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ABSTRACT

This thesis comprises an account of research daoug into the flexoelectro-optic effect, as
observed in chiral nematic liquid crystals, and pistential for application in fibre optic
communications components. The flexoelectro-opffecé provides a mechanism of fast,
analogue rotation of the optic axis in chiral nemataterials via the application of an electric
field to the sample. In particular, bimesogenicuith crystal materials exhibit very large
flexoelectro-optic tilt angles, and a large tiltgbs per unit field in comparison to other
mesogenic materials.

In this work a new geometry for the flexoelectrdiogffect is developed in which the chiral
nematic liquid crystal is aligned with its helicatis along the normal to the cell walls and the
electric field is applied in the plane of the cédilis shown that polymer stabilization of this
device by the addition of a small percentage oftrea mesogen to mixture increases greatly
the ability of the device to withstand high ampdi¢éua.c. electric fields. Applied fields of up to
6.8 V/ium are shown to induce a maximum birefringencarsf0.037, due to both flexoelectric
and dielectric coupling, antin=0.012 due to flexoelectric coupling only in a gderbased on
symmetric difluorinated bimesogens. This inducetefiingence is shown to consistently
respond to field application and removal on the sulbsecond timescale.

Polymer stabilization of the same mixtures in théarm lying helix texture is shown to effect
the electro-optic response of the samples in a Brawhich is dependent on the concentration
of reactive mesogen used, and the temperature @hwhe reactive mesogen is cured. A
concentration of approximately 3% weight/weightweweer, has little detrimental impact on
the device characteristics, and curing of the sanaplthe lower end of the chiral nematic
temperature range is shown to allow optimizatiorbath tilt angle and response time of the
samples.

The effect is also employed to demonstrate a nethadeof fast electrical tuning of the output
wavelength from chiral nematic photonic band ed@geils. An 8nm shift was induced in these
devices by a 3.5 Wm applied field.
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1.1. PREAMBLE

This PhD project is concerned with the potentialdeployment of liquid crystal based devices in
photonic systems, particularly fibre-optic commuation systems.

Liquid crystal materials have been exploited vargcessfully for use in display applications, but
their potential in telecommunications devices fptical fibre systems has only recently become
the focus of extensive research. Liquid crystaléehadvantages over conventional electro-optic
telecoms materials such as Lithium Niobate in thay have high birefringence, high optical

transparency, low power consumption, non-mecharopafration, and are cheap and simple to

manufacture.

The telecoms industry is in a situation at the gmésvhereby optical fibre systems carry the all the
long-distance and national backbone data traffibuaje data rates, but the city-wide and local
exchange networks are still electronically operateith a data bottleneck between the end user
and the local exchange: the “last mile”. As theiegtarchitecture penetrates further through the
network towards the home and the end-goal of arogtical network, the number of network

nodes increases exponentially, so the requirenfentsptical components shifts from very high

performance devices to very cheap ones. It isigdlea therefore, where cost is paramount and
tolerance of device weaknesses such as opticaluatien, dispersion and channel cross talk is

slightly greater, that liquid crystal based compdsenay find their niche.

The main area in which liquid crystals suffer imgaarison to solid-state electro-optical devices is
their relatively low switching speeds, typicallyngeof milliseconds. It is for this reason that the
more promising liquid crystal telecommunicationszides attempt to either utilise faster liquid

crystal electro-optic effects than the simple Fesm#tsz transition, such as the ferroelectric and
electroclinic effects, or address applications \whiequire switching at well below the bit-rate of

the system, such as switchable interconnettsdd/drop multiplexerd, or polarisation

controllers?®

The flexoelectro-optic effettis a relatively recently discovered electro-optiitching process
observed in chiral nematic liquid crystals. It ithe dual benefits of fast, typically 100-560

response times and analogue field dependence afjogreyscale control of transmitted optical



intensity through the device. These properties marut as a prime candidate for telecoms
applications, but due to the relatively small reskaoutput on the effect so far, it remains
unexplored for use in photonic communication congms. The recent development of
bimesogenic liquid crystdlswith very high flexoelastic coefficients, howevegmovides a new
opportunity for development of the effect into theseas. This project aims to assess the potential
of the flexoelectric effect in such high tilt angleamples for photonics applications by
investigating the characteristics of flexoelecttevices at the telecommunications wavelength of
1550nm, and developing both the device designslign@l crystal mixtures utilised in them to

improve device performance.

1.2. OUTLINE OF THE THESIS

Following this introduction to the thesis, Chaplavo introduces the theoretical background to
liquid crystal electro-optic effects relevant tastlwvork, particularly those in chiral nematic liqui

crystals. Further emphasis is placed on outlinlmg durrent knowledge of the flexoelectro-optic
effect and citations of the key works in this ateadate. It is the flexoelectro-optic effect with
which this work is primarily concerned, and in partar a novel geometry in which to examine
the effect. Some numerical calculations are aldailée at this stage, which were performed to

provide an expectation of the electro-optic respanghis new geometry.

In Chapter Three, the experimental techniques gmghratus schematics used in the work
presented here are introduced. Three principaleraxgents were developed to effect the
investigations reported, and each of these aranedtlin turn, with their particular aims and
methods.

The first observations of the flexoelectro-optiéeet in Grandjean textured, chiral nematic liquid
crystals under the influence of in-plane electratds are reported in Chapter Four. Observations
of the magnitude and response time magnitude ofeffext are made in several liquid crystal

mixtures.

The work of the previous chapter is developed iafiér Five with the extension of the effect into
polymer stabilised samples. This improves the rdgges of texture, allowing a.c. fields of

varying frequency to be applied to the samples. ddmributions to the observed response from



dielectric and flexoelectric coupling are now seée, and the magnitude and speed of the
response in a range of monmesogenic and bimesogericres are directly compared. The
flexoelectric characteristics of the mixtures uaeelalso examined in the ULH texture, providing a

correlation of the observed response in the twaorggioes.

Further investigations are performed into the fkdgotro-optic response of polymer stabilised
ULH textured samples in Chapter Six. Quantitativeasurements of the effect of varying the
concentration of reactive mesogen used on the-ifieldced tilt angle and response time are
obtained, and the relative influences of polymering temperature and device operating

temperature are examined.

In Chapter Seven, the electro-optic effect detamechapters five and six is re-applied to produce
fast, electrical tuning of dye-doped, chiral nemgphotonic band edge lasers. This is observed for

the first time, and the initial results are det@didédong with attempts to develop the effect.

Chapter Eight concludes the thesis with a summdérthe experimental results obtained and
presented in the thesis and an analysis thereofhgawith some suggestions for future

development and directions in which the work cdagdorogressed.
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2.1. INTRODUCTION

Having introduced the liquid crystalline state o#tter in the previous Chapter, along with the
potential applications for materials exhibiting eemesophases in telecommunications devices,
this Chapter will outline the theory of electro-gpeffects in liquid crystals, with particular
emphasis on the chiral nematic liquid crystals stigated in this study. This will lay the
foundation for understanding the effects observethis work, particularly the flexoelectro-optic
effect, results from the investigation of which gmesented subsequently in Chapters Four to

Seven.

In the following section, the treatment of liquig/stals as a continuous medium is outlined, along
with the concept of elastic deformation of the neéendirector field. This provides the basis for an
equilibrium state for the director in certain boang conditions, deformations from which are
countered by a restoring force. The inherent mapg anisotropy of nematic liquid crystals is
discussed in section 2.3, and the resulting maopmesdielectric and optical anisotropy of nematic
media are outlined. This is shown to provide theidéor electro-optical effects in liquid crystals.
The chiral nematic phase is discussed in detaitantion 2.4. The optical properties in the
equilibrium state of this phase are unusual enowagimerit attention, and the dielectric and
flexoelectric mechanisms of coupling of the chimamatic director field to an applied electric field

are also presented in this section.

The principal direction of the work presented iisttinesis is development of the flexoelectro-optic
effect to provide operation in a novel geometryevey the helical axis of the chiral nematic is
aligned vertically in the cell, known as the Graea) texture. Initial theoretical predictions as to
the nature and magnitude of the effect in the typeells that will be used are therefore made at

the end of section 2.4.

As a by-product of the results presented on theo@ectro-optic effect in the Grandjean texture
(Chapters Four and Five), it became possible t atainvestigation into the possibility of tuning
the emission from chiral nematic photonic band ddgers (PBE’s), via means of the flexoelectro-
optic effect. The theory behind the operation afaimematic PBE’s is laid out roughly in section

2.5, as a precursor to the results presented ipt€h&even. The key points to the theoretical



descriptions laid out in this Chapter, as they wapplthe work subsequently presented, are then

summarised.

2.2. ELASTIC CONSTANTS AND THE FREE ENERGY

The concept of liquid crystalline order and the akan order parameter to describe the degree of
orientational order in a nematic material wereddtrced in the previous Chapter. We will now
discuss the possibility of disruptions from thisigigrium order, caused by surface or field effects
on the material. These result in deformations tih bloe director direction and the order parameter,
causing them to change on moving through the nadteri

These types of deformation to the nematic orderbeadescribed by considering the liquid crystal
as a continuum mediuf. In such an approach, distances over which deféomstoccur are

assumed to be much larger than the molecular lepigthe material constituents, so the material
can be considered “smooth” and molecular scaleildatmored. The key parameter is therefore
the free energy of the system, which is descrilbea &unction of the vector field based on the

directorn, itself an average of the preferred molecularntagon.

The general free energy density for an elasticesyss given by:

2
v 2 Ul

where U/V is the free energy per unit volume, khe elastic constant and x/I is the strain. In
anisotropic media, such as liquid crystals, thesstrand the strain become second-rank tensor
values, and the elasticity tensor which relatesttb® and is required for the free energy, is a
fourth rank tensor® As nematics have no resistance to pressure arad,ghere is no such thing

as conventional strain as derived above, but theinstensor can be replaced by a torsional
analogue in which the change in relative positibriva particles is replaced by the change in

. : dn, .

angular displacement of the directof:= n, +£d—'}rj . If n at the origin is taken to be along the z-

r.
J

axis, there are six non-zero values in the torsistrain tensor, which can be said to represent the

three fundamental distortions of the liquid crystaéctor, splay, twist and bend.



d%x d%x 0

Torsional strain tensoe; = d%y dn, dy 0 2.2

e Var ©

The relationship of these strain elements to thstiel deformation is illustrated below:

on on
0z 0z

twist y X bend y

Figure 2.1:1llustrative diagram of the splay, twist and berefamations in nematics.

The torsional strain tensor can be reduced tosarink tensor of six elements simply by forming a
column of the six non-zero values and remembeir@gdonvention. This reduces the elasticity

tensor to one of second rank, and the free energyity can be expressed as:
1 . L :
f :E k ee, I,j,= 1-6, summation implied. 2.3

The tensor khas ten non-zero components, of which four arepeddent, and are known as the
torsional elastic constants;ikkz,, ka3 and ks These represent the elastic constants for thay spl
twist, bend and saddle-splay torsional deformatr@spectively, and can be written in co-ordinate

free notation to give the equation for the freergn@lensity:

f

elastic -

2.4

= %[kn(g @)2 + kzz(n [ XD)Z + ksa(n xQ XD)Z - (kzz - k24)(g [{nD (h+nx[] XD})]

The above equation assumes that the lowest enttgyis that with a uniform director, and it can
be modified for conformations with spontaneous twisch as a chiral nematic. Alseslcan be

ignored for simple 1-d deformations providing fugttsimplification.



This equation therefore provides the energeticsbfsi an orientationally aligned liquid crystal
medium, and provides definition of the elastic ¢ants corresponding to the four independent
director strains, which any deformation in a nemdtquid crystal can be described as a
combination of. This is then the foundation of thetoring force in liquid crystals that have been
deformed under the action of an applied electrimagnetic field. The basis of such action is the
topic of the next section.

2.3. DIELECTRIC AND OPTICAL ANISOTROPY

As has been discussed, by definition, a liquid tallise medium has to have a preferential axis of
orientation, the basis of which is founded on molac shape. All thermotropic liquid crystals
have some shape anisotropy in their constituenecadgs, the most common being “rod-shaped”
or calamitic’ This shape anisotropy provides not only the pesféal alignment due to greater
Van der Waals interactions for side-to-side molesubut can also result in dielectric anisotropy
due to differing freedom of the electrons to praelapoles along the long molecular axis and
perpendicular to it.

2.3.1. Dielectric Coupling

An insulating material’s dielectric constant,describes its ability to electrically polariseden the
influence of an applied field. This polarisatiorthe result of dipoles which form in the bulk oéth

material, reducing the effective field strengthtie bulk® This polarisation is given by:

P=g¢g,& [E=¢lE 2.5
In a nematic liquid crystal, the dielectric constaaries with direction relative to the directar,so
we have the tensor relation,

P =&E, 2.6
where i,j are the three orthogonal directions xz,\and summation over all three is impliedn s

defined as lying in the z direction, the principalues of the dielectric tensor are £, and &;in

the x, y and z directions respectively.

The components of an electric field parallel angppedicular to the director are:



E,=Eh 2.7
E. =|E-(Em)n| 2.8
The overall polarisation is then given by:
P=g E+Ae(nE)n 2.9
where A¢ = ¢, - £,,. The free energy density is then obtained, asebelt of the integration d?

with respect tde:

f

dielctric

:—%[SOEZ +Ae(E m)z] 2.10

The first term of this result is independentrgfbut the second term reveals the source of the

dielectric torque. If the material has positivelelatric anisotropy &, > £;,) then the lowest energy

state is that with the director aligned with theplagd field (a negativeA¢ produces the opposite
result, the director being compelled to lie at 89%he field. If we take the director to lie at an
angled to the applied field, the torqué,,on the director is:

_or
26

The torque is therefore zero when the field is lpgrar perpendicular to the director, but one of

r= = AeéE? sinfcosd 2.11

these states is an unstable equilibrium, depermletiie sign ofAs. The torque is greatest @t
45°,

If the liquid crystal is held in a cell which holtise director in a certain direction at the bouretar
the electric field therefore competes with elaséistoring force to deform the director alignment.
This is known as the Freedericksz transition. Txggession for the total free energy density in this

situation is now:

Fuste * o = = (00 Kol T+ x Dxn)? +epe(E )] 212

elastic

There will be a threshold field at which the di¢tectorque is sufficient to deform the director
from uniform alignment. This will depend on the stla constant for the particular deformation

being induced, but is in general given by:
[k
Elieshold T | Ri12233 213.
splay,twist,ben d foAf

where d is the sample thickness. The Freederic&ssition, with its electrically induced director

deformation and elastic restoring force is the ®aschanism for many liquid crystal electro-optic



effects. This is because, as the director of a Eampotated, the optical properties of the sample

change. This is described in the next section.

2.3.2. Optical Anisotropy

Having outlined the dielectric anisotropy of liquadystals resulting from the molecular shape
anisotropy, it follows that this also results irtiogl anisotropy, as in non-ferromagnetic materials

n=.& /& 2.14
where n is the principal refractive index in the ix, y, z orthogonal directions such that the
components of the dielectric permittivity tensprare diagonalised, ang is the permittivity of
free spacé.The dielectric anisotropy therefore results in alenular birefringence that, if the
molecules are on average aligned in a particutaction as in a liquid crystalline state, resuttsii
macroscopic birefringence. This birefringence camdpresented by an ellipsoid optical indicatrix.
The distance of the a point on the surface ofdhigsoid from the origin gives the refractive ixde
for light travelling through the material which has electric field vector polarized in the direatio
of the point from the origin. The semi-major ananseninor axes of the ellipsoid therefore give
the principal refractive indices for the materipgrallel and perpendicular to the director. The
indicatrix ellipsoid for a positive and negativeiaxially birefringent material are shown in Figure
2.2.
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Figure 2.2: The optical indicatrix ellipsoids for a positiveeft) and negative (right) uniaxial

material.

In a material that is defined as having positivefbingence, the ordinary ray (that which does not

experience a polarisation dependent refractive xinde. propagates along the optic axis)



experiences a smaller birefringence than the esdnaary ray. The extraordinary ray then has an
electric field vector oriented perpendicular tottb&the ordinary ray. This case is reversed for a

negative uniaxial material. Light travelling alotite optic axis always experiencas= n,, while

light travelling at an angl® to the optic axis will have an ordinary ray expading m, and an

extraordinary ray experiencing:

2 . 2
i: cosd N sin@ 515
n2 n, n,

These differing refractive indices lead to differirpropagation speeds through the medium,

depending on E-vector direction, which can be \isad using a wave surface diagram. These
describe the wavefront propagation distances &etdravel time from a point source at the origin
for the ordinary and extraordinary rays. Wave stgéafor positive and negative uniaxial media are
shown in Figure 2.3.
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Figure 2.3: Wave surface diagrams for positive and negativefbirygent media

A material with a birefringencéin =n, —n_, will then cause a phase difference to be imparted

between the ordinary and extraordinary rays. Thasp difference is given by:

_ 2And
A

where d is the length the light travels through riedium and\ is the wavelength of the light. If

o 2.16

the An and the thickness of the material are suchdhatt, then the sample is a half waveplate,
and the phase difference will be such that ligltially polarised at 45 to the optic axis will be
rotated by 90, allowing it to pass through crossed polarisersinostered. The general formula for

the intensity of light transmitted through crosgetarisers containing a birefringent sample is:



2.17
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A

where } is the intensity of the light passed through thigal polariser, andp is the angle between
the transmission axis of the initial polariser dhd optic axis of the sample. It can be seen from
the above equation that, for a birefringent makeagrovide 100% modulation of an input light,
either the effective retardance of the sample e tswitchable frond =0 to J = 77, or the optic

axis of the sample witld = 77 has to be rotatable frogh = 0°toy = 45°.

This relationship, in conjunction with the dieleéctproperties outlined in the previous section,
which allow both the effectivédn and/or¢ in the above equation to be rapidly altered by the

application of an electric field, which changes theector alignment, provide the basis for many
electro-optic effects in liquid crystals. There aeveral other mechanisms by which the director
orientation of a liquid crystal can couple to ampléegd field and produce a change in the samples

optical properties however, including flexoelectaupling.

2.3.3. Flexoelectric Coupling

In addition to dielectric coupling, in which an &ipd field induces a dipole in the constituent
molecules of the liquid crystal, if the molecules/é a significant spontaneous electric dipole, the
field can couple to this. A liquid crystalline mag can have spontaneous molecular dipoles, but
no overall spontaneous polarisation, due torihre—n director property allowing the molecules to
be aligned antiparallel, on average having theiolgis cancel out. An applied field will then align
all the dipoles with the field, causing the molasuto align parallel. If the molecules also have a
degree of shape anisotropy along the long axihefnholecule, this alignment will result in a
curvature strain in the material. This process a0 be inverted, allowing a curvature strain
imposed on the material by boundary conditionsithuce a spontaneous polarization in the bulk.

This process was first described by Me¥eand is illustrated below.
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Figure 2.4:lllustration of flexoelectric coupling inducing play deformation in pear-shaped
molecules in addition to aligning the molecularalgs with the applied field to cause a bulk

polarisation.

In the illustration above, the “pear” shape of thelecules causes a splay deformation to occur if
the spontaneous dipole of the molecules lie aldtnvegdirector. This polarises the material and
removes then = -nsymmetry. A bend deformation can also be inducedbamana” shaped

molecules, in this case a transverse moleculalelipagequired to remove the symmetty.

If the molecules possess a degree of both “peat”bhanana” asymmetry, the development of a
bulk polarisation causes the formation of a pedagplay-bend deformation. This is illustrated

below, as described by Meyer, and has been obsergtimentally?
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Figure 2.5:The development of a periodic splay-bend deformatpmon inducing a bulk
polarisation in a liquid crystal with spontaneouslecular dipoles and “pear” and “banana”

shape asymmetry

The induced polarisation in the bulk of a flexo&lecmaterial can therefore be linked to the
degree of splay and bend deformations induced @ rtfaterial, according to the following
equation*

Pio = €Nn(00)+e, (nxOxn) 2.18

flexo
where g and ¢ are the flexoelectric coefficients for splay anehty deformations respectively,

according to the convention laid out by Rudquisalét*® The importance of the molecular shape
in this effect has been demonstrated by the demeedsf the flexoelectric coefficients on trans-cis

isomerisation of the constituent molecutés.

Flexoelectricity can also arise in materials withdipoles and the particular shape anisotropies
mentioned. It has been shown by Prost et al thadmyolar flexoelectric coupling is also
possible® This allows the possibility of a degree of flexesttic coupling in all nematic liquid
crystals.

The flexoelectric coefficients have been studiecpeginentally, chiefly by Murth¥ and
theoretically by OsipoVv! The former study concluded that the flexoelectraefficients are
generally proportional to the square of the ordeEameter ((ge,) ~ S), but that some nematics

appear to have some component of the flexoelembedficients linearly dependent on S. This is in



line with the theory presented by Osipov. In thisdy, the degree of flexoelectric coupling is
observed via the optical response it produces iralchematic samples, rather than directly via the
polarisation induced by a given deformation. Thikmown as the flexoelectro-optic effect, and is

discussed in the subsequent section.

2.4. THE CHIRAL NEMATIC PHASE

The physical basis for electro-optical effects @amratic (N) liquid crystals has been outlined in the
preceding sections of this chapter. These pringiglee all applicable in chiral nematic (N*)
materials, but an added complexity is introducedhgyfact that the molecular chirality results in a
material which exhibits a helical director configtion macroscopically. The chirality of the
system can be an inherent property of the liquigstatline material, as with the cholesteric
samples in which liquid crystalline phase was fissservetf®° or can be introduced into an
achiral nematic material by the addition of a dhadditive?* Either method results in the same
liquid crystalline geometry: a degree of nematicemtational order locally, with the nematic
director orientation rotating on moving through gample in a direction perpendicular to the local
alignment direction. This arrangement can be desdrin a Cartesian frame as follows: If the
directorn is confined to the x-y plane,
n, =codd), n, =sin(6), n, =0 2.19

where @ is the angle of the director in the x-y plane,hwigéspect to its angle in the z = 0 plane,

and is given by:
O=—1z=kz 2.20
where P is the pitch length of the material, defias the distance in the z direction taken for the

director to rotate throughn2radians, and k is the modulus of the helical waecew of the

material. This arrangement is illustrated below.
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Figure 2.6: Diagram showing the director structure in the @hinematic phase.

This helical director structure can be thought ®fastack of thin nematic plates, each exhibiting
the same material birefringence, but with the doecotated by a small amount going from one
plate to the next. This inherent twist in the dioecstructure requires a modified free energy
equation, taking into account the twist in the Istveenergy state, giving the following
expressiorf?

felastic = %[kll(vm)z + k22(n Vxn + k)z + k33(n x Vx n)z] 2.21

This director configuration gives rise to some venysual optical properties, which are discussed

below.

2.4.1. Optical Properties

When considering the optical properties of the alhirematic phase, two situations have to be
considered, that of light propagating along theicaélaxis, and that of light propagating
perpendicular to it, as the interactions betweenlitght and the medium is very different for each
of these. For the former case, the two defininguies of chiral nematics, selective reflection and
large optical activity with anomalous dispersiore abserved. These can be explained both
analytically, > and numerical§2® using the “dielectric stack” model as a basis domatrix
approach. For the latter case, the length of theemad pitch relative to the wavelength of the ligh
determines whether a simple macroscopic birefringes experienced, or a diffracting structure of
periodic refractive index.



2.4.1.1Macroscopic Birefringence

When a chiral nematic sample is observed under laripmg microscope from a direction
orthogonal to the helical axis, usually in a céljmed in the uniform lying helix (ULH) texture, a
so-called fingerprint texture is observedhis is a striped texture resulting from the peido

change in refractive index, the period of the sipgorresponding torarotation of the director, or
a P/2 length of helix, due to the=-nsymmetry of nematics. This striping can only ocdur

P> A, and the light can effectively sample the différesfractive regions of the helix, as the

refractive index experienced by the light polarisethogonal to the helical axis changes frajto

n, with the helical director rotation. This is notetltase iP <A, in which case an average

2 2
ng+n,

refractive index ofn, . = Is experienced for light polarised perpendicutathie helical

axis?’ Light polarised parallel to the helical axis expecesn, . = n; for all regions of the helix.

The material therefore exhibits a macroscopic bitgénce, with negativeAnand optic axis
perpendicular to the director planes, i.e. paratighe helical axis in an undeformed sample. The
optical texture in this case appears relativelyfarm and coloured, though in most cases not
monodomain due to the changing surface alignmentlitons for the different regions of the
helix.

This straightforward birefringence is drasticalffeated however, as the light propagates along the
optic axis. In this situation, the light is beshs@ered as being decomposed into two components

of oppositely rotating circularly polarised light.

2.4.1.2 Selective Reflection

If the period of the helix matches that of the wawgth of the light in the medium, a Bragg-like
reflection occurs for the light with the circulaafdedness which matches that of the helix. i.e. a

right-handed helix, defined as that which exhihitdockwise rotation of the director upon moving



along the helix axis, reflects right circularly pdked light, defined as light which exhibits a
clockwise rotation of the electric field vector ssen by an observer having the light propagate
towards them. This result is predicted from thédf§ and has been observed experimentally in
many instance&"?"**The band of wavelengths which experience refledsagiven by:

AA = PAn 2.22
and the reflected band is centred on the wavelegigén by:

A. =NP 2.23

__n,+ng
wheren=———

The transmission spectra for unpolarised light injoua chiral nematic sample, as taken in the
laser lab by Steve Morris, is shown in Figure 2.7.
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Figure 2.7: Transmission of unpolarised white light througbharal nematic sample.

The figure shows the short and long wavelength ketges, A, and A, respectively. The overall

loss of approximately 20% is due to the reflectignthe glass surfaces and ITO electrodes on the
cell walls, after which it can be seen half thehligthat with a circular polarisation component
corresponding to the sense of rotation of the nadteelix) is reflected, as expected. There are als
reflection side-lobes, which are predicted by theoty for the chiral nematic sample alone, but are
probably enhanced by etalon reflections from tlsgalls.



2.4.1.3 Optical Activity and Anomalous Dispersion

If the wavelength of the incident light is outsithee reflection band, both right and left circular
components are transmitted. The helical refracindex configuration still results in differing
effective refractive indices for the two differe@omponents however. This is circular
birefringence or optical activity. Unlike the caeé linear birefringence, the phase excursion
introduced between the two circularly polarised poments does not change the degree of
ellipticity of shape of the output light, but simplotates the angle of polarisation of the linearly

polarised light which re-forms on exiting the mediu

The rotatory power of an optically active mediungiigen by the angular rotation of the input light
per unit length,y/d, and has been found to be extremely high in liguigstals, over 10

deg/mm?? compared to 24 deg/mm in quartz. The rotation I aighly and anomalously
dependent on wavelength. The degree of rotationup#rlength, as a function of the material
refractive indices and pitch length, was derivediayVries? and can be written as follows:

2

g _m(n-n P°

E_l_ﬁ[ 2 4 02 AZ(PZ—/]Z) 2.24
n” n;

This equation reveals that the degree of rotatsostriongest closest to the reflection band, where
the wavelength is closest to the pitch, and thatdihection of rotation changes on going from one
side of the reflection band to the other. Fbk P the polarisation is rotated in the same sense as
the helix, and this is reversed fotr>P. For A >> P, the polarisation direction follows the
director, known as the Mauguin regirffeThis waveguiding configuration is that used by vieey

successfully commercialised twisted nematic aneéstpisted nematic cell types.

The chiral nematic phase, viewed along the hetga always looks coloured, due to the selective
reflection, and will also appear coloured througbhssed polarisers due to the reflection and
rotatory dispersion effects. Monodomain sampleseasly achieved as uniform planar alignment
layers on the glass surfaces provide good anchémgample with the helical axis vertical in the
cell, and the material will alter slightly its naalipitch in order to allow the director to rotéatethe
preferred direction of alignment on the substrates smooth coloured appearance is known as the
Grandjean texture. If the cell is not of uniformckness, disclination lines appear where the
director at the surface twists through 180° to geafiom a slightly stretched helix to a slightly



compressed one in order to minimise the free enetgle still maintaining a local surface director
along the rubbing direction. These are known asi§ean-Cano steps.

2.4.2. Dielectric Coupling

The behaviour of chiral nematic materials underitifieence of an electric field is dependent on
the direction in which the field is applied relaito the helical axis. In a Grandjean textured cell
with a positive As material, with the field applied from top to battan the cell via transparent
ITO electrodes, as is the usual case, as thedmalalitude is increased the helix will break up and
focal conic texture nucleates, this is a scattestagje with many small domains of randomly
oriented helices. These will then begin to unwimdier the dielectric coupling influence on the
individual molecules eventually resulting in an is@hhomeotropic texture. This chiral nematic to
nematic phase transition occurs at the criticalindimg field?

Kk
crit = ]_T 2 225
2\ g,Ae
This process is illustrated below:
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Figure 2.8: Diagram illustrating the change in director configtion as an applied field of

increasing strength is applied parallel to the baliaxis of a chiral nematic sample.

This transition can be viewed with a polarising mgcope, simultaneously as the throughput
intensity is monitored with a photodiode. The r&gngl trace reveals the transition from the
transmissive grandjean to the scattering focal@gamd eventual complete unwinding ak: o the
very clear homeotropic state. This is shown fohigat nematic mixture in Figure 2.9.
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Figure 2.9: The photodiode response for a Grandjean textuhgélkcnematic mixture subject to
an increasing field applied parallel to the initibklical axis, showing the transitions to the focal

conic state (&»F.C. and eventual helix unwinding«g.

On reduction of the field from the homeotropic stdhe focal conic again nucleates and this state
then remains stable in the absence of further ieichenit to adopt the Grandjean texture, such as a

shear!

If the field is applied orthogonally to the undeferd helical axis, in a positivAe material, the
helix is not compelled to break up, but can begirunwind from its initial state, undergoing a
direct N* — N transition. The exact process by which the thmamatic state becomes an
unwound nematic has not been described in a mamhieh satisfies all experimental data, but
two models provide the likely possibilities. Theme the gradual and continuous extension of the
material pitch, which reaches infinity ag: as proposed by De Genrfesnd the Kawachi-Kogure
model? in which the pitch remains constant, but the hedigions of director parallel to the field
are extended, sharpening the twist zones at thed#®s, before these twists are annihilated from
disclinations. Which of these mechanisms dominates actual sample appears dependent on the
ratio of pitch to cell thickness, and the matepakameters such as dielectric anisotropy and

flexoelectric coefficients.

2.4.3. The Flexoelectro-optic Effect



As with the achiral nematics discussed previouaty/well as dielectric coupling to the unequal
dipoles induced by an applied field along and pedpmilar to a nematogen’s long axis,
flexoelectric coupling can occur to a molecule’srgjaneous electric dipole, and cause splay and
bend deformations in the material according torttidecule’s shape anisotropy. In the case of a
periodic splay-bend deformation being induced, rasFigure 2.5, the chiral nematic director
configuration allows an unusual helix deformationotcur to satisfy this condition with minimal
cost to the elastic free energy when the field ppliad orthogonal to the helical axis. The
deformation is a rotation of the director in thetgens of the helix in which it lies perpendicutar
the applied field, around the direction of the #mplfield. This causes the director planes of the
helix to lie at an angle to the helical axis. Bgahd originally showed that such an angled slice
through a helical material resulted in the requspthy-bend deformation being observable in the
cross-section of the slicé.

The resulting optical effect was first discovergdPatel and Meyé? in ULH aligned cells with a
field applied vertically via transparent ITO elextes on the cell surfaces, and takes the form of an
in-plane rotation of the optic axis of the bireffent cell®® This deformation is illustrated in Figure
2.10.

O
>
O—r

058077004 60°

¢97790~29 7190

m
I
o
To

Figure 2.10: Helix deformation and consequent rotation of tp&maxis resulting from the

flexoelectro-optic effect.

The key points of interest in the flexoelectro-opifect, as well as the in-plane rotation of the
optic axis in the plane orthogonal to the applieidf are that the characteristic response time of
the effect is fast, being generally of the orde®-500us’® Also the degree of optic axis rotation,
¢, is linear with the applied field, therefore theedtion of ¢ (positive or negative in Figure 2.10)



is dependent on the polarity of the applied fi€ld&A change in field from +E to —E, therefore

produces a rotation of the optic axis from to -¢, a total switch of 2.

The basis of the relationship between the tilt arghd response time to the applied field and
material parameters has been outlined by Rudquit es development on the original theory of
Patel and Meyer>**3°The total free energy density for the chiral matds now given as:

f=f + f + f 2.26

elastic dielectric flexoeleatic

Where fflexoeleