 n=2 n=0 Amplitude n=1 Amplitude n=2 Amplitude

×10−6(m) ×10−6(m) ×10−6(m)

min 2.41 0.00 0.00 0.97 0.00 0.00
max 3.83 1.84 3.05 1.53 0.74 1.22
min 5.52 3.83 5.13 2.21 1.53 2.06
max 7.02 5.33 6.71 2.82 2.14 2.69

In order to avoid saturation of the photodiode in this preliminary experiment

the intensity of the Zero order spot was reduced by the introduction of a rotated

polarizing filter into the path of the green laser before it entered the device. For

this reason the relative intensities of the spots do not match with theory i.e. the

sum of the powers in all the spots is not equal to the total incident power [85]

(section 1.5.4) From figure 5.28, the sum of the first and second order powers is

greater than that of the undeviated zero order.

It is also clear that the minima and maxima in the intensities of the spots do

not correlate with the theoretical values calculated in table 1.1 and thus in this

experiment the 1-decanol layer is not acting as an ideal sinusoidal phase grating.

However this graph does show the feasibility of the device as a sinusoidal phase

grating.

5.7.3 Decanol in Reflection

The values of the undulation amplitude can also be calculated for the minima

and maxima in the various diffraction order spots when the device is used in

reflection. In this case Equation 5.16 becomes:
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Figure 5.28: Graph showing the variation in intensity for the various order spots
for 1-decanol in transmission and the amplitude of the undulation

∆h =
nλ0

2π(noil − nair)
(5.17)

Since the light traversing the oil layer travels from the oil-air interface to the

electrode surface and back to the interface, the optical path length difference for

a particular amplitude of undulation is effectively doubled. Since the amplitude

of the device is proportional to V 2 using the device in reflection mode should also

lower the operating voltage.

The calculated amplitude values are given in table 5.4

In this experiment the SU8-10 dielectric layer was replaced with a dielectric

stack layer described in section 5.7. In this situation the green incoming light

passes through the oil air-interface is reflected from the dielectric stack and again

passes through the interface.

Figure 5.29 shows the equivalent plot as for the previous transmission experi-

ment except the device is in reflection. In the transmission experiment, the point
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Table 5.4: Ripple amplitude corresponding to the roots of the Bessel function for
the device operated in reflection mode 1.20

n=0 n=1 n=2 n=0 Amplitude n=1 Amplitude n=2 Amplitude

×10−6(m) ×10−6(m) ×10−6(m)

min 2.41 0.00 0.00 0.48 0.00 0.00
max 3.83 1.84 3.05 0.77 0.37 0.61
min 5.52 3.83 5.13 1.10 0.77 1.03
max 7.02 5.33 6.71 1.41 1.07 1.35
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Figure 5.29: Graph showing the variation in Intensity for the various order spots
for Decanol in transmission and the amplitude of the undulation
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at which the zero order spot is at its minima is at 132 Vrms. In the Reflection

mode the same corresponding first minima occurs at 80Vrms Thus, by operating

the device in reflection the operating voltage has been reduced as expected.

Again the relative intensities of the various spots do not fit with theory since

different beam intensities were used in each case.

5.7.4 Shorter Pitches

A 20µm pitch sample was used and the layer of 1-decanol had an average thickness

of 3µm. The dielectric layer of the sample was a 2µm layer of SU8-10 photoresist

and the device was illuminated in transmission. The applied voltage was again

modulated with a triangular wave as in section 2.4.4. However, on this device,

the scale of the electrodes did not allow for accurate imaging of the amplitude

of the undulation at the same time as measuring the intensity of the diffraction

orders.

Figure 5.30 shows the intensity of the zero, first and second order spots as

a function of applied voltage squared. The minima and maxima are marked on

the graph where the first subscript refers to the order of the spot and the second

subscript refers to which maximum or minimum is being used. i.e. max01 refers

to the first maximum in the zero order spot. The intensities of the spots relative

to each other are correct because in this experiment the same intensity reduction

was used for all of the spots. The ratio of the intensity of the first to the zero

order peaks is 32.6%. This is close to the value of 33.8% that would be predicted

by the Fraunhofer approximation for a thin sinusoidal phase grating [85].

