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Abstract

This thesis describes research to produce variable focal length microlenses by immers-
ing refractive photoresist microlenses in a layer of nematic liquid crystal. The nematic
liquid crystal has an electrically controllable refractive index in one polarisation, and
therefore, the focal length of the lensing interface formed between the refractive mi-
crolenses and the liquid crystal can be voltage controlled.

Various designs of microlens cells have been fabricated, the first design had a focal
length of f = —910um at OV, oo at ~1.5V and 560um at 10V for a lens diameter of
100pm and f = —1660um at 0V, co at ~1.5V and 1100um at 12V for a lens diameter
of 150pm. This original design microlens had a usuable tuning range limited to 4V and
above (plus 0V) due to large aberrations caused by the liquid crystal structures.

The lenses’ phase aberrations have been studied in a Mach-Zehnder interferometer.
The first design (150um diameter) had aberrations ranging from an RMS value of 0.18)\
to 0.55A at 632.8nm, peaking at around 2V. The peak in aberration of the original
design was partly due to voltage being dropped across the dielectric of the photoresist.

Microlenses, with an electrode on top of the photoresist, were fabricated to improve
on the aberration performance of the original design. This “electrode on top” design
of microlens had a focal length of f = —1600um at 0V, oo at ~1.5V and 1450um at
8V for a lens diameter of 150pum. The electrode on top microlenses did not have the
large aberrations of the original microlenses and, hence, their usable focal length range
was not limited in the same way. The electrode on top design had an RMS aberration
ranging from 0.071A to 0.19X without the peak of aberrations of the original design.

A 1-D Deuling model for the liquid crystal structure has been used to analyse the
phase aberrations of the lenses. Deuling’s analysis has been extended to deal with asym-
metric pretilt at the surfaces and a computer program has been used to model columns
of liquid crystal across the microlens. The resulting phase profiles are qualitatively the
same as the aberrations measured for the two spherical lens designs.

The liquid crystal structure has been investigated by inspection in a polarising micro-
scope, modelling of the liquid crystal and fabrication of simpler cylindrical microlenses.
Using the microscope, it was seen that liquid crystal walls, disclinations and twist oc-
cur on the original design of microlenses. The walls’ structure has been described as a
combination of bend and twist of the liquid crystal directors. A structure for the liquid
crystal after the walls have disappeared has been suggested with a twist of the liquid
crystal being due to the fields inclined to the normal in the cell. The occurrence of wall
structures has been reproduced in a 2-D finite element model of the liquid crystal which
was also used to predict a design with reduced walls. This design, with a strip electrode
opposite to the microlens, was fabricated as cylindrical microlenses and was found to
agree with the model’s predictions. However, additional walls occurred for conditions
outside those which could be modelled. The final design of microlens with the electrode
on top of the photoresist produced no walls in the liquid crystal and a reduced degree
of twist, as well as the reduced aberrations.
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Chapter 1

Introduction

1.1 Aim and motivation

This thesis describes research to produce variable focal length microlenses. Microlenses
are simply small lenses (< 1mm), there is nothing absolute which divides microlenses
from more traditional lenses. One reasonably clear distinction is that microlenses are
often formed and used in arrays. In this report, microlenses are combined with liquid
crystal to give a focal length which can be electrically controlled.

500 million years ago some of the earliest microlens arrays known to man were being
created. These lenses were part of the imaging system of animals we know as trilobites
[Lan97b]. This same imaging system is quite possibly the most abundant technique used
for imaging on Earth today as it is used in the eyes of insects. Despite this prevalence,
it is not known what benefit these animals derive by using microlens arrays instead of
single lenses [Lan97a].

People started producing microlenses at least 2 or 3 centuries ago. Robert Hooke
melted the ends of thin strands of glass so that surface tension would form a lens (very
similar to fibre microlenses 3 centuries later) and then he separated the lens and polished
the other side flat [HDS91a). In more recent years, the rise of optoelectronics has created
a need to fabricate smaller optics in order to produce more compact systems and, thus,
has given rise to a new field: micro-optics.

Recently, microlens fabrication has improved significantly in quality and reproducibil-
ity which makes them attractive for applications where previously they had not been
successful [HDS91a]. Now they are used variously in photocopiers [BMBMS85], lithogra-
phy [Man96], laser beam formers and collimators [HDH97], CCD’s [vMC93], SLM/TV’s
[CP96], optical wavefront measurement [SD95] and fibre couplers [BL93]. These are just
the more successful applications known to the author, many others have been proposed.

New possibilities for applications open up if the focal length of the microlens can be
varied. Some are improvements of current uses of microlenses, eg to simplify scanning
in a confocal microscope. Others are entirely new uses, eg. DVD read optics. Since
lenses and microlens are widely used, it is imagined that if variable focal length lenses
could be developed and successfully applied then their availability would encourage
adaptations for many other fields. Potentially, the technologies could be cheap (with
mass production) by combining plastic molded optics and the technologies used for
simple LCD displays (as in a digital watch). Alternatively, higher tolerance (but more
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1.2. DESIGN OVEBVIEW

expensive) systems are also envisaged using glass and either a temperature controller or
a feedback system to the voltage controller to provide a more stable device.

1.2 Design overview

The design of the microlenses described in this thesis is attractive because of its sim-
plicity. The technology of fabricating photoresist microlenses has matured in the last
decade. Many groups have reported diffraction limited lenses achieved with a few itera-
tions of the photoresist processing to “iron out” problems and to optimise the thicknesses
and other processing parameters. Once the processing technology has been mastered,
it is very simple to add a liquid crystal layer and thus to be able to modulate the liquid
crystal lens focal length. The basic concept is shown in figure 1.1.

- Photoresist
microlens

Liquid crystal "
(voltage controlled
refractive index)

Figure 1.1: Basic concept of variable focal length microlens

Clearly, electrodes are required in order to apply voltages to the liquid crystal and
these must be transparent. Fortunately, glass is readily available with transparent elec-
trodes already in place for displays. Thus, the microlenses are formed on these sub-
strates.

The big difficulty in fabricating high quality lenses is achieving uniformity in the licp
uid crystal. The liquid crystal refractive index is dependent on the molecular orientation
so distortions of the structure significantly reduce the quality of the focus.

1.3 Layout of thesis

This thesis describes the basic design of the variable focal length microlenses, their
optical quality and the liquid crystal structures which give rise to the optical properties
seen. It starts by introducing relevant aspects of liquid crystal (chapter 2), in particular,
optical phase modulation, Deulings 1-D model and liquid crystal alignment and then
there is a review of research on microlenses and variable focal length lenses (chapter 3).
Following on from those chapters is a chapter on the design of the microlenses and other
possible variable focal length microlens designs (chapter 4) and then a description of
the measurements done on the microlenses (chapter 5). Next there are the experimental
results (chapter 6) including some of the many photographs taken on the polarising
microscope of the liquid crystal structures, after which, there is a chapter on numerical
modelling of the lens properties (chapter 7). Finally, there is a discussion chapter
(chapter 8) followed by suggestions for further work (chapter 9).



Chapter 2

Liquid crystals

2.1 Introduction

Liquid crystals are central to the devices described in this thesis being the element which
introduces the variability of optical phase. Since the body of work dedicated to them is
far too great to review, this chapter will introduce and review aspects of liquid crystals
relevant to the devices. There are many types and configurations of liquid crystals used
in devices and in section 2.2, some of the more commonly used materials are considered
from the point of view of optical phase modulation. In section 2.3, the technique used
in the modelling of liquid crystal structures is considered. Finally, in section 2.4, the
techniques available for liquid crystal alignment are discussed.

2.2 Optical phase modulation with liquid crystals

2.2.1 Nematic liquid crystals

Probably the most common type of liquid crystal currently used in devices is the ne-
matic. Their prevalence is due to their application in digital watches and, more recently,
laptop computers. The characteristics that make nematic liquid crystals used in dis-
plays attractive to the manufacturers of consumer goods is their low power consumption,
cheapness and compactness [Pan80]. These same characteristics are attractive for many
other applications.

The lower power consumption and small bulk are a result of the large electro-optic
response of the materials. The large electro-optic response gives these same character-
istics in optical phase modulation devices (which is what they are being used for in
this research) as for displays. A nematic liquid crystal can produce a refractive index
change of up to én = 0.3 with with 8V applied (the liquid crystal gives a voltage de-
pendent result not electric field dependent-see section 2.3) which gives an optical path
difference of 3pum for a 10um layer. To compare with a solid crystal, K D* P - a material
used in Pockels cells - has an electro-optic coefficient, rg3, of ~ 23.3 x 1072m /V thus,
for a crystal in a field of 5kV/mm, the length required for an optical path difference
of 2pm is lem [Hec87]. The solid crystals have the advantage of much faster response
times than nematic liquid crystals, for a typical display configuration (Twisted Nematic)
liquid crystals have a response time of 10’s of milliseconds whereas solid crystals can
respond in the order of nanoseconds. However, the solid crystals are generally much
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2.2. OPTICAL PHASE MODULATION WITH LIQUID CRYSTALS

more expensive; the price for a 3 X 3 x 40mm bar of Cadmium Seleiiide (anti-reflection
coated) is ~$1,GOG—$1,5GG[Cle97] whereas 5g of liquid crystal E7 (standard mixture),
enough to fill IGG cells (25mm x 25mm x 27pm), costs ~£7G-£8G [Mer97].

The large difference in electro-optic effect is due to the different mechanisms by which
the effect is achieved. The Kerr and Pockels effects are caused by deformation of the
electronic structure of the materials [YY84]. The Kerr effect is also observed in liquids
where the change in refractive index is attributed to a partial alignment of anisotropic
molecules by the E-field. In liquid crystals, however, the molecules are already mutually
aligned and what takes place is a change in the orientation of alignment, rotating towards
(or, in some cases, away from) the applied field. It is the combination of molecular
alignment and ability to reorientate which give liquid crystals their large electro-optic
response.

Molecular structures

The molecules of nematic liquid crystals used in this thesis have the general form [KW93]
shown in figure 2.1. The molecules are elongated and are often described as rod shaped
(N.B.: in this thesis, the liquid crystal directors (see below) will be drawn as rods not
the molecules - see figure 2.2).

RYE-X0"R'
Figure 2.1: The basic structure of a class of ueiuatic li(;uid crystal molecules. R and R are side
chain groups and X is a linking group, the three are linked by 2 aromatic rings.

As the name implies, liquid crystals are liquids with some of the properties of crystals.
In particular, they retain some of the ordering of crystals. Nematic liquid crystals have
the lowest degree of order of the various known liquid crystal types; their molecules
are not randomly orientated but, on average, are aligned in a particular direction. The
average direction of the molecules is called the director and is denoted by n. A schematic
of the molecular arrangements is shown in figure 2.2, with the directors drawn as a rod
(as will be used for the rest of this thesis).

-0-0x
00x.:
-0
In|=0
(a) Molecular crystal, orien- (b) Nematic, orientational (c) Isotropic, no order-
tational and lattice ordering ordering ing

Figure 2.2: Change in order in a nematic liquid crystal in the crystal, nematic and isotropic
phases. The orientation and size of the directors, n, are shown underneath.

Going from the crystal to the nematic state, the positional order (lattice structure)
is lost and the orientational order is reduced. Then from the nematic to isotropic state
the remaining orientational order is lost.

The degree of order varies not just between states but also within the nematic state
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itself, depending on the temperature. The degree of order is measured by the order
parameter, S, and is given by the equation:

S= <(‘°’C°‘°’2+'1)> (2.1)

where « is the angle between the molecules at a given instant and the director orientation
7 [Col90]. S will be 0 for a randomly aligned material (isotropic) and 1 if all the molecules
are parallel to the director. Typical values for the order parameter start at 0.9 above
the solid-nematic transition temperature down to 0.3 when the temperature has risen
to just below the nematic-isotropic transition.

The ordering of the liquid crystal is local; it does not prohibit fluctuations of the
director over distances much larger than the molecular dimensions. Changes of director
orientation occur, typically over distances of a few microns [De Jeu80]. The distortions
of the director can be described using a continuum theory with elastic coefficients deter-
mining the forces acting between neighbouring regions of liquid crystal (see section 2.3).

In figure 2.2, the director orientation is denoted by a vector but where the 7 and
—n states are indistinguishable. If the molecules have a permanent dipole, then there
are equal numbers in the two orientations and their effect cancels out. If such polar
molecules are splayed then a net dipole can result (which is known as the flexoelectric
effect) [dP93].

The reorientation of the director in an electric field does not come from a response
by the material’s permanent dipole since it has none. Instead, it occurs because of the
anisotropic polarizability of the liquid crystal which results in a dielectric anisotropy,
Ae. In the case of materials with a positive dielectric anisotropy, Ae(= ¢ — ¢ 1) >0,
the dielectric constant parallel to the director (e)|) is larger than the dielectric constant
perpendicular to the director (e;). The liquid crystal is then in a lower energy state
when aligned to an electric field, and thus they can be aligned by one.

To wield complete control over the director orientation, it is also necessary to be
able to rotate the directors away from the direction of the applied field. Fortunately,
the ability to do this is easily supplied by the interaction of nematic liquid crystals
and a substrate or substrates. Surfaces can be treated so that liquid crystal in contact
with them will align with a defined orientation with respect to them (see section 2.4).
This area of liquid crystal will then align surrounding areas thereby reducing elastic
distortion.

With 2 surfaces close together and a thin layer of nematic liquid crystal between
them, the aligning effect of the surfaces is sufficient to align all the liquid crystal directors
parallel to the surfaces. If an electric field of sufficient strength is applied in a different
direction then it can distort the director orientations but, when the field is released, the
directors relax back to be parallel to the surfaces. These two effects provide a mechanism
(suitable for devices) for controlling the liquid crystal orientation, but the next question
is - how does this produce optical phase modulation?

Optical properties

Liquid crystals, as used in this thesis, do not, strictly, have a controllable refractive index,
rather, the refractive index they present to incident light is controllable. The refractive
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index change is possible is possible because the liquid crystals are birefringent. The
majority of known thermotropic nematic liquid crystals, including the liquid crystals
described in this thesis, are uniaxially birefringent. For a birefringent material, the
effective refractive index depends on the angle of the incident light in relation to the
material orientation. A more detailed description is given below starting with the optical
properties of uniaxially birefringent materials and then moving on to properties specific
to liquid crystals.

A uniaxially birefringent material has two refractive indices which is manifestly
demonstrated by the formation of a double image of an object when observed through
a birefringent material [Hec87] (although this effect would be difficult to see in the case
of a liquid crystal, due to the small effect of thin layers). In fact, birefringence simply
means doubly refracting. The refractive index that light encounters in a birefringent
material is dependent on its polarisation, thus, the two images seen are in orthogonal
polarisations. ' These two refractive indices are called the ordinary and eztraordinary
refractive indices.

The polarisation directions of the images are defined by the optic axis of the material
(fixed relative to the director in a liquid crystal). For a positively birefringent material,
the larger, extraordinary refractive index, n, is encountered by the polarisation which
is parallel to the optic axis. If a light wave is incident on the liquid crystal travelling
along the optic axis then there will be no component of polarisation parallel to the
axis and only the lower, ordinary refractive index, n,, will be encountered. These two
possibilities are illustrated in figure 2.3.

Of course, the possibilities shown in figure 2.3 are 2 special cases. In general, the
light can come from any angle in which case the refractive index, n., encountered by the
polarisation which is co-planar with the optic axis is a projection of the extraordinary
refractive index into the polarisation direction. This is shown in figure 2.4.

It is clear from the above discussion that the refractive index, and hence optical
phase, is only being varied in one polarisation. To calculate the value of the refractive
index for a particular angle of incidence, a construction can be used called the index
ellipsoid. The index ellipsoid is a surface given by the equation [KW93):

2 2 2
LS S (2.2)

where ¢ is an axis coaxial with the director and 7 and ¢ are axes orthogonal to ¢ as
illustrated in figure 2.5.

The direction of the incident light beam defines a plane which cuts through the
ellipsoid forming an ellipse at their intersection. The two principal axes of this new
ellipse are n; and n,, as is shown in figure 2.6.

The value of n, is dependent on the angle, ¢, between the incident ray and the
director and is given by the formula [KW93]:

I sin? ¢ + cos? ¢
ni  n n

(2.3)

Liquid crystals differ from solid birefringent materials in that the orientation of liquid
crystal can easily and non-mechanically be changed. It is the dependence on orienta-
tion of n; coupled with the ability to control the liquid crystal director orientation
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Polarisation component
encounters extraordinary
refractive index,n. —

Lightwave

Poiarisation component
encounters ordinary

Orthogonal refractive Index.n.
polarisation
components

(a) Lightwave polarisations encountering extraordinary and ordinary re-

fractive indices

Both polarisation components
encounter ordinary
refractive index, n,,

Lightwave

Orthogonal
polarisation
components

(b) Lightwave polarisations encountering ordinary refrac-
tive index only

Figure 2.3; Two possible refractive indices encountered by a lightwave depending on its angle
of incidence relative to the optic axis/director
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Polarisation component encounters
reduced extraordinary
refractive index, m

Lightwave
v,

Polarisation component
encounters ordinary
refractive index, n,,

Orthogonal
poiarisation
components

Figure 2.4: Lightwave incident from arbitrary angle encounters refractive index iix which is
between rig and rig.

Linearly polarised
lightwave index
ellipsoid

Figure 2.5: Lightwave incident from arbitrary angle upon the index ellipsoid.

which means that, liquid crystal materials can be used as a controllable refractive index
medium.

As mentioned previously, the liquid crystal refractive index can only be varied for one
polarisation of light, the one parallel to the long axis of the ellipse, n”. It is, therefore,
up to the designer of a device for optical phase modulation to make sure the light is
appropriately polarised. However, in some of the cases investigated later in this thesis,
it is not practically possible to have the light polarised parallel to the rix axis. Also, it
can sometimes be instructive to arrange the polarisation otherwise to see birefringence
effects. Thus, further consideration follows of the more general case.

Birefringence fringes

The incident lightwave polarisation will not in general be parallel to the Uxr axis but
will be at some angle 9 (a linear incident polarisation is shown but the same analysis is
valid for any polarisation). To calculate the effect of a uniaxial biréfringent material, the
lightwave is split into 2 components, one. Ex, parallel to the 7ix axis and the other, EQ
parallel to the ordinary axis, Up . These two components are then treated separately
and then recombined as they leave the material. The only change between the two
components is their phase difference. The phase difference between the two beams is
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Plane cut
through
Lightwave index ellipsoid
(linearly polarised)
Ellipse

Figure 2.6: Lightwave direction defines a plane which then cuts through the index ellipsoid.
There is an ellipse at the intersection of the two surfaces with principal axes and Uo.

given by

241X —n,, )d
A

phase difference = 2.4)

where d is the thickness of the material and A is the wavelength of the light. The
resultant lightwave then includes a term for this phase difference:

27¢ (k J. - Tip)ti .

E,re.suitani = (25,

This erpiation represents a new polarisation which is not necessarily linear, and is,
in fact, in general elliptical. There are a couple of special cases worth mention. If
the phase difference is tt (i.e. a half wavelength) then the resultant polarisation will
be linear (assuming linear incident polarisation) but at a new angle rotated from the
original polarisation by twice the angle between the incident polarisation and either of
the ellipse axes. Biréfringent materials are often fabricated to meet this specification
and are called half waveplates. The second special case worthy of note is the when the
phase difference is | which produces circularly polarised light (if 9 = 45°). Such a
configuration is often called a quarter waveplate.

To convert the change to an intensity modulation (in order for an observer to see the
effect), a polariser (often called the analyser to distinguish it from the input polariser)
has to be introduced after the liquid crystal layer, as is shown in figure 2.7.

With a polariser in place, the intensity of the light. I, will then vary according to
theta, the angle of the ordinary axis to the input polarisation orientation, and %, the
angle between the polariser and the input polarisation orientation [BWS80]:

/ = /o cos X- sin26sin2(" - %)siiT A 2.G6)

where /9 is the intensity of the original input beam, polarised at 9.
Due to the dependence of the intensity on the material thickness, d, and refractive
index, interference fringes will be observed if either of these quantities vary across
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Linearly polarised Polariser
lightwave

Figure 2.7: Introducing a polariser after the liquid crystal in order to see the effect of the
polarisation change.

the sample, provided that the input polarisation is not parallel to either rio or iix {9/
“where mm = 0,1,2...). These fringes are called birefrinyence fringes.

In the above calculations, the optic axis orientation was assumed to be uniform
through the thickness of the sample (or rather along the path of the light). For liquid
crystals, however, it is common for the director orientation (and hence the optic axis)
to vary through the sample. Often a licpiid crystal cell will be produced so as to induce
a twist of the li(piid crystal. This situation is considered below.

Twisted nematics

If there is a distortion of the director whereby it rotates towards or away from the light
propagation direction {i.e. in figure 2.6, 4 varies through the cell) then the effect is
simply a reduction or increase of birefringence. If, however, director twists around the
propagation direction, then the calculation is significantly more complex. The resulting
affect on the transmitted light depends on the rate at which the director twists. The
rate of twist is defined by the pitchy p, which is distance required for one complete
revolution (360°) of the director. If the pitch is equal to the wavelength then one
circular polarisation will be reflected and the other transmitted. The liquid crystals
which do this called cholesterics and will not be further discussed here. The regime
relevant to this work is the Mauguin limit. The Mauguin limit is defined the region
where the wavelength is much less than the pitch-birefringence product, i.e. [dP93]:

A pz- W 2.7)

In this regime, the polarisation components are guided by the liquid crystal following
the twist. The two components still emerge with a phase difference as in equation 2.4
thus, in general, the emerging polarisation will be elliptical. However, if linearly po-
larised light is incident parallel to either or then it will emerge still linearly
polarised but rotated by the same angle as the twist.

2.2.2 Ferroelectric liquid crystals

Ferroelectric liquid crystals have been used for optical phase modulation for a number
of years since they are commonly used in spatial light modulators (SLM?’s). These
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ferroelectric liquid crystals have a permanent dipole (unlike the nematics described
previously). They became popular after the invention of a configuration called the
surface stabilised ferroelectric liquid crystal or bookshelf geometry [KW93] which enabled
displays to be fabricated using ferroelectrics. The interest is in part caused by faster
switching times of this configuration as compared to twisted nematics. A liquid crystal
display (LCD) using a ferroelectric can have switching times between 1-1000 times faster
than a nematic LCD [Col90].

The speed of the ferroelectrics is much more attractive for phase modulation devices
where it is not simply the human eye which determines the desired speed. The drawback
of ferroelectrics, both for LCDs and for phase modulation is that they are binary.

The ferroelectrics used in the surface stabilised configuration are in the smectic C*
phase, different from the nematic phase described in the previous section. The smectic
C phase is one of a group of phases known as smectics.

Smectics are distinguished from nematics in that they are more ordered. Whereas
nematic liquid crystals have only orientational ordering, smectics are orientationally
ordered and positionally ordered as well. The smectic C phase is ordered in layers with

the orientation inclined to the layers (see figure 2.8).

n
Figure 2.8: Three layers of the smectic phase with their directors, i/, shown underneath

The phase used in the devices is the smectic C* phase, a modification of the smectic
C phase. The is there to indicate that a chiral dopant has been added to the material.
The chiral dopant has the effect of causing the director to rotate around the normal to
the layers such that the directors follow a helix as shown in figure 2.9.

Figure 2.9: Smectic C* phase, its directors rotating around following a helix

To produce the surface stabilised configuration, the smectic C* liquid crystal is placed
between two narrowly separated glass substrates. As with the nematic, the smectic
liquid crystal is aligned by the surfaces such that it lies parallel to them, however, this
is clearly not compatible with the helical rotation of the director. The result is that
the liquid crystal can lie in two positions, the two orientations which are parallel to the
surfaces, and still lie on the cone of orientations which follow the helix (see figure 2.10).
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Helix axis
Permanent 2.
diPo'es Vsubstrate
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Figure 2.10: Director’s cone of orientation restricted to 2 orientations

As can be seen from the figure, the permanent dipoles are orientated perpendicular to
the director and, in the surface stabilised configuration, perpendicular to the substrates.
This provides a mechanism for switching between the two states, since the dipole will
orientate towards an applied held. Thus, a DC held will switch the directors.

The explanation above shows that the structures are bistable and hence the display is

binary. It only remains to describe how the switching produces an optical phase change.

Modulation of light

The devices are optimised for amplitude modulation, i.e. as used in displays, and this
use will be described hrst. The devices depend on the rotation of polarisation due to
the licpiid crystal birefringence. As with the nematic devices described previously, the
ferroelectric licpiid crystal is uniaxially biréfringent. The device is set-up (through the
choice of cell thickness and material birefringence) such that normally incident light with
its iiolarisation vector at 45° to the director, will result in an output polarisation rotated
by 90° to the input. The director is at an angle (called the ame o.ngle, figure 2.10) of
ideally 22.5° (the angle depends on temperature) to the helix axis such that by switching
the licpiid crystal, the director rotates through 45°. Thus, if the director started at 45°
to the incident polarisation then, after switching, it will be at 0° or 90°. In both cases,
the licpiid crystal will have no affect on the light polarisation direction.

For phase modulation, the polarisers are in a different configuration. To achieve
phase modulation, the configuration uses the fact that one rotation of a linear polari-
sation through 180° is ecpiivalent to a phase change of 180° (or tt). The iiolarisers are
crossed, with the input polariser parallel to the helix axis. In this configuration, either
of the director orientations will alter the resultant polarisation of the output. Both jio-
larisations will be elliptical but with the major ellipse axes tilted in opposite directions
away from the original input. The 2nd polariser then cuts out the component parallel to
the input but leaves the two possible orthogonal components, which are «t out of phase
with each other. The device reduces the intensity of the two components by an ecpial
factor depending on the cone angle and the optical retardation [BNPY92]. The device
is inherently binary which renders it unsuitable for continuously variable optics.

Deformed helix ferroelectrics

An adaptation of the surface stabilised configuration, which can produce multi-level
phase is called the deformed helix ferroelectric. This is basically the same configuration
but with weaker surface alignment and a much smaller pitch. The result of these changes
is that, with no voltage applied, the helix is unaffected by the surfaces [FS89]. As the
voltage is applied, however, the helix unwinds so that, at a critical voltage, it has the
same structure as the surface stabilised configuration.
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Optically, the difference between the wound and unwound helix is a difference of
birefringence. The helix is wound tight enough that it is not resolved by the light and,
thus, encounters the average birefringence. This average birefringence varies with the
unwinding of the helix. Using this configuration, beam-steerers and tunable wavelength
filters have been demonstrated [WVO+92, CDC96].

It is difficult to get good quality alignment in deformed helix ferroelectrics and this
has stopped the widespread application of this configuration in devices [KW93].

2.2.3 Polymer dispersed liquid crystal

Another liquid crystal arrangement which is used in displays is polym.er dispersed lig-
uid crystal (PDLC). This also can be modified for use as part of an adaptive optical
phase element [TNS+95]. PDLC has the advantages of being faster than nematics and
insensitive to the light polarisation.

PDLC is not a new phase like smectic or nematic, simply a different way of packaging
the liquid crystal. The liquid crystal part of the devices described below are, in fact,
nematics.

Conventionally, PDLC devices are made as electrically controllable scatterers [Mer92a].
The scattering is due to the refractive index difference between a licpiid crystal and the
surrounding matrix of polymer as illustrated in figure 2.11. The licpiid crystal droplets
are randomly orientated (though within each droplet there may be an ordered structure)
without any electric field. When a field is applied, the liquid crystal directors rotate
towards it such that they present a uniform refractive index to the incident light. If this
refractive index is the same as the surrounding polymer then the medium is optically
homogeneous and transmits light.

Applied
field

IncidenrL Incident
light light .
Transmitted
* Scattered light
light
~dfoplet ~ “polymei

(a) The liquid crystal crystal refrac- (b) With a held applied the liquid crys-
tive index, with its randomly ordered tal droplets are uniformly aligned and
directors between droplets, is different so for the normally incident light there
from the surrounding polymer, thus the is no refractive index difference between
droplets scatter light droplet and polymer

Figure 2.11: PDLC arranged as an electrically controllable scatterer

PDLC’s thus have applications in displays and as light shutters for privacy or day-
light control [MLES91]. However, they can also be used to give phase modulation, for
example to create a switchable selective reflector using a Bragg grating [KKTS97]. This
is achieved by using smaller droplets (O.lgm instead of 2 —4/rm).

In either display or phase modulation devices, the droplets can be produced optically.
The basic mechanism of formation is as follows; UV curable monomer and liquid crystal
are mixed together in the desired ratio, then the monomer is UV cured so that it forms
a polymer. The liquid crystal is not soluble in the polymer, unlike the monomer, and so
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as the polymer is created, the liquid crystal comes out, forming droplets. The droplet
size is determined by the rate of polymerisation, the relative concentrations of materials
and the materials used [DGW'*SS]. A faster cure gives smaller droplets. In the case of
the Bragg grating mentioned above, an Ar~" laser was used for curing which was split
into two and interferred in the monomer to create the grating structure.

Sutherland et al have fabricated holograms and diffractive optical elements with
PDLC [TNS”95]. These they fabricated using a pre-polymer suitable for a high reso-
lution optical recording [SNTB93], however, since the material was optimised for high
spatial frequencies (due to the diffusion/polymerisation process) they needed to add
a high spatial frequency where there were only lower low frequencies present (eg. a
diffractive lens) [DCG+96].

2.3 Modelling of nematic liquid crystal

2.3.1 Deuling’s analysis

Models of licpiid crystal devices have been developed based on the continuum theory
of licpiid crystals (for example see references [Ber83], [Deii72] and [DFDD96]). These
models deal with varying degrees of complexity from 1-D untwisted structures to 3-D
time resolved structures. The continuum theory does not deal with individual molecules
but instead treats the liquid crystal as an elastic continuous medium. Because the licpiid
caystal is anisotropic, the elastic coefficients are as well. Distortions are commonly dealt
with in terms of three elastic c:oefficients for splay, twist and bend (see figure 2.12).

(a) Splay, fon (b) Twist, &2 (C) Bend, /G3
Figure 2.12; The three director deformations with their corresponding elastic coefficients

However, the work reported here is designed to use untwisted nematic structures and
thus fortunately the model is simpler. A model of the deformation of the nematic liquid
crystal due to an electric field (in 1 dimension) has been developed by Deuling [Deu72]
and is presented here.

The licpiid crystal is described by its director, n, as a function of position, r. The
licpiid crystal is assumed to be contained in a cell of two parallel substrates separated
by a distance d; the axis normal to the substrates is defined as the z axis with licpiid
crystal/substrate interfaces being located at z = 0 and z — d  The liquid crystal
is aligned homogeneously, i.e. the molecules lie in the plane of the cell with no field
applied, and the tilt, 0, of the liquid crystals refers to the angle of the director with
respect to this plane.

The equilibrium liquid crystal tilt profile will occur when the free energy is min-
imised. The expression for the additional free energy (due to the distortion of the
crystal structure) at any point r is:

AF = MNA-SI[V.7IE)]N + £2[fi(z:)-V An(r)]* + A33[A(C) AV An(r)]* - D.E - H.B |
(2.8)
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z/d

Figure 2.13: Parameters used to describe liquid cell in the model

where Aqi, A2,733 are the splay, twist and bend elastic coefficients respectively and n is
the licpiid crystal director.

In this case the molecules all lie in the X, z plane (z being the direction through the
cell and x being one of the axes in the cell (the rubbing direction). There is no twist so
the k-2 term is zero.

(2.0)

Also & =0 (defining 4to be the tilt angle of the molecules out of the x, y plane)

fi = Lx'x + Z/zZ, where L™ = cos 0, L™ =sin0 (2.10)
so that
(2.11)
and
(r) AV An(r)]'" = sin® (2.12)

There is no magnetic field applied so the iL-B term is zero. The D.E term is ecpial
to EzDz but since the liquid crystal is dielectrically anisotropic £z depends on the tilt
of the liquid crystal molecules. With the electrodes on the substrate surfaces

D —D"z (2.13)
and
Dz = €oEz{eu sin® 0 + c1cos™ 4 (2.14)
= €oetEz{l + ysin”" ¢ (2.15)
wliere 7 = - = -
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Substituting these equations into the free energy equation and integrating over the
whole cell, we get:

AF = / AFdV (2.16)
14

A [ don 2 don 2
:5~/0 (k110052¢(‘£) +k3asin2¢(£) ”CoEJ_Ef(l*i-’)/SianS)dz

(2.17)
The Euler-Lagrange theorem states that for an integral I of a function G:
b
d
I= / Gluz), P2 i (2.18)
a dz
the integral will be minimised when
0G d [ 0
= _ = _dG =0 (2.19)
Oy dz ()

This equation can be very useful when the integral, I, gives the total energy of a
system, as then the ‘minimum’ of the integral is also the equilibrium condition. Thus,
the equation for the minimisation of free energy is:

A(AF) d [O(AF)\
Frai E( 8(%?) ) =0 (2.20)
where AF is:
kq1 cos? ¢(%>2 + kg3 sin® 4)(%)2 — eoelEf(l + y sin? o) (2.21)

Substituting in this expression, the equation becomes

: d? : dp\ 2
2(ks33 sin? ¢+ k1 cos? d))—f + 2(k33 — k11) sin ¢ cos ¢<—¢) = —27eoeLEf sin ¢ cos ¢
dz dz
(2.22)
multiplying by a %? integrating factor and rearranging:

d : dp\2? d vD?

—~(k11(1 2H(=L))y= = z .

dz( n(l+smsin ¢)(dz) ) dz(eoeL(1+’ySin2¢)2) (2.23)

where Kk = &33,%11

Thus, integrating gives
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a)"_ D
dz/  epep (1 + ysin® ¢)2

k11 (1 + ko sin® ¢)( +C (2.24)

where C is the constant of integration and from the boundary condition ¢ = ez , %‘f =

0 ($maz being the maximum tilt angle)

—Dg
C= 2.25
kueoeL(l +’ysin2 ¢)2 ( )

Equation 2.24 can then be rearranged to give an expression describing the gradient
of the tilt through the cell:

812 Pmaz — sin? ¢
v foej_kll (1 + ksin? ¢)(1 + ysin? ¢)(1 + v5sin? Ppmqz) (2.26)

Rearranging and integrating (taking the positive case)

= /0 " dz (2.27)

- = /eoeLkn (1 4 xsin? ¢)( 1+'ysm ®)
= \/(1+’751n Prmaz) / \/ SinZ bran ~oin? P d¢ (228)

where ¢, is the pretilt on one of the substrates.
In the case where cell is symmetric, ¢.e. the pretilts on both substrates are equal,
then the maximum tilt angle will occur at the centre of the cell: ¢ = Ppqa, at 2 = % S0

for this case the solution can be normalised:

8in? Pmae —Sin? ¢

= fdima: \/ (1+xsin® ¢)(14y sin® ¢)d§b

Sin? @maz —Sin? ¢

¢ (1+ns1n ¢)(1+’ysm2Jd¢
Jey/ (2.29)

—
MI&.' I
~—

This is a more convenient solution than equation 2.28 since the integrals must be
calculated numerically many times to give a tilt profile (¢(z) is desired, not z(¢)), this
requires less computing time.

This is where Deuling finished his calculation of the tilt profile, but this still leaves
his calculation of ¢qe. (V). The voltage is calculated from:

d
V=/_E_7._l_=/ E.dz (2.30)
l 0

From equation 2.15 we can substitute:
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dy — eoeJ_kll (1 + K sin® ¢)(1 + ysin? ¢)(1 + 7 sin? d)maz)dqﬁ
Sin? ¢raz — sin’ ¢ (2.31)
and from equation 2.28
D 1
== — (2.32)
€0€L (1 + ysin® ¢)
we get
v 2/¢m= 6OEJ_]C11 (1 + wsin? ¢)(1 + -y sin? qﬁ)(l + sin ¢maz)d(f>
o eoel(l + 7 sin? ¢) sin? Pmaz — sin ¢ (2.33)

From this result we have the, perhaps, surprising conclusion that the maximum tilt
angle and hence the tilt profile is independent of the cell thickness, d. The physical
reason for the liquid crystal’s voltage response being independent of cell thickness can
be understood by considering a region of liquid crystal somewhere in the middle of
the cell. If the cell thickness is increased, then there are two effects: the electric field
is reduced (assuming a constant voltage) and the elastic restoring force from the cell
walls (transmitted through the intervening liquid crystal) is also reduced. Thus, the
physical meaning of the above equations is that the two effects are balanced and the
liquid crystal response is independent of the cell thickness. This means, that for defined
pretilts and incident light angle, we can draw a graph of refractive index vs voltage (eg.
see figure 4.6).

Finite Elements

Another modelling technique has been developed for liquid crystal devices using Finite
Element methods, by Fabrizio Di Pasquale. The theory and results from F. Di Pasquale’s
work will be outlined in the chapter 7.

2.4 Alignment layers

2.4.1 Alignment types

In most liquid crystal devices, it is necessary to align the liquid crystal uniformly and in
a defined direction without the application of an electric or magnetic field. An aligning
force defines the off-state of a device and returns the liquid crystal to that state after
an applied field is removed.

There are two basic types of liquid crystal alignment: homeotropic and homogeneous.
Homeotropic alignment is where the molecules are normal to the cell wall, as shown
figure 2.14a. Homogeneous alignment is where the molecules lie in the plane of the cell,
as in figure 2.14b.

It is the properties at the surface which are set and this induces the desired structure
in the bulk. A twisted structure is achieved by orientating two homogeneously aligning
substrates such that the directors on the two surfaces will be at an angle to each other.
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(a) Homeotropic (b) Homogeneous

Figure 2.14: Two alignment types; homeotropic, normal to the cell, and homogeneous, in the
plane of the cell

For most, if not all, devices requiring a homogeneous alignment, it is not sufficient
that the director be in the plane of the cell, since this allows for any orientation in the
plane. Devices generally require that the alignment is in a defined direction in the plane,
with the directionality being uniform across the device.

2.4.2 Pre-tilt

Pre-tilt is the angle of the director on the surfaces to the plane of the cell in the absence
of any electric or magnetic field. For many applications, a pre-tilt is required due to
the way the liquid crystal interacts with an applied electric (or magnetic) field. The
(nematic) licpiid crystals used are non-polar, the dielectric anisotropy causes tlie liquid
crystal to reorientate, thus there is no preferred orientation with respect to the electric
field. This means that if a liquid crystal cell were aligned perfectly parallel to the
substrates (and normal to the electric held) the liquid crystal could turn one of two
ways towards the electric held. Over a cell it is likely that diherent regions would turn
(liherent ways creating walls (rapid variations in the crystal structure, see hgure 2.15
and section 2.4.4).

+V

Electric
Wall field

Figure 2.15: Liquid crystal wall structure caused between 2 regions which have rotated in the
opposite direction when electric held was applied

To avoid the formation of walls it is desirable that the liquid crystal already be
inclined slightly to the electric held {i.e. it has a pre-tilt). This will occur if, at the
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surfaces, the liquid crystal is at an angle before the electric field is actually applied.
The direction which the molecules stick up from the surface needs to be defined so that
the molecules at both surfaces are parallel (see figure 2.16).

ISP «@Si) S 3B «Siife «Sitie
sasis, ssa% «@asB«ss® «as® ssasa
ssa®  «SSRYE&R SR &Y

Pre-tilt

+V

Pre-tilt2 3 »

Electric
field

Figure 2.16: Uniform pre-tilt avoids walls when electric field applied

Pre-tilt can also be important in twisted structures used in twisted nematic (TN)
displays. In a 90° twisted structure there can be a degeneracy, a left handed or right
handed twist will both meet the boundary conditions. However, if both surfaces have
an ecpial pre-tilt, then it can be arranged that one handedness will result in zero splay
whilst the other will not, thus favouring the unsplayed handedness. In a display, this
approach would be used in conjunction with a chiral dopant.

2.4.3 Methods of alignment

All the types of alignment discussed here (bar one) are induced by treatment of the
surfaces of the substrates. The surfaces align the liquid crystal in contact with the
surface which is sufficient in a thin liquid crystal layer (< 200/im [De JeuSO]) to align
the whole layer.

Surface relief

It has been shown that uni-directional microgrooves on a surface will induce liquid
crystal alignment. This was predicted by showing that alignment minimises the elastic
energy of the liquid crystal. The approach was suggested and demonstrated by Berre-
man [Ber73] using polishing cloths (or leather laps) with polishing materials such as
diamond paste, cerium oxide and jeweler’s rouge. In fact, the polishing powders are not
always necessary - the rubbing can be achieved with paper or tissues but the powders
are required if the substrate material is hard (eg Silica or fluoride). A photoresist layer
can be used if a softer substrate is desired [WGK73] and this also suggests the option of
creating the microgrooves photolithographically by exposing a grating. However, if the
topography of the surface is to dominate the aligning process, the period of the grating
must be of submicron pitch [CB79]. Alignment still occurs in larger pitch grooves but it
is dominated by flow alignment. In fact, flow is a possible method of alignment [PB,166],
however the reproducibility is not good. An additional consideration in using a grating
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is that a grating will diffract light, needless to say, a potential problem in an optical
device.

Berreman also reported that the geometrical alignment due to the grooves competes
with molecular aligning techniques (which will be described in the following sections).
For a surface profile z = Asinqgz (period of surface A = 277') the interaction energy, U,
is given by [Cog82]

U= §A2q3 (2.34)
where K is the elastic constant of the liquid crystal (i.e. approximating the splay, twist
and bend elastic constants to all be equal). For example, for an alignment energy of
1 x 1075J/m? with a pitch, A, of 0.1um and an elastic constant of 101N a depth of
4 x 10~3um is required. If the pitch of the grating is lengthened to 1um the required
grating depth is 0.13um. For comparison, alignment energies for various techniques are
given in table 2.1. These energies are all for the alignment in the plane, i.e. the energy

required to rotate the director around on the substrate rather than to pull it away.

Technique Liquid Crystal Energy (J/m?) Reference
Rubbed Polyimide GRA41 7x1076 5 1x 107 [LVMU93]
Rubbed PVA GRA41 1x1076 »1x 105 | [SSU92
Rubbed Polyimide 5CB 0.5x107* = 1x10~* | [SKS*90)
Rubbed Polyimide 5CB 1x1075—>1x107* | [RXM*95]
Rubbed Glass MBBA 7 x 1076 [(KW73]
SiO, evap. 60° 5CB (at 30°C) 2 x 10~° [IKK95]
Fluorinated 5B 2 x 107 [AKR*98)
polyvinyl-cinnamate
Stacked Polyimide 5CB 2x107% > 1x 10~ | [IAA*+95]
Langmuir-Blogett film

Table 2.1: In-plane (torsion) anchoring energies associated with various alignment techniques

A different and also widely used aligning technique is the oblique deposition of Sil-
icon Oxide (Si0;)[Jan72). Again, it is the topology of the surface which is impor-
tant. The oblique deposition results in a sawtooth structure in the silicon. This pro-
duces good alignment with reliability and so is used in some small displays (eg. digital
watches). However, it is not so good over larger displays and requires a flat and uniform
substrate[Cog82].

Another recently reported process which generate aligning surface structures is the
stripped film method [KM97]. The method involves creating a sandwich of polyimide
and PVA on the glass substrate and then peeling off the PVA layer, leaving behind
a thin layer of polyimide. Although pre-tilt was reported control over the angle was
limited. The alignment quality is described as ‘fairly good’.
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Alignment by rubbing

Rubbing is one of the most successful alignment techniques even though it has some in-
herent problems [Sch93]. Rubbed alignment is used in laptop computer displays despite
the fact that the rubbing process can damage the display by generating dust particles
and electrostatic charge. The advantage of the rubbing technique is that it can generate
uniform alignment and pre-tilt over a large area.

A polymer layer which has been rubbed can produce excellent alignment and has
been used since its discovery in 1911 [Mau91]. Since these layers are soft, only cloth is
required to rub them. The polymers layers should ideally be thin to improve uniformity
and often they are spun onto the substrate to achieve reproducible results. Polyvinyl
Alcohol and Polyimide are two polymers which have been recommended [Cog82] as
aligning agents due to their widespread successful use.

The mechanisms involved in the rubbing method of liquid crystal alignment are not
well understood. It has recently been shown that the surface polymers are aligned by the
rubbing process (at least for polyimide) [TRL*95) and it is reasonable to conjecture that
this polymer alignment will cause alignment in the liquid crystal. It is difficult to sep-
arate this mechanism from the one proposed by Berreman since the rubbing procedure
is likely to cause microgrooves [Kah82], however, other papers [LSU93, KLY95] suggest
that the aligned polymers are the more dominant effect. Also poorly understood are
the mechanisms affecting pre-tilt and surface anchoring strength. It is known that the
rubbing strength and polymer concentrations used can significantly affect the anchoring
strength and pre-tilt angle [KFM*88, SKN92, SK92] with stronger rubbing producing
stronger anchoring but also an exponential increase in fibres left on the rubbed poly-
mer [WHO797]. An expression for the rubbing strength has been proposed by Seo et
al [SKN92]:

2nrn _ 1) (2.35)

RS = NM(

where N is the number of repeated times for the rubbing, M is the depth of the deformed
fibres of the cloth due to the pressed contact, n is the rotation rate of the drum, v is the
translating speed of the substrate and r is the radius of the drum. Seo et al found that
rubbing would start to have an effect for a rubbing strength of 60mm whilst a strong
rubbing strength was about 500mm.

Photoalignment

It has been shown that it is possible to have a ‘programmable’ alignment layer using a
silicone polyimide copolymer doped with a dichroic dye. The dye orientates depending
on the polarisation direction of incident light which reorientates the surrounding align-
ment layer [GSSS94]. This raises the possibility of a display which can be written and
read optically and may be rewritten. The same effect has also been demonstrated with
dye doped PVA [liKK'93].

These photosensitive aligning agents have been demonstrated as the basis for liquid
crystal gratings [GS94] and re-writeable holograms [CB93]. Also, it is possible to use the
same techniques with liquid crystal monomers which can then be polymerised preserving
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the alignment directions [SGS94] and thus any holograms recorded will be unaffected
by further exposure.

Another similar technique, linear photopolymerization, was first demonstrated in
1992 by Schadt et al [SSKC92]. Instead of using a guest-host aligning layer, this method
relies on linear polymerization of the alignment layer (polyvinylmethylcinnamate-PVMC)
and, thus, is not reversible (unlike the guest-host system). Again, polarised light is used,
this time it is polarised UV which defines the final alignment direction, perpendicular
to the light polarisation. The technique has a few drawbacks in that it has low ther-
mal stability (alignment lost after prolonged exposures at temperatures approaching
100°C [WWLK95]) and does not produce pre-tilt. A modified technique using 2 expo-
sures has been demonstrated [HSK95], however, only pretilts of 0.30° were generated.
The out-of-plane anchoring energies for the polyvinylcinnamate are 2 orders of magni-
tude less than those for rubbed polymer samples [BBS96] and it seems reasonable to
conjecture that the in-plane energies will be similarly smaller. More recently, a flu-
orinated polyvinylcinnamate photoalignment layer has been demonstrated [AKR*98]
which, when polymerised in a magnetic field, gave a pre-tilted alignment. However, the
in-plane anchoring energy was weak (2 x 107%J/m?) and only pre-tilts of (15— 25)° were
demonstrated.

Originally, the linear photopolymerization technique was demonstrated using monomer
(PVMC) spun onto the substrate but it has subsequently been shown that the same ef-
fect can be achieved with the monomer in a mixture with the liquid crystal used in the
device[JK94]. This has the property that the alignment is not surface induced but it is
bulk induced alignment.

As with the guest host method, it has since been demonstrated that liquid crystalline
polymers can be fabricated [SSSK95a] which have the property of being (optically pat-
ternable) retarders. This technology can be integrated with a liquid crystal layer to make
displays [SSSK95b], in particular a super twisted nematic (STN) configuration which is
compensated for the interference colours which otherwise occur off-axis (i.e. replacing
the optical compensation layers which would be used in an STN device).

Alternate photoalignment materials that have been investigated are Langmuir-Blodgett
films [SSK*93] which demonstrated alignment but of poor quality [AMIY95] and poly-
imide [CJB*96, WWLK95] which is a strong aligning layer but requires long exposure
times and there are no reports of pre-tilt. A promising photoalignment material is
polysiloxane which can generate stable pre-tilted alignment [YPP197]. The required
baking of ~ 200° may cause problems for other material (eg photoresist) and it is not
clear how much control of the pre-tilt angle is possible.

Homeotropic alignment

The homeotropic alignment of liquid crystals has found far fewer applications to date
than homogenous alignment. The earliest way discovered to achieve homeotropic align-
ment on glass is to clean it in acid, more recently, however, it is achieved using surfactants
[Cog82]. One of the most commonly used agents is lecithin which is comprised of a polar
group which attaches to the glass surface and a long aliphatic chain to which the liquid
crystal molecules couple.

If the substrate can be processed to be smooth or coated with a smooth polymer or
oxide layer this will result in homogeneous alignment but, in general, the alignment is
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not uniform [Cog82].

Jain and Kitzerow have demonstrated that it is possible to achieve homeotropic align-
ment with photopolymerisation if the photopolymer is mixed with the liquid crystal and
is just above the nematic to isotropic transition temperature [JK94] when polymerised.

2.4.4 Walls and defects

Definitions

A wall defect is simply a distortion of the director field which forms between regions
of different orientations. The wall appears when an external force (eg. a magnetic or
electric field) acts on two regions, accentuating an orientation difference between them
and compressing the distortion, as is shown in figure 2.15.A wall is not a crystallographic
defect in the liquid crystal since the director is continuous. Because the effective refrac-
tive index of the liquid crystal depends on the orientation of the director, the wall is
generally clearly visible in a polarising microscope.

When a wall is compressed sufficiently (i.e. the applied field is high enough) the wall
breaks into 2 disclination lines. A disclination is a crystallographic defect, it is a point
or a line where the director is undefined. There are several types of disclination which
can be characterised by their strength, s. In general, only disclinations of strengths s =
+31,—3,+1 and —1 are observed [Cha92]. These strengths are a measure of how much
the director is rotated if one follows the director orientation whilst circumnavigating
a disclination. A strength of s = % represents a half rotation of the director for one
journey around the disclination (remembering that # and —# are equivalent) and a
strength of s = 1 represents a complete rotation of the director. An s = % disclination
is always a point defect whereas an s = 1 can be a line disclination.

Walls and disclinations are important in liquid crystal devices from the point of view
of the optical properties as they can scatter or locally focus the light (for example, see
figure 6.27 (on page 119)). In a device with uniform, parallel alignment (such as are the
subject of this thesis), walls should not occur in the off-state. Walls can occur when
an electric field has been applied if there is a variation of pre-tilt. This case has been
studied by Stieb et al [SBM75] and some of their findings are described below.

Disclination lines are thinner than the walls since a wall is a smeared out distor-
tion [dP93]. Another difference is that a wall extends through the thickness of the layer
whereas the disclinations are more localised (usually near one of the surfaces). The
result of these differences is that disclinations can be much harder to see in a polarising
microscope if there is any other structure in the cell (especially if a defect follows the
shape of the structure).

Structures of walls

The evolution (with increasing voltage) of walls in the liquid crystal, due to domains
of opposite pre-tilt, is a process which occurs in stages. At first, the when the liquid
crystal is only switched slightly there is no wall. Then, as the voltage gets higher, a
wall gradually forms, necessitating an extra deformation (to that imposed by the electric
field) which is a combination of bend and twist. At higher voltages still, the deformation
associated with the wall becomes twist only (see figure 2.17). The wall structures which
form under the influence of an electric field have been studied by Stieb et al. Their work
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was an extension of the study of walls formed under a magnetic field which have been
described by Léger [Lég73].

Stieb et al [SBM75] classified wall loops which form under the application of an
electric field into 3 types: ‘S’°, ‘C’ and ‘T’ walls. The letters correspond to the type of
director deformation induced by the electric field on either side of the wall. All three
configurations are for parallel aligned cells. An S deformation describes the director
between parallel pre-tilts (eg see figure 2.16). A C deformation occurs between surfaces
with opposite pre-tilts, one positive, one negative (this structure is only stable when the
director is completely switched at the centre of the cell). A T wall occurs between a
twisted (360°) and untwisted region. The S walls have been studied in the most detail
[SBM74] and is described further below.

If we imagine a domain with one pre-tilt surrounded by a domain of an opposite
pre-tilt then there is a wall between them in the form of a loop. A slice through an
S wall loop is shown in figure 2.17 for 2 voltages. It can be seen (figure 2.17a) that if
we go from one domain to the other, crossing the wall in between, going perpendicular
to the director, then to go from one to the other requires twist. However, if we do the
same but going in the same direction as the director, no twist is required, only l)end.
In some parts of the loop there will be twist walls, in others, bend walls, and in most
Darts a combination of the two. Since a twist wall may require a different energy than a
bend wall (the twist elastic coefficient, [22 f 133, the bend elastic coefhcient), the looj)
is not circular but elliptical with the ellipticity ratio defined by |/%i7iJk".

7 %

11 nl 111

0

(a) Bend/Twist (low voltage) (b) Mostly twist (higher voltage)
Figure 2.17; A slice through a wall loop structure (perpendicular to the wall) at two voltages

A. Steib et al added a modification to this model (which proposed by Léger), since
they observed that the ellipticity could be changed with voltage. They concluded that
since the bend wall requires more energy than the twist wall ({33 > 1[22), the bend wall
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transforms into a twist wall as the applied voltage increases. This is the third stage of
the wall forming process.

As shown in figure 2.17a, at lower voltages the wall consists of a bend and twist de-
formation. In the rubbing direction (vertical in the figure), the director bends. Perpen-
dicular to the rubbing direction, the director twists. However, as shown in figure 2.17b,
as the voltage is increased the nature of the wall changes. More of the wall becomes
twisted, the directors at the centre of the wall turn to facilitate the change and the bend
deformation is restricted to a smaller section of the wall. Since the two sides of the loop
(left and right) have the opposite sense of screw they cannot combine. The remaining
bend section appears as a distinct kink as shown occurring wherever the wall changes
direction, going against or with the rubbing direction. Both C and T walls lack these
kinks [SBM75] making them an easy identification mark of the S walls.

Steib et al also noted a couple of other effects whilst studying the S walls. One was
that at high fields the walls ceased to be completely vertical in the cell due to the effect
of hydrodynamic flow. The walls then appeared as two lines at the bottom and top
surfaces connected by a grey interface region. Secondly, they noted that the walls could
split into 2 disclination lines associated with the top and bottom of the cell (strength,
s =% and —:}2—)
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Chapter 3

Review of microlenses and
variable focal length lenses

3.1 Introduction

This chapter consists of two reviews bundled together. The two subjects are not unre-
lated, both concerning lenses, and there is some overlap between the two. The first is a
review of microlenses (section 3.2) concentrating on refractive microlenses. The second
part of the chapter (section 3.3) deals with lenses and microlenses with a focal length
which can be varied.

3.2 Microlenses

There is no fundamental difference between microlenses and ‘ordinary’ lenses (macro-
lenses), the distinction being one of scale. Microlenses are usually taken to have a
diameter no greater than a few millimetres and can have diameters down to a few
microns. The difference is perhaps better indicated by the manner of fabrication and
usage.

Macrolenses are commonly formed by cutting and polishing (in the case of glass) or
by injection molding (for plastics). The smaller size of microlenses makes it practical to
use the techniques of chemical etching, thermal reflow and diffusion doping. Microlenses
are generally (though not exclusively) formed on (or within) a substrate which facilitates
handling and is convenient for the purposes of this research (i.e. with a view to creating
a liquid crystal cell).

The clearest distinction between ordinary lenses and microlenses is that microlenses
are often fabricated and used in arrays. Although there is no fundamental reason why
macrolenses are not similarly used in arrays, it is rare. Microlenses, however, are formed
just as easily in arrays as singly. Since each microlens often fills only a small part of
a substrate, it makes sense to fill up the rest of the substrate with more microlenses.
As many of the processes of microlens fabrication make use of masks (lithographic or
otherwise), it is a simple task to repeat the pattern across the mask such that the
microlenses are formed in arrays (or any other desired pattern).

The primary interest for this thesis is surface relief refractive lenses since these lenses
can be integrated effectively with liquid crystal to give a variable focal length. GRIN
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lenses and diffractive lenses can also be combined with liquid crystal but the combi-
nation with a GRIN lens produces several disadvantages as described in chapter 4 and
diffractive lens cannot be made continuously variable without be able to change the
position of the steps in the structure.

3.2.1 Melt and reflow technique

Microlens arrays have been applied in optical systems by humans since at least the
beginning of the 20th Century [Lip08] but, for a long time, development of such systems
was held back by the cost and low quality of the microlens arrays available [HDS91a].
Since the 1980’s, various techniques have been invented to overcome this obstacle causing
a renewal of interest in the subject.

One of the most attractive techniques invented so far is the so called melt and reflow
technique invented by Wada et al [WYA™81] and applied to the fabrication of microlens
arrays by Popovic et al [PSC88]. It is attractive because of the simplicity and ease
of fabrication in a research environment (provided cleanroom and photolithography
facilities are available). It is commercially attractive since the surface relief structures
can be transferred by embossing into plastics, with the resultant possible cost benefits
of cheap materials and simple production processing.

The melt and reflow technique uses a binary mask and only a single step of lithog-
raphy thereby avoiding the problems of mask alignment in a multistep process. First of
all, a layer of photoresist must be spread uniformly across the desired substrate. The
uniformity is important since it decides the uniformity of focal lengths of the final mi-
crolenses. This is achieved by the standard microchip lithography technique of coating
the top surface of the substrate with photoresist and then spinning it so as to throw
off most of the photoresist leaving only a thin, uniform layer. The layer thickness is
dependent the surface tension of the resist and the acceleration due to the spin speed.
The relation of layer thickness to spin speed is published by the resist manufacturer
with the resist.

Then the photoresist is exposed to UV through a mask of the desired pattern (usually
an array of circles-to give spherical microlenses). After development, there are islands
of photoresist left on the substrate. These islands are then heated so that they melt.
Once melted, the photoresist forms droplets, the surface tension giving them a spherical
shape, i.e. a lens profile. The profile is preserved when the resist is cooled and becomes
a solid again. The whole process is shown schematically in figure 3.1.

In fact, this method is not as versatile as it first appears since the surface tension will
not support all curvatures [Hut90b]. The shape of the melted photoresist droplet is not
determined solely by surface tension, the wetting angle is also crucial. The wetting angle
is determined by the surface tension between the substrate, photoresist and surrounding
vapour [EC96] as illustrated in figure 3.2.

The wetting angle, 6, is given by Young’s equation:

Ysv = Ysp + Ypv COS O (3.1)
where 7,y, ¥sp and 7, are the surface tensions between the substrate-vapour, substrate-

photoresist and photoresist-vapour combinations respectively.
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Figure 3.1; The process of forming photoresist microlenses by melt and reflow

1---

Figure 3.2: The angle at the interface between the photoresist/vapour, substrate/ vapour and
substrate/photoresist surfaces. The 7°’s are the surface tensions and 0 is the wetting angle.
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If the wetting angle is incompatible with the curvature resulting from the surface
tension then the lens may be flat topped or even sag in the middle [HSD90]. The possible
minierical apertures are given by the relation between the wetting angle and the surface
tension. For a resist/glass interface the possible range is 0.25 to 0.6 [DSHD91] depending
on the initial thickness of photoresist used. To calculate the thickness of photoresist
required for a particular numerical aperture it is simply a case of calculating the volume
of the desired lens and then deducing the height of the photoresist island necessary for
the island to have the same volume. For a spherical lens, Daly et al [DSHD91] calculated
the thickness, Tsph, to be

(3.2)

where h is the thickness at the centre of the desired lens, and D is the lens diameter.
The ecpiivalent thickness, T"y/, necessary for a cylindrical lens is

.
Teyl — D sin (3.3)
where R is the radius of curvature of the lens.

If lower numerical apertures are required, one way to increase the range of possible
curvatures is to add a ‘base’ layer between the microlens and substrate to reduce the
wetting angle. This was suggested by Haselbeck et al [HSSS93] who demonstrated the
idea with a layer of hard baked photoresist, fabricating microlenses with N.A.’s between
0.1 and 0.3.

Alternatively, Daly et al [DSHD91] suggested immersing the microlenses in refractive
index oil to achieve longer focal lengths (see figure 3.3). This idea has been put into
practice by Poon et al [PRS""93] who achieved a range of N.A.’s of 0.14 to 0.025.

T Refractive index oil
Photoresist microlens ' (ref. index nJ

(ref. index

Figure 3.3: Long focal length niicrolenses by immersion of photoresist inicrolens in refractive
index oil

A similar immersion approach has been used at Hughes Danbury Optical Systems
to convert an array of negative concave lenses into positive lenses [CP96].

43



3.2. MfCROLENSES

3.2.2 Half-tone masks and maskless lens formation

Long focal length lenses can be achieved by modifying the melt and reflow technique.
The microlenses can be pre-formed using multiple exposures to produce a stepped struc-
ture which is then annealed into the desired lens shape (see figure 3.4) [BHI91]. An
analogous approach has been used to fabricate microlenses in gallium phosphide and in-
dium phosphide using mass transport [LDWMS89]. The gallium phosphide was heated to
1000°(7 for 81 hours in a flow of PLfg (1.5%) and H2 to produce smooth lenses starting
from a six level structure.

Heating

Figure 3.4: Long focal length niicrolenses by annealing a preformed structure

Of course, the preformed approach looses some of the inherent simplicity of the melt
and reflow technique since it requires multiple exposures and, thus, alignment between
exposures. Liau have produced a single step method where the width of rings is varied,
so that they are thinnest at the eventual lens edge (see figure 3.5).

//
/ =

Figure 3.5: Long focal length niicrolenses by mass transport of ringed structure

A larger focal length range is possible if there is no restriction that the mask must be
binary. An example, which retains the attraction of remaining almost standard IC pro-
cessing is photosculpting. Photosculpting is a technique where the depth of the removed
photoresist is dependent on the exposure. A desired relief profile can be produced in
one exposure by the use of halftone masks. Halftone is the technique developed for
book and newspaper printing (and is used is this thesis), where a greyscale picture is
represented by a variation of the size or density of printed dots, thus allowing apparent
greyscale from an inherently binary structure. Using this approach, with variable dot
size, Purdy [Pur93] produced refractive and diffractive microlenses. The disadvantage
with the halftone technique is the more complex mask development. To produce the
mask the resist needs to be calibrated by measuring the dot sizes that produce a certain
depth of photoresist removal. Using this data the mask can be designed for the desired
structure. The second problem is that very small feature sizes are required. The features
must be significantly smaller than the wavelength of light such that the individual dots
are not reproduced.

A separate approach by Hutley dispenses with the need for a chrome on glass mask,
instead using a photoreduced print-out from a dot-matrix printer. The desired shape
is projected onto the photoresist, through a lens array if the shape is required to be
arrayed (see figure 3.6). In the case of a circularly symmetric pattern, the mask can
De rotated in order to give better uniformity across the image. Extending this idea
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further, the original mask doesn’t have to be circularly symmetric at all, but just has
to give the correct exposure when rotated, thus niicrolenses can be fabricated using a
cam shape [Hnt95].

Photoresist

plate
rens array
Rotating
diffuser/
mask
Condenser

Figure 3.6: Microlenses fabricated from a rotating spiral mask

It is even possible to fabricate niicrolenses lithographically with no mask at all.
This can be done by laser writing the desired pattern into the resist, altering the ex-
posure appropriately to the desired shape. This has been demonstrated by Hessler et
al [HGRK95]. Alternatively, a fringe pattern can be set np to create a inicrolens array.
Hutley [Hut,90a] produced a hexagonal array of lenses by using a 3 beam interference
pattern. However, this technique actually produces 2 sets of niicrolenses the 2nd ones
being much smaller and formed at the interstitial sites of the large lenses. This is a
result of the ’chicken wire’ arrangement of the intensity pattern resulting from the 3
interfering beams.

3.2.3 Etching

Microlenses made in photoresist can be made more durable by transferring the shape of
the niicrolenses into the substrate [Sav94]. Also, the transfer can improve the inicrolens
transmission characteristics as photoresist absorbs as evidenced by their red or yellow
appearance in the photographs in the results chapter. The shape can be transferred by
simultaneously etching the resist and the substrate, as shown in figure 3.7.

Microlenses have been transferred into a variety of substrates using two different
methods of etching: reactive ion etching (RIE) and ion beam milling (IBM). Some of
these substrate materials are shown in Table 3.1.

In RIE, a gas (or a mixture of gases) is excited by a high frequency electric field,
ionising the gas so that it forms a plasma. The gas is then accelerated towards the sample
electrode where it forms volatile compounds with the sample which are removed by
pumping out the chamber. The acceleration of the ions gives the etching a directionality,
which for niicrolenses would usually be carried out perpendicular to the substrate since
a symmetric structure is desired. The gas used depends on the material to be etched,
@ being used for photoresist and for a SiO?2 substrate, CHF3 is used.

IBM works by erosion of the sample by energetic ions. It is less material dependent
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Figure 3.7: Transferral of the photoresist profile into a SiO, substrate by etching lens substrate

Substrate material | Etching method Reference
Si0, RIE [Sav94], [EHSS93], [MNFT92], [TRM*95]
Si RIE [Sav94]
Si IBM [GHA193]
CdTe IBM [GHA*93]
InP IBM [WYA+81]
YAG:Nd, Glass:Er,Yb IBM [TRM*95]

Table 3.1: Substrate materials and methods used for etching photoresist microlens profiles into
a substrate

since it does not require particular gases appropriate to the sample composition.

The dependence of the RIE process on etching gases can be advantageous or prob-
lematic. It is a major problem when the appropriate gas for a particular substrate is
unknown or unavailable. On the other hand, the fact that the etching of the photoresist
and substrate depend on different gases allows the profile to be modified as part of the
etching process. The rate at which the materials are etched depend on the flow rate of
their respective etch gases, therefore, the ratio of the two etch rates can be controlled.
The ratio of the etch rates (substrate to resist) is called the selectivity. Tarazona et al
have achieved a selectivity between SiOy and positive photoresist of 0.3 to 3 [TRM*95].
The gas flows can be adapted during etching which will have the effect of changing the
curvature transferred between the top and bottom of the microlens. This can be used
to correct spherical aberration.

The IBM process also shows a selectivity between the substrate and resist but the
selectivity is a lot less adaptable. For YAG:Nd and resist Tarazona et al found a selec-
tivity of 0.12 and for glass:er,yb/resist they measured 0.6 (using a mixture of Ar and
O3) in both cases.

3.2.4 Other microlens forming techniques

Shaping photoresist is by no means the only method of producing microlenses. Borrelli
at Corning has developed a photolytic method for producing microlenses [BMBMS85].
Borrelli used photosensitive glass, which when exposed to UV and heated, becomes
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opaque and more dense, shrinking in the process. Thus, by exposing the glass through
a mask of circles, leaving a cylinder of unexposed glass, and then heating, the region
surrounding the cylinder presses in on the unexposed region, forcing it out at the surfaces
(see figure 3.8). Where the glass is forced out the glass forms a hemisphere which
minimises its surfaces tension, thus the result is lens (a cylinder with two convex ends
surrounded by opaque material).

1) UV exposure

Circular
uv mask
Unexposed
glass
Photosensitive
gloss
2) Heating
Compression
by exposed
region

Figure 3.8: Microlenses fabricated by the Corning photolytic technique

Another process, much more similar to the melt and reflow technique, uses the LIGA
(German acronym for the main process steps lithography, electroforming, replication)
process. Gottert et al have applied the technique to the fabrication of niicrolenses
in Polymethyl methacrylat (PMMA) [GFM95]. The process differs from the melt and
reflow technique in that, before melting the islands of photoresist, the PMMA polymer is
partly cracked by a 2nd exposure (to x-rays not UV as in the melt and reflow technique).
The 2nd exposure reduces the glass transition temperature and since the exposure affects
the top of the PMMA more than the bottom, there is a difference in melting point
between the bottom and top of the lenses. Thus, it is possible to partly melt the islands
creating a lens profile at the top of the PMMA with vertical walls at the sides (see
figure 3.9).

Using this process, it is possible to make lenses which can be separated from their
substrate (or copied by hot embossing and subsequently separated) [OGI97]. The
lenses have the advantage that their flat sides means that they are more easily handled
(than melt and reflow lenses) when not attached to a substrate.

Another method of microlens manufacture which relies on the surface tension of a
droplet has been presented by Keyworth et al. Their method relies on the accurate
dispensation of optical adhesive on a substrate. They then cure the adhesive to form a
solid lens [KCMM97]. This method does not require a lithographic mask but does need
accurate (computer controlled) dispensing ecpiipment.
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Figure 3.9; Microlenses fabricated by the LIGA process

3.3 Variable focal length lenses and microlenses

The fonii potential to form switchable lenses utilising the controllable birefringence of
lirpiid crystals has been recognised since the end of the 1970s. Mamifactnred optical
systems often include a focal length variation which is created by a translation of some
of the lenses within the system. If a non-mechanical solution was available, such as
that offered by liquid crystals, it may prove better for some applications (eg where an
absence of moving parts is desired).

The lenses described here are generally refractive lenses rather than diffractive since
the focal length of a diffractive lens is dependent on the radii of the zones [Hec87],
and thus to change the focal lengtli of a diffractive system requires that the position of
the zones change. In general, changing the position of the modulation is harder than
changing the modulation itself.

This section is divided into 4 subsections; the first deals with lenses that derive
their focusing power from their shape (subsection 3.3.1), the second with lenses rely on
patterned electrodes for their focusing (subsection 3.3.2), the third is concerned with
lenses which use patterned alignment to focus (subsection 3.3.3) and finally there is a
brief comparison of all the lenses reviewed (subsection 3.3.4).

3.3.1 Shape lenses

One of the most common non-mechanical optical systems with a variation of focal length
is the human eye. Here the ‘crystalline’ lens changes shape, adapting the focal length of
the eye [Hec87]. 1 am not currently aware of a suitable and available material which is
transparent, elastic, adaptable and of optical quality which could be used to fabricate
an analogous system.

A lens system has been fabricated where the shape of the lens is varied but the
material used to form the lens is a liquid. Gorman et a/ used used liquid droplets of
hexadecanethiol (HDT) on a gold surface where the profile of the droplet can be volt-
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age controlled to give a variable focal length lens [GBW95]. The device exploits the
large changes in wettability between the two substances when a voltage is applied. The
sensitivity to voltage is due to a self-assembled monolayer which forms between the two
materials. The change of wetting angle causes the drop to expand or retract thus chang-
ing the profile and focal length. The droplet was immersed in an aqueous electrolyte in
order that a voltage could be applied. Clearly, this device has the disadvantage that it
will not be robust.

Originally, the idea of using nematic liquid crystal to form a liquid crystal lens
was proposed and patented by Berreman [Ber80] (patent filed 1977). The idea was
investigated by Sato [Sat79] with applications such as spectacle lenses [Oka86] and
camera auto-focusing devices [Nis86] proposed as applications.

Sato’s work showed that the problem with these devices was the thickness of liquid
crystal used. The liquid crystal response time increases with the square of the cell
thickness and with thicker cells it is hard to maintain the structure. The centre thickness
of the lenses produced by Sato was 490um which gave a very slow response time (~300
sec.) and a significant loss due to scattering/absorption. These difficulties prohibited
serious development.

To reduce the cell thickness, Sato et al fabricated a Fresnel structure [SSS85]. This
lens had maximum thickness of 50um, i.e. a factor of 10 reduction from the previous
design. However, it is likely that this design, which is a mixture of diffractive and
refractive, will have significant intensity fluctuations for different focal lengths.

A thinner Fresnel lens (12um) was fabricated by Ferstl and Frisch [FF96] which
thus had a much faster response time. On and off-axis lenses were demonstrated with
response times of 40ms. The lens structure used was a Fresnel zone plate which means,
of course, the lensing is not refractive and only switchable lensing was demonstrated.

3.3.2 Electrode lenses

To achieve an acceptable switching speed a liquid crystal cell must be kept thin. For a
cell which derives its optical power from its shape, this restriction means having very
shallow curvatures and, therefore, very low numerical apertures and very little change
in focusing power when a voltage is applied to the liquid crystal.

Nose, Masuda and Sato made smaller lenses (microlenses) [NMS91] thus avoiding the
problems of a thicker cell. They did this by using hole-patterned electrodes to create a
non-uniform electric field distribution thus causing the liquid crystal to form a graded
index lens (see figure 3.10). This has the advantage of using flat substrates (which makes
the liquid crystal alignment easier) but the refractive index profile will only be circular
(i.e. lens-like) for a part of the usable range of focal lengths and cannot make a lens
which can be either positive or negative depending on the applied voltage.

Kowel et al also have used a patterned electrode with liquid crystal to form a
lens [KCK84] but instead of using edge effects to create their non-uniform electric field,
they patterned the electrodes in strips so they create the desired voltage profile. This
only achieved very low numerical apertures (N.A. 0.001) and requires a system to con-
trol the voltages to all the electrodes. Riza et al made a similar device but used a
resistive chain patterned onto the substrate to generate the voltage gradient in the
electrodes [RD93]. Again, the numerical the aperture achieved was small (0.004).
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Figure 3.10: GRIN inicrolens formed due to electric field in between an electrode gap

A way to increase the possible numerical aperture whilst still using the same optical
modulation range is to use a diffractive structure. Williams et @/ has jrroduced Fres-
iiel lens [WPPC89] and McOwaii et al a Gabor lens [MGH93], both using patterned
electrodes. However, being diffractive and lacking any way to change the electrode con-
figuration, both are switchable lenses but without continuous variation of focal length. If
a diffractive lens is formed on a spatial light modulator (SLM) then this flexibility is pos-
sible but only long focal lengths are acliievable due to the finite pixel size. Tam [Tam92]
gave an ecpiation for the shortest achieval)le focal length for given diameter of lens, D,
assuming a cpiadratic phase profile and tliat all light from the outermost pixel arrives
in phase:

7= (3.4)

where Ax is the pixel size. Tam used an SLM with 30/m pixels giving an NA of 0.009.
In order to increase the tfie variability of the system NA combined two SLM’s with two
lenses in order to sliorten the focal length of the system, giving a final NA of 0.037.

An alternative approach fabricating a lens witli an electric field has been demon-
strated by Naumov et a/ [NLGV98]. They liave avoided the need for patterned elec-
trodes by using a resistive electrode and using the impedance of the liquid crystal to
create the desired electric field profile. By changing the voltage and frequency of the
applied signal they can change the focal length. Tire lenses reported have very large
aberrations for the sliorter focal lengths (0.8A at 0.5m).

A deformed helix ferroelectric liquid crystal has also been used to make a liquid
crystal (cylindrical) lens which has the advantage of a faster response time (20p,s)
tfian is possible with nematic liquid crystals (min response time ~ 10ms for 3.4//ni cell
gap) [EDMM96]. However, the focal line has several significant side lobes (~1/3 of the
peak intensity).
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3.3.3 Alignment lenses

It is also possible to fabricate a lens by patterning the alignment structure in a liquid
crystal cell. This has been demonstrated by Patel and Rastani [PR91] who made a
Fresnel zone plate with alternating orthogonal liquid crystal alignment directions from
one zone to the next. This is an elegant approach in that the lens is thereby acting
in both polarisations at once. The liquid crystal modulates the phase in all zones
but in alternating polarisations. However, it is again a diffractive structure and has a
switchable focal length rather than a continuous variation of focal length.

3.3.4 Lens comparison

There is a limit to how much the focal length of any lens using liquid crystal can be
varied. This limit will be dependent on the optical modulation available and how quickly
it is possible to vary the refractive index/optical path difference across the lens (i.e. the
maximum possible gradient of refractive index). The limits encountered by the lenses
described above are shown in Table 3.2.

Lens type Diameter | Max | Focal length | Diffraction | Reference
N.A. range limited
Hole patterned 0.20mm 0.09 1.7-5.3mm, No [NMS91]
electrodes 0
Patterned electrodes 10,000mm
(CyL) 20mm 0.001 o Yes [KCK84]
Resistor chain
+ patterned 1lmm 0.004 | 120mm — oo Yes [RD93]
electrodes (Cyl.)
Lens shaped cell 20mm 0.06 | 160—220mm No [Sat79]
Gabor lens patterned | g0 | 001 | 490mm, oo n.a. [MGH93)
electrode
Immersed surface relief 0.5mm 0.03 8.5mm, co n.a. [FF96]
Fresnel zone plate
Fresnel zone plate 20mm 0.01 | 1,000mm, oo n.a. [WPPC89]
patterned electrode
Fresnel zone plate 29mm | 0.005 | 310mm, oo na. [PR91)
patterned alignment
2 phase SLM's 7.3mm | 0.037 | 98—148mm Yes [Tam92]
+ 2 lenses
Distributed reactive | ¢ | 501 | 500mm — oo No [NLGV9g]
electrical impedance
Deformed helix
ferroelectric LC (Cyl) 3mm 0.003 | 500mm — oo No [EDMM96)

Table 3.2: Comparison of various switchable and variable lenses reviewed

The maximum NA can be calculated for a liquid crystal lens which derives its focusing
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power from the electrode structure. If we consider the edge of an electrode and make the
assumption that the effect of the electrode extends into the neighbouring liquid crystal
by a distance equal to the cell thickness then we have the maximum possible gradient
of refractive index vs position across the device. Consider figure 3.11.

Ax

Figure 3.11: Construction for calculating the maximum deflection 0,nax-

The maximum possible angle of deflection is given by optical path (which is A'nd, for
a cell thickness, d) and distance between the two values which we took to be d Thus,
the tangent of the maximum deflection angle, i*

And

tan G (35)

If the liquid crystal layer is part of a lens structure, then maximum N.A. will be
defined by the maximum possible deflection angle:

NA., —sin Qjidx

= sin(tan"' 4n) (3.6)

Liquid crystal birefringences go up to 0.3 thus the {N.4.max)max —0.29.

Dispersion

Yamaguchi and Sato have also done an analysis of the optical properties of liquid crys-
tals in terms of the values usually quoted for glasses, i.e. Abbé numbers and Cauchy
coefficients. Since their results apply to all the lenses using liquid crystal, they are
described in this final section. Results for the Abbé numbers for various liquid crystal
are reproduced in figure 3.12.

The dispersion is inversely proportional to the Abbé number, %, and thus increases
to the right in the graph. As can be seen, the liquid crystal dispersion is generally
higher than that of the glasses. Abbé numbers are calculated from the formula given in
equation 3.7.

"l — 3.7
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Figure 3.12; Refractive index vs Abb¢é number (at the sodium ‘D’ line, 587.6nni). Produced from
data in ref [YS89]. The shaded area ( ) corresponds to the area where most commonly
used glass types are to be found [Hec87]. Liquid crystal data is for the extraordinary refractive
index iip at 20°C.

where ii is the refractive index at the wavelengths referred to by the subscripts d, f
and c, the spectroscopic lines at wavelengths 486.1nm(f), 587.1nin(d) and 636.3nni(c).
For example, liquid crystal E7 has a refractive index, rid of 1-7486 and a variation
{rif —Tig = 0.048 {vd = 15.57). This compares with {rij —iic) — 0.032 for the high
dispersion glass, SF6 (% = 25.5, rid — 1-805), or {rif-ric) = 0.008 for the low dispersion
glass, BK7 fvd - 64.0, rid = 1-51). Clearly, if a liquid crystal lens is to replace a glass
lens then chromatic aberrations are likely to be worse.

The temperature dependence of liquid crystals is much greater than that of glass.
Liquid crystal E7 has a temperature dependence, dn/dT, for Ug of ~ 14 x 10"*/°K
at 20°C. For SF6 glass the figure for dn/dT is 8 x /°K and for BK7 the figure is
2 x 10"~/°Ff [Sch98], a factor of 1000 less.
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Chapter 4

Design and theory of liquid
crystal over microlens

4.1 Introduction

In all the variable focal lengths lenses reviewed in the previous chapter, the material
used to form the lens was liquid crystal. A slightly different approach is taken for the
lenses investigated in this thesis, in that, we start with an existing lens and then liquid
crystal modulates the optical power of that lens.

This chapter contains a consideration of the lens design, starting with various possi-
bilities for the design (section 4.2) within the approach mentioned above, then the chosen
design and its variations (section 4.3) and, finally, the practicalities of constructing the
lens cell (section 4.4).

4.2 Possible designs

There are many ways to construct a device which uses liquid crystal to modulate the
optical power of a lens. A few of the alternatives are considered here.

Before considering individual designs, there is one question which is common to all
the designs, and that is the trade-off between the liquid crystal layer thickness and the
response time of the devices. The rise and decay time constants for a parallel nematic
are given by the equations [KW93]:

To

Trise = 7, <3 (4.1)
vV \2
(7m)" —1
v1d?
To = Tdecay = ’kip (4.2)

where V' and V7, are the applied and threshold (for switching to start) voltages respec-
tively, 1 is the rotational viscosity, d is the layer thickness and ki; is the splay elastic
constant.

The time constants calculated by equations 4.1 and 4.2 apply to the rate of change
of orientation of the liquid crystal. Both equations show that the liquid crystal response
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time increases with the square of the liquid crystal layer thickness. This means a com-
promise thickness is necessary between a layer thickness big enough to incorporate the
desired surface relief structure and a layer thin enough to give an acceptable response
time. The thinner mass-produced liquid crystal cells {i.e. displays) are fabricated with
a 5- 10/um cell gap. Since the response time for a 5—/O/im layer is of the order of 10’s
of milliseconds [KW93], the response time of a 200p,m layer will be ~10 seconds.

4.2.1 Non-surface relief

The idea of a uniformly aligned liquid crystal layer on a surface relief structure imme-
diately suggests a problem since relief structures can affect the liquid crystal alignment.
In fact, surface structures can even be used to generate alignment (see section 2.4). This
raises the immediate question, is it necessary to place the liquid crystal on the non-fiat
surface?

An alternative design to the liquid crystal on top of the surface relief is liquid crystal
on the fiat side of a plano-convex or plano-concave lens. Or, if a microoptic design is
desired, a convenient alternative is a GRIN {GRa.ded [Ndex) lens, with liquid crystal
on the end as is shown in figure 4.1.

Focal
variation GRIN lens

/

Microlens
Liquid crystal
Figure 4.1; Change of focal position of a inicrolens or GRIN lens using a liquid crystal layer

These arrangements mean that the liquid crystal is between two fiat substrates and,
thus, it is relatively simple to create a uniform director angle across the cell (or the area
of the cell corresponding to the end of the lens).

There are 2 disadvantages with this arrangement. The first is that only the position
of the focus is being altered in this device, not the optical power of the lens. Whether or
not this is a disadvantage depends on the system where the device is being used. If the
system requires a change of beam divergence or spot size then the above arrangement
is not any use. For this design, the possible change in focal position is a function
of the product of the licpiid crystal birefringence and the layer thickness. The layer
thickness of liquid crystal is limited to about 5—200/.m if uniformly aligned samples are
required [De JeuSO]. Since liquid crystals have a birefringence of < 0.3, the maximum
shift of focal position is 60//m. This limitation does not apply to the surface relief
microlens immersed in liquid crystal.

The second disadvantage of this design is that it is dependent on the light converging
(or diverging) through the liquid crystal layer. Light rays travelling through the layer
will be spread over a range of angles. This spread creates a twofold problem. Firstly,
since the effective refractive index of the liquid crystal is dependent on the orientation
of the light incident upon it, the refractive index will vary for different light rays across
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4.2. POSSIBLE DESIGNS

the beam (see figure 4.2a). Secondly, the polarisation direction of the light will no
longer be parallel to the liquid crystal extraordinary axis (see figure 4.2b) and some of
the light beams will change polarisation due to the birefringence of the liquid crystal
layer (cf. conoscopy). Both of these considerations are aside from the fact that focusing
through a plane piece of glass (the cell walls) will introduce spherical aberration.

Rotated

away from

' . . extraordinary
Sees' ordinary index
index
t
extraordinary
\index
(a) Due to their variation of direction, rays en- (b) Rays out of the plane contain-
counter refractive indices in the liquid crystal ing the optic axis and the liquid

crystal alignment direction have
their polarisation vector deflected
away from the extraordinary liq-
uid crystal axis such that the light
will be affected by the birefrin-
gence of the liquid crystal

Figure 4.2: Considerations concerning rays focusing into a litgiid crystal layer

To estimate the effect of the liquid crystal layer consider again figure 4.2. The ray
diagram shown in figure 4.2a is one of the simpler possible cases since the refractive
index encountered is always increasing from rays at the bottom of the lens to rays at
the top, thus the overall effect will be a tilt. However, in the more general case, the ray
which encounters the maximum refractive index need not originate at the bottom or
the t?9 of the lens, thus the overall effect will be an astigmatism (shorter focal length
in the plane of the liquid crystal alignment) and some tilt.

4.2.2 Fresnel lens

Licpiid crystal layers generally have more desirable characteristics in thinner layers.
The response time is faster and there is less scattered light (intensity reduction due to
scattering in nematic liquid crystals is around 18dB/cm [BHS83], i.e. 0.36dB in 200fini
which corresponds to an 8% scattering loss). This means there is a restriction on the
thickness of any optical components which are to be immersed in liquid crystal (assuming
the layer to be at least as thick as the component).

One way to reduce the thickness of a lens is to replace it with a Fresnel lens (NB
this is not a diffractive based zone plate-see below). However, if a Fresnel lens is to be
immersed in liquid crystal then the variation of focal length might not necessarily be
achievable. Consider the lens shown in figure 4.3.

If one considers the device from the point of view of refraction then there is no
problem with the design. Each ray will be refracted at the liquid crystal/Fresnel lens
interface according to the surface angle and refractive index difference. Thus, as the
liquid crystal refractive index changes so will the position of the focus.
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Fresnel lens —| g\ Liquid crystal

Step height s
Figure 4.3: Liquid crystal immersed Fresnel lens, with a constant step height for the Fresnel lens

However, in reality, the effects of diffraction cannot be ignored and so the step height
becomes important. If, instead of the smooth curve drawn, the Fresnel lens was instead
made of just two steps (i.e. a purely diffractive element) then clearly the focal position
could not be varied. The effect of altering the liquid crystal refractive index would be
to change the optical path difference between the steps and, thereby, alter the efficiency
of the diffraction rather than the angle of the diffracted beams. However, in the design
drawn in figure 4.3, the Fresnel lens profile is not binary and thus it less clear what the
overall result would be.

The conclusion from these two conflicting observations is that the Fresnel lens will
be variable when refraction is a reasonable approximation to the performance of the
device. We can ignore the effects of diffraction if the step height and refractive index
difference are sufficiently large that optical path difference between steps is larger than
the coherence length of the light. If the liquid crystal layer thickness is set, say, at
5 — 10pm and the refractive index difference is 0.1 then the coherence length needs to
be less than 0.5 — 1um. The coherence length, L. of a broadband source is given by
[BW80):

X2

RDYEESW

L, (4.3)

where \; and Ay are the wavelengths at edges of the bands and X is their mean.
Thus, the coherence length of a white light source (400-700nm) is 1um, i.e. the step
height needs to be 2 10um.

There are two practical difficulties envisaged in the construction of the device. The
first is simply the difficulty of constructing the Fresnel lens structure. One of the po-
tential advantages of a Fresnel lens over a more traditional lens in the liquid crystal cell
is that the maximum aperture size is larger for the Fresnel lens than for the traditional
lens (assuming a desired focal length and layer thickness). However, another look at
figure 4.3 shows that the outer zones of the lens have very high aspect ratios which will
be hard to fabricate [HRP*97]. The second potential fabrication problem concerns the
alignment of the liquid crystals. Firstly, any spun-on polymer alignment layer would
tend to collect in the corners formed at the step between zones and, if rubbing were
employed as an alignment technique, the surface profile would be likely to deflect the
cloth fibres and, thus, the overall rubbing direction would be non-uniform. Secondly,
whichever alignment technique is used, it is likely to be affected by the surface profile,
since the grooved structure itself promotes alignment [Ber73] along the grooves.
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4.2.3 PDLC

All the devices using a nematic liquid crystal layer described in this thesis have the
limitation that they are variable for only one polarisation. Of course, two devices could
be used in series, however, this approach is likely to give rise to problems since the
separation of the two focii (which cannot be less than the substrate thickness) will be
large relative to the short focal lengths of the devices.

Another restriction inherent with the use of a layer of nematic liquid crystal is the
relatively slow switching time (see beginning of section 4.2). One way around these
problems is to use polymer dispersed liquid crystal (PDLC) instead (see section 2.2.3).
PDLC works for both polarisations and the response time of PDLC can be much faster
than a layer of nematic alone since, in effect, the liquid crystal is divided into many
smaller cells. However, these smaller cells also mean higher threshold voltages since the
droplet size is not matched by the electrode separation.

To use PDLC in a lensing device, the droplet size needs to be reduced such that it is
much less than the wavelength of light (see chapter 2). In this way, the light will not be
scattered but, instead, the PDLC can be treated as medium with a refractive somewhere
between the droplet and polymer refractive index. Assuming the refractive index of the
polymer/liquid crystal combination will be proportional to the relative concentrations
and refractive indices of each:

PleNic + PpNp (4.4)

n =
ppLC Plc T+ Pp

where p;c and pp, are the concentrations (by volume) of the liquid crystal and polymer
respectively and n;. and n, are their refractive indices.

The refractive index of the droplets can be controlled in the same way as a bulk
nematic liquid crystal, thus the layer can act as a variable phase retarder. The range of
tuning of phase retardation increases with the liquid crystal birefringence, layer thickness
and the concentration of liquid crystal in the layer. The voltage required to switch the
liquid crystal also increases with the layer thickness (assuming electrodes on either side
of the layer) but decreases with liquid crystal concentration. Therefore it makes sense to
maximise the proportion of liquid crystal. The maximum concentration of liquid crystal
is given by the solubility in the polymer before curing, for example, the solubility of E7
in Norland 65 Optical Adhesive (NOA-65) is 66.4% at room temperature [KW93).

The effective refractive index of the liquid crystal, n;., will vary with applied voltage.
When there is a field applied well above threshold, the directors will align with the field
and the refractive index will be approximately n,. Making the approximation that with
randomly aligned droplets (i.e. no field applied), we can take the average refractive
index (ne + 2n,)/3 then the effective liquid crystal refractive index will vary between
the two values. For example, for E7 the liquid crystal refractive can vary between 1.52
and (1.74 4+ 2 x 1.52)/3 = 1.59 and, if immersed in NOA 65 (refractive index 1.52) to
66% concentration, the resulting layer will have refractive index between 1.52 and 1.57.
To get a 27 phase shift at A = 632.8nm would thus require 60um of PDLC.

Droplet sizes can be varied between 0.01 and 20um [DGW™88], the size of droplets
being controlled by various parameters including curing temperature, UV curing in-
tensity, relative concentrations of materials, viscosity and materials used. A faster
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polymerisation of the polymer results in smaller droplets. The droplet size is very im-
portant for the scattering properties, the scattering cross section, o, for small droplets
(2kR|nyc/np — 1| € 1 where R is the droplet radius and k = 27) is

o ~ k*(R®) (4.5)

The transmitted light intensity can then be calculated from the expression

I =TI, * (4.6)

where the attenuation coefficient, «, is given by a = p;./pp(0/v4) and p;. and p, are
the concentrations (by volume) of the liquid crystal and polymer respectively and vy is
the averaged volume of the liquid crystal droplets (= %(Re‘)). Matsumoto et al have
fabricated a fine droplet system (diameters < 100um) and observed scattering losses of
1-5dB/cm [MHHK96] at 1.3um. Given the above dependence on wavelength (A~%) the
value at 632nm would be 18-90dB/cm.

4.3 Chosen design(s)

The design which was investigated was not any of the 3 mentioned above. The imple-
mented design was a compromise between ease of fabrication and expected performance.
The non-surface relief design was simpler but can be rejected due to the problems associ-
ated with focusing light into the liquid crystal. The other two (Fresnel lens and PDLC)
have potential advantages over the chosen design but also more potential difficulties.
Thus, these 2 designs can be seen as options for further work.

4.3.1 Initial design

The design which is the subject of the majority of this thesis is a development of the
work of a previous PhD student, Peter Poon. The basic design, started not as a way
to vary the focal the length of a microlens but simply as a way to get long focal length
microlenses. Microlenses made by the technique of melting and reflow of photoresist
are attractive because of their relative simplicity/ease of fabrication [PO095]. However,
the lenses produced this way have a restricted range of NA’s achievable, longer focal
lengths not being achievable. To get around this restriction, Poon et al immersed the
lenses in refractive index oil [PRST93] as illustrated in figure 3.3.

As well as making lenses of longer focal lengths, Poon’s design also provides an easy
way that focal length can be changed, should the system requirements alter, by replacing
the refractive index oil. However, it was also realised that if the oil were replaced with
nematic liquid crystal then, for one polarisation, the focal length of the lenses could be
electrically controlled (see figure 4.4).

As mentioned at the beginning of section 4.2, it is better to have a thinner liquid
crystal layer since this means the liquid crystal will respond faster. However, the thin
layer imposes a restriction on the photoresist centre thickness. Thus, for microlens
apertures greater than the liquid crystal layer thickness, the possible numerical aperture
of the microlens is restricted.
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Gloss

V=0 V>V.

Photoresist
microlens Liquid crystal
director

Polarised light
Figure 4.4: The variation of focal length by the voltage control of the liquid crystal director
orientation

Coininercially available liquid crystals have refractive indices which vary from 1.47 <
11 < 1.81 [Mer92a, Mer92b]. The photoresist has a refractive index of around 1.64 [P0095],
thus the maximnm possible refractive index difference between the photoresist and the
licpiid crystal is only 0.2. Therefore, assuming a microlens in air with an N.A. of 0.4,
the immersed microlens will have a maximum numerical aperture of 0.11. Thus, if a
reasonable size of numerical aperture is required then the original N.A. of the microlens
in air must be large.

The first microlenses made (by C.H. Chia) were fabricated using a mask containing
an array of circles as shown in figure 4.5. Of the lenses fabricated using this mask,
the 100//m lenses had the most spherical profile as measured by the Alpha step ma-
chine [CHI94] and were chosen as the princij)al lenses to be investigated.

Section of photolithographic mask

Chrome

200gm
Q -— 100gm
O - 50gm

Figure 4.5: Part of the mask used for the fabrication of the first microlenses

At a later time, arrays of microlenses were constructed using a mask designed by
Peter Poon [P0095]. This mask produced lenses of various sizes depending on the
mask area used. Lenses of 250/cm and 125pm and 150pm diameter were produced.
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The design/theoretical focal length of the lenses has been calculated. For this, the
average refractive index vs voltage profile has been calculated for a liquid crystal cell.
The cell was assumed to have a pre-tilt of 2° on each surface and to be filled with liquid
crystal E7. The calculation is based on a numerical simulation (see chapter 7). In
figure 4.6 a plot of the averaged refractive index (average through the cell) vs voltage is
shown.

E7 refractive index vs Voitage profile
1.75

a 1.65
<- Pfiotoresist Refractive Index

1.55

Voltage A/A.C.(1 kHz)

Figure 4.6: Calculated average liquid crystal refractive index vs voltage. The director profile of
the liquid crystal has been calculated through the cell and then the average calculated.

From the data in figure 4.6, it is a simple task to plot the focal length vs voltage
graph assuming that the relation expressed in figure 4.6 holds true for the liquid crystal
on the microlens as well. As can be seen from figure 4.6, the photoresist refractive index
is roughly half way between the extraordinary and ordinary values for E7, thus around
1.6V the focal length of the lens should be infinite.

The curvature of the original (D = 100/zr/i) unimmersed microlenses has been cal-
culated from their original focal lengths [CHI94] and the photoresist refractive index.
This gives a radius of curvature, R = 72.5/im. Then from the curvature and refractive
indices the theoretical focal length vs voltage has been calculated (see figure 4.7).

4.3.2 Cylindrical lens design

The original lens design has been modelled using finite elements methods by Fabrizio
Di Pascpiale. The model can give 2-D plots of liquid crystal structures. Because the ap-
proach is 2-D, it can predict wall and disclination structures in the liquid crystal. Using
this model, F. Di Pasquale successfully predicted the walls seen in the original design
(see chapter 7). He then used his model to predict a new structure which eliminated
the wall at the side of the lens [DFDD96].

It was decided to build a lens corresponding to these predictions in order to test
them and the model. Since the model is a 2-D model, this meant fabricating cylindrical
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Figure 4.7; Calculated liquid crystal immersed microlenses (diameters 100/rru and 150/rm) focal
length vs voltage.

lenses. Cylindrical lenses are also convenient since the 2-D liquid crystal structure is
simpler than the 3-D one and, therefore, the licpiid crystal structures should be easier
to understand.

The first cylindrical lens design is a cylindrical version of the original design. A slice
in the rubbing direction through the cylindrical lens and the centre of the spherical lens
should appear the same. The two are shown schematically in figure 4.8.

Glass
ITO
electrode -
Rubbing
direction
Ptiotoresist Rubbing
microlens direction
(a) The original design (b) The cylindrical version of the

original design

Figure 4.8: The original lens design and its cylindrical version

As mentioned above, Fabrizio Di Pascpiale had predicted from his model a new design
which eliminated a licpiid crystal wall from the original design. The new design consisted
of a different electrode pattern on the surface opposite to the microlens, replacing the
planar electrode of the original design. The new electrode was a strip electrode wider
than the original lens as illustrated in figure 4.9. The mask for the cylindrical lenses and
the corresponding electrode is shown in figure 4.10 (NB the design contains an error-one
of the masks should be a mirror image since they opposite substrates, so only one of the
arrays could be used in practice).
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Strip electrode
(Thin film
chromium)

Figure 4.9; The cylindrical lens with a strip electrode opposite

4.3.3 Final design

The ineasiirements of the lens aberrations (see chapter 6) suggested that the original
design was flawed in one respect. In the original design, it was assumed that the average
refractive index vs voltage relation is independent of the cell thickness, thus it did not
matter that the liquid crystal layer thickness varied due to the presence of the microlens.
In fact, the assumption isn’t true for all cases, but only when the layer thickness and
electrode separation are proportional to each other by a constant factor. Therefore, it
was decided to make a microlens with the electrode on top of the photoresist. Both
cylindrical and spherical lenses of this type have been produced as are shown in flgure
4.11.

4.3.4 Optical system design

The microlenses discussed above have a limited maximum possible aperture. However,
the system in which the lenses are incorporated can have a larger effective aperture.
Some of the factors involved in the system design are discussed below.

Taking the example of a DVD disc read-head, the principle requirement is that there
is a variation of the focal position of 600//m, in order to read the 2 layers of the disc.
This variation can easily be achieved with the microlenses (see chapter 6). However,
the specifications for the numerical aperture (N.A.) are 0.6 and 0.45 [Bra96j. The lower
N.A. is required for reading CD format discs, the higher N.A. for the DVD disc format.
These figures compare with 0.048 and 0.052 for the final design of lens.

The numerical aperture of a lens system is not limited by individual lenses in the
system, thus the system needs to be designed to increase the numerical aperture above
that of the microlenses. Increasing the N.A. comes at the expense of reducing the
longitudinal magnification. Assuming the first and second focal lengths (/and / ) of the
lens are equal, the two magnifications are related through the equation [BW80]:

Al

ML = 41 4.7
(4.8)

tan u 49

tan u’ (4.9)

where ML and Mr is the longitudinal and transverse magnification respectively, /
and [’ are the axial object and image distances and u and u' are the ray angles in the
object and image space.
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w = 150[im, w =300pm,
p =350nm p = SOOpm

w = SOpm, w =200|jm, w =200nm, -1

p =350nm p =500nm p =400nm ;;v - 318&2"

w = 100nm, w = 1O w =200nm, p =2000[jm w = 300[im, p =2000|im |

p =400jim p = 310/im

4000pm
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(a) Tlie cylindrical microlens mask (b) The cylindrical electrode mask

Figure 4.10: The masks patterns used for creating the cylindrical lenses and there electrodes
(‘w’ is the widths of the rectangles, p’is the pitch of each group)

-Electrode (thin film
chromium) on top of
microlens

~ Electrode (thin film
chromium) on top of
microlens

(a) The cylindrical microlens with the (b) The spherical microlens with the electrode
electrode on top of the photoresist on top of the photoresist

Figure 4.11: The two designs with the electrode on top of the microlens
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Recalling that N.A.! = n'sinv’ and assuming air for the object and image space
(n=n'=1) and tanu =~ sinu then

My, = (%)2 (4.10)

For the DVD read head the NA needs to be increased by a factor of 10 which reduces
the focal length shift by a factor of 100.

4.4 Cell construction

4.4.1 Photoresist microlens manufacture

All of the microlenses have been formed using the melt and reflow of photoresist as is
described in section 3.2.1. This is a single step lithography process which is, in principle,
very simple.

First of all, the substrates are cleaned consecutively with trichloroethane, acetone,
methanol and, finally, isopropyl alcohol. The substrate is baked to remove any remaining
solvent. Then the substrate is spin coated with a thick photoresist (Shipley STR 1110)
to a thickness of 14um. The solvent in the photoresist is removed with a 30 minute
pre-bake (85°C). The sample is exposed to an mercury lamp through the appropriate
mask on a mask aligner (Zeiss). There are, in fact, two exposures, the first is to remove
the ‘edge bead’ of photoresist which builds up at the sides of the sample in the spinning
process, the second is through the designed mask (see section 4.3). The photoresist
is then developed in 351 developer which leaves islands of photoresist where there was
chrome on the mask.

The final stage is to bake the photoresist so that it melts and is shaped by surface
tension. Thus, with circular islands the photoresist forms a section of a sphere and the
rectangular patterns form part of a cylinder. The process is shown schematically in
figure 3.1 and the process sheet is given in table 4.1.

At this point, it is possible to etch the microlens shape into the substrate (although
etching has not been carried out for this work). However, etching is not possible with
ITO coated glass, but microlenses could be formed on uncoated quartz (at least for use
with visible wavelengths) if they were to be etched.

4.4.2 Cell assembly

Once the photoresist microlenses are ready then the cell can be assembled. Now the
microlens slide, together with another plain ITO coated piece of glass, become the
substrates for the liquid crystal. The cell assembly consists of two stages: treating the
substrates so they will align the liquid crystal and putting the cell components together.
The liquid crystal alignment was produced by a layer of PVA on the two inner surfaces
of the cell (see section 2.4). For the first cells made, this layer was deposited by dip
coating the substrate in a PVA/water solution. Later cells were fabricated using spin
coating which was more effective for creating a uniform alignment (see section 6.4.1).
The solution used for spin coating was 3% by weight of PVA (molecular weight
125,000) desolved in deionised water deposited onto the substrate through a syringe with
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Sﬁbstrate cleaning
Ultrasonic bath in Tricholoroethane
(Rinse in:) Acetone
Methanol
Iso-Propyl Alcohol

Dry with Ny
Hot Plate
Resist spinning
Spin speed
Spin time
Soft bake
Expose and develop
Expose on mask aligner

(Karl Suss MJIB3)

to remove edge bead
Develop in 351 : H,O (ratio 1:3)
Rinse in deionised water
Dry with N,
Expose on mask aligner

(through microlens mask)
Develop in 351 : H,O (ratio 1:3)
Rinse in deionised water
Dry with Ny
Lens shaping

Melt resist in oven

10 mins

90° C

Shipley STR1110
1200rpm

40 secs

oven (85° C) 30 min

120 secs

5-10 mins

150 secs

5-10 mins

140°C 30 mins

Table 4.1: Process sheet for microlens manufacture
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0.45/111 filter. The substrates were cleaned in IPA and a cleanroom wipe (the photoresist
being too sensitive for any more aggressive solvents, eg acetone). The substrate was spun
at 4,000 rpm for 30 seconds and then placed in oven at 80°C for 30 minutes to drive off
the water.

The rubbing of the alignment layers also altered from the first lenses to the last (see
section 6.4.1). The very first lenses were produced by using a cleanroom wipe on a
mechanical slide. The final lenses were fabricated using a velvet type rubbing cloth on
a motor driven rubbing machine (see figure 4.12).

Cloth covered drum

Controllable”,
height

Screw thread
Figure 4.12; The rubbing machine used for liquid crystal alignment

The rul)bing machine works by passing the liquid crystal substrate under a rotating,
cloth covered drum (radius 30 = 0.5mm). With this arrangement, the strength of the
rubbing can be altered, in principle, in 3 ways - the speed of slide can be changed, as can
the rotation rate of the drum, or the height of the substrate can be varied. However, the
motor driving the slide was not designed to be variable so slide speed was left unaltered
(1.02 = O.Olrnrn/s). The motor driving the drum was a DC motor whose speed could
be changed by varying the applied voltage. However, the motor driving the rubbing
cloth drum was specified to work at 12V and due to problems within the gearbox would
not work at a constant speed at lower voltages, becoming jerky instead. At 12V, the
motor drove the drum at 210 = [Orprn). Thus, only the height of the rubbing sample
was varied for optimising the rubbing procedure (see section 6.4.1). A fibre deformation
of 1+ 0.25mm was used as the optimum rubbing height (defining fibre deforma,tion to
be the distance the slide was moved upwards from its initial contact with the ends of
the fibres). Each substrate was only rubbed once thus the rubbing strength, RS (see
section 2.4.3, was 650 £ 150mm.

Finally, the parts of the cell are ready to be assembled. The two rubbed PVA coated
surfaces (one with microlenses) are placed facing each other with their rubbing directions
anti-parallel as shown in figure 4.13. Strips of Mylar, 27p,7n thick, are placed down the
sides of the cell to define the cell gap, the strips being parallel to the rubbing direction.
Both substrates are left with part of the surface exposed (i.e. the substrates are not
matched exactly) to enable the attachment of wires to the electrodes. UV curable glue
is placed around the rim of the cell forming almost a complete loop with only a small
gap left in one side (a side without a spacer) to permit filling with liquid crystal. The
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cell is then clamped together to force the two substrates together iipto the thickness of
the spacers and the glue is cured with a UV lamp.

27|im thick Mylar spacer

Glue
Rubbing directions
Figure 4.13: The two cell walls of the liquid crystal assembled separated by Mylar spacers

To fill the cell a vacuum chamber is used. A small bath of liquid crystal is placed
ill tlie bottom of a chamber with the cell to be filled held with a movable rod above it.
The chamber is then evacuated, the cell is then dipped into the liquid crystal bath with
the hole left in the glue seal entering the bath first. Finally, air is allowed to re-enter
the chamber forcing the liquid crystal into the evacuated cell. The filling direction is
the same as the rubbing direction (hence the spacers have to be parallel to the rubbing
direction) as the act of flowing also aligns the licpiid crystal in the flow direction.

The liquid crystal used in this work was the liquid crystal E7. The material was
chosen because it is both a widely used material with documented properties, and also
a stable material and with a high birefringence. The properties of E7 are given in
table 4.2.

Parameter Value Reference
Splay constant, kn (20°C) 11.I0pN [Mer92a]
Twist constant, k22 (20°C) 8.8pN [RTD79]
Bend constant, ks (20°C) 17.10pN [Mer92a]
Perpendicular dielectric, (20°C, IkHz) 52 [Mer92b]
Parallel dielectric, €| (20°C, 1kHz) 19.0 [Mer92b]
Ordinary refractive index rio (20°C, 632.8nm) 1.519 [YS89]
Extraordinary refractive index lie (20°C, 632.8nrn) 1.738 [YS89]
Rotational viscosity, 71 (20°C) 0.20 Pa's [KW93]

Table 4.2: Material parameters for liquid crystal E7

The cell is now almost complete, it just needs to be sealed. To this end, the cell
is clamped again (despite the spacers and glue the substrates can still bow) and the
remaining gap is filled with UV curable glue which is cured whilst the cell is still clamped.
The liquid crystal should be protected from the UV light as it can be damaged by
exposure to UV (as was unfortunately discovered by experience during this work).

For one of the designs there was an additional step which was missed out in the
above description. The strip electrode design (see section 4.3.2) requires alignment of
the strip electrode with its corresponding photoresist lens. This was not possible in
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the mask aligner since the risk of putting glue into such an expensive instrument was
too great. Instead, optomechanical mounts were used to position the substrates (one
x-y combination and one rotation mount) meanwhile the alignment was observed in an
ordinary microscope. The drawback of this arrangement was that it was not possible to
clamp the cell together as effectively with optical mounts (see section 6.5).
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Chapter 5

Measurement of cell performance

5.1 Introduction

In this chapter, the methods used to characterise and analyse the the microlenses are
described. The cell performance was tested in a number of ways. Firstly, the variation
of focal length with voltage was measured. Secondly, having established a voltage de-
pendent focal length, the quality of the lensing was measured including the effect on the
polarisation of the light. From these results, it appeared that the observed aberrations
were due to the liquid crystal structure and the last part of the investigation centred on
the nature of the liquid crystal structure. Finally, the temporal response of the lenses
was measured since it will be a major consideration in many applications.

There have been 4 principal techniques used in the investigation of the liquid crystal
immersed lenses. The measurement of focal length (section 5.2) was carried out with a
microscope. The aberrations of the lenses (section 5.3) were measured by interferometry.
Again using the microscope, the polarisation of the light transmitted by the cell has
been investigated (section 5.4), particularly with regard to deviations from the input
polarisation. Walls and disclinations, which form in some of the devices when a voltage is
applied, have also been studied with the microscope(section 5.5). Birefringence profiles
of the lenses (section 5.6) were generated using interferometry, but using a different form
of interferometry than was used for the aberration testing. Finally, the response times
of the lenses have been measured for different voltages (section 5.7).

5.2 Focal length

The focal length is relatively easily measured on a microscope (see figure 5.7) if there is
micrometer control of the focus of the microscope. To measure the focal length, firstly
the image of the focal spot is located and the micrometer position recorded and then the
image of microlens aperture is found and its position is noted. The focal length is taken
to be the difference of the two positions. This illustrated in figure 5.1. The microlens
was positioned as is shown in the figure, i.e. the light passed first through the liquid
crystal and then the photoresist lens. This arrangement is chosen for two reasons;
it is the configuration for a plano-convex lens which minimises spherical aberration
(when imaging infinity[Hec87]) and it minimises the range of angles of the light rays
passing through the liquid crystal (since the liquid crystal refractive index is orientation
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dependent, the fewer the angles, the more iniiform is the effective refractive index).

Focal spot image Lens Image
Microscope

Focal (Back

length surface
of cell)
(Back
surface
of lens)

Figure 5.1: Arrangement for measuring the microlens focal length

The focal length measured in this way is the back focal length since the focal length is
defined as the distance between the principal and focal planes. For a plano-convex lens
the principal planes are near the apex of the convex side [Hec87] as shown in figure 5.2.
This distance is not, however, the back focal length of the lens cell since the back focal
length is the distance between the last surface and the focus. In this case, the last
surface is the non-microlens side of the microlens substrate (see figure 5.1).

Finally, it might be thought that the focal length measured would be shortened due
to light passing through the glass substrate after the lens, as is shown in figure 5.3(a).
However, in fact, the measured focal length will be unaffected since a corresponding
shift of position happens to the image of the lens and, thus, the two effects cancel each
other out.

If the actual position of the focus relative to the back of the substrate needs to be
known then this shift still has to be calculated. For this purpose, a ray diagram is shown
in figure 5.3(b). Considering the triangle formed by A/, x and the ray we can say

tan Qrr —
A/

(5.1)

Rearranging....
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Figure 5.2: Location of the principal planes relative to a plano-convex lens
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Gloss
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(a) Effect of a plane piece of glass on a converging bundle of rays

(equally true for rays in the opposite direction, i.e. diverging).
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(b) Ray diagram construction to calculate Af, the shift. Af is cal-
culated along a line parallel to the optic axis rather than the optic
axis itself, as this simplifies the calculation.

Figure 5.3: Bundle rays converging through a plane piece of glass (eg. microlens substrate)
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tan 6, — tan @,
Af =d air glass 9
f ( tan 4, (5 )
From Snell’s law we can say
Nagr 81N Ogir = Nglass sin eglass (5"3)
For small angles sin§ ~ tan 6, thus
Sineair - (n -nslinﬂ .r)
Af =d T it
sin O,y (5.4)

— d(l _ Nair >
Nglass

For glass of refractive index ngss = 1.5, Af = d/3, thus for the 1.Imm thick
microlens substrates the shift will be 367um.

The fact that the approximation sin @ = tan @ is made, is indicative of the fact that as
the rays become more inclined to the normal they arrive at different locations along the
optical axis. This is because spherical aberration is added to a converging beam when
it passes through a plane parallel plate. Thus, in this measurement we are ignoring the
effect of spherical aberration. Fortunately, the higher NA microscope objectives have a
correction ring to allow for the spherical aberration introduced by a microscope slide so
the approximation is justified.

5.3 Lens aberrations

A lens is a device for changing the curvature of a wavefront, as is illustrated in figure 5.4.
The ideal final wavefront is a section of a sphere, centred on the image point. For an
imaging system, or indeed any system requiring many point to many point imaging it is
not possible using spherical wavefronts to have perfect spherical wavefronts for all the
image points and, thus, systems are designed as a compromise to give the best overall
performance [Hec87]. The deviations from the perfect spherical wavefront are described
as wavefront aberrations.

A standard way to measure the aberrations of a lens or lens system is to use interfer-
ometry. Since an ideal refractive lens system changes the wavefront shape by changing
the phase across the wavefront, the measurement of the lens quality should be a mea-
surement of the phase profile of the lens for the object to image distance at which it will
be used. However, the phase information of light is too rapidly varying to be measured
directly, instead it can be inferred by interferometry [Hec87].

Interferometry is based on measuring the fringes due to 2 or more beams interfering,
the intensity of the combination being dependent on the phase difference of the beams.
If the beams are mutually coherent then the phase difference can be constant (and
hence measurable) although the phases are not. One basic interferometer type, a Mach-
Zehnder interferometer, consists of a light source, 2 beam splitters and 2 mirrors as
shown in figure 5.5.
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Optical

system
Point image
object point

Figure 5.4: Basic function of an ideal lens or lens system

Beam splitter Mirror

Light
source

Mirror
Beam splitter
Figure 5.5: The basic configuration of a Mach-Zehnder interferometer

Since the intensity across the combined beam is dependent on the relative phase of
the two beams at that point, any differences introduced into part of one beam is easily
identified. For instance, if the original beams were planar but then whilst split apart
one beam goes through a lens, the fringes will be circular.

Interferometry is a sensitive teclmicpie since 2 fringes represent an optical path dif-
ference of only ~ 0.5/im (using visible light). Thus, if the difference between wavefronts
is significant there will be large numbers of fringes across the field of view, too many in
fact for a CCD camera with a limited pixel number to be able to image. Therefore, it
is not convenient simply to place the lens under test in one arm of the interferometer.
There are 2 ways to reduce tlie difference between the test and reference arms. One is
to introduce a high cpiality lens in the reference beam or the other is to recollimate the
test beam with a second lens. For the testing of the microlenses there is an additional
problem that the microlenses are very small and the CCD camera does not have suffi-
cient magnification for the lens to fill the field of view, so additional magnification must
be provided.

The aberrations of the microlenses have been tested on a standard Mach-Zehnder
interferometer appropriate for microlens testing [HDSOIbj. The interferometer consists
of a J)olarised He-Ne laser being divided into test and reference beams by a beam split-
ter which are then reflected off mirrors into the test and reference optics and finally
recombined in a 2nd beam splitter (see figure 5.6).

The test optics consists of the microlens under test plus a microscope objective. The
objective serves 2 purposes, one is to reduce the divergence of the beam exiting the
microlens and the 2nd is to image and magnify the microlens aperture. The reference
o%tics is simply a plano-convex lens orientated to minimise spherical aberration. The
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Microiens ceil
Figure 5.6: Mach-Zelmder used for microlens aberration testing

resulting fringe pattern is captured by a CCD camera with a zoom lens.

The microscope objective must capture all the light exiting the microlens which
means it must have a numerical aperture (N.A.) larger than the microlens. The objective
used had an N.A. of 0.55 compared to 0.45 for the highest N.A. microlenses (without
lirpiid crystal).

Microscope objectives are designed to a standard where they form their image 160mm
behind the shoulder of the objective screw thread. The standard was developed so that
objectives are interchangeable on a single microscope and between different microscopes.
In order to minimise any aberration introduced by the objective, it is best to use it at
its designed ol)ject to image distance. Therefore, the objective was positioned so as to
form an image of the microiens 160mm behind the objective shoulder. The zoom lens
was then focused on that image.

The laser beam was not expanded as it was already much larger than the microlenses
(~ 1.5mm beam diameter compared to < 200/,m lens diameter) and expanding the beam
would simply reduce the intensity passing through the microiens. The polarisation of
the laser was parallel to the rubbing direction.

The reference lens was positioned such that the fringes observed were relatively broad
(~10 fringes across the lens image) and as straight as possible. This occurs when the
images of the centre of curvature {i.e. looking through the beam splitter) of the reference
and test beams are equidistant from the viewer and are almost coincident.

The analysis of the fringes was done on a PC. The Erin II fringe analysis software
was purchased from Oxford Frame Store Applications (OFSA) which enabled on-line
analysis of the data. This package consists of a frame grabber with 4 frames of memory
and some software to identify fringes and calculate the resultant phase profile (having
first removed the tilt component). The fringe analysis works by fringe tracking, viz. the
software works on one image only, first identifying minima and maxima working across
the image data (the fringes are assumed to be vertical and can be rotated if they are
horizontal); the minima and maxima are collected into fringes and, finally, the fringes
are ordered.

The identification of the fringes is not always a straightforward process, the software
can give incorrect fitting due to gaps in the fringes. These gaps are generated by dust
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in the optics, polarisation changes due to twisted liquid crystal structures, scattering
structures in the liquid crystal (disclinations, dust) or low transmission due to absorption
of the photoresist. To overcome these problems, there are two stages of data editing
during processing. The captured image can be altered by a smoothing routine or by the
user ‘painting’ on it, overwriting problematic features. Obviously, care needs to be taken
in editing the image. For example, it should be ensured that the fringes thus joined by
‘painting’, really belong together by shifting the fringes to see if they join when moved.
Once the fringes have been identified (assuming the data was good enough not to cause
the fringe identification routine problems) then the generated fringe data can be edited.
The fringe order can be changed, fringes can be deleted or joined together but fringes
cannot be added to the data.

5.4 Polarisation

The effect of the lens cell on the polarisation of the transmitted light is useful as a
measure of the quality of the alignment. More importantly, a polarisation change could
adversely affect the application of the device into a system.

If one considers a layer of uniformly aligned liquid crystal with polarised light incident
upon it, since the liquid crystal is a birefringent material, the light passing through the
layer will, in general, be changed in polarisation (see section 2.2.1). The only exceptions
to this are the special cases either where the birefringence and thickness give a full-wave
layer or where the incident light polarisation is parallel to the extraordinary axis or the
ordinary plane of the liquid crystal. In addition, if the liquid crystal is twisted through
the layer, the polarisation will change (see section 2.2.1).

In all the devices studied in this thesis, the intention is always to have the incident
light polarisation parallel to the extraordinary refractive index, viz. the tunable refrac-
tive index. This is one of the particular cases where the polarisation does not change.
For this to be possible, the liquid crystal director must lie uniformly in the same plane.
This plane should be defined by the rubbing direction and the normal to the cell. There
are two ways the structure could deviate from this design; either there can be variations
on the macroscopic scale of the alignment (i.e. the alignment is poorly or non-uniformly
defined) or there can be a twist through the depth of the cell.

The observations of the polarisation properties of the lenses have been made using a
polarising microscope, shown in figure 5.7. It is a relatively simple task to see whether
the alignment is uniformly in the required plane. The cell is observed between crossed
polarisers with the rubbing direction aligned with either of the two polarisers. If the
liquid crystal director lies in the rubbing direction across the whole cell then no light will
be transmitted through the second polariser. However, wherever there is a deviation of
the director, the light polarisation will be modified by the liquid crystal and light will
be seen at that point. This is illustrated in figure 5.8.

An example of an unaligned cell as seen between crossed polarisers is shown in
figure 5.9. There are two distinct features to what is seen, dark lines which come
together at various points and horizontal bands of red and blue. The coloured bands
are birefringence colours caused by the wavelength dependence (see equation 2.6) of
the polarisation rotation in combination with a variation of cell thickness across the
photograph. The dark lines are where the liquid crystal director coincides with one of

76



54. POLARISATION

Fitting for

camera
Polariser
(rotatable)
Fine Focus
Rotation control
stage (micrometer)
Condenser
lens
‘ Green
Polariser filter
(X = 545nm)
ND filter
cassette
(not used)

Figure 5.7: Polarising microscope used for lens cell investigation.

the two polariser orientations. The places where the dark lines come together in pairs
or groups of four are where there are singularities or disclinations in the licpiid crystal
director orientation. Where the lines emanate from such a point, the lines are described
as brushes. The singularities can be points (with 4 brushes) or lines (2 brushes) [dP93],
the lines being seen end-on.

In aligned cells, such as the lens cells, brushes are rarely seen and it is only the
deviations from the alignment direction that need to be noted. The observation of the
liquid crystal between crossed polarisers provides a measure of quality of the alignment.
In fact, the arrangement shown in figure 5.8 is very convenient since there is good
contrast between the mis-aligned and aligned areas. The more the alignment layer is
uniform, the better will be the extinction of the light by the 2nd polariser. Thus, the
alignment process can be optimised by comparing the light transmitted between samples
(see section 6.4.1).

When trying to determine the twist structure of the liquid crystal from the light
polarisation properties, the Mauguin limit (see section 2.2.1) becomes an important
consideration. If we are sufficiently above the Mauguin limit then the degree of rotation
of a polarisation corresponds to the twist of the liquid crystal. Otherwise, inferring
the structure is more difficult. At its thinnest, the liquid crystal layer should be 7/nn
thick. Assuming a 180° twist, this gives a twist pitch of 14/un. If the liquid crystal
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Director
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Polariser
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Figure 5.8: A deviation of the liquid crystal as seen down the microscope between crossed
polarisers with the rubbing direction aligned with one of the polarisers.

is uiiswitched, the birefringence (n™ —no) of E7, the material used, is 0.22. Therefore,
the l)irefringence-pitch product is 3/rm compared to the wavelength of roughly 0.5/ini.
This indicates that if the twist is uniformly spread through the layer thickness, the
Mauguin limit seems a reasonable approximation. If, however, the twist is concentrated
in one part of the cell thickness and/or the liquid crystal is partially switched, the
ap})roxiniation becomes more questionable.

5.5 Wall and disclination observation

Wall structures in liquid crystal are readily identified in a polarising microscope. A wall
is a rapid distortion of a director field which is kept from smearing out by an electric or
magnetic field (see section 2.4.4). Since the liquid crystal refractive index is dependent
on the director orientation, a wall creates a rapid change of refractive index. Thus, the
wall focuses the light making it easily identifiable. A disclination is much smaller than
a wall and thus is much harder to see. In particular where there is an edge {i.e. the side
of the lens) the disclination can be hidden, especially as the disclination can be pinned
to that edge.

Further information on the walls and disclinations can be gathered by applying a low
frecpiency (~10 Hz) electric field which causes hydrodynamic flow. The flow distorts the
liquid crystal walls causing them to tilt making them more visible from above {i.e. when
looking down the microscope - see section 6.4.3).
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Figure 5.9: Schlieren texture of unaligned liquid crystal as seen between crossed polarisers.

5.6 Birefringence

The Mach-Zehnder interferometer proved a useful tool in examining the structures of
the liquid crystal (see sections 5.3 and 6.3), however, it was not used with all the devices.
The cylindrical lenses proved difficult to measure in the Mach-Zehnder. This is because,
for cylindrical lenses, the microiens objective (see figure 5.6) must be replaced with a
cylindrical lens. The problem created is that the cylindrical lens does not produce a true
image, it can only recombine light which has diverged in one plane. In principle, this
would not be a problem if the lenses under examination were sufficiently homogeneous in
the orthogonal direction. However, it was not the case. By examining, the birefringence
fringes of the lens cell it was possible to extract information about the liquid crystal
structure without these problems.

A second motivation for investigating the birefringence properties is that it isolates
the liquid crystal properties from the optical properties of other elements. When con-
sidering the optical properties of the lenses, it is useful to be able to separate out the
non-uniformities of the liquid crystal from any other imperfections. This is possible by
examining the birefringence properties since the liquid crystal should be the only part
of the devices which is biréfringent.

When illuminating a biréfringent layer through crossed polarisers (see figure 5.10),
the intensity of transmitted light is dependent on several factors. The equation for the
transmitted light through crossed polarisers is (see equation 2.6):
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(5.5;

Polariser

Analyser
Figure 5.10: A biréfringent layer (liquid crystal) between crossed polarisers

Since, in the microiens cell, the licpiid crystal layer thickness, cl, is varying, birefrin-
gence fringes can be seen across the lens (assuming 0 is not 0° or 90°) when viewed
betwcen crossed polarisers with no voltage applied. As a voltage is applied and the
licpiid crystal rotates towards the cell normal, the licpiid crystal layer presents less and
less birefringence to the incident light and the fringes reduce in niimber and become
broader. By measuring the location of the fringes, information on the birefringence/ cell
thickness product {4nd) can be obtained.

Measuring the birefringence fringes has the advantage that the measiirement relates
jmrely to the licpiid crystal structure (assuming the licpiid crystal to be the only biré-
fringent material in the optical path), whereas optical phase measiirements are affecd.ecl
by all the optical components.

Ideally, the same fringe analysis software would be used on the birefringence fringes as
the phase fringes (see section 5.3), however, the birefringence fringes have characteristics
which make them difficult to process in the same way as the phase fringes. Unlike
the phase fringes, the birefringence fringes are non-uniform in width since the layer
thickness variation is non-uniform. Since the birefringence fringe non-uniformity cannot
1)0 changed without altering what is being measured, it is difficult to use the fringe
analysis package which works best with a uniform spatial frequency. Also, the fringes
on the spherical lenses are inevitably circular which the fringe analysis software cannot
deal with.

Thus, for the above two reasons only the cylindrical lenses had their birefringence
fringes measured. The lens and fringe image was captured by the frame grabber and
the image was displayed on the computer monitor. Then the fringe positions were
measured relative to the side of the the lens using a ruler. The set-up for measuring the
birefringence, a modified version of the interferometer for aberration testing, is shown
in figure 5.11.

An extra liquid crystal layer was included in the optical path with its rubbing direc-
tion ])arallel to the liquid crystal on the microiens. This extra liquid crystal layer means
that birefringence can be added to the optical path and thus the fringe order can be
deduced.
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Figure 5.11: Setup used for liquid crystal birefringence measurements

5.7 Timing measurements

The iiiicroleiises have been designed with a thin liquid crystal layer expressly l)ecanse
otherwise the thicker liquid crystal layer would slow down the response. Beyond this
consideration, however, no atteniy)t has been made to optimise the response time of the
microlenses during this investigation. Although no attempt has been made specifically
to make the lenses change state faster, the speed of the response has been measured.

A simple measure of the speed of the lenses is the time required is the time required
for the focal spot intensity to complete 90% of its eventual change. This is likely to
be an appropriate measure for application purposes. To measure this, the experiment
shown in figure 5.12 was set-up.

Again, this experimental set-up is a modified version of the interferometer experi-
ment. A signal generator (Philips PM5150) was used to synchronise the application of a
voltage with the recording of data. Initially, a calibrated optical power meter (Newport
Model 835) was used for taking the light intensity readings, however, it was found that
the meter wasn’t fast enough for the quickest responses of the lenses (the optical power
meter is capable of taking results every ~300ms judging by the fact that LabView could
not get a response any faster than this). A higher power laser than the one used for
the interferometry was required (15mW vs. 0.95mW) to ensure sufficient light for the
Dower meter for all focal lengths of the microlenses.

Thus, measurements were also taken with a photodiode in place of the power meter
and aperture (the aperture not being required due to the photodiode being already
small enough). Since LabView needs devices on an IEEE bus in order to talk to them,
it could not talk to the photodiode. Instead, a storage oscilloscope (Tektronix 2430A)
was used to record the data (simultaneously with the signal generator output) which
was then plotted to deduce the response time.
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(b) Set-up using a photodiode
Figure 5.12; Experimental set-up for measure the response time of the lenses
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Chapter 6

Experimental Results

6.1 Introduction

The first part of the measurements concerned the performance of the lenses, but it
became apparent that the liquid crystal structure on switching had a significant role
in the lensing properties. Thus, the results of the measurements fall broadly into 2
categories: the lensing properties of the devices and the nature of the liquid crystal
structure.

The lensing properties are characterised by the focal length and its variation with
voltage (section 6.2) whilst the quality of the lensing is measured by the lens aberrations
(section 6.3). The structure of the liquid crystal has been studied using a polarising mi-
croscope (section 6.4) so much of the results are in the form of photographs (contained
in a separate section at the end of the chapter). The profile of the liquid crystal bire-
fringence (section 6.5) provides both details of the lensing properties and gives some
insight into the liquid crystal structure. Finally, there is section on the time response
of the switching (section 6.6). The chapter begins by examining the results concerning
the focal properties of the lenses.

6.2 Focal length

The most important quantity that characterises the lenses is their focal lengths and
how they vary with voltage. The focal lengths were measured on a microscope, imaging
the microlens aperture and then the focal spot and recording the difference in position
from the microscope micrometer postioner, as is described in the measurements chapter
(section 5.2). The focal length vs voltage plot for the first microlenses fabricated is
presented in figure 6.1. The focal length for the polarisation corresponding to the
ordinary refractive index of the liquid crystal does not vary with voltage and is the
same as the value for the extraordinary refractive index when 10V or more are applied,
namely 560um.

It was initially surprising that above 3V the focal length rises as the voltage increases.
This rise was not expected in the original design (see section 4.3.1). The cause of this
rise is an aberration similar to spherical aberration (S.A.) causing a shorter focal length
around 3V than would otherwise be the case. This aberration reduces as the voltage
increases thus causing the focal length to get longer (see section 6.3).
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Figure 6.1: The focal length vs voltage results for the original D=100/nn lenses

As can be seen from the error bars on the graph, the greatest uncertainty in the
measurements is at around 1.5V. In fact, more results around this voltage range would
have been desirable but identifying the focus was increasingly difficult as the range was
approached. The cause of the imprecision is a combination of two factors; firstly, there
is an asymptote in focal length around this range (see figure 4.7) and, secondly, the
aberrations of the lenses are largest in this range (see section 6.3). It is unfortunate
that the aberrations of the lenses are large in the 1-3V range since this voltage range is
where the simple theory {i.e. ignoring the effect of the microlenses on the liquid crystal
structure-see section 4.3.1) predicts the refractive index should be changing fastest with
voltage (see figure 4.6).

The design with the electrode on top of the microiens does not suffer from large
aberrations in the 1-3V range (see section 6.3). The focal length vs. voltage relation
for these lenses is shown in figure 6.2 together with results for the original design again
(but with a larger diameter than the ones described above). The shortening of the focal
length ofthe original design around 1-1.5V is probably the effect of the large aberrations.
The rise in focal length seen above 3V with the original lenses does not occur in the
electrode on top design since the S.A.-like aberration has been eliminated by the change
of electrode position.

The lenses whose results are presented in figure 6.2 are longer focal length lenses than
the first lenses since the later lenses were fabricated with larger diameters (which have
longer focal lengths for the same deposited thickness of photoresist-see section 3.2.1).
The new lens design was fabricated using an array mask (circles of 150pm diameter) in
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Figure 6.2: The focal length vs voltage results for the inierolenses (D= 150//ni) with the electrode
on top (o) and the original design (V)

order to investigate the issues that arise in an array device (see section 6.4.3). The fact
that the original lens design has a focal length which is shorter than the design with the
electrode on top is due to the spherical aberration as mentioned above (alternatively,
the shorter focal length can be viewed as a result of distortion of the electric field due
to the photoresist acting as an patterned-electrode lens, cf. Ref. [NMS91]).

6.3 Interferograms

The testing of lenses by interferometry is long established and is usually a straightfor-
ward process. With the advent of interferogram software, the analysis is often almost
automated (see section 5.3). However, in the case of liquid crystal immersed inierolenses
the results are harder to process because of the effect of the liquid crystal on the light
polarisation.

As seen in section 6.4.1, the light coming out of the lens can be changed in polarisation
(relative to the input) and the change depends on the part of the lens through which
the light passed. Since the reference beam is linearly polarised (parallel to the initial
polarisation of the test beam) the result of any change of polarisation is a loss of contrast
in the interferogram. An example is shown in figure 6.49 (on page 143). Unfortunately,
the fringe analysis software package used does not have a way of including what is, in
effect, a partial aperture obscuration (see section 6.4.1) - effectively another aberration
of the lens. Thus, only the phase aberrations were measured.
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A 2nd unusual aspect of the interferogram analysis carried out for this thesis is
illustrated in figure 6.3. In this picture of the fringes, 2 fringes combine apparently into
a single fringe yet when the phase of the reference arm is changed these two fringes are
shown not to be ofthe same order. This can happen because of twist in the liquid crystal
and it means that care has to be taken when recording interferogram data, shifting the
fringes (changing the phase in the reference arm) to identify the correct order of the
fringes.

Figure 6.3: Interferogram of array of original microiens design (D=150//m). Note the 2 fringes
combining into a single fringe (at the centre of the magnifying glass symbol).

The interferometric results from the original lens design are shown in figures 6.4 and
6.5. It can be seen from these results that the aberrations increase markedly when the
voltage is sufficient to start the liquid crystal switching (roughly > IV) and then as the
voltage increases further, the aberrations reduce. The effect of wavefront aberrations
on focusing cpiality is non-linear. Small phase aberrations do not result in significant
change in image quality, indeed, 0.07A is usually considered diffraction limited (Maréchal
criterion [BW80]). However, as the aberration gets larger, light from some parts of the
aperture will cancel out the light from other parts. When the aberrations become greater
than 0.5A then any additional aberration will make little difference since 0.5A means
part of the light exiting the aperture is already in anti-phase to other light beams. As
the measurements indicate, the usable voltage range is above 4V (see also figure 6.2).

There are 2 characteristics of the aberrations that have been identified (above OV).
The first is a curvature difference between the centre of the phase map and the second
is a symmetric aberration about a line in the rubbing direction through the lens centre.

The curvature difference in the phase map is the spherical-like aberration mentioned
in the previous section. The difference is due to the liquid crystal not being as switched
in the centre of the lens as at the edge. The liquid crystal response is determined by the
applied voltage not the applied electric field (see chapter 2) and, in this design, some of
the voltage is dropped across the dielectric of the photoresist, thus, there is, in effect, a
lower applied voltage where the photoresist is thicker.

The initial saddle shape of the wavefront in the rubbing direction can be explained
by the alignment. In theory, the liquid crystal aligns with the alignment layer (plus a
couple of degrees for the pre-tilt) which means that the liquid crystal director on the
surface of the microiens will follow the profile of the microiens. That is, as shown in
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Figure C4: Wavefront aberration plots of the original microlenses (D= 150/nn).
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Figure 6.5: RMS wavefront error (A) vs Voltage for 150/rni (diameter lenses. Original design.
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figure 6.6, travelling in the rubbing direction, the director on the surface just before
the lens is at 2° to the plane of the cell and then, once on the lens, the orientation
starts at 42° and goes to -38° on the other side of the lens before reverting to the
orientation on the glass surface, namely 2°. Since the pre-tilt affects the director profile
and, thus, the effective refractive index, it reasonably explains the saddle shape. In fact,
these boundary conditions were used in a model which produces results (see chapter 7)
similar to the measured data.

Figure 6.6: Pre-tilt variation as the pre-tilt follows the surface profile, plus 2'

The explanation above is convenient because the well-defined and rigid boundary
conditions allow modelling of the device. Flowever, there are 2 problems with the expla-
nation. One, is simply the question of how credible are the assumed boundary condi-
tions. The sharp transitions in director orientation at the lens edge seem unlikely in an
elastic medium (unless a disclination is present in which case it is entirely reasonable).
Secondly, the conclusion from the polarisation measurements (see section 6.4.1) that
the liquid crystal is twisting is something which has not been included in the model.
The assumption that the director on the microiens surface follows the profile of the lens
produced reasonable agreement up to ~ 27 when used in a computer model (see sec-
tion 7.3). It seems reasonable to suggest that the twist becomes important above this
voltage and that this is why the modelling matches the experiment less well at higher
voltages.

The results of the interferometric testing of the lenses with the electrode on top of
the microiens are shown in figure 6.8. The most notable feature of these aberration plots
is the absence of any aberrations, as compared to the original lens design (NB: note the
change in scale between figures 6.4 and 6.8). The most marked aberration is a saddle
shape which is evident at 6V and above. This saddle type aberration is reasonable
if the pretilt varies in the rubbing direction but not orthogonal to it and, indeed, it
appears in the modelling predictions (see chapter 7) albeit in different proportions to
those measured. If we examine the plot of the RMS error vs voltage (see figure 6.7),
there is a large change for the better compared to the plots for the original design for
1-3V shown in figure 6.5. This improvement is especially beneficial since the refractive
index of the liquid crystal should be changing fastest in this region (see figures 4.6 and
4.7), a fact which also renders the saddle aberration less important since the focal length
is not changing much in its corresponding voltage range anyway.

One factor not recorded in the interferogram plots is the tilt of the wavefront com-
ing out of the lenses. The interferogram analysis software requires that the reference



6.3. INTERFEROGRAMS

0.5

0.4

0.2

0 2 4 6 8 10 12 14 16 18
VoltageA/A.C,(1 kHz)

Figure 6.7: RMS wavefront error (A) vs Voltage for 150/rm diameter lenses. Electrode on top of
the microiens design. (Vertical scale the same as figure 6.5)
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Figure 6.8: Wavefront aberration plots of the electrode inierolenses (D=150/nn).
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wavefronts be tilted w.r.t. the test arm and then automatically removes the tilt as part
of its analysis. Unfortunately, the program does not record the amount of tilt removed.
This is unfortunate since there is a variation of the tilt coming out of the microlens. It
can be seen in the birefringence fringes so measurements of birefringence fringes were
also taken (on the cylindrical microlenses only - see section 6.5).

As mentioned above whilst measuring the microlens aberrations it became evident
that for some parts of the lens the polarisation of the light was being altered by the
liquid crystal - an effect that could only occur if the liquid crystal in that region was
no longer in the plane defined by the rubbing direction and the cell normal. The effect
of this deformity can not easily be analysed by measuring the phase aberrations of the
lenses. These affects are discussed in the next section.

6.4 Liquid crystal structure

There are 2 criteria for the desired liquid crystal structure. The first is that the liquid
crystal director is always parallel to one plane, namely, the plane containing the rubbing
direction and the vector normal to the cell. This condition ensures that the refractive
index is being changed only for the intended polarisation. The second criteria is that
the liquid crystal structure is uniform in the sense that, across the microlens, the liquid
crystal introduces the same optical path per unit distance averaged over the liquid
crystal thickness. This section is concerned primarily with the first criteria and only
with gross deviations (in the form of liquid crystal defects) from the second.

A liquid crystal which is non-uniform or misaligned in one area will, in general, change
the polarisation of the light transmitted in that area. The resultant variation of polari-
sation of the light exiting the device will reduce the quality of the focus since orthogonal
polarisations cannot interfere (the two polarisations must be treated separately).

The quality of the lenses can also be reduced by liquid crystal defects. Walls and
disclinations (liquid crystal defects) occur in some of the devices when a voltage is
applied to them. Those defects can scatter light and promote polarisation changes.
Also, they are often slow to disappear (assuming they disappear at all), relative to
the time required for the switching of the liquid crystal, thus increasing the effective
response time of the lens (see section 6.6).

The liquid crystal structure arises from the interaction of the liquid crystal align-
ment and the electric field distribution. It is generally simpler to modify the alignment
technique than it is to alter the electric field distribution by designing a new mask
and fabricating the structure. Hence, it was possible to be more speculative in trying
different alignment techniques than was the case in trying new electrode/photoresist
designs. The results of various alignment techniques are detailed below, in particular,
with regard to their performance in terms of polarisation preservation and disclinations.

6.4.1 Polarisation changes with original design

A micrograph (microscope photograph) of the original lenses, made by C.H. Chia, can
be seen in figure 6.20 (on page 112). A polarising microscope was used which contains
2 polarisers, one above and one below the sample (see chapter 5). In the micrograph,
the two polarisers are crossed, thus with no liquid crystal the micrograph would have
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appeared black. The cell was inserted with the PVA rubbing direction (liquid crystal
alignment direction) parallel to the first polariser such that if the liquid crystal director
was uniformly aligned the picture would still be uniformly dark. Wherever the liquid
crystal director deviates from the rubbing direction, the polarised input light propa-
gates along the two optical axes of the birefringent liquid crystal so the polarisation
is changed and some light is transmitted through the second polariser (see figure 5.8).
This arrangement is convenient because the high contrast makes identifying areas of
non-uniform alignment relatively simple.

The first micrograph shows that, since most of the cell and microlenses appear black,
there is a general alignment with the rubbing direction. Two others facts are evident
from this micrograph:

e Each lens is surrounded by a halo of light, i.e. badly aligned or misaligned liquid
crystal.

e In general, there are quite a few particles distorting the liquid crystal.

Of these lenses, the 100um lenses had the most spherical photoresist profile as mea-
sured by an Alpha step machine [CHI94] (the larger lenses being flat topped) and,
therefore, were chosen as the lenses to be studied in more detail.

Examining the liquid crystal structures

If the 100pm lenses are examined more closely (see figure 6.21 (on page 113)), one further
detail becomes apparent - on one side of the lens, the leeward side w.r.t. the rubbing
direction, the ‘halo’ of light mentioned above encroaches onto the lens itself. This cell
was taken apart and chromium was deposited on the microlenses in order to inspect
the PVA layer in a scanning electron microscope (SEM). The SEM inspection showed 2
characteristics of the PVA layer. The first can be seen from figure 6.22 (on page 114).
A distinct flow direction can be seen in the PVA. Near the microlens edge the direction
appears to follow the curve of the microlens, but further away from the microlens (the top
right hand corner of the picture) the pattern is left to right (the rubbing direction). The
left to right pattern predominated except near the microlens edge as shown. Overall,
the pattern can perhaps be explained by the alignment layer preparation used. The
PVA layer was dip-coated onto the substrate to be rubbed, ensuring that the direction
in which the PVA drained away was the same as the rubbing direction. Therefore,
the pattern observed could be due to the pre-rubbing drain alignment of the PVA
which would flow around the microlens in a similar fashion to the pattern. A 2nd
observation from the SEM photographs can be made from figure 6.23 (on page 115). In
this photograph, it can clearly be seen that some of the PVA layer has been taken off
the top of the microlenses in the rubbing process. It is quite possible that the (rubbed)
photoresist, similarly to the PVA, will induce some alignment, however, the generated
semi-attached or detached particles of PVA would scatter light (either directly or by
deforming the surrounding liquid crystal).

In the results presented so far, alignment has been considered only in its initial
state, i.e. with no voltage applied. With this first lens cell design, a significant change
occurs to the polarisation of the light transmitted as a voltage is applied. This can
be seen in figure 6.24 (on page 116). N.B. when a voltage greater than the threshold
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voltage is applied, a liquid crystal wall structure fonns initially but then disappears
(see section 6.4.3), the micrographs are taken after the disappearance of the wall. From
the figure, light is clearly being ‘lost’ into the polarisation orthogonal to the input
polarisation. This is verified by looking at the light transmitted through the lens in the
input polarisation as in figure 6.25 (on page 117).

The most obvious characteristic of these micrographs is that, as the applied voltage
increases, the area of the lens where the light is left in the original input polarisation
decreases until it becomes a strip across the centre of the lens. This characteristic is
voltage dependent, and does not depend on the previously applied voltages.

These polarisation altering characteristics are almost certainly due to the liquid crys-
tal being twisted (the only alternative being that the whole liquid crystal layer is rotated
in one region). As a voltage is applied to the cell, the liquid crystal forms a twisted
structure, requiring higher voltages to start twisting where the photoresist is thicker
{i.e. towards the centre of the lens). The strip across the centre of the lens indicates
that there is no twist along the strip (in the rubbing direction).

A possible explanation for this twisting behaviour is that by rotating to point towards
the centre of the microiens, the liquid crystal director on the microiens surface minimises
the angle away from the electric held (whilst remaining hxed in the plane of the surface).
Since in the centre of the cell the director will be much closer to the electric held
direction, such a structure reduces the splay (see section 2.3) of the liquid crystal director
between the microiens surface and the centre of the cell at the expense of introducing
twist and of breaking away from the rubbing direction (see hgure 6.9). This assumes
that the in-plane anchoring energy is much weaker than the out-of-plane anchoring.
Unfortunately, the author is not aware of any directly comparable hgures, the nearest
being 0.1 ~ 1x for the in-plane anchoring energy of liquid crystal GR-41
on rubbed PVA [SSU92] as compared to 3 x J/rri~ for the out-of-plane anchoring
energy of liquid crystal 5CB on rubbed PVA [SFR*96].

Splay
(twist = 0)

(a) Untwisted structure (b) Twisted Structure (with less

splay)
Figure 6.9: Comparison of a twisted and untwisted liquid crystal structure on the microiens

A second possibility is that the electric field is not completely normal to the cell
but has a component in the plane of the cell. The electric field distril)ution has been
calculated using the modelling programs of Fabrizio Di Pasquale (see section 7.5). The
electric field distribution for the cases where the director distribution is assumed to be
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ideal are shown in figures 7.11 and 7.12. In the case where the director is fully switched,
the field distribution is valid for all sections through the microiens (which pass through
the centre of the lens). For the off-state, there is a variation for different orientations
of the section since there is a variation of the dielectric of the liquid crystal in the cell
plane depending on the orientation. It can be seen (figure 7.12) that there is component
towards the centre of the lens and, thus, the liquid crystal, following the held, will rotate
towards the lens centre (as well as up, out of the cell plane). Therefore, the structure will
be something like that shown in hgure 6.10. Since this structure assumes the director
returns to the alignment direction at the surfaces and the overall twist is zero, then this
explanation assumes that the twist is sufhciently tight that the Mauguin limit does not
apply (see section 5.4). Also, it can be seen that on the negative pretilt side of the lens
a sharp transition of twist might be required; starting at positive pretilt side of the lens
(left hand side in hgure 6.10), the inclined electric held does not necessitate any twist in
the rubbing direction, but then going around the lens the required twist increases until
at the other side of the lens 180° is required. However, following the same path but in
the opposite direction around the lens {i.e. along the far side of lens in the hgure), an
opposite —180° twist is generated, which meets the previous 180° twist along the line
of the rubbing direction on the negative pretilt side of the lens. Tims, a rapid untwist
and twist of the licpiid crystal is required, given that no disclination is observed.

Figure 6.10: Liquid crystal twisting towards the lens centre, immediately above the lens surface
to follow the electric held. Notice that that twist increases from the positive to negative pretilt
side of the lens {i.e. left to right in hgure) and that the liquid crystal twists going to towards
the centre of the cell and then beyond some point untwists towards the other cell wall.

The ‘S’ shape at the end of the strip (hgure 6.24 (on page 116)) might be thought
to be due to bad alignment on the ‘leeward’ side (w.r.t. to the rubbing direction) of the
microiens (see hgure 6.21 (on page 113)), however, the basic ‘S’ shape appeared on all
the lenses in the array indicating it to be another characteristic of the original design.
The ‘S’ shape only appears after the wall loop has disappeared (see 6.4.3). When the
wall is present with high helds there is the same strip which simply goes through the
wall following the rubbing direction.
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Effects of the twist on device performance

The change of polarisation of the light transmitted for parts of the aperture could be a
serious problem in many systems. The biggest problem the polarisation change creates
is that, in effect, it distorts the aperture. If a linearly polarised beam goes into the lens,
the light emerging will have a variation of polarisation across the beam. The distribution
can be considered as made up of two amplitude functions in orthogonal polarisations
which, when focused to a spot, will be two spots in the two polarisations superimposed.
Both these spots would be larger than would be the case with a beam of the same width
but of a uniform polarisation distribution and both would be distorted away from the
circular symmetry of the Airy disc.

A second potential problem arising from the above device characteristics concerns
its interaction with the possible other components of an optical system. Since the
device only varies its focal length in one polarisation, it might be advantageous to
use polarisation sensitive optics elsewhere in the system. However, this approach would
probably be jeopardised by the polarisation characteristics of the device described above.

Possible ways to reduce the twisting

There are various approaches that might reduce the twist. If the liquid crystal is breaking
away from its alignment layer (rather than twisting sharply above it) then by making
a stronger alignment layer the liquid crystal the liquid crystal may be prevented from
twisting. Other possible solutions are more speculative. It is possible that the twist
is starting because of the misalignment around the edge of the microlens, thus, an
alignment technique which was equally effective over all sample might remove the twist.
Such an alignment technique would, in fact, be desirable since the misalignment of
the liquid crystal around the edge of the lens reduces the useful aperture of the lens.
Alternatively, a material could be used with a higher elastic coefficient for twist (relative
to the bend and splay coefficients) thus imposing a greater energetic cost for a twist
deformation.

If the alignment technique was changed to one which produced a uniform pre-tilt
across the sample, the twisting of the liquid crystal maybe reduced, although it is
not immediately clear from the above evidence that this should be case. Similarly, a
change in the electrode structure could reduce the twist if the lateral electric fields (as
suggested above) are causing twist. Both these last suggested changes, however, have
more compelling reasons for being tested which will be described in subsequent sections.
However, the impact of these design modifications on the polarisation properties of the
microlenses is described below.

6.4.2 Polarisation changes with other designs

Cylindrical lens designs

As mentioned earlier, with the original lens design, the liquid crystal does not twist
along the line across the microlens centre in the rubbing direction. This implies that
a cylindrical lens with the rubbing direction perpendicular to the long axis of the lens
should not generate a twisted structure when a voltage is applied. It was partly to test
this idea that cylindrical liquid crystal immersed microlenses were fabricated. The first
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cylindrical microlenses fabricated were cylindrical versions of the original design (see
sections 4.3.2 and 4.4).

When a voltage was applied to the devices, it was initially the case that there was
no twist as evidenced by the fact that the polarisation was apparently unchanged. The
untwisted structure lasted whilst there was a wall structure seen in the liquid crystal
(see section 6.4.3), however, once the wall had receded there was a strip of twisted liquid
crystal down one side of the lens. This strip can be seen in figure 6.42 (on page 135).

This observation casts doubt on one of the proposed causes of twist which was that
the twisting occurs so that the splay through the cell is minimised whilst remaining
parallel to the surface (see previous section). Clearly, with the alignment across the
cylindrical microlens the minimum splay condition (whilst remaining parallel to the
microlens surface) is already fulfilled. Thus, if the explanation for the induced twist
based on reducing the splay by turning to the maximum surface gradient is correct
(as a mechanism occurring on the spherical microlenses), it cannot be the complete
explanation.

The second explanation for the twist on the microlens, based on the inclined electric
field, does not first at sight appear a likely explanation either. On the cylindrical lens,
all the inclined fields still lie in the plane defined by the rubbing direction and the cell
normal. However, when one remembers that the wall structure has receded and thus
one pretilt has predominated over all the cell then it can be seen that on the negative
pretilt side of the lens a very large splay is required (> 90°). Add in the inclination of
the field towards the lens centre and the splay becomes even larger. Since large splays
are often replaced by twist where both will meet the boundary conditions (the splay
elastic constant, k11, being usually larger than the twist elastic constant, kg2), there is
a possible mechanism for stabilising the twist with the inclined fields.

In total, three electrode configurations have been tried with the cylindrical mi-
crolenses (see chapter 4). The 2 new designs (the designs with a strip electrode and with
the electrode on top, i.e. ignoring for a moment the cylindrical version of the original
design) were not designed with the intention particularly of removing the twist from
the liquid crystal structures, however, simply changing the design may have the benefit
of reducing the twist. The polarisation properties of the cylindrical lenses were exam-
ined by passing a laser beam through them; lasers have the advantage of being more
collimated than microscope illumination. The results for the 3 cylindrical lens designs
can be seen in figure 6.11. From these pictures, it can be seen that the only design to
cause a change in the polarisation of the transmitted light over a significant area of the
microlens is the original design, with the continuous electrode under the microlens.

The immediate question is how have the electric field changes avoided the twist of
the original design? Unlike the shrinking wall of the original design, the strip electrode
design never eliminates the negative pretilt from the structure (see section 7.5) thus
not incurring the large splayed structures of the original design. The design with the
electrode on top has the field normal to the microlens surface (see figures 7.13 and 7.14)
so that the splay is no greater than that in a more usual flat substrate cell. Both these
observations support the explanation for the twist originating from large splay.
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Parallel Polarisers:

Crossed Polarisers:

(a) ©
Figure 6.11: Light transmitted by the cylindrical microlenses at 8V (a) the cylindrical version of
the original design, (b) the cylindrical lens with a strip electrode opposite and (c) the cylindrical
lens with the electrode on top of the lens (cells between crossed and parallel polarisers). The
microiens widths are 100prn.

Spherical lens with the electrode on top

Turning hack to the spherical microlenses, it was hoped that the absence of polarisation
change on the newer design cylindrical microlenses would be mirrored in the spherical
microiens with the electrode on top of the lens. Indeed, there was an improvement but
the result was not a complete removal of tlie polarisation change (see figure 6.32 (on
page 125)) but the area over which the effect occurs is less than with the original design.
Looking between crossed polarisers as the voltage is increased a dark cross appears in
the image of the microiens, emerging from the left hand side in the photos (the rubbing
direction is from left to right on the microiens surface in these pictures). As with the
original design, one possible cause of the cross shape, again as illustrated in figure 6.9,
is that the liquid crystal is breaking away from its alignment direction to point towards
the centre of the lens to minimise splay. If this behaviour is taken to the extreme then
all the directors will be pointing to towards the centre of the microiens resulting in a
disclination at that point. This would result in brushes (see chapter 2) which are not in
evidence as is shown more clearly if the analyser is rotated by 45° relative to the input
polariser and the lenses such that the rubbing direction such that the rubbing direction
is at 90° relative to the analyser (see figure 6.33 (on page 126)).

The explanation for the twist on the spherical microlenses again could be the inclined
fields (see figures 7.13 and 7.14 for the fields), however, in contrast to the original design
the electric fields are normal to the microiens surface not nearly parallel to it. The
cpiestion is then, why the cross shape? This question does not have a very complete
answer. There is one important difference between the inclined fields of the original
design and the electrode on top design: in the original design, the inclination causes
additional splay (on the negative pretilt side). This difference could mean that higher
twists can be supported on the original design, i.e. on the original design the twist goes
up to 180° whilst on the electrode on top design the twist is not greater than 90°. Thus,
with the electrode ou top design twist is returning to 0° halfway around the lens causing
the cross shape.

The change of polarisation with the electrode on top design starts to become apparent
at around 2V. Fortunately, the majority of the change of refractive index should have
occured by this point (see figure 4.6) so restricting the voltage to below 2V does not
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sacrifice too much of the tunability.

6.4.3 Walls and disclinations
Identification of the defect types

When a voltage is applied to the original microlenses whilst they are being examined
in the microscope, lines appear in the liquid crystal structure. The lines form on the
leeward side with respect to the rubbing direction making a sort of elliptical shape
with kinks at the extremities as defined by the rubbing direction (see figure 6.34 (on
page 127)). These shrink down very gradually (in the order of minutes) and finally
disappear.

The voltage required to cause the lines depends on the location in the cell. The
lowest voltages needed to switch the liquid crystal occur where the liquid crystal is not
on the microlens and the highest voltages are required where the liquid crystal is at the
centre of the lens.

Occasionally, these thick lines split into two thinner lines (see figure 6.35 (on page 128))
and they are associated with surfaces (evidenced by the fact that the two lines can cross
over with no apparent effect on each other and that they can be brought into focus at
different depths (see figure 6.36 (on page 129)). This splitting is voltage dependent,
i.e. for higher voltages the splitting occurs at a faster rate and, in fact, the splitting
can be reversed by going to lower voltages. Regions enclosed by only one of these thin
lines have one further distinction from other areas - when the voltage returns below the
voltage required for switching, these regions temporarily form a new structure which
takes a few seconds to disappear whereas the other regions return quickly (< 1 sec) to
their original off-state (at least, as indicated by their polarisation properties). The new
area affects the transmitted light polarisation and is divided into sub-regions since it
contains boundaries (identifiable as double lines) separating different parts of the same
region (see figure 6.37 (on page 130)).

The first conclusion I have drawn from the micrographs are that there two basic
types of liquid crystal non-uniformity in the original structures, thick and thin. The
thick lines are walls and the thin lines are disclinations. This I deduce by comparing
my own observations of the line behaviour as described above with work on walls and
disclinations in an electric field by Stieb et al [SBM75)-see section 2.4.4. The disclinations
are associated with one surface only, whereas the walls go from one surface to the other.
Walls appear ~ 10um wide whilst the disclinations appear to be ~ 1ym wide.

Basic evolutio_n of walls and disclination

There is a straightforward explanation for the generation of walls on the microlenses
upon application of an electric field. In two regions separated by the wall, the liquid
crystal director is rotating with the opposite sense towards the electric field. In between
the two regions, there must be a rapid change in orientation or a discontinuity in the
director. Since a change in the orientation translates into a change refractive index, a
line is seen.

In a cell with flat substrates, a rubbed PVA alignment layer generates a pre-tilt
(orientation offset with no field applied) which is sufficient to prevent such walls. A
uniform pre-tilt in a uniform field will induce the liquid crystal director to rotate with
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the same sense. However, the pre-tilt is only a few degrees out of the plane of the
polymer layer and since, on the sides of the microiens, the polymer layer plane varies
by lip to 40° with respect to the cell plane (see figure 6.6), the pre-tilt is likely to be
swamped by the morphology of the PVA alignment layer. This effect has been seen in
the modelling work (see figure 7.9).

The splitting of the thick wall into thin disclinations occurs for voltages higher than
one where the wall forms. The structure of the two distortion types can be seen in
figure 6.12. The disclinations are of strength (see section 2.4.4), s = since there is
only a halfrotation of the director around the disclination. The wall, as drawn, is a bend
wall, i.e. the energy associated with the director distortion entirely corresponds to the
&33 elastic coefficient, bend. When the orientation of the director in each region is such
that it is almost parallel to the electric field then the directors for the 2 regions will be
almost anti-parallel. However, since parallel and anti-parallel directors are equivalent,
this does not constitute a director distortion at all. Therefore, when the applied voltage
is sufficient, the bend wall breaks down into two disclination lines and, between the
disclinations, the director is parallel to the applied field. In this configuration, there
is nothing holding the disclinations together, thus, they can drift apart. The region in
between the two disclinations has opposite pretilts on the two surfaces and when the
voltage is turned off the liquid crystal relaxes into a 180° twisted state. This state is
degenerate since the twist can be 180° or —180°. This degenerate twisted structure is
what is seen in figure 6.37 (on page 130).

Wall Disclinations
Figure 6.12: The splitting of a wall into two disclinations

Looking at the photo (see figure 6.21 (on page 113)) of the first microlenses there is
little evidence of disclinations in the structure once the walls have disappeared despite
the sharp change around the edge of the microlenses. The presence or otherwise of
disclinations along the microiens edge has important implications for what the structure
must be on the microiens. This question is addressed further in the next section on
cylindrical lenses.

Cylindrical lenses

It can be seen in figure 6.34 (on page 127) that some of the walls in an array of mi-
crolenses (150/y,m diameter, 165/ym pitch) have joined together. The joining together
of the walls suggests there is a limit to the proximity of the lenses with this design,
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assuming the walls are to be eventually eliminated. If the lenses are brought together
(in the direction perpendicular to the rubbing direction) it assured that the walls will
join together. In the limit (i.e. with no separation), the array will become cylindrical
lenses. This provided some extra motivation for the study of cylindrical microlenses (as
well that mentioned in section 4.3.2).

The cylindrical microlenses (with electrodes underneath) give rise to structures which
are very similar to those on spherical microlenses (see figure 6.38 (on page 131)). On
the cylindrical microlenses the walls only start to disappear from the ends suggesting
that, if the lenses were infinite in length or terminated outside the liquid crystal at both
ends, the walls would be stable. However, there is an alternative to the above sequence
of events. The switching threshold voltage is higher in the centre of the microlens and,
if the voltage is initially such that the liquid crystal is not switched in the centre of the
lens but only at the edge (and outside the lens aperture), then the wall moves towards
the lens and when it gets to the lens edge it breaks up into smaller loops (see figure 6.39
(on page 132)) which disappear. Both wall disappearing processes take of the order of
10 minutes for the cylindrical version of the original microlenses. There is no evidence
that the final structures are any different from each other.

Identifying the structure that is left behind when the wall has apparently receded
was problematic. It is clear that the light polarisation is being changed (see figure 6.40
(on page 133)). What is not clear is whether there is a disclination or wall along the
lens edge on the side where the light is changing polarisation since it is hard to tell
the difference between a line in the liquid crystal structure and the lens edge. The fact
that some part of the wall structure is left behind is suggested by a close look at the
disappearing edge of the wall which shows part of the wall adhering to the lens edge
instead of disappearing (see figure 6.41 (on page 134)). However, if there is disclination
down the side of the lens, it does not form a loop since there is no line down the centre
of the lens. A line disclination can only form a loop or terminate at the surface [dP93]
therefore, if present, the line would have terminate at the surface somewhere around the
end of the lens. Such a structure gives rise to brushes (see section 5.4) which are not
seen in the devices, thus indicating that there are no disclinations down the microlens
side.

The consequence of the absence of disclinations is that the twisted structure on the
side of the microlens has to be continuous with the surrounding untwisted structure.
This is possible if the liquid crystal is breaking away from the surface alignment, however,
as stated previously, there is no obvious reason for the liquid crystal to do on the
cylindrical lenses. Alternatively, it could go through a completely switched state where
there is no distinction between twisted and untwisted (see figure 6.13). However, such
a structure would most likely be visible since the refractive index profile around the
switched transition region would act as a lens. Finally, the liquid crystal could have
a double twisted structure allowing a continuous twisting and untwisting across the
microlens (see figure 6.14). The figure is drawn to represent the twisted structure and
is inaccurate in a couple of points; the bend/splay of the switching is hardly shown in
the twisted area and also, as stated previously, the twist would have to be concentrated
into a smaller region in order to be under the Mauguin limit.

More clues as to the liquid crystal structure can be gained by switching to a low
frequency before the wall has disappeared. When the frequency of the applied signal
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Figure 6.13: A twisted structure going to an untwisted structure through a completely switched
state

is taken to the low frequency region, we see structures similar to those seen by Steib
at high voltages (see section 2.4.4), namely pinching of the walls and the walls are no
longer exactly perpendicular to the substrates. According to Steib, these are caused by
hydrodynamic flow in the liquid crystal which is also what occurs when a licpiid crystal
is driven at a low frecpiency. The structure of the liquid crystal wall is in essence the
same but with the wall tilted sideways so it is easier to see what is happening.

Starting from the nnswitched state, the voltage is turned on, taken to a high value
(>7V) so that a wall forms in a complete loop. Then the frequency is brought down
to the 10-50Hz region. When this is done the wall splits into two thinner lines but,
unlike the thin disclination lines mentioned earlier, these lines still have a structure
linking them. In between the lines, there is more light transmitted through the crossed
]olarisers and within this region there are bands similar to those seen in previous photos
(see figure 6.37 (on page 130)). These bands occur where previously there was a kink
in the wall (see figure 6.43 (on page 137)). The wall on top of the microlens never
splits into an associated pair at the lower frequencies, so in general the lines draw back
together as they go on to the microlens. Sometimes the region bounded by the two thin
lines is transferred onto the nhcrolens and resultant structure is almost indistinguishable
from that formed when the wall has shrunk to nothing. Particularly interesting are the
bands (former wall kinks) within the region which sometimes remain even though one of
the bounding lines of the region (the line which would be at the centre of the microlens)
has disappeared (see figure 6.43 (on page 137)). If the frequency is returned to its
usual value (IkHz), some, but not all, of these bands disappear and there is no obvious
fundamental difference between the structures left on the side of the lens at low and
high frecpiencies.

Similar bands are also seen sometimes at one end of a shrinking wall (see figure 6.44
(on page 138)). The band is always at the same end of the wall, i.e. as in figure 6.44 (on
page 138) the band always forms at the bottom side (in the picture). This lens design
is supposed to be symmetrical about the short central axis of the microlens but the
observation that the band always forms on one side shows the symmetry is not perfect.
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Figure 6.14; A double twisted structure which can untwist continuously

Also, one of these bands are seen near the end of the microlens (the same end as the
side of the wall that has the band emanating from it).

If the analyser is rotated (leaving the input polariser and rubbing direction parallel)
then the angle is found where the bright regions of the microlens in figure 6.44 (on
page 138) become dark (30°). This angle is ecpial and opposite for the regions eitluu'
side of I)ands (see figure 6.45 (on pagt; 139)).

The conclusion from these observations is that the kinks in the wall structures are
the same thing as the bands within the transmitting regions at low frequencies which, in
turn, are the same as the lines sometimes seen in the transmitting regions on the side of
the nhcrolens. Several questions arise from this, one being what are the structures seen
at low frequencies and why do the regions between the lines appear to be transmitting
the light. These structures are studied further in the next section.

Structure of walls

The structure of these walls has been described by Léger (see section 2.4.4). He calcu-
lated how the ellipticity of the wall relates to the ratio of kss and k22- The ellipticity
ratio is not usable for these devices since the presence of the surface structure (mi-
crolenses) will distort the wall, however, a difference can be seen in the angle of the
kink at different voltages (see figure 6.46 (on page 140)). From the work of Steib er al
(see section 2.4.4), it can be seen that the kinks are actually parts of the wall where the
twist sense {i.e. right-handed or left-handed) inverts.

The most interesting conclusion of the work using low frequencies is that the kink
in the wall (now seen as a band) can be left on the side of the nhcrolens after the
‘disappearance’ of the wall. Since there is a kink left behind, there must be a wall as
well, thus 1 conclude there is a part of the twist wall on the side of the nhcrolens left by
the receding wall. This is also backed up the observation with the polarising microscope
that part of the nhcrolens appears to go dark when the analyser is rotated by 30° on
one side of the kink band (see figure 6.45 (on page 139)) and the same on the other side
of the kink if the analyser is rotated the opposite way.
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The twist wall on the microlens must have the twist axis out of the plane of the cell
in order to be reorientating the light polarisation, however, at 1 kHz the wall is normal
to the cell so the twist axis will be in the plane. Thus, this explanation requires that
the wall reorientates. At low frequencies, this is not a problem since the hydrodynamic
action does this already. For the higher frequencies this occurs at the receding edge of
the wall where birefringence colours can be observed (see figure 6.41 (on page 134)).

There is a more important distinction between the wall structure left on the microlens
and the standard wall loop as described by Steib and that is that there is no bounding
wall down the centre of the microlens, thus the twist must smear smoothly into the
structure on the other side of the microlens.

Strip electrode design

An electrode structure was suggested by Fabrizio Di Pasquale using a strip electrode
opposite the microlens [DFDD96]. According to his model, this has the advantage of
eliminating the wall at the side of the microlens. The structure suggested by Fabrizio
partly eliminates the wall. As he predicted there is no wall at the side of the mi-
crolens (see figure 6.47 (on page 141)), however, there is a wall at the centre of the
lens. His model could not go to sufficiently high voltages to predict this central wall
structure. Where 2 microlenses (and their opposing strip electrodes) are close together
the switching propagates sufficiently far that a wall forms in the gap (see figure 6.48 (on
page 142)).

Electrode on top design

Another design fabricated was a cylindrical lens with an electrode on top of the mi-
crolens. This design was made in order to improve the uniformity of switching since
the dielectric of the photoresist was reducing the effective voltage applied to the liquid
crystal (since the electrode was underneath the microlens in the original design). The
microlenses with the electrode on top do not produce walls. At first sight this is un-
expected since the alignment is unchanged, however, the difference is due to the speed
of switching. With the electrode on top of the microlens the liquid crystal will always
switch fastest at the centre of the lens (see equation 4.1) where it will switch according
to the intended pre-tilt. This orientation then propagates down the side of the microlens
causing the rest of the structure to switch the same way.

6.4.4 Alternative alignment layers

The first liquid crystal immersed microlenses used a PVA alignment layer. Various
other types of alignment layer have been tried to see if an improved performance could
be achieved. There were three basic ideas behind these designs: externally definable
alignment layers (to give an alignment which is independent of the surface), hybrid
alignment layers (no pre-tilt across the microlens surface) and strong anchoring (to
eliminate the twist).

Externally definable alignment layers In recent years, a number of photopolymer

layers have been discovered to have the property that if they are polymerised with
polarised light then they will align a liquid crystal on top of them. This work started
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with LPP layers investigated by Schadt et al [SSKC92]. Whilst fabricating microlenses,
it was a relatively easy task to test if the photopolymers used as photoresist have similar
properties. Negative photoresist has to be used since with positive photoresist only the
unexposed resist is left after the development process.

With both the negative photoresist and the LPP layer, it was expected that the
alignment strength and direction would be the same over all the cell (i.e. the microlens
profile would not affect it). It was hoped that this uniformity would give an improved
performance around the edge of the microlenses and that this might reduce the liquid
crystal twist that occurs when a voltage was applied. However, the LPP layer does not
generate any pre-tilt unless 2 exposures are used [HSK*95] and then only small pretilts
are generated (< 0.30°). Since this pre-tilt is very small it would quite probably be
overwhelmed by the effect of the microlens surface profile which would cause problems
when a voltage was applied (see section 6.4.3).

To test the negative photoresist as an alignment layers microscope slides were spin
coated with negative photoresist and exposed to varying doses of polarised UV. The
resist (HNR120 from OCG Microelectronic Materials Ltd) was spun onto the substrates
at 5000rpm for 20 seconds which gives a 0.6um layer. The samples were then baked
on a hot plate at 90°C for 45 seconds. A mask consisting of a thin slit was prepared
using insulting tape on glass and different parts of the slide were exposed through the
mask with various exposure times. The exposure times were chosen on the basis of the
exposure required for the resist to be completely polymerised taking into account the
required UV polariser. The resist would usually require 8 seconds exposure [OCG95] (at
7.6mW/cm?) and allowing for the polariser transmittivity [Eal95] this gives a required
exposure of 24 seconds. The polarisation of the UV was provided by the insertion
of a UV-visible sheet polariser into the optical path of the mask aligner. Strips were
exposed for 8, 20, 24, 27, 30 and 40 seconds. The samples were developed in 3 steps:
50 seconds in a bath of WRND (developer), 10 seconds in an equal mixture of WRND
and n-butylacetate (rinse) and finally, 10 seconds in n-butylacetate alone.

The negative photoresist proved to be a poor alignment layer as can be seen from the
microscope photograph figure 6.26 (on page 118). The strip shown in the micrograph is
from the completely exposed strip (40 second exposure). As the micrograph is generally
dark across the area of photoresist, it can be seen that there is some alignment which
is in the same direction across the photoresist but, since there are many places where
light is transmitted, it is clear that the quality of alignment is very poor. It should be
remembered that this cell has planar substrates and, thus, it is easier to align the liquid
crystal in this cell than on a microlens.

The linearly polymerisable photopolymer(LPP) layer was tried with greater hope of
success since it is at least known that it can align liquid crystal. The material used was
not exactly the same as that reported by Schadt et al (see section 2.4), instead Polyvinyl
Cinnamate (PVCi) was used which was easier to obtain and has been reported by other
researchers [HSK*95] as a suitable material. Since the LPP layer does not produce pre-
tilt (except for a small amount with a double exposure technique) the LPP layer was only
used on the microlens cell wall, the non-microlens cell wall being PVA coated so as to
provide pre-tilt. Absorption spectra were taken of the LPP layer after various exposure
times on a Philips spectrophotometer (PU8625 UV/Vis) to establish exposure times
necessary for complete polymerisation of the samples. It was hoped to be able to measure
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the dichroism of the layer vs. exposure time as well but the machine proved insufficiently
accurate. The LPP layer was illuminated for 16 minutes with polarised light, enough to
completely polymerise the alignment layer. The result with the linearly polymerisable
photopolymer (LPP) alignment layer was, as with the negative photoresist, also not
very encouraging. It was hoped that the LPP alignment would produce a more uniform
aligning effect since, compared to rubbing, it should be less affected by the surface
profile. However, as can be seen from figure 6.27 (on page 119), although the liquid
crystal away from the microlenses was aligned, the alignment on the microlenses was
not strong enough to counteract the effect of the surface profile on the liquid crystal.
Polyvinylcinnamate is known to be a weak aligning layer with respect to out of plane
alignment (see section 2.4.3) and this may well be true for in the in-plane alignment as
well.

The effect of the surface profile on the liquid crystal can be estimated using equa-
tion 2.34 and treating the edge of the lens as part of a grating profile. The lens edge
makes an angle of ~ 40° with the glass substrate which gives an angle of 140° on the
outside of the lens. Choosing a ratio of grating period to grating amplitude (18:1) to
match this angle, the alignment energy then depends on the grating period chosen, get-
ting stronger for gratings of finer pitch. For a period of 20um the energy is 1 x 1077 J/m?
whereas for a lum period the energy is 2 x 1076J/m?. These energies are weak but not
insignificant (cf. table 2.1) and suggest that some of the weaker aligning layers may not
be strong enough to counteract the aligning force of the lens profile.

Hybrid alignment layers In a different attempt to get more uniform alignment across
the microlenses, a hybrid alignment cell was constructed. This had homeotropic align-
ment (i.e. normal to the surface) across the microlenses (in the hope of avoiding the
surface angle dependent problems) and homogeneous alignment across the other sub-
strate. To achieve this, the microlens array was dipped in a solution of Lecithin (see
section 2.4) in Isopropyl Alcohol (IPA) and the IPA was baked off. The homogeneous
alignment was generated by rubbing a layer of PVA spun onto the other cell wall. The
result, as seen in the polarising microscope, is a diamond shape as shown in figure 6.28
(on page 120).

When the cell is rotated in the plane of the cell, the dark diamond shaped areas in the
centre of the microlenses do not rotate with the cell or distinctively change shape (see
figure 6.28 (on page 120)). Thus, it seems that the liquid crystal is aligning normal to the
microlens surface forming a hedgehog director pattern and therefore, there are always
regions where the director is between the polarisation directions and thus presenting
birefringence to the incident light, changing its polarisation. As mentioned previously,
this polarisation changing property (when it varies across the lens) is bad for the quality
of the lensing. Since, by using a hybrid alignment, the range of focal length change will
be reduced and the alignment of the liquid crystal has not been improved (at least, in
terms of the lens performance), this configuration is not worth further investigation for
use on the microlenses.

Strong anchoring Polyimide alignment layers generate stronger alignment than a PVA

alignment layer [SMI*92]. Potentially therefore, the twisting may be reduced or elim-
inated by using polyimide in the place of PVA. The first microlenses used to test the

105



6.5. BIREFRINGENCE INTERFEROMETRY

polyimide alignment layer were some microlenses which had been produced for a previ-
ous project approximately 2 years before. The polyimide was spun on the microlenses
according to a procedure suggested by Philips Research Laboratories (PRL), Redhill.
The initial results (see figure 6.29 (on page 121)) did not appear to be any better than
those achieved with PVA. When another newer substrate was prepared it was found
that the solvent in which the polyimide is dissolved for the purpose of spinning also
dissolved the photoresist. Thus, it was decided to leave the investigation of polyimide
liquid crystal alignment for a time when quartz microlenses were available.

Optimising the alignment

The rubbing process for the fabrication of the first liquid crystal immersed cells (made
by C.H. Chia) was carried out with a single wipe of a lens cleaning tissue. The PVA layer
was dip-coated onto the substrate to be rubbed, ensuring that the direction in which
the PVA drained away was the same as the rubbing direction. To improve repeatability,
the rubbing was carried out on a sliding stage in order that the height of the lens tissue
above the substrate should be fixed. The slide was driven mechanically by the operator.

Since the first microlenses have been made, various improvements have been intro-
duced. Firstly, the PVA layer was spun onto the substrates ensuring a more uniform
layer thickness. The rubbing tissue was changed for a velvet-like rubbing cloth (supplied
by PRL, Redhill). And, finally, the mechanical slide was replaced with the more ver-
satile rubbing machine (as described in chapter 4). The rubbing process was optimised
for the height of the cloth above the substrate which was micrometer controlled. The
resultant alignment is shown for 3 heights of the rubbing cloth above substrate in figure
6.30 (on page 123).

It can be seen from the figure that the 2nd two micrographs are darker than the
first indicating a better quality alignment (the same exposure conditions was used for
all 3 micrographs) but that the last micrograph contains a great deal more particles,
presumably from the rubbing cloth. The rubbing strengths, RS (see sections 2.4.3 and
4.4.2), are (with increasing fibre deformation) 300mm, 650mm and 1000mm. Assuming
the rubbing strengths can be compared to those of Seo et al [SKN92] on polyimide then
these strengths would be strong above 500mm. Since it is not possible to say which of
the 2nd two micrographs are darker, the best result is achieved when rubbing with the
rubbing cloth fibres deformed by 1mm due to the fewer particles. A similar exponential
increase has been noted by Wako et al [WHO™97] in the number of particles with fibre
deformation.

Compared to the first microlenses, the cells containing microlenses rubbed with the
velvet type cloth (see figure 6.31 (on page 124)) have less contaminants and the liquid
crystal is aligned closer to the edge of the microlens without the ‘halo’ of unaligned liquid
crystal (cf. figure 6.24 (on page 116)) although perhaps the strength of the alignment
(as measured by the darkness of the extinction) is not as strong as with the original
cells.

6.5 Birefringence interferometry

As well looking for alignment deviations, the liquid crystal can be inspected in one other
way using the polarising microscope: birefringence fringes. The data obtained from the
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birefringence can give information about the structure of the liquid crystal and has the
advantage that it relates only to the liquid crystal layer (see section 5.6).

The fringes are symmetrical when no volts are applied (see figure 6.50 (on page 144)).
When the voltage is applied and any walls have disappeared, an asymmetry can be seen
in the birefringence fringes. The side which is rubbed first (i.e. where the surface angle
has the same sign as the pre-tilt) appears to switch earlier (the fringes move first) than
the leeward side of the lenses. This is more pronounced where the electrode is on top
of the microlenses (see figure 6.51 (on page 145)).

Before the wall disappears, the birefringence can also be observed (this time without
the green filter) and it can be seen that, when the microlens is divided by either a
disclination or by a wall, the structure is symmetrical (see figure 6.52 (on page 146)).

In order to make a profile of the birefringence over the cylindrical microlenses, the
positions of the birefringence fringes were recorded. The method used to do this is
described in section 5.6. The results for the strip electrode design and electrode on top
design are shown in figure 6.15.

The order of the fringes was assigned thus: The relative order of the fringes was
determined by adding and subtracting birefringence to the optical path as described
in section 5.6. Then a reference point had to be chosen. The simpler case was the
electrode-on-top design. It was assumed that when 18V was applied the liquid crystal
was completely switched (cf. figure 4.6) and so there was zero birefringence. As can be
seen this wasn’t completely true, at least not over all the lens width, perhaps because
the field was non-uniform (see section 7.5). However, the liquid crystal at the centre of
the lens was taken to have zero birefringence at 18V and all fringes emanating from the
centre as the voltage decreased were counted as an incremented fringe order. The fringe
ordering for the strip electrode design was complicated by the consideration that a wall
forms down the centre of the lens and so there is not zero birefringence at the centre
of the lens there at high voltages. The reference point chosen for these measurements
was instead the theoretical birefringence as determined by the measurement of the cell
thickness (see section 4.4).

Finally, what information is gained from the plots? The fringes occur when the
quantity (7iz — m,)d is equal to an integral number of wavelengths (n, is the ordinary
refractive index, n, is the averaged extraordinary refractive index and d is the liquid
crystal thickness). The plot for the strip electrode design shows that the birefringence
at OV is larger at the edge of the lens than at the centre but that when a voltage is
applied the birefringence at the edge reduces but not at the centre. This is because
there is a wall down the centre of the lens and, thus, in effect, the central region is
not switched. The effect of the wall can be seen directly in the profile at 2V where the
profile curvature is greater at the centre than at the edge. This difference is indicative
of the fact that the regions around the wall are squeezing it. Above 2V the fringes were
too close together to be distinguished reliably. However, it can be seen that because of
the wall the lensing profile is deteriorating with increasing voltage.

The electrode-on-top design is more important since it does not produce any wall
structures. There are two observations from figure 6.15b worth mention. One is the fact
that it can clearly be seen that one side is switching before the other as mentioned near
the beginning of this section. The other is that on the sides of the lens the birefringence
is not zero. The difference in switching with voltage between the two sides will give rise
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Figure 6.15; Birefringence profiles of the strip electrode and electrode on top design. The plot
is of fringe order (relative to central fringe for each voltage) vs fringe position (relative to left
hand edge).
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to a tilt of wavefront passing through the lens. The non-zero birefringence on the sides
is a clue to the structure of liquid crystal which might be explained by the non-uniform
field.

The tilt of the wavefronts can be calculated by fitting a straight line to the points
and multiplying the gradient by the wavelength to give it a physical meaning. The
gradient is then equal to the tangent of the deflection angle. The deflection angle vs
voltage for the electrode on top design is shown in figure 6.16. The wavelength in air is
used (632.8nm) which means the calculated angle is for the beam in air.

1 1 1 1
8 10 l
VoltageA/(1kHz)
Figure 6.16: The tilt angle (in air) vs voltage for the electrode on top niicrolenses estimated

from the birefringence data

The shift in position in the focal plane depends on the focal length of the microlens
or the overall focal length of the components from the microlens onwards. If the focal
length of the microlens were 1mm, the biggest shift (at 2V) would be ~0.03mm. Tlius,
although the electrode on top design a big improvement over the original design in terms
of aberrations (see section 6.3), a new potential problem is introduced which would need
to be considered in applying the variable focal length microlenses.

6.6 Response times

The response time of the microlenses is one of the parameters which is likely to be
important to many systems. Indeed, speed may be the intended advantage in considering
a solution without moving parts. The speed of the two spherical microlens designs have
been measured using the set-np described in the section 5.7. As was stated there, no
optimisation of the response time been attempted.

The results for the original lens design are complicated by the effect of the wall
structures (see section 6.4.3). The intensity vs time plot is shown in figure 6.17.

As can be seen from the figure there is a relatively quick response followed by a
slower rise to a final intensity almost a minute later. This second rise in intensity occurs
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Figure 6.17: The intensity at the focus of the original lens design with time for various applied
voltages. The second slow rise is due to the disap])earance of the wall structure.

as the wall structure on the side of the lens finally shrinks to nothing and disappears
(see section 6.4.3).

Clearly, this response time characteristic is a serious drawback, giving the lenses a
response time of 40-50s for most purposes. The faster initial response may be usalde
depending on the nature of the system.

A more likely way the lenses might be used is after the wall has disappeared {i.e
with a constant voltage applied using only parts of the focal length vs voltage graph).
For this regime, the useful figure of merit for the response time is the time taken to
change between voltages. Thus, the same experiment was carried out except that the
voltage was changed by IV. The results of this experiment are plotted in figure 6.18 for
both the original design and the electrode-on-top design.

Two facts are evident from this graph; first, the electrode-on-top design switches
faster than the original design and secondly, both lenses are faster at higher voltages.
Both observations are not unexpected. That the electrode-on-top design is faster is
foreseeable as the electrode separation is less and the faster response at higher voltages
is simply due to the director rotation rate being dependent on the field applied (as is
suggested by equation 4.1 - although direct comparison is not possible since the intensity
at the focus of the lens has been measured).

The electrode -on-top design does not suffer from the wall structures so its response
does not have the 2nd rise in intensity when switching from the off-state. Therefore, its
responses are, in effect, much faster. The times to turn on and off at various voltages
are shown in figure 6.19.
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Figure 6.18: The time required to change focus with an increment of IV for the original lens
design (o) and the electrode-on-top (o).
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Figure 6.19: The time response time of the electrode-on-top lenses for going to the on-state (o)
and the off-state (o).
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6.7 Photographs

Figure 6.20: Original microlens cell with a polyvinyl alcohol (PVA) alignment layer rubbed (right
to left in the photograph) with a lens cleaning tissue (cell between crossed polarisers, orientated
for minimum transmission, i.e. the rubbing direction is parallel to the analyser polariser). The
microlens diameters are 50, 100, 200, 300, 400, 500, 600, 700 and SOO™m (the 600 and 700i.im
lenses are not in the photograph).
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Figure 6.21: Original rnicrolenses, diameters 50, 100 and 200/.m with no voltage applied (cell
between crossed polarisers, orientated for minimum transmission).
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Figure 6.23; Damage to PVA on top of original microlens (diameter 100pm).
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a) 5.03 V

(b) 11.61 V

Figure 6.24: Original microlenses, diameter 50, 100 and 200"im with 5.03 and 11.61 Volts applied
(cell between crossed polarisers. orientated for minimum transmission).
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Figure 6.25: Light transmitted by the original rnicrolenses at 11.62 \' in the polarisation cor-
responding to the input polarisation(cell between parallel polarisers, orientated for maximum
transmission). The microlens diameters are 50, 100 and 200”m.
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Figure 6.26: Corner (bottom right part of picture) of area of negative photoresist exposed with
linearly polarised UV, between crossed polarisers orientated for maximum extinction.
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«

Figure 6.27: Microlens cell with linearly polymerised photopolymer alignment on the microlenses
and rubbed P\'A alignment on the other surface (cell between crossed polarisers, orientated for
minimum transmission )
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Qs

«

a) PVA rubbing direction parallel to analyser

% ¢

(b) PVA rubbing direction rotated away from analyser
Figure G.28; Microleiis array with liquid crystal aligned by hybrid lecithin and rubbed PVA align-
ment. two rotational positions of cell (cell between crossed polarisers, orientated for minimum
transmission)
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Figure 6.29: Microlens cell with a polyimide alignment layer on the microlenses (cell between
crossed polarisers. orientated for minimum transmission)
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(a) 0.5mm

(b) Imm
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(¢) 1.5mm

Figure 6.30: Liquid crystal cell with a polyvinyl alcohol (PVA) alignment layer rubbed using
rubbing machine, height of cloth above the substrate, with 0.5mm, Imm and 1.5mm fibre de-
formation (cell between crossed polarisers, orientated for minimum transmission). All three
photographs taken with the same objective, shutter speed and aperture.
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JEL

Figure 6.31: 120/rm diameter microlenses (pitch 125”m), rubbed with a velvet covered drum
(cell between parallel polarisers at maximum extinction, no volts applied).
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a) 537V

(b) 17.36 V

Figure 6.32: Polarisation change induced by the final design of nhcrolens for 2 voltages. With
increasing voltage a dark cross emerging from the left hand side of microlenses. Polarisers
crossed, rubbing direction parallel to input polariser. The nhcrolens diameters are 150/nn.
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Figure 6.33: Figure of 8. 17.36V applied. Rubbing direction and analyser both at 45° to the
input polariser but in opposite directions.
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Figure 6.34: Array of 125/im microlenses, a few seconds after a voltage has been applied. Lines

can be seen in the form of a loop on the majority of the microlenses. Crossed polarisers with
rubbing direction somewhere in between.
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Figure 6.35: C.H. Chia’s 600/rm microlens, voltage above Freedericksz threshold ~1 minute
after the voltage was applied. The ‘thick’ line breaks into two ‘thin’ lines. (Crossed polarisers,
rubbing direction parallel to the input polarisation)
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(a) Top substrate in focus

(b) Lower substrate in focus

Figure 6.36: In between inicrolenses, the lines are associated with the top and bottom surfaces as
evidenced by the lines Iteing brought to focus at different heights under the niicrolens. Crossed
polarisers, rubbing direction parallel to the analyser.
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Figure 6.37: C.H. Chia's inicrolenses after voltage (18V, IkHz a.c.) turned off. Region within
outer loop bounded by only one line. Inner loop contains region bounded by both thin lines.
Crossed polarisers, rubbing direction parallel to input polarisation.
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Figure 6.38: Initial wall on the cylindrical lens
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Figure 6.39: Small wall loops left on side of microlens after allowing the wall has broken up at
a lower voltage. Polariser, analyser and rubbing directions parallel.
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Figure 6.40: Polarisation change on the ‘leeward’side (w.r.t. rubbing) of the cylindrical microlens
left by the apparently receding wall 14 V applied. Polariser, analyser and rubbing directions
parallel.
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Figure 6.41: Wall receding, note the barely visible line curving away from the wall and along the
lens edge. 11.74\' applied, polarisers crossed with the rubbing direction at an angle in between.
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Figure 6.42: Strip of twisted liquid crystal on one side of cylindrical inicrolens, after wall has
receded
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Figure 6.43: A .series of 4 photos of the effect on a wall of switching to a low frequency (18V
20Hz) where hvdrodvnamic effects are seen and thus the wall can be seen side-on.



6.7. PHOTOGRAPHS 138

Figure 6.44: Wall kink at end of loop.
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##-1

(b)

Figure 6.45: Photos of extinction either side of wall kink
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(@ 373 T

S B

(b) 18.09 V

Figure 6.46; Walls - zig-zag at lower voltages, straight at higher voltages
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Figure 6.47; Single cylindrical patterned electrode, no wall loop
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Figure 6.48: Effect of cylindrical patterned electrode pair
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Figure 6.49: Interferogram of original lenses (D=100/"nn), 6\' applied. Note the poor contrast
in several places due to the liquid crystal altering the light polarisation in the those areas.
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Figure 6.50: Symmetrical birefringence fringes OV applied (electrode-on-top microlens).
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Figure 6.51: Asymmetrical birefringence of electrode-on-top microlens
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(a) Wall

(b) Discliriatioii

Figure 6.52: Birefringence fringes across two types of defect structure. Birefringence synirnetrical
apart from where the wall has receded.



Chapter 7

Numerical simulation: Modelling
liquid crystal and lens aberrations

7.1 Introduction

The liquid crystal structure of the lens cell has been modelled in 2 different ways.
The first way is simpler and quicker but less complete. This first method takes the 1
dimensional analysis described by Deuling (see chapter 2) and uses it many times over
with different boundary conditions to build up a 3 dimensional model of the lens optical
properties (sections 7.2 and 7.3). Since it is only 1-dimensional it cannot predict wall
or disclination structures in the liquid crystal. The 2nd approach uses Finite Element
and Finite Differences methods to predict the liquid crystal structures (sections 7.4.1
and 7.5). Although a 3 dimensional finite element model has been developed, the liquid
crystal structures on the microlens are particularly complex and, to date, only the 2
dimensional model has been applied to them. Both methods require many numerical
calculations and thus can only realistically be achieved with a computer.

7.2 1-D model theory

As mentioned above, Deuling’s analysis (see section 2.3) is a 1 dimensional analysis
which relies on the Euler-Lagrange equation. The analysis calculates an expression for
the minima of the free energy equation relating the splay-bend deformation and energy
due to the electric field. It is convenient since it is a partially analytic solution, numerical
methods only being required for the integration of the resulting equation.

However, the analysis as described by Deuling is insufficient to be able describe the
liquid crystal structures on the microlenses even when modelling in 1-dimension. One of
the most important deviations from the ideal intended structure is the variation of the
pre-tilt across the surface of the microlens, however, Deulings description is only valid
for symmetric cells (i.e. cells with equal pre-tilts on both cell walls). As well as this, a
mechanism is required in order to calculate the effect of the dielectric of the photoresist
on the electric field distribution.

Deuling derived (see section 2.3) an equation of the form
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7.2. 1-D MODEL THEORY

]
2(6) = k(D1 bmas) /¢ £(9) dg (7.1)

where z is the normal direction through cell, ¢ is the tilt angle of the director out of the
cell plane, ¢mqz is the maximum tilt angle, D, is the displacement current and & and f
are functions.

Notice that equation 7.1 gives the desired relation but the wrong way around, i.e. for
a given tilt, ¢, its position, z, can be calculated but not the other way around. By
dividing equation 7.1 by the same equation for the case where ¢ = ¢4z, the function
k(D,, ¢maez) is eliminated and the expression is normalised to an expression for %

(assuming 2(¢maz) = (d/2) where d is the liquid crystal layer thickness):

dg)  2g) | Jp J(®)d0
(raz) — (@[2) "~ [L $(6)dg

(7.2)

The assumption that the maximum tilt is in the centre of the cell is valid for the
specific case when the pre-tilt on the two surfaces is equal but not necessarily for the
more general case.

The extension to the more general case is not difficult, the normalisation can still
be done but this time for the whole cell. Taking equation 7.1 and dividing through by

Zl(¢mam) + 22(¢max) (= d)a we get

z(¢) K(Dz, bmas) [5, f($)d$
4 K(D., $maz) [§7* F(8) dp + K(Dz, $maz) [5m= 1(9) dg -
2 f(¢)ds -

P @) de+ [2 1()de

where ¢,, and ¢,, are the pre-tilts on the two cell walls.

Equation 7.3 can give the position of the maximum z(@mqz) Which can then be used
as the new normalisation factor in equation 7.2 replacing (d/2). With this alteration,
the calculation of the tilt profile is the same as for the symmetric case with the addition
that it has to be done twice for the two pre-tilts, ¢,, and ¢,,.

In a similar fashion, the equation for the voltage needs to be adapted for non-
symmetric cells. The original expression (see section 2.3) for the voltage was of the
form:

Pmaz
V=2 / o(¢) do (7.4)

where g is a function of ¢ and the factor of 2 is due to the symmetry of the cell. The
formulation for the non-symmetric cell is the only different in that the simplification
due to symmetry cannot be made:
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7.2. 1-D MODEL THEORY

Dmaz Pmas
V= /¢ o() do + f o(¢) do (7.5)

01 ¢02

The next change which is required in order to deal with the microlens structure is
the addition of a layer of dielectric (photoresist). This can be done in a similar way to
the calculation of the voltage across the liquid crystal. It does not affect the calculation
for ¢, accept that d, the liquid crystal layer thickness, varies across the microlens.

Calculating the maximum tilt angle (required for the tilt profile equation above)
directly for a particular voltage (i.e. ¢maz(V')) is not possible using Deuling’s analysis.
However, as with the position vs tilt relation (see equation 7.1) an expression has been
calculated for the reverse, i.e. V(dmaz)-what voltage is necessary to give a particular
maximum tilt (see section 2.3) and hence it is simple to calculate an approximation for
the maximum tilt at a particular voltage by changing ¢,,,, until the voltage is given to
a desired accuracy. The calculation for the voltage necessary for a particular maximum
tilt can be extended to include a dielectric layer, effectively calculating the additional
voltage dropped across the dielectric. From Maxwell’s equations we know that the
displacement current, D,, is constant through a volume containing no current flows,
and thus, it is the same in the dielectric and the liquid crystal. The expression for z(¢)
(the form of which is shown in equation 7.1) can be rearranged as an expression for D,:

€€k 1+ K sin? )(1 + 7 sin
D. = \/ T \/(1+'ysm Pma) / \/ sin? ¢ o —311 2¢ ) 4

and using the fact that zcentre = 2(Pmaz)

1 k . ¢ma: 1+ 1+
D. - LB S0 750 ) [ wsin )L+ g) 4y
Zcentre i b0 sin? ¢maz — sin? ¢ (77)

The centre position, Zeentre, can be calculated from equation 7.3. Then the electric
field, E,, in the dielectric is given by

E,= fphotoresisteoDz (7'8)

where €pnotoresist 18 the relative dielectric permittivity of the photoresist and ¢, is the
permittivity of free space. Finally, to get the voltage dropped across the photoresist,
Vphotoresists We need only multiply the electric field by the photoresist thickness:

Vphotoresist =FE, x dphotoresist (79)

where dppotoresist i the thickness of photoresist at that point.

It is then just a case of adding the voltage across the photoresist to the voltage across
the liquid crystal and putting this extra step into the iterative process of finding the
maximum tilt angle, ¢nqz, at a particular voltage.

149



7.2. 1-D MODEL THEORY

There is one further adjustment to the formulae which is not to account for any extra
physical phenomenon but simply to make the numerical computation easier.
The function g(¢) in equation 7.4 is given by

_ k11 . 9 (L+rsin” ¢)
g9(¢) = \/;\/(1 +ysin ¢ma$)\/(1 + v sin? @) (sinPpaz — sin® @) “ (7.10)

This expression is integrated numerically in a computer which creates a problem
because there is asymptote generated by the 1/(sin? ¢y — $in?¢) term as ¢ approaches
the ¢ppa limit.

To remove this asymptote, a substitution is made:

p= sin*(—sm) (7.11)

Sin Gmaz

To complete the substitution an expression for d¢ is needed:

1 cos ¢

dp = C = d¢ 7.12
Also, an expression for sin ¢ is required:
sin ¢
sinp = ———— 7.13
P Sin Prmaz ( )
Rearranging,
sin ¢ = sinp sin Ppqy (7.14)
Therefore,
cosp = 1/1 —sin? ¢
(7.15)

= \/ 1 — sin? psin® ¢maz

Combining all these equations together we can say:

1 dp = SN oz
V/sin? Pmag — Sin? ¢ V1 = sin? psin? ¢pag
Substituting this into the integral of g(¢):

dp (7.16)

(7.17)

/p(¢mam) \/(1 + K Sin2 ¢mﬂ-’r Sirl2 p) Sin (,i)maz d
: D
p(¢o) (

1+ 'YSiHQ bmaz sin? D) V11— sin? Omaz
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7.2. 1-D MODEL THEORY

The new limits are simply calculated:

p(¢,) = sin™" <M> (7.18)

sin d)ma:c

and

P(Pmaz) = sin™! (Sl_n(ﬁ_mE)

s ¢maz (719)

o
T2

As mentioned above, equation 7.17 is only half of the equation for V since there are
two pre-tilts so the real voltage is sum of the two as expressed in equation 7.5.

Equation 7.17 will only contain an asymptote when sin ¢, = 1, i.e. when ¢, =
90° which is a significant improvement on the original equation where there was an
asymptote for ¢ = ¢nqz irrespective of the value of ¢dpaz.

The integrals for z(¢) (equation 7.3 also contain asymptotes due to a 1/(sin? ¢rae —
sin? ¢) term which can be similarly improved upon with the same substitution as was
employed with the voltage expression.

Considering one of the integrals of z(¢) (which are all of the same form):

f ) dgp = \/i1+ ksin® ¢)(1 + 'ysm ) do (7.20)
$o do

sin? ¢mae — sin? ¢

The substitution yields

p()

I= / \/(71 + K 8in? Prag sin? p) (1 + 7 sin? ppqz sin? p)
p(¢o)

Sin ¢mal‘

V1 — sin? ¢pneq sin® p

dp

(7.21)

25 (14 moin? gomag it p)(L 4 751 s
_ Sin¢maz/ ¢ \/( + K8In” Prmag 5in° p) (1 + 7 sin® Prmag sin® p) dp
sin

_]( sin ¢2 )
sin $maz

The improvements can be seen from the following set of figures. In figure 7.1 are the
integrands of the original and new equations of the voltages for 3 different maximum
tilt angles. In figure 7.2 is the same plots but for the original and new tilt integrands.

The numerical integrations are done using a simple step approximation to the inte-
grands but with an adaptive step size. Here advantage is taken of the known shape of
the integrands. As can be seen from figures 7.1 and 7.2 the functions are fairly linear
except as they approach the maximum tilt angles where they become large and vary
faster (more so for larger maximum tilts). Since the most significant errors will be in-
troduced where the function varies fastest, the step size needs to be made smaller. This
can be achieved by setting a limit on how much any step can contribute to the overall
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14
m 12
0 10 20 30 40 50 60 70 80 90
Tilt angle ((]))/deg.
(a) Tlie integrand of the voltage equation as given by Deuling
2.5

by i ©

0.5

0 10 20 30 40 50 60 70 80 92
Tilt angle (<!))/deg.

(b) The integrand of the new voltage equation (after substitution)

Figure 7.1; Plots of integrands for <Jniaxc —9°,45° and 90°. In (a), all the lines go to asymptotes
at their maximum tilt angles. In (b), only the plots with 0,ax- —90° has an asymptote.
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0 10 20 30 40 50 60 70 80 90
Tilt angle ((]))/deg.

(a) The integrand of the tilt equation as given by Denling

2.5

0.5

0 10 20 30 40 50 60 70 80 90
Tilt angle ((1))/deg.

(b) The integrand of the new tilt equation (after substitution)

Figure 7.2: Plots of integrands for ("“msx = 9°,45° and 90°. In (a), all the lines go to asymptotes
at their maximum tilt angles. In (b), only the plots with (pmax -90° has an asymptote.
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7.2. 1-D MODEL THEORY

integration result. Since the size of the final integration is not known beforehand, this
limit is set as a fraction of the total.

By integrating these functions many times a cell tilt angle profile can be built up.
Two examples are shown in figure 7.3, one for differing voltages, the other for differing
Dre-tilts and constant voltage.

sa-

70

0.1 0.2 03 04 05 06 0.7 0.9 02 03 04 0.5 0.6 07 0.9
Normalised position through cell Normalised position through cell

(a) With (iifl'ereiit applied voltages (OV, IV, 2V (b) With three different pretilts on the left hand

and 4V). The pretilts are 20° on the left hand cell wall (-.30°,2° and 20°) with 2V applied
wall and 2° on the right.

Figure 7.3: Tilt angle {) profile through the cell calculated for 2 different conditions

The maximum tilt angle is found by iteration of voltage vs tilt relation. A few
examples of the profile of maximum tilt vs voltage are shown in figure 7.4. For the
negative pretilt, it can be seen that the voltage recpiired for the profile to change is higher
than for the positive pre-tilts, a fact that leads to a tilt of the phase wavefronts (see
hgure 7.7 and section 6.5). It can also be seen from figure 7.4 that for the negative pretilt
case, the voltage initially decreases as the maximum tilt increases, i.e. the maximum
tilt for low voltages will not start at the negative of the pretilt, but slightly less. This
possibility was allowed for in calculating the microlens structure profiles.

To compare with the optical measurements, a phase profile of the lenses needs to be
constructed. This is done by calculating director profiles through the cell for various
positions across the lens with the pre-tilt appropriate to the lens surface angle and a
dielectric layer equal to the lens thickness. For each profile, an average refractive index
is calculated which is then multiplied by the layer thickness to give an optical path
thickness profile for the cell (when combined with the photoresist lens). The optical
phase profile is simply the negative of the optical path and thus this generates the
theoretical phase profile exiting the lens. To get the aberration from the phase profile,
the best fit sphere must be subtracted. This sphere was generated by a least squares
fit. The radius of curvature of the sphere is the modelled focal length, giving a second
way to compare the 1-D theory and the experiment.

The model is likely to predict aberrations which are higher than those measured,
since neighbouring strips of liquid crystal are effectively considered to be independent
of each other which clearly is not true. The likely effect of two neighbouring strips will
be, in general, to reduce the distortion between them and, since this 1-D model does not
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90

70-

= 50-

x 40

VoltageA/ a.c.(IkHz)

Figure 7.4: Maximum tilt angle {(pmax) vs voltage for pre-tilts of -30°, 2° and 20° on one cell
wall with 2° on the other.

include this possibility, the predicted differences are likely to be higher than in reality
will be the case.

7.3 Results of 1-D model

The focal lengths of the 150//rri original design predicted from the modelling are shown in
hgnre 7.5. What can just be seen from this figure is that the modelled focal length starts
to rise above 6V but only by a small ainonnt. The rise in the measured focal lengths for
higher voltages (above 4V) was the clearest departure from the ideal behaviour of the
design (see section 4.3.1), thus it was one of the goals of the modelling to reproduce it.

Clearly, the modelled rise and the measured rise are not identical, the measured rise
starts at a lower voltage and rises faster although the increase is similar (measured rise:
400-4-1100p/m, modelled rise; 790—1080pm).
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o Theory
v v Experiment

8 -1000 -

Voltage/V A.C.(IkHz)

Figure 7.5: The focal lengths as predicted from the model.
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Rubbing dircctorVum Rubbing direction/pm Rubbing direction/nm
(a) 0.00IV (f = -0.0022m, () IV (f = -0.0026m, (¢) 1.2V (f = -0.0035m,
RMS; 0..329A) RMS: 0.359A) RMS: 0.446A)

I8

Rubbing difecton/nm Rubbtny dtfecbotVtun
d 1.5V (f = -0.012m, (¢) 1.7V (f = 0.0097m, (f) 2V (f= 0.0027m, RMS:
RMS: 0.608A) RMS: 0.718A) 0.835A)
1
Rubbing direcljfwVum Rubbing direcbon/nin RuWmiy direcborVntn
(g 3V (f= 0.001m, RMS: (h) 4V (f = 0.00084m, i) 6V (f= 0.00079m, RMS:
0.76GA) RMS: 0.543A) 0.2G5A)
i
Rubbing directloiV*im Rubbing directlon/nm Rubbing direcUoiVjiin
() 8V (f= 0.00082m, RMS: (k) 10V (f = 0.00086m, 1) 12V (f= 0.0009m, RMS:
0.148A) RMS: 0.107A) 0.097A)
Rubbing direcHoiVum Rubbing direcHorVum
(m) 18V (f = 0.00101m, (m) 24V (f = 0.00108m,
RMS: 0.096A) RMS: 0.097A)

Figure 7.G: Modelled wavefront aberration plots of the original microlenses (D= 150/Lmi). Com-
pare with experimental results in figure 6.4.
157



7.3. RESULTS OF 1I-D MODEL

Rubbing directiorV*/n Rubtung direction/nm Rubbing direclion/nm
(a) 0.00IV (f = -0.0023m, () IV (f = -0.0028m, (¢) 1.2V (f = -0.0034m,
RMS: 0.350A) RMS: 0.412A) RMS: 0.558A)

Riit=birkj directioii/nfn Rubbing directiofy’nm flubbing direclion'™Mm
@) 1.5V (f = -0.0072m, (e) 1.7V (f= 0.019m, RMS: (f) 2V (f = 0.0041m, RMS:
RMS: 0.563A) 0.353A) 0.170A)

Rubbing direction/jim Rubbing directkxVpm Rubbing directk>n/nm
(g) 3V (f= 0.0019m, RMS: (h) 4V (f = 0.00165m, (i) 6V (f= 0.00147m, RMS:
0.0635A) RMS: 0.0806A) 0.0875A)

Rubbing directiof Vum Rubbing direction/nm fluby)iiKj direcborVum
() 8V (f= 0.00141m, RMS: (k) 10V (f = 0.00137m, @ 12v (f = 0.00135m,

0.0870A) RMS: 0.0864A) RMS: 0.0862A)

Rubbing direclKHVum
(m) 18V (f = 0.00134m, (i) 24V (f = 0.00134m,
RMS: 0.0875A) RMS: 0.0875A)

Figure 7.7: Modelled wavefront aberration plots of the microlenses (D=150/nn) the electrode on
top. Compare with experimental results in figure 6.8.
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The theoretical aberrational plots for the original design are shown in in figure 7.6.
As mentioned in the previous section, one of the likely effects of the model being 1-D
is that greater variations will occur across the lens than in reality. This can be seen
ill a comparison of the modelled results and the interferometrically measured results in
section 6.3, figure 6.4. In the measured result for OV, for example, a saddle shape is
shown as in the modelled results, however, the measured saddle-shape is rounded off at
the edges whereas in the model the slope is cut off as it is still rising. Comparing the
rest of the results, the modelled aberrations for 0 to 2 volts are similar in character to
those measured.

The modelled aberrations of the system with the electrode on top of the lens are
shown in figure 7.7. The first obvious difference is that there is a large tilt component
across the wavefront which was not seen in the modelled aberrations of the original
design. In the measured aberrations (see figure 6.8 the tilt was automatically removed by
the inteferogram analysis software. In the birefringence measurements (see section 6.5),
the tilt component could be seen and there was a clear increase in the tilt for the
electrode-on-top design.

The next feature which is very apparent is a line (for 1 -4- 1.5V) where there is a
sharp change in the wavefront. This line is due to the licpiid crystal on one side of the
lens switching at lower voltages than the side with negative pre-tilt (see figure 7.4). The
al)rupt change is again something which would be smoothed out by the effect of the
liquid crystal surrounding it and, thus, the model predicts a sharper change than is seen
in practice.

The focal lengths predicted from the model when the electrode is on top of the
microlenses is shown in figure 7.8. It can be seen from this figure, the focal length
predicted does not have the rise in focal lengths of the original design. The focal lengths
jredicted from the model, both original and electrode on top designs, agree very well
(qualitatively with those measured (see section 6.2).

o Theory
v v Experiment

1000 -

Voltage/V A.C.(IkHz)

Figure 7.8: The focal lengths of a design with the electrode on top of the microlenses as predicted
from the model.
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7.4 Finite element modelling

7.4.1 Steady state model

Finite Element modelling is a numerical method for calculating the value of a function
over a region. It can be used where an analytical solution is very difficult or impossible.
The region under investigation is broken into sub-regions or elements and an approxi-
mate function is assumed for each element. Finite element methods have been applied
to many systems. Typically it might be used by mechanical engineers for the calculation
of the distribution of stress in a structure or by electronics engineers to calculate the
electric potential distribution in a waveguide.

Fabrizio Di Pasquale, a researcher at UCL, has been developing a model of the
structure in liquid crystal devices using finite element methods (also, he has constructed
a model using finite differences - see section 7.4.2). Some of the microlens structures
have been studied using his modelling program.

In the case of the liquid crystal devices, it is the director orientation and electric
potential across the sample which is being modelled. The program uses a first order
model with triangular elements, that is, the director orientation is assumed to vary
linearly within each element and, thus, the director orientation within each element is
completely described by the orientations at each vertex. The solution can be found
considering only the values at the triangle vertices or nodes (since each vertex is the
vertex for several triangles). The function must be continuous which for the linear
element system is automatically achieved by having the nodes of each element in common
with their neighbours. An energy term can then be calculated for each element and then
the director distribution be varied iteratively in a computer such that the total energy
is minimised.

F. Di Pasquale’s model is based on the Oseen-Frank free energy equation [dP93]:
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F= %/{ku(v-ﬁ)2+kn(ﬁ-v X 7+ 2%)
\%

+ k’33(’fl x V x ’fl)2 (7'22)

e[Ae(h- B+ e, B - E]} v

where k11, k22 and ks are the splay, twist and bend elastic coefficients, 7 is the director
orientation, F is the electric field, ¢ is the pitch induced by a possible chiral dopant, €,
is the vacuum permittivity, €, is the liquid crystal dielectric constant perpendicular to
the director and Ac is its dielectric anisotropy.

A program has been developed to model 3-D structuresfDFDD97], however, the
microlens structures are too complex to be modelled in a reasonable time scale thus
only the 2-D model has been applied to the microlenses. Since the model is a 2-D
model, the structure is assumed to be invariant in one of the cell axes (z). Also, the
liquid crystal is assumed to have no dopant (§ — co). These two assumptions simplify
equation 7.22 such that, in Cartesian coordinates in can now be written as:
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The director of the nematic liquid crystal is non-polar which means that # and
—n are equivalent. The equation above shows this as all the terms containing the
director are squared. Since the director cannot change length (it is a unit vector), F. Di
Pasquale used the above equation in spherical polar coordinates (r,#,¢) which makes
the director (cos ¢ cos 8, cos ¢sin 6, sin ¢) which eliminates the necessity of checking after
each alteration that ng? + ny2 +n2 =1.

The program breaks the problem into two parts, the director distribution and the
potential distribution. The director distribution is calculated by minimising the free
energy (assuming an initial potential distribution) and then a new potential distribution
is calculated due to the now modified dielectric distribution of the liquid crystal. This
process is then iterated until a stable solution is reached. The program must also
calculate the electric field in the dielectric since the boundary conditions for the potential
are defined by the electrode under the photoresist. The program works well if a suitable
starting condition is chosen, ie a solution is best found by finding solutions for lower
voltages and using those solutions as the initial conditions for the next voltage.

The numerical calculations use a matrix formulation and take advantage of the NAG
library of Fortran routines. These routines are able to perform many calculations quickly
by taking advantage of the sparsity of the matrices.

7.4.2 Time evolution model

F. Di Pasquale has also developed a model which models the evolution over time of a
liquid crystal structure [DFDD97], based on finite differences. This program is based
on a tensor formulation:

n,,['yg—t(n,,nu) — kV%(nyn,) — egAeE,E,] =0 (7.24)

where v is the viscosity coeflicient, n,,n, the Cartesian coordinates of the director, 7
and k is the elastic constant. Note that, unlike the steady state model, only one elastic
constant is used.

In fact, the program is hybrid of finite differences and finite elements, different tech-
niques being applied to the various aspects of the problem. Because the system is highly
non-linear, it is advantageous to split the calculation up in this way. The potential is
calculated in the same way as the steady state model, using finite elements. For each
iteration, the potential is calculated first treating the current director distribution as a
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constant. Then the new potential is used to generate a new director distribution with h-
nite differences, now treating the potential distribution as constant. For each increment
in time, the iterations are performed until are the director and potential are consistent.

7.5 Results of finite element modelling

7.5.1 Steady state results

Using the steady state model, F. Di Pasquale produced the structure shown in hgure 7.9
for the original design of microlens [DFDD96]. As stated previously, the intention was
to describe the original, spherical microlenses but since the model is only 2-D, the
lens actually being modelled is a cylindrical lens (subsequently, cylindrical lenses were
produced, see below). It can be seen that there is a sharp change in director orientation
at the side of the nhcrolens (hgure 7.9). This is a wall structure in the liquid crystal.
No twist is predicted in these plots (identihable by the dashes indicating the director
being shortened). It should also be pointed out that although the location of walls can
be predicted, the structure of the liquid crystal in the walls cannot be modelled well
with this program since the variation of the director due to the wall occurs over a small
region.
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Figure 7.9: The original design of nhcrolens as modelled using a 2-D hnitc element method. The
dashes are the director orientations, the gap (top, centre) is where there is the photoresist and
the thick black lines (top and bottom) are the electrodes. Note that the plot axes are stretched
vertically.

F. Di Pasquale then predicted [DFDD96] a new structure using a strip electrode op-
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posite to the photoresist microlens (see section 4.3.2) which eliminated the wall structure
ahove. This strip electrode, when modelled, produced the structure shown in figure 7.10.

(@ IV

(b) 3V
Figure 7.10: The strip electrode design of nhcrolens as modelled using a 2-D finite element
method.The dashes are the director orientations, the gap is where there is the photoresist.

Unfortunately, the program became unstable at higher voltages so it was not possible
to model the full range of voltages that could be applied experimentally. If figure 7.10b
is examined carefully, it will be realised that, at the centre of the lens, a wall is present
which is relatively spread out (cf. section 6.5).

7.5.2 Time evolution results

One major advantage of the time evolution model is that it is more physically realistic
than the steady state model (except that it uses a one constant approximation for
the elastic constants). Sometimes, it is possible to get more than one solution with
the steady state method depending on what starting conditions are chosen. With the
time evolution model, it is possible to get the ‘correct’ solution straightaway, at least
when starting from OV where the initial conditions can be described with reasonable
certainty. The first results from the time evolution model could have been obtained with
either program (steady state or time evolution) since they depend only on the potential
calculation routine which both programs have in common.

Although the finite element models described above are primarily intended to provide
a realistic description of the director, it is possible to get useful results from the program
from the first iteration of the program when the potential is calculated. At the first
iteration, the director distribution is not likely to be physically realistic, however, it is
interesting to view the potential distribution for this step assuming the ‘ideal’ director
distribution. In this case, ideal means completely homogeneous. The resulting data is
useful when trying to understand the factors at work in producing the actual director
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distribution.

The first results from the program are simply the calculated potential field when
the director is completely switched and unswitched (completely switched meaning the
directors are all vertical and unswitched means the directors are all horizontal). Fig-
ures 7.11 and 7.12 show the result for the original design of the microlens. Figure 7.11
is for the case where the liquid crystal is unswitched, i.e. the directors lie in the plane
of the cell. The potential is calculated perpendicular to and in the plane of the rubbing
direction (and normal to the cell). Figure 7.12 is for the case where the liquid crystal
is switched, i.e. the directors lie in the normal to the cell. Since this is same for both
parallel and perpendicular directions to the rubbing direction only one potential field
is calculated. The significant variation between the switched and unswitched plots is
due to the change in the difference between the dielectric of the liquid crystal and the
photoresist. The dielectric constant of the photoresist, €photoresist, Was 3.38 not too dif-
ferent from the dielectric constant perpendicular to the liquid crystal, €, which is 5.2.
The value parallel to the liquid crystal, ¢, was markedly different at 19.

When we consider that the director will try to align perpendicular to the equipoten-
tials shown, then it is straightaway clear that, even when the liquid crystal is completely
switched, the directors will lie at an angle to the normal. There are two conclusions
which derive from this observation. The first is that the averaged switched refractive
index for these regions will be greater than n,, the theoretical minimum. The second,
more important conclusion, is seen when we consider a similar section through the mi-
crolens but at an angle to the rubbing direction. The 2 potential distributions will be
the same or very similar for all orientations of the section. The only difference will be
that, in the off-state, the component of electric field in the plane of the cell (i.e. away
from the normal) will see a variation of dielectric constant depending on whether it is
parallel or perpendicular to the rubbing direction. Since, for which ever section is con-
sidered, there will be a component towards the centre of the microlens, this means there
will be a component in the cell plane which is not, in general, in the rubbing direction.
This causes a twist in the liquid crystal and a possible reason for the light to change
polarisation (see section 6.4.1).

Similar calculations have been performed on the design with the electrode on top of
the microlens (see figures 7.13 and 7.14). The results are similar in form to the results
for the fully switched case with the original design and so by the same logic they suggest
a mechanism which might give rise to twist in the liquid crystal.

A calculation has been performed using the time stepping program to demonstrate
that the inclined fields can give rise to optical polarisation changes. A 100um diameter
lens has been modelled, analysing a 2-D section through the lens at 45° to the rubbing
direction. The resultant structure is shown in figure 7.15. The calculation was carried
out in 2 stages; firstly, the structure was allowed to find a natural off-state by applying
0V for 2 seconds, then 3V was applied. The structure is shown after 4 seconds at which
point there are no significant changes between iterations so equilibrium is assumed.

Note that the modelling results here are not intended as a prediction of the actual
structure, merely a demonstration that the inclined fields can give rise to the polarisation
changes observed. The spherical microlens modelled is a 3-D structure and only a slice
through it has been analysed. Also, since the time evolution model uses only one elastic
constant (see section 7.4.2), it is not expected that all the proposed twist structures will
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(a) Correct aspect ratio (in rubbing direction) (b) Correct aspect ratio (across rubbing direc-
tion)
-200 -150 -100 -50 50 100 150 200 50 100 150 200
(¢) Vertical scale expanded (in rubbing direction) (d) Vertical scale expanded (across rubbing direc-
tion)

Figure 7.11: The electric field in the off-state across the original design of nhcrolens as modelled
using a 2-D finite element method. The director distribution is idealised, i.e. all horizontal
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(a) Correct aspect ratio

-200 -150 -100 -50 50 100 150 200
(b) Vertical scale expanded

Figure 7.12: The electric held in the on-state across the original design of nhcrolens as modelled
using a 2-D hnite element method. The director distribution is idealised, i.e. all vertical
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(a) Field calculated in the plane of the director

-150 -100 -50 50 100 150 200

(b) Field calculated perpendicular to the director

Figure 7.13: The electric field in the off-state across the design of nhcrolens with the electrode
on top as modelled using a 2-D finite element method. The director distribution is idealised,

i.e. all horizontal
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-150 -100 -50 50 100 IS0 200

Figure 7.14: The electric field in the on-state across the design of nhcrolens with the electrode
on top as modelled using a 2-D finite element method. The director distribution is idealised,

i.e. all vertical
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be seen since they rely on the twist elastic constant, k22, being less than the splay, k1.

The effect on a light beam has been calculated using Jones’ 2 x 2 matrix method
[Hec87], using routines written by R. Kilpatrick [KGDS98] modified appropriately for
the cell structure. The intensity has been calculated for the liquid crystal surrounded by
two ideal polarisers, i.e. no reflection losses were taken into account. The polarisers were
orientated parallel to the rubbing direction. The resultant intensity profile is shown in
figure 7.16.

The intensity profile shows clearly a double drop in the intensity across the lens.
This observation agrees with the cross shape observed when the spherical lens with the
electrode on top was viewed between crossed polarisers (see section 6.4.2). The sharp
peaks in the plot structure are due to the finite element discretization. Since the finite
element mesh is generated from a rectangular array, each divided into two triangles,
the microlens surface profile is represented by the elements of the mesh. The effect
of this discretization can clearly seen in the potential field distribution. The director
distribution is also affected since it must be continuous along the surface even where this
means there are two ‘surface’ directors in one column of elements. Both these effects
distort the calculated structure exaggerating the polarisation changes.

The results from the finite differences give a reasonable demonstration that the in-
clined fields could give rise the polarisation changes observed in the micrographs (see
section 6.4.1) much as the 1D model has shown qualitative agreement that the pretilt
variation and electrode positions could give rise to the type of lens aberrations observed.
In both cases, the structures could be more completely described with better modelling
of twist and a 3D structure, however, such a model is liable to be very complex and
require long computation times.
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Figure 7.15: Electrode on top microlens, modelled at 45° to the rubbing direction. The equipotentials are overlaid on the directors.
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Figure 7.16; Intensity transmitted through structure in figure 7.15 calculating the effect of the
liquid crystal between parallel polarisers.
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Chapter 8

Discussion and conclusions

8.1 Introduction

The goal of the work described here is to fabricate lenses whose focal length can be varied
electrically. This tunability has been demonstrated from the first design. In order to
find applications, however, the quality of the focus needs to fulfil the appropriate system
requirements. Some applications, eg. a diffuser, are relatively undemanding, but many
are much more so and, needless to say, the ideal is a diffraction limited performance
for all voltages. Therefore, the majority of the work presented in this thesis has been
concerned with the lens aberrations and the liquid crystal structure that produces them.

8.2 Discussion

8.2.1 Focal length variation

The first liquid crystal immersed microlenses were built to demonstrate the idea that
a liquid crystal immersed lens would be tunable. It has been shown, as intended, that
the focal length can be controlled by an applied voltage. The characteristics are similar
to those expected, the 100um diameter lens acts as a diverging (f = —910um) lens
without a voltage, the focal length increasing to —oo at around 1.5V and above 1.5V
the focal length is positive (usable focal length range 360pm to 560um).

There is one intriguing distinction between the expected characteristic and what
was actually observed. A monotonic decrease of the refractive index with voltage was
expected uniformly across the lens and, hence, a monotonic increase in the optical
power of the lens was predicted. However, the optical power increased until the voltage
reached 3V where it started to reduce (cf. figure 4.7 on page 62 and figure 6.1 on
page 84). From this initial evidence, it is clear that the liquid crystal structure was not
as had been intended in this first design. It was subsequently found (see next section)
that this unexpected behaviour was due to the electrode configuration which, in effect,
superimposed a converging electric field lens (i.e. a converging lens produced by the field
configuration) on top of the photoresist/liquid crystal microlens. This is also evidenced
by the fact that the focal length is shorter (where the focal length is positive) than the
simple theory predicts. A subsequent design, using an electrode on top of the photoresist
microlens, had a focal length vs voltage characteristic which was similar to the original
theoretical pattern. Comparing these results with those given in Table 3.2 on page 51,
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it can be seen that the NA (0.05) is one of the highest of any reported, plus the lens
can be varied from a negative to a positive focal length.

The focal length vs voltage characteristic of the lenses presented here, with the focal
length going to infinity at around 1.5V, is the result of the two materials used to form
the lens, photoresist (refractive index 1.64) and liquid crystal E7 (refractive index 1.52-
1.74). If the photoresist microlens profile were transferred into a substrate, a common
substrate to use for visible wavelengths is quartz (see section 3.2.3) which has a refractive
index around 1.5. Using quartz would result in a negative lens with OV (f = —625um
for the 150um diameter lens) which would become less and less powerful with increasing
voltage, finally having an almost infinite focal length at around 8V. The commercially
available (Merck) liquid crystals have refractive indices spanning the ranges 1.47-1.54
(ordinary index) and 1.53-1.80 (extraordinary index) [Mer92b], thus, if a lens is desired
which is always positive, a substrate of refractive index higher than the liquid crystal
extraordinary refractive index will be required (or the lens shape could be changed,
perhaps using a cast of the lenses [GRS93]).

8.2.2 Wavefront phase profiles

Independently of the structure of the liquid crystal layer, the resolution and focal spot
size of the lens depend on the optical phase profile induced in the transmitted light
beam. Measuring the phase profile thus gives a much more complete picture of the
optical properties of the lens and provides clues as to what must be happening within
the liquid crystal structure.

The optical phase profile of the liquid crystal immersed microlenses has been mea-
sured using a Mach-Zehnder interferometer. The lenses produced according to the
original design had aberrations which varied with the applied voltage from 0.18X to a
peak of 0.55A. At the higher aberration values, the focus was very poor, limiting the
usable focal length range to OV and 2> 4V.

Considering the phase profiles of the original lens design (see figure 6.4 on page 87), it
was clear that there was a focal length difference between the central and outer regions
of the microlenses. The difference in the focal length between the outer and inner region
of the original lens design is due to the inner region having a higher threshold voltage.
In the centre of the lens, some of the voltage is dropped across the dielectric of the
photoresist, thus, reducing the effective voltage applied to the liquid crystal, producing
an effect much like that of Nose, Masuda and Sato [NMS91], i.e. an electric field lens.

Most liquid crystal cells are built with no varying thickness of dielectric. For these
cells, the response of the liquid crystal is dependent on the voltage not the applied field,
i.e. the response with voltage is independent of the cell thickness (see equation 2.33 on
page 31). For this reason, it was assumed in designing the original lens that the fact that
the liquid crystal layer thickness varies across the microlens would not be important.
However, the independence of the voltage from the layer thickness is only true if the
layer thickness and electrode separation are proportional by a constant factor. Since, in
the original design, the electrode separation is constant whilst the liquid crystal layer
thickness varies, the threshold voltage is not constant across the cell.

From the conclusions of the aberration results of the original microlens design, it was
decided to build microlenses with the electrode on top of the photoresist. The electrode
on top lenses had a much better aberration performance, varying from 0.071\ to 0.19X
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which is much closer to the diffraction limit of 0.07). This is doubly beneficial since the
improvement occurs where the variation of refractive index is varying fastest (1-3V, see
figure 4.6) with voltage.

A second, non-ideal feature of the original design is that the alignment layer is
only an approximation of what is required for the desired liquid crystal structure. The
structure was envisaged to have the liquid crystal directors parallel, with no field applied,
1.e. the pre-tilt on the two cell walls was intended to be uniform across the area of
the microlens. This would ensure that the liquid crystal refractive index would be
uniform for all positions across the lens with no voltage applied. However, to achieve
this homogeneous structure it is necessary, as stated above, to have a uniform pre-tilt
on both cell walls. A uniform pre-tilt is not difficult to achieve on the non-microlens cell
wall, a flat surface, but is less easy across the microlens surface. In part, the problem
arises from the fact that the topology of a surface can, even without any alignment layer,
induce alignment in a liquid crystal (Schulze and von Reden [Sv95], when fabricating
liquid crystal immersed gratings, restricted the alignment to be parallel to the grating
for this reason). Thus, the alignment layer has to overcome the topological aligning
effect as well inducing a uniform pre-tilt. However, what is probably worse is that the
alignment layer is not completely appropriate for the job, it was only the best readily
available. It causes the liquid crystal to align almost parallel to the layer (in the rubbing
direction) but with the liquid crystal deviating a few degrees up from the layer (in the
rubbing direction). On a flat surface this deviation would be the desired pretilt but
since the polymer alignment layer follows the topology of the surface and the angle of
the lens surface is greater than the pre-tilt, inevitably on one side of the lens the pre-tilt
is negated by the surface topology.

The two deviations from the intended structure have been included in a simple 1-D
model of the microlenses. Clearly, a 1-D model can only be an approximation to the
liquid crystal structure, but it does allow the above analysis to be tested.

Considering the focal lengths calculated using the 1-D model (see section 7.3 on
page 155) for the cases of the electrode underneath the photoresist (original design) and
the electrode on top of the microlens, it can be seen that the rise in focal lengths above
3 volts (see section 8.2.1) can be attributed to the electrode being under the microlens.

The second general observation which corroborates the experimental analysis of the
microlenses, is the tilt induced in the wavefronts transmitted by the electrode on top
design (cf. the birefringence measurements-section 6.5 on page 106). This tilt is due to
the increased threshold voltage where the pre-tilt is negative (see figure 7.4 on page 155)
which results in lower maximum director tilts, ¢,q,, for the lower pre-tilts at the same
voltage and, hence, higher refractive indices. Since the pre-tilt, following the photoresist
microlens surface profile changes monotonically across the lens, the result is approxi-
mately a phase wedge or a tilt of the transmitted wavefronts.

One factor missing from all of the above analysis is polarisation changes due to twist
in the liquid crystal which also will affect the lensing characteristics of the devices. The
polarisation changes are discussed in the next section.

8.2.3 Wavefront polarisation characteristics

When the lens cells are examined in a polarising microscope, it is soon clear that there
is a change in the polarisation of the light transmitted by the lens. This change is

172



8.2. DISCUSSION

dependent on the applied voltage and the position within the light beam across the
microlens. The polarisation change is almost certainly caused by a twist of the liquid
crystal (see section 6.4.1).

There are two ways in which the polarisation change is important. Firstly, it is
important as it alters the lensing properties of the devices. Consider a light beam
incident on the microlenses in the case where the director orientation in the plane of
the cell varies across the lens. If the light transmitted by the microlenses is divided
non-uniformly between two orthogonal polarisation components then, each component
being treated separately, there will, in effect, be two focal spots superimposed. Both
spots, having been transmitted by effectively non-circular aperture, will be distorted
from the Airy disc by the partial aperture obscuration. The second consequence of
the observation of the polarisation change is simply that it indicates a twist in the
liquid crystal. The twist is neither intended in the design, nor is it allowed for in the
modelling. It demonstrates that the liquid crystal structure is more complex than has
been suggested so far (i.e. after allowing for the 2 factors mentioned in the previous
section) and that more detailed analysis is required to get to a possibly accurate liquid
crystal structure. The significance of the polarisation changes for the understanding of
the liquid crystal are discussed in the next section.

8.2.4 Liquid crystal structure

The liquid crystal structure envisaged in the first design concept was relatively simple.
In essence, the intention was to combine the optical properties of a parallel sided liquid
crystal cell with those of a microlens. Evidently, the microlens cell is not parallel sided,
but the properties of parallel sided cells are well understood and so they provide a good
starting point. The desired liquid crystal optical properties were that the extraordinary
refractive index should be voltage controlled and that, at any voltage, there should be
one refractive index for all incident parallel rays. In fact, this is a simplification since, in
general, the director orientation varies through the depth of the cell. However, to keep
things simple an averaged refractive index (normal to the cell plane) for each position
across the lens is considered when trying to understand how the lens affects the phase of
the light passing through it. However, for the purposes of studying the device defects,
a more detailed understanding is required.

When viewing the microlenses (original design) through a polarising microscope,
there are two structural effects which are particularly striking. Both occur upon the
application of a voltage. The first is a loop which forms on one side of the microlenses - a
liquid crystal wall structure (see section 6.4.3). The second is the change in transmitted
intensity of light through the microlens - the effect of twist (see section 6.4.1).

Walls

Liquid crystal wall structures were seen on the original design of microlens, both spher-
ical and cylindrical, and the design with the strip electrode opposite to the microlens
when a voltage sufficient to switch the liquid crystal was applied. Liquid erystal walls
are distortion of the liquid crystal director and, as such, scatter light reducing the per-
formance of the lens. Walls occur between regions of liquid crystal which have rotated
towards an applied field but with opposite rotations. Walls are usually initiated by
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variations of the surface pretilt and when an electric field causes the liquid crystal to
rotate further, they continue in opposite directions creating a wall in between. Since
the pretilt of rubbed PVA is presumed to follow the microlens surface profile, it is not
surprising that walls are formed on the microlenses.

The effect of the walls on the original design device performance can be limited by
how the lenses are used. The walls on the original design form in a loop on one side of
the lens and this loop gradually shrinks and eventually disappears. The walls do not
reappear unless the liquid crystal is allowed to relax back its initial state and then a
voltage is reapplied. Thus, by limiting the voltage range applied, always staying above
the threshold voltage, the walls can be avoided for practical purposes. On the strip
electrode design, the walls did not form in a loop so they did not disappear and, for this
reason, the walls cannot be eliminated before using the device.

The structure of the walls themselves is relatively well understood since they are
the same type of walls as described by Steib et al [SBM75]. The director deformation
associated with the walls is a combination of bend and twist, with twist tending to
dominate due the lower elastic constant of the twist, ko2. The evolution of the wall
structure does not always finish with the shrinking to nothing. Occasionally, the walls
will split into 2 disclination lines (strength %) associated with the two cell surfaces. The
disclination on the microlens surface usually remains stable whilst the disclination on
the flat surface disappears. The structure left behind is the same structure as found in
the “pi-cell”, a structure sometimes used in LCDs [WL94].

The aspect of the liquid crystal wall structure which is least well understood is the
structure left behind by the wall receding from the side of the microlens (when the wall
has not split into disclinations). It is apparent from the microscope observations that
some part of the wall is left behind on the microlens side but it is not clear exactly what
is occurring. One factor which is important in interpreting the resulting structure is
whether it includes disclinations hidden down the side of the lens. It has been decided
that none are present (see section 6.4.3 on page 98) which has important implications
for what the liquid crystal structure left by the wall could be (see below).

The wall defects were eliminated in the design with the electrode on top of the
microlens, both spherical and cylindrical. At first, this might seem strange since the
pretilt in this design is unchanged from the original design. The difference lies in the
switching times across the lens. With the electrode on top design, there is a uniform
voltage difference across the cell and in these conditions the liquid crystal switches
fastest where the cell is thinnest. In this case, the liquid crystal switches first at the
centre of the microlens where the pretilt has the desired orientation. The central region
of the liquid crystal then pulls the surrounding directors in the same direction regardless
of its original pretilt thus avoiding the formation of walls.

Twist

The twist observed in the microlens cells (once any walls have disappeared) is less easily
explained than the walls. First of all, a reason for a twisted structure needs to be given
in what is supposed to be a parallel aligned structure. Then the structure needs to be
consistent with the walls and disclinations observed. Finally, any explanation has to be
consistent with the the experimental observation that the twist increases with voltage.

One possible cause for a twisted structure to form between parallel aligned substrates
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is given by the pretilt structure. If the pre-tilts are such that the liquid crystal direc-
tors would have to splay to remain parallel to the alignment direction then twist can
be favoured. For example, if the pre-tilts are equal and opposite then the directors in
between can satisfy the boundary conditions by a splay deformation or a twist defor-
mation. Since, in general, kya < k11 the twist is preferred given sufficient pre-tilt. On
one side of the microlens we have a negative pre-tilt (as discussed above) which could
give rise to such a twisted structure. Assuming rigid, parallel boundary conditions (but
with different pre-tilts) the twist is inherently a multiple of 180° (including 0°).

It might be imagined that the twisted structure on one side of the microlens is a 180°
structure created by opposite pre-tilts. However, a wall or disclination is required if the
liquid crystal on the microlens is assumed to be a 180° twisted region surrounded by
untwisted liquid crystal. Since, in general, there are no walls or disclinations between
the twisted and untwisted regions (see above), this cannot be the explanation. Indeed,
when the wall breaks into disclination lines instead of receding from the side of the lens,
this 180° twisted structure surrounded by an untwisted structure is what is formed (see
section 6.4.3 on page 98).

Another possibility is that the liquid crystal across the microlens is breaking away
from the rubbing direction. This again has the benefit of reducing splay at the cost of
introducing twist, however, the splay is only introduced as the liquid crystal switches.
When switched, the liquid crystal in the centre of the cell is close to the normal to
the cell, so, if the liquid crystal on the microlens surface points towards the centre
of the microlens, the liquid crystal on the microlens surface reduces its angle to the
normal whilst remaining parallel to the surface and hence reduces the splay between
the microlens surface and the centre of the cell (see figure 6.9 on page 93). Thus, if this
explanation is true, the liquid crystal director on the microlens surface remains parallel
to the alignment layer but not the rubbing direction. This second possibility, twisting
towards the centre of the lens, seems more promising as it can change from twisted
to untwisted continuously. The difficulty with this argument is that it cannot explain
the twist on the cylindrical microlens since, on the cylindrical microlens, the rubbing
direction already points in the direction which would minimise splay.

A third possibility is comes from the electric field distribution. The original design
concept assumed the electric field was normal to the cell, however, the presence of the
microlens means that the electric field will have components in other directions, towards
or away from the microlens centre depending on the electrode configuration. Since the
directors rotate towards the applied field, they will then be inclined to the normal even
when fully switched. The inclination for the original design necessitates a splay of almost
180° which might easily be replaced by a twisted structure even though the liquid crystal
must untwist again before the other cell wall.

The final explanation seems the most likely, the only problem with it being that
it must be accepted that the liquid crystal is operating outside the Mauguin regime
(i.e. the light is not ‘guided’, the light polarisation does not follow the twist of the
liquid crystal-see section 2.2.1 on page 16) even though the cell is relatively thick.
This is acceptable if the twist does not occur linearly through the cell thickness but,
instead, is concentrated into a smaller region [KW93]. The change of polarisation caused
by inclined field induced twist has been modelled and a polarisation change has been
demonstrated (see section 7.5.2 on page 163).
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8.2.5 Design improvements

The goal of studying the structures and effects in the liquid crystal on the lenses is
to understand what improvements can be made that would most improve the device
performance. Hopefully, as a result, better designs can then be suggested. Indeed, as
understanding of the device properties deepened, it became clearer which areas needed
improvement and some improvements have been implemented.

Alignment

The alignment is one area where changes have been made. One of the fundamental
requirements for all of the designs of the microlenses studied here is that the liquid
crystal lies in the plane containing the alignment/rubbing direction and the normal to
the cell. For the off-state, the crucial factor is the alignment layer. In the first lenses,
the alignment was not effective right up to the edge of the lenses, instead they were
surrounded by a ‘halo’ of poorly aligned or misaligned liquid crystal. To improve the
uniformity, the alignment layer rubbing has been changed from a manually driven swipe
with a lens tissue, to a motor driven drum with a velvet type cloth surrounding it. The
velvet type cloth ensures the alignment layer is rubbed up to the edges of the lens and
the ‘halo’ has almost disappeared (cf. figures 6.21 (on page 113) and 6.31 (on page 124).
Additionally, the motor driven drum should give more reproducible alignment. A change
from dip-coating to spin coating of the alignment polymer gives a more uniform PVA
layer thickness and, thus, improves reproducibility. The rubbed alignment layer has
one other important effect which is that it causes a variation of pre-tilt across the
lens. An alignment technique which can avoid this variation is to use a photoalignment
layer instead. Such a photoaligning layer would have to have a definable pre-tilt such
that achieved by Schadt et al with the LPP alignment [SSSK95a]. Unfortunately, such
materials have been unobtainable whilst T have been working on this project.

Alternative designs

One major variation of the design has been to fabricate cylindrical as well as spherical
lenses. This is a simplification of the structure to aid in understanding the liquid crystal
properties. The cylindrical lenses have proved valuable for the study of the wall and
disclination structures. Motivation for the change was also provided by results from a
2-D Finite Element model (by Fabrizio Di Pasquale). This model was able to predict
wall structures seen in some of the designs. From his model, F. Di Pasquale was able
to suggest a new structure which did not have a wall at the side of the microlens. The
structure, consisting of the original cylindrical lens, but replacing the planar electrode
opposite with a strip electrode, was fabricated and shown to have the behaviour pre-
dicted by the model. However, for voltages higher than the model could operate, there
was a wall structure at the centre of the microlens. These walls have been eliminated
with the next design change.

The next modification of the design was derived from the observation in the aberra-
tion measurements of a focal length difference between the centre and the edge of the
lens. It was decided this was due to an effective lower voltage being applied across the
liquid crystal at the centre of the lens. Therefore, the new design had an electrode on
top of the microlens but returned to planar electrode for the non-microlens substrate.
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For the cylindrical microlenses, this electrode change eliminated the wall structure and
the twist of the liquid crystal. Spherical lenses were also fabricated with electrode on
top of the lenses and they also avoided the formation of wall structures although they
did cause twisting of the liquid crystal with an applied field. The elimination of the
walls is caused by the dependency of the time response upon the layer thickness. The
response time of a liquid crystal layer is dependent on the square of its thickness (as-
suming the liquid crystal layer thickness and electrode separation are proportional by
a constant factor). Thus, since the liquid crystal layer is thinner in the middle of the
microlens, the response time will be quicker at the centre of the lens. This area will
rotate according to the pretilt which, in the centre of the lens, is in the desired direction.
Then, however, the central area rotates its neighbours as well causing them to have the
same tilt orientation and thus the central pretilt propagates and prevails over all the
lens. However, this does not alter the fact that near the microlens surface the director
will be very splayed on the negative pre-tilt side which thus requires a greater voltage
for it to reorientate.

Twist

The twist of the liquid crystal is then perhaps the most important effect still needing
improvement. On the cylindrical lenses, it has been removed but it is still significant
on the spherical lenses. The simplest way to tackle this is to increase the resistance
to twist of the liquid crystal by choosing a material with a higher k9o value (relative
to k11 and k33). The material used in the lenses described in this thesis, E7, has a
splay /twist ratio of %12- = 1.26 and a bend/twist ratio of %-3 = 1.94 (see table 4.2).
An example alternative material is E170 which has % = 0.99 and ’,-2% = 1.0 [Mer92b].
Other alternatives depend on the explanation for the twist in the first place. If it is
breaking away from the alignment layer, a stronger alignment layer (eg. polyimide)
would help.

The explanation I consider most likely for the twist is that it is due to the electric
field being angled away from the normal to the cell (see section 8.2.4). Therefore, the
obvious solution is to reduce the lateral components of the electric field. However, the
ideal field is impossible to achieve because of two contradictory requirements: Consider
the potential along two lines through the liquid crystal layer, one at the lens edge and
one at the centre. For simplicity, we will treat the field as linear. Since the liquid crystal
responds to the applied voltage we desire to have the same potential difference along the
two lines. However, as stated above, we desire no variation of potential across the lens.
Thus, the potential at the top of the lens should be the same as the potential at the
same height on the line at the edge and, similarly, the potential on the non-microlens
ends of the lines should be the same. However, since the two lines are of different lengths
but with the same potential difference they have different gradients of potential along
their length, contradicting the previous statement.

Note that the above argument assumes nothing about the electrode configuration,
or dielectric layers and thus is true for any variants of electrode position. It is also
true not just for microlenses, but for any other optical device incorporating a surface
relief structure modulated by immersion in a liquid crystal structure (eg Fresnel lens or
hologram).

The one possibility which is consistent with the above, is that the location through
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the cell where the field has the largest lateral components can be varied. In the current
design, the lateral field is strongest near the surface of the microlens, around the mi-
crolens rim. Since the surfaces are the regions where the liquid crystal is least switched,
a lateral field component here may have a disproportionate effect.

8.3 Conclusions

The lenses have been much improved from the original design which had very significant
aberrations for an important part of its tuning range. The final design with the electrode
on top of the microlens has phase aberrations much closer to diffraction limited in the
most significant part of the tuning range. Also with the design changes, walls have been
eliminated from the devices removing the need for a restriction on the applied voltages.
The final design performance could still be improved, in particular, twisting of the liquid
crystal with its accompanying polarisation problems and tilting of the transmitted beam
could be eliminated and the speed of the switching could be improved.
Here is a breakdown of the main results described in this thesis:

e Lenses have been fabricated with a variable focal length for one polarisation of
light. This variability has been achieved by immersing a microlens in nematic
liquid crystal. The lenses built have a focal length which capable of being varied
from negative to positive. The lenses studied had focal length ranges of —910um
and 360um to 580um (original design, diameter 100um), —1660um and 490um to
1100um (original design, diameter 150um) and —1570um and 1450um to 3350um
(electrode-on-top design, diameter 150um).

e The phase aberrations of the lenses have been measured in an interferometer. The
first lens design had an rms aberration of 0.18\ to 0.55A (diameter 150um) whereas
the electrode-on-top design had an aberration of 0.071\ to 0.19).

e The amplitude aberrations (or variation of transmitted polarisation) of the lenses
has been measured (qualitatively). The areas where the polarisation is altered is
indicative of a twist in the liquid crystal structure. The liquid crystal is clearly
twisting around the sides of the lens and the area where it twists increases with
voltage.

e Cylindrical immersed lenses have also been fabricated. These lenses have been
studied primarily in order to compare their behaviour with modelling work and to
study the liquid crystal properties with a simpler structure.

e The structure of the liquid crystal has been studied and structures have been
suggested to match the observed optical properties. In particular, wall structures
which form in the liquid crystal have been matched to structure described by Stieb
et al. Similarly, possible causes of the twisted structure have been proposed which
could match the observed polarisation characteristics.

e A 1-D computer model of the liquid crystal has been developed incorporating the
effects of the varying pre-tilt and the dielectric on the response of the liquid crystal.
Using the program, the focal length vs voltage characteristic of the lenses has been
modelled and so have the optical phase aberrations.
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e A 2-D model finite element model for the liquid crystal structure has been used to
test a proposed cause of the twist in the liquid crystal. A program has been written
calculate the optical properties of the modelled structure and the polarisation effect
has been reproduced.

e New designs have been produced from the modelling work. One of these new de-
signs, the electrode-on-top design eliminated wall structures, eliminated twisted
structures from cylindrical microlenses and showed a significantly improved aber-
ration performance (see above).

e The time response of the lenses has been measured. The effect of eliminating the
wall structures has been shown to have a dramatic benefit on the time response.
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Chapter 9

Further Work

9.1 Introduction

In this chapter, the studies of what is needed to improve further the performance of the
microlenses are considered. Also, suggestions are made which relate to devices other
than microlenses.

9.2 Microlenses

It is clear that the microlenses do not yet perform in the way originally envisaged.
There is a variation of focal length but the quality of the focus is poor for a lot of the
available tuning range. The original design suffers from large aberrations in the 1-3V
range limiting its usable range to above 4V. The electrode on top design is a lot better
in terms of phase aberrations but induces a tilt in the 1-3V which may be problematic
in a system and the liquid crystal on the lens twists, changing the polarisation of the
transmitted light in parts of the lens aperture.

Removing the twist is a major goal in the improvement of the microlenses. The 2nd
major aim is to remove the tilt introduced by the microlenses. Finally, it would be
useful to be able to choose different focal length ranges over which the lenses can vary.
This depends on the application but from the research point of view it would be useful
to have the lens always producing a focal spot (i.e. without infinite focal length for any
voltage) simply because the focal length could always be measured and the nature of the
focal spot gives an immediate indication of the combined phase/amplitude aberrations.

There is more than one way that the liquid crystal twist can be lessened. Either
the electric field pattern could be altered, or the surface structure or the liquid crystal
could be changed. Two approaches would be either to reduce the cause of the twist
or to increase the liquid crystal resistance to it. However, since the cause of the liquid
crystal twist is not completely understood, it seems wiser to try to increase the liquid
crystal’s ‘resistance’ to twist.

Liquid crystal materials

The simplest way to reduce the twist in the liquid crystal is to change the material
used, choosing one with a higher twist elastic constant, kos. In fact, it is the ratio of
elastic constants that is important as this determines the energy of associated with each
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type of deformation and thus can cause one to be favoured over the others. kyy is often
the smallest of the elastic constants [KW93], for example, the liquid crystal used in the
microlenses, E7, has elastic constant ratios of k33/ko2 = 1.94 and ks3/k1; = 1.54 (see
table 4.2). A material with a better k33/kg2 ratio is E170 [Mer92b] for which the ratios
are k‘33/k22 = 1.0 and k33/k11 = 1.01.

One other aspect of device performance which can be improved by a change of
material is the response time. The response time of the microlenses has been measured
but no attempt has been made to optimise their performance. The response can be
improved by choosing materials with a lower rotational viscosity or a higher splay elastic
constant (see equation 4.2). The rotational viscosity of E7 is 0.20 Pa s [KW93] whilst
there are materials commercially available with viscosities down to 0.105 Pa s [Mer92b].

Liquid crystal alignment

A different approach is to carry on the work presented in section 6.4.1, i.e. to try different
alignment techniques. One such technique which has not been tried on the microlenses
is alignment of the bulk of the liquid crystal.

Bulk liquid crystal alignment has been demonstrated by Jain and Kitzerow [JK94]
who demonstrated homogeneous alignment by UV curing a mixture of PVCi with liquid
crystal using polarised UV light. However, whilst it is clear that this type of alignment
will change the liquid crystal elastic response, it is not clear what the new response will
be. Alignment of the bulk is likely to increase resistance to twist but not necessarily any
more than the resistance to any other deformation, thus the final result may simply be
an increase in the voltage required for switching much like PDLC. Also, since Jain and
Kitzerow report no pre-tilt, wall structures are likely to arise. Therefore, although the
approach may be worth exploring due to its ease of implementation, a more promising
idea is to try PDLC (see below).

An alternative change of alignment technique would be to try the LPP alignment
layers described by Schadt et al [SSSK95a] where pre-tilt has been achieved. This
technique is particularly promising as alignment should be achieved over the whole
substrate and with (hopefully) uniform pre-tilt. However, the problem here is obtaining
any of the polymer. I have talked to Martin Schadt and he has promised a ‘research
material’ when one is available but so far none has been forthcoming due to commercial
licensing restrictions.

Tilt

There are other aspects of the microlenses which could be improved significantly. One
is the tilt observed with the “electrode on top” design. What is required is a way of
balancing the difference in switching across the microlens due to the pre-tilt difference
(see section 6.5). Of course, the ideal is to eliminate the pre-tilt variation in the first
place using a different alignment technique (see LPP above) but if this is not possible, an
alternative solution may be to vary the electric field strength. This may be achieved by
measuring the refractive index vs voltage response across the lens (treating each part of
the lens as independent) and then calculating the required voltage profile and applying
this profile across the lens. A voltage profile may be achieved with patterned electrodes,
a resistive pattern or by inserting a dielectric distribution between the electrode and
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the liquid crystal (c.f. the photoresist microlenses). All these solutions add a significant
degree of complexity and, most likely, would need to be recalculated for a new microlens
design. Also, care must be taken not to jeopardise the benefit of the “electrode on top”
design, i.e. the switching starting from the top of the lens. Therefore, this option is not
attractive except as a last resort.

Focal length range

The last change is not so much an improvement but a modification. Currently, the focal
length goes from negative to positive via infinity. It would be instructive, however, to
be able to see the focus for all voltages. Currently, the aberrations are smallest for the
voltage giving infinite focal length. Thus, it would be useful to change the refractive
indices. Unfortunately, the substrate material can easily be etched if it is quartz but
not if it is glass. This limits the lens refractive index to ~ 1.46 (or 1.64 for photoresist).
Also, the liquid crystal refractive indices all seem to have ordinary refractive indices
around 1.5 (1.47 — 1.54 [Mer92b]). Thus, most combinations will result in a range
of focal lengths from infinity to a negative lens. An alternative solution is to emboss
the microlenses into plastic by hot embossing or injection moulding [GRS93]. However,
whichever material is used would have to be compatible with the later processing steps
(alignment layer in a solvent and deposition of an electrode).

Design changes

Other changes to the design are more radical in the sense that they change the way
the design works. These are ideas outlined in the design chapter; namely, a PDLC lens
or a Fresnel lens. The PDLC lens is certainly worth investigating with its potential
advantages of polarisation insensitivity and increased speed. The likely disadvantages
are the difficulty of reducing the scattering or the residual scattering and the reduced
refractive index modulation available.

The Fresnel lens has the attraction of increased speed and being able to keep a
constant thickness of liquid crystal layer with different lens apertures. However, creating
structures using either halftone masks or multilevel structures requires more control for
exposures/alignment than the melt and reflow technique and the mask design is more
difficult.

9.3 Alternative devices

There are one or two general observations from the work presented here which could form
the basis of further study. In terms of liquid crystal devices, the novel characteristics
of these devices is that the liquid crystal has a surface relief structure for one of its
substrates. Many of the observations which have been recorded in the course of the
microlens work are likely to be reproduced with other relief structures, especially non-
binary ones. Holograms and diffractive optics could be made switchable in the same
way that the microlens have been but care would need to be taken in designing the
structures if the effects described in this thesis are to be avoided. In particular, one
of the advantages of liquid crystal immersed surface relief structures is higher possible
spatial frequencies that are possible over a pure liquid crystal device (eg. an SLM [Sv95]).
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However, 2 potential dangers of the higher spatial frequencies have been highlighted, one
is competitive alignment generated between the alignment layers and surface structure
and the other is the extra distortion in the electric fields introduced by the higher
gradient of the surface. Both effects can lead to twist of the liquid crystal and hence
a change of polarisation of the transmitted light. Schulze and von Reden [Sv95] have
fabricated gratings liquid crystal on top and, due to the aligning behaviour of a grating,
they restricted themselves to liquid crystal alignments parallel to the grating. Stadler
and Ehbets [SE94] produced a computer generated hologram immersed in liquid crystal
and, even with only a steepest slope of ~ 3° on the surface, they reported disclinations
in the liquid crystal.

An alternative response to the effects is to try to turn them on their head, i.e. to
turn a problem into an opportunity. There are 2 possibilities:

1. The twist of the liquid crystal is not desired in the optical phase modulation device
however twist is desired in a display. In particular, recently a new configuration, In-Plane
Switching (IPS) has been commercialised by Hitachi{OK95]. In the IPS configuration,
the liquid crystal is untwisted in the off-state and twist induced by the application of
a field. IPS has an advantage in viewing angle but requires higher voltages and the
switching time is longer [JSvdPO97]. The twist mechanism presented in this thesis may
provide an alternative way of achieving a similar effect with possibly better performance
(although recent studies have shown [OYOK97] that the IPS viewing characteristics are
adversely affected by larger pretilts).

2. The 2nd observation is the effect of response times on eventual structures. In the
lens structures the pre-tilt of the area with the shortest response times propagates to
other parts of the device thus deciding the final structure, thus care has to be taken in
designing the structure.

However, again this could be investigated for display devices. There are several align-
ment techniques which provide alignment but no pre-tilt. It may be possible to induce
the desired pre-tilt. It may be possible to induce the desired pre-tilt with a side electrode
of thickness variation.
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