Since the amplitude is proportional to V 2 the ratios of the positions of the

maxima and minima in the intensity can be compared with the theoretical roots of

the Bessel function by reading these points from the data in figure 5.30. Table 5.5

shows both the theoretical and actual values of these calculations. These values

show a reasonable correlation with theory when the amplitude of the undulation
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is small but the correlation is not so good as the amplitude increases. By looking

back at table 1.1 and considering the fact that the electrode pitch is 20µm then

we can see that assumption that the amplitude is small compared to the electrode

pitch used in the derivation in section 5.6 is not true. Thus the V 2 relationship

may no longer be true.
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Figure 5.30: Graph showing the intensities of the diffracted orders of a 543nm
transmitted green laser through a 3µm layer of 1-decanol

Table 5.5: Comparison of the ratios of the positions maxima and minima in figure
5.30

Ratio Actual Theoretical

max11/max21 0.65 0.60

max21/max01 0.53 0.79

min01/min11 0.59 0.62
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5.8 Dynamic Switching and Relaxing

Section 5.7 shows that the device is capable of being used as amplitude pro-

grammable phase diffraction grating. i.e. the amplitude of the ripple, and thus

the applied voltage, can be used to divert light from the first zero straight through

diffraction order into the higher order diffraction spots. The next experiments

were performed as preliminary experiments in order to gain some insight into the

switching capabilities of the device.

The switching speed of the device was measured on an 80µm pitch device with

a dielectric stack. The device was thus illuminated in reflection with the green

laser and the applied voltage was switched discontinuously between a high and a

low voltage by means of modulating the applied signal with a square wave. The

frequency of the modulation signal was 200Hz. The low voltage of the modulating

signal was just sufficient to keep the oil spread into a thin film. The high voltage

was adjusted to achieve a peak in the intensity of the first diffracted order for each

thickness of the 1-decanol layer. Three different thicknesses of 1-decanol where

measured h=20µm, 18µm, and 14µm with the respective high voltage values of

V0= 93, 90 and 86V. The interferometer was used to simultaneously measure the

amplitude (A) of the ripple. The maximum in the first order spot intensity was

found to be A=0.36µm for all cases. Figure 5.31 shows the data for the low to

high voltage transition labelled ’switch’ and the high to low transition, labelled

’relax’. The times for the intensities to change from the value at 0 µs to 90% of

the difference between the initial and the asymptotic intensities were 35µs, 40µs,

49µs (switching) and 79, 89, 108µs for h= 20µm, 18µm and 14µm respectively.

5.9 Conclusion

By placing a small drop of hexadecane or 1-decanol onto a dielectric surface,

under which an interdigitated array of electrodes have been pre fabricated, it has
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Figure 5.31: Graph showing switch and relax times for the first order spot of a
40µm pitch sample at various thicknesses of oil
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been shown that the oil can be drawn into a thin film which uniformly covers

the electrodes by applying a voltage between the electrodes. The thickness of the

layer is almost independent of the applied voltage and on the application of higher

voltages an undulation is induced in the oil/air interface. This undulation forms

because of a dielectrophoretic force due to highly non-uniform fields created by

the electrode pattern. This force changes the hydrostatic pressure in the layer

of liquid and causes it to gather in regions of high field gradient. The shape

of the undulation is to some extent governed by the position directly above the

electrode with resistive losses causing shape variation at the very tips of the

electrodes. Experimental data for the peak to peak ripple amplitude relationship

to the applied voltage for two different oils, hexadecane and 1-decanol, has been

shown. This data shows that the ripple amplitude is proportional the applied

voltage squared and exponentially proportional to the ratio of the thickness and

electrode pitch. A first approximation for the ripple amplitude has been derived

and shown to be consistent with the observed data within the assumptions of

the model. The device has also been used as a phase diffraction grating and

the feasibility of the device as both a reflection phase grating and a transmission

phase grating have been shown. The dimensions of the grating have been further

scaled down and shows a better agreement with the theory of an ideal sinusoidal

phase grating.
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Chapter 6

Non Sinusiodal Wrinkles

6.1 Introduction

Under certain conditions the shape of the undulation at the liquid/air interface

can assume non sinusoidal forms. Although the modelling in Chapter 5 did not

incorporate a non-sinusoidal profile in its derivation, these surface profiles are

still an interesting phenomenon. For this reason this chapter is included as a

preliminary study of these arbitrary surface profiles and their dependence in the

oil thickness and the applied voltage.

The shape variation of the undulation is due to the spatial variation in the

electric field in the direction of increasing distance from the plane of the elec-

trodes. This is also seen in figure 6.1 [1] where an analytical solution to the

dielectrophoretic forces generated by interdigitated electrode arrays has been pro-

duced using a Fourier series approximation [1] similar to that used in chapter 5.

In figure 6.1, which shows the magnitude of the DEP force plotted on a logarith-

mic grey scale, the highest DEP force is generated at the edge of the electrodes

[2, 108, 111]. In terms of oil on the surface this plot shows that oil in a region

directly between two electrodes and very close to the surface would feel a force

drawing it from in between the electrodes towards the outer edge of the electrodes.

It has been shown that in regions far from the electrode plane the electric
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Figure 6.1: Contour Plot of the magnitude of the DEP force Plotted on a loga-
rithmic grey scale. Image taken from [1] c©2001 IOP Publishing Ltd

field are dominated by the first order spatial harmonic components, whilst in

regions closer to the electrode surface the higher order harmonics of the electric

field become more prominent. [108, 112]. This dependence is shown in figures

6.2 [2] taken from Wang et al, where the E2 field is plotted 2µm from a surface.

The electrodes are marked as bold lines on the y-axis. The highest field gradients

on this diagram occur in the regions just on the inside edge of the electrodes.

i.e. between 5µm and 10µm and 30µm and 35µm. There are also smaller field

gradients on the outside edges of the electrodes. Since, as seen in equation 1.19,

the force on a dielectric liquid due to a non uniform field is proportional to

∇ | E |2.
Since the DEP force is given by the equation F=1

2
αν∇|Ee|2 then the force

on a dielectric medium in the electric field shown in figure 6.2 could be obtained

by the gradient of the field magnitude squared. This would lead to a high force

drawing the medium to the regions just inside the electrode edge as mentioned

previously and also a slight force towards the outside edge of the electrodes.

141



6.2. Undulation Shape and Layer Thickness

Figure 6.2: Plot of the E2 field from Wang et al 1996 at 2 µm from the electrode
plane [2] c©1996 IOP Publishing Ltd

6.2 Undulation Shape and Layer Thickness

Figure 6.3 shows the surface shape created by hexadecane oil under voltage on

electrodes with a 320µm pitch. The thicknesses shown are 6.0µm, 9.0µm, 16.5µm

and 30.0µm each thickness has profile extracted for five different voltage 275V,

325V, 400V, 475V, and 550V. The hexadecane layer thickness is marked on the

right hand axis and has been vertically displaced for ease of viewing. The graph

shows that as the ratio h
d

decreases the surface of the undulation becomes non-

sinusoidal due to the increasing contributions of the higher order spatial compo-

nents of the electric field [112].
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Figure 6.3: Experimentally extracted surface profiles showing the Undulation
shape variation with thickness for Hexadecane oil on 340µm pitch electrodes.
The profiles were obtained using the Mach-Zendher interferometer
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6.3 Spatial Components of the Electric field

6.3.1 Spatial Components and Layer Thickness

The different spatial components of the electric field decay at different rates with

increasing height from the electrode plane [112]. The higher order components

of the electric field decay much more quickly than the lower order components.

In order to see how these components manifest and decay in the surface of the

oil, the Fourier components, for the surface profiles of a hexadecane layer with

thicknesses of 6, 8, 9, 16.5, 19, 30µm at 550V, were extracted using an Excel

spreadsheet. The resulting coefficients where then plotted using the theoretical

curve of the form

F (x) = A0 + A1 cos(x) + A2 cos(2x) + A3 cos(3x) + · · · (6.1)

The theoretical curve was matched with the data from the surface profile and

figure 6.4 shows a typical fit of the theoretical equation created using the extracted

Fourier components against the actual data of the surface profile.The data from

the profile is shown as open circles and the black line shows the fourier series fit

for the data. Once this fit is matched with the surface profile the components

of the oil surface shape are extracted and the rate of decay with increasing oil

thickness is plotted.

Figure 6.5 shows the natural log of A1, A2 and the A3 coefficients in equation

6.1 plotted against the thickness to electrode ratio h
d
. The Higher order coefficients

decay faster than the lower order coefficients as expected. This reproduces the

experimental result shown in figure 6.3 that as the thickness of the oil decreases

the higher order components of the electric field play a greater role in the shape

of the oil/air interface. The data shown in figure 6.5 is only preliminary and

although the general expected decay trend is seen the actual rate of decay is not

predicted from this data.
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Figure 6.4: Graph showing a typical fit of the Fourier components of the surface
profile of hexadecane oil in a 6µm layer. The theoretical line has been slightly
displaced vertically for clarity.
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Figure 6.5: Graph showing the decay of the A1,A2 and A3 constants in the Fourier
series as a function of h/d
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The relative contributions of these coefficients to the surface profile are shown

in figure 6.6 It is clear that the contribution from the A3 coefficient is very small

and falls away wery quickly with thickness. For a thin layer of hexadecane there

is a contribution from the A1 and A2 component but the A3 coefficient falls away

rapidly with increasing thickness.
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Figure 6.6: Relative contributions of the first three coefficients of the fourier
series to the shape of the hexadecane surface. The A2 component is plotted as
an absolute value

6.3.2 Spatial Components and Voltage

The same technique of extracting the Fourier components in a hexadecane profile

was used to see how the coefficients varied with applied voltage. The Fourier

coefficients from the profiles of a hexadecane oil layer 6µm thick were extracted

at different voltages. The results are plotted in figure 6.7 along with the linear

fits for this data. The linear fit data is summarized below:
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A1 = (−2.82× 10−7 ± 0.21× 10−7) + (1.72× 10−9 ± 0.05× 10−9)V

A2 = (−1.97× 10−7 ± 0.18× 10−7) + (1.24× 10−9 ± 0.04× 10−9)V

A3 = (−0.50× 10−7 ± 0.06× 10−7) + (0.14× 10−9 ± 0.01× 10−9)V
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Figure 6.7: The a A1, A1 and A1 coefficients of a 6µm hexadecane layer plotted
as a function of voltage
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The Fourier coefficients of the surface profile show a linear relationship with

the applied voltage. The proportions of the coefficients contributions however,

remain constant irrespective of the voltage. Figure 6.8 shows the A1, A2, and A3

coefficients as a proportion of the A1 coefficient against voltage. The shape of

the oil in this voltage range is dominated by the A1 and A2 components of the

field with very little contribution from the A3 component. The proportions of

the A1 and A1 constants contributing to the shape appears to be constant in this

voltage range. However the A3 does appear to be increasing very slightly but the

contribution from this coefficient is very small to begin with.
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Figure 6.8: graph showing the Fourier coefficients of the surface of a 6µm thick
hexadecane layer as a proportion of the A1 coefficient.
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6.3.3 The Effect of the Properties of the Oil on Surface

Shape

The rate at which the Fourier coefficients present in the shape of the oil/air in-

terface decay is also dependent on the properties of the oil used. Figure 6.10

shows interferograms of both hexadecane and 1-decanol oil taken at the maxi-

mum amplitude voltage, which is 584V and 300V for hexadecane and 1-decanol

respectively. The magnification for each picture is unknown but it is the general

shape of the surface which is of interest. The electrode width, and thus the half

pitch values, as well as the oil thickness and the h/d ratio are given on the left

hand side of each pair of pictures. This figure shows clearly that the hexadecane

has a surface profile which is governed by the thickness of the oil. At a h/d ratio of

0.25 the surface has a sinusoidal profile and the higher order spatial components

have decayed leaving only the A1 component. At a ratio of 0.0625 A2 components

have become much more prominent. 1-decanol on the other hand has only the

first order components at a h/d ratio of 0.25 and is still virtually sinusoidal at a

ratio of 0.0625. 1- decanol has a dielectric constant of 8.1 as apposed to the 2.05

for Hexadecane and this is means that the contribution from the A2 components

of the electric field decay much faster with increasing thickness in 1-decanol.

This phenomenon is also seen in figure 6.10, where the profile of both 1-decanol

and hexadecane are shown above electrodes with 320µm pitch. The thicknesses

of hexadecane shown are 16 and 34µm and the thicknesses of 1-decanol are 12

and 26µm. Again whilst at 16µm the hexadecane is beginning to show signs

of the higher order harmonics, these features are much less prominent in the

decanol even at 12µm thick. This figure also shows that the amplitude obtained

at equivalent thicknesses is much greater for a greater dielectric constant.
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Figure 6.9: Graph showing the Undulation shape variation with thickness of
hexadecane and 1-decanoloil on 340µm pitch electrodes.
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Figure 6.10: Graph showing the Undulation shape variation with thickness of
Hexadecane oil on 340µm pitch electrodes.
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6.4 Conclusion

It has been shown that in regions very close to the electrode surface the higher

order spatial harmonics of the electric field play increasingly important role in

the shape of the liquid layer. These harmonics fall away rapidly as the thick-

ness of the layer is increased and the undulation in the surface tends towards

a sinusoid. The main contribution comes form the A1 and A2 components in a

thin layer of hexadecane with only very slight contributions from higher order

components. The relative contributions from the A1 and A2 components remains

constant in the voltage range shown but a slight increase in the A3 components

may be occurring at high voltages. However this is not yet clear and further

investigation is required. The contributions of the A2 components also appears

to be much smaller in a layer of oil with a higher dielectric constant for the same

layer thickness
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Chapter 7

Conclusions and Further Work

7.1 Conclusions: Liquid Crystals

A multistable rotatable liquid crystal waveplate has been demonstrated by con-

fining a small circular droplet of liquid crystal in a square well of dimensions

60×60×15µm. The confining well was produced using SU8-10 [113] photo resist

and a photo lithographic process. The SU8-10 imparts a random planar align-

ment on the liquid crystal and the dimensions of the box ensure that short range

order is maintained within the well. The result is that the average direction of

the n-director lies in the plane of the droplet with what appear to be nematic

defects at opposite edges of the circumference. The optical texture of the droplet

was studied and the most likely n-director orientation inside the droplet has been

shown to be a bipolar configuration. By positioning the box between electrodes

with different relative orientations it has been possible to rotate the director with

the application of an in plane electric field.

In the first instance with electrodes oriented at 40◦ to each other it was possible

to rotate the droplet between two stable states with the director at the centre

of the droplet pointing in the direction of the applied field. It was also found

that for a perfectly circular droplet the director could be rotated to any direction

between these stable states. The rotation of the droplet is shown to follow the
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relationship θ = 0.472τV 2. From this relationship we can see that the with a

100Vr.m.s driving voltage the angular rotation speed of the droplet is 450◦/s at

room temperature.

The temperature of the droplet has been shown to influence the size, shape

and optical texture. The shape of the droplet at room temperature is governed

by the initial volume of liquid crystal within the confining well. At room temper-

ature larger initial volumes of liquid crystal in the well lead to a rounded square

shape and with sufficiently small volume a circular shape. If the temperature is

increased the droplet is seen to decrease in size until at temperatures above 35◦

the droplet eventually disappears the disappearance temperature is dependent

on the initial volume within the confining well. When the temperature is then

reduced the droplet recovers via the appearance of surface droplets which gradu-

ally coalesce to reform the initial droplet. This process is similar to that seen in

spiniodal dewetting [98] in which a thin film of liquid on a surface spontaneously

ruptures due the nucleation sites or thermal fluctuations in surface riplons. The

temperature dependence of the shape also introduces interactions between defects

at the free surface of the droplet and the walls of the confining well. For a droplet

with sufficient volume to form a rounded square geometry at room temperature,

the previously mentioned relationship of the rotation speed with voltage is lost

due to the interactions of the defects with the well walls. As the temperature

is increased the effect of the well walls on the free surface of the droplet is re-

duced, due to the reduction in size of the droplet, the droplet shape then tends

more toward a circular disc and the relationship of rotation speed and voltage is

restored.

The voltage-rotation speed relationship was also seen in devices in which the

electrodes where oriented at 90◦ to each other. In this configuration the electric

field applied to the device could be continuously rotated through 360◦. For a

droplet which was circular at room temperature the minimum voltage required

to maintain a continuous uninterrupted rotation, of the n-director, at a given
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rotation frequency was shown to follow the same V 2 relationship. However when

the temperature of the device was increased the minimum required voltage to

maintain this smooth rotation was seen to decrease.

It was also found that if the rotation frequency of the electric field was in-

creased at a given voltage or the voltage was decreased at a given frequency

then the director could no longer rotate smoothly because the interactions of

the defects with the well wall became more significant and prevented the direc-

tor from following the rotating electric field. Several periodic regimes for this

non-continuous rotation were observed and studied and the onset several of these

regimes with respect to applied voltage and rotation frequency were examined.

For droplet with a rounded square geometry at room temperature the director

orientation was seen to exhibit states similar to those seen in previous work where

bistable liquid crystal devices where created by confinement in small wells with

specific surface treatments [89]. With electrodes oriented at 40◦ to each other, it

was found that the defects on the edge of the droplet could be moved to allow

switching between stable states. The switching times versus voltage characteristic

of four switching regimes were examined and an interesting outcome of this study

was the ability to switch between a diagonal and vertical state and back again

by applying only a vertical electric field. However, switching from the vertical to

the diagonal required a much longer voltage duration and may be explained by

a slight misalignment of the electrodes with respect to the confining well.

7.1.1 Future Work: Liquid crystals

By reducing the gap between the electrodes from 120µm to the order of the droplet

diameter it should be possible to increase the speed of rotation by a factor of 5.

It was also shown that the speed of rotation could be increased significantly by

surface treatments to alter the anchoring forces imparted onto the droplet by the

confining box.
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Response times of 900 to 7200◦/s have previously reported[48, 50, 51, 114]

with voltage of 40-140Vrms. With the scaling relationships previously mentioned

and reduction in the surface anchoring it should be possible to achieve equivalent

rotation speeds. It may be possible to pruduce faster switching speeds using

ferroelectric liquid crystals [115] and d.c. electric fields. However ferroelectric

liquid crystals have a layer structure and this may have different interactions

with the confining well.

7.2 Dieletrophoretic Phase Grating

It has been shown that a small droplet of Hexadecane or 1-decanol placed onto

a surface which contains an interdigitated electrode array can be spread into a

thin film by the application of a non-uniform electric field between the electrodes.

This film is shown to be of uniform thickness which is virtually independent of

the applied voltage and is only governed by the initial volume of oil dispensed

onto the electrodes.

An undulation in the interface between the oil and the surrounding air can

be created by the application of higher electric fields. this undulation is static,

reproducible, and stable[105–107] when switched on. Data for hexadecane and

1-decanol on electrode pitches of 80, 120, 240 and 320µm at thicknesses various

layer thicknesses ranging from 9 to 45µm thick have been shown.

A first approximation of the governing equation for the amplitude of the

undulation against the properties of the device has been derived by considering

the change in dielectric energy stored in the liquid and the energy stored in the

interface of the assumed sinusoidal wrinkle and minimising with respect to the

undulation amplitude. The model contains a number of assumptions and is based

on the voltage profile for a given electrode width and gap being calculated as a

Fourier series expansion[1] which is then used to calculate the dielectric energy.

The data is consistent with the scaling predicted by the derived model. This
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model does provide a good basis for future designs in that it correctly identifies

the dependencies of particular parameters of the device such as the dielectric

constant or surface tension of the interface.

The shape of the surface undulation has also been seen to be non-sinusoidal

under certain conditions. Higher order harmonics in the spatial components of

the electric field become more significant closer to the surface of the electrodes.

These harmonics have been preliminarily examined in the surface shape of a thin

layer of hexadecane and their exponential decay with increasing thickness of oil

has been shown the ratio of these components to each other has also been shown

to be independent of the voltage in the same hexadecane layer. It is uncertain why

the spatial harmonics of the electric field are more prominent in hexadecane which

has a lower dielectric constant than 1-decanol. It may be that the development of

the higher order spatial harmonics in the surface profile of the oil layer are time

dependent and the lower dielectric constant of the hexadecane allows the higher

order harmonics to develop in the surface profile. The higher dielectric constant

of the 1-decanol, however, causes the oil to react to the electric field much faster

and as such does not allow sufficient time for the higher order harmonics to in

the surface of the layer. In order to verify a time dependence on the development

of the higher harmonics it may be possible to use a high speed camera to film

the surface profile as the electric field is switched on. This would allow the time

development of the surface profile to be seen.

The device has also been demonstrated as an amplitude programmable diffrac-

tion phase grating. Using a device with an 80µm pitch it was possible do diffract

the light of the incoming beam of a 543nm green laser from the zero order into the

higher order diffraction spots, whilst at the same time using a 632.8nm He-Ne

laser in an interferometer to measure the amplitude of the ripple. By varying

the voltage applied to the electrodes it was possible to vary the intensities of the

various order spots and although the characteristics of this intensity variation did

not fit with theoretical prediction for a thin sinusoidal phase grating[85], it did
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show the viability of the device as a phase grating.

By operating the device in reflection it was possible to reduce the amplitude

of the ripple required for the same intensity variation in the diffraction orders

and this was achieved by replacing the transparent dielectric layer with a dielec-

tric stack which was transmissive to the He-Ne laser of the interferometer and

reflective to the green laser used for the diffraction tests.

For a device operated in transmission, with a pitch of 10µm, the characteristics

of the change in intensity of the various diffracted orders was shown to follow the

theoretical predictions using the Frounhofer approximation for a thin sinusoidal

phase grating [85] and the intensities of the diffraction orders was also shown to

exhibit a dependence on the amplitude of the undulation which matched closely

with a Bessel function of the 1st order. 32.8% of the incident light was diffracted

into the first order which is very close to the theoretical value of 33.8% [85].

A preliminary investigation of the switching characteristics of the device was

performed by applying a 20kHz square wave which was switched discontinuously

between a high voltage and a low voltage by modulating with a second 200Hz

signal. The high and low voltages where chosen such that they switched the first

diffracted order from its minimum to its maximum intensity. The switch and

relax times for three different thickness of oil were shown to be 35µs, 40µs, and

49µs for switching and 79µs, 89µs, and 108µs for relaxation at oil thickness’s of

20µm, 18µm, and 14µm respectively. This combination of properties in a single

device is significant compared with existing technologies based on, for example,

birefringent liquid crystals[15, 116], electro-optic or acousto-optic modulators[8,

117], or deformable polymer layers [118].

7.2.1 Future Work: Dieletrophoretic Phase Grating

The device in its current incarnation is a single fluid device and is thus restricted

in its orientation due to gravity. It is possible that this type of undulation could
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be produced at the interface between two density matched liquids. For example

oil and water in an encapsulated device[119]. This approach has previously been

used in variable focus lenses which produce devices which can be used in any

orientation and are also resistant to mechanical shock and vibrations[5, 120].

The disadvantages of this approach is that there is a smaller difference between

the refractive indices of the two chosen liquids which would probably be smaller

then the difference between oil and air. Therefore the amplitude of the undulation

would need to be several times bigger than that currently required in order to

produce the same diffraction efficiency. Also, adding a second liquid to the system

would change the inter facial tension of the two liquids. Since the model shows

an inverse proportionality, any increase in inter facial tension would reduce the

ripple amplitude and thus raise the operating voltage. Also the model does not

take into account changes in the electric field introduced by the oil-air interface,

as such only the dielectric constant of the oil is taken into account. A second

liquid in the system would introduce a change in the electric field with a second

dielectric constant and it is unsure how this would affect the amplitude of the

ripple.

The physical properties of the oil could be selected to optimise the performance

of the device. A list of the various properties of oil is given in table 7.1. It has

been shown that in order to maximise the amplitude of the wrinkle an oil with

a higher dielectric constant and a low surface tension must be used. If an oil

with higher refractive index is used then this would in turn reduce the amplitude

required for maximum diffraction efficiency. In order for the device to switch

quickly in response to step changes in the voltage the oil used must also have

a low viscosity. There are obviously compromises in selecting the right type of

oil with the right physical properties i.e. it is colourless, does not evaporate too

quickly and is also relatively non-toxic. If refractive index matching [121] oils are

polar and have dielectric constants larger than the square of the refractive index

then they make promising candidates although some have colouration which may
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7.2. Dieletrophoretic Phase Grating

limit the operating wavelength.

It is also unclear how the scaling of the device will affect the dynamic switching

time. It may be possible to reduce the switching time in higher electric fields as

the electrodes become smaller.

The surface could be configured as a liquid mirror [122, 123] by doping with

silver nano particles[124, 125] or the addition of self assembled Janus tiles[126].

This would not only eliminate the unwanted diffraction from the electrodes but

would also lower the operating voltage by effectively halving the ripple amplitude

required for a specific optical path difference. This would also negate the need

for high refractive index difference in a the fluids in a two fluid device.

The demonstration of more complex non-sinusoidal surface undulation profiles

suggests the possibility of producing aperiodic or arbitrary surface profiles using

independently addressable electrodes.

.
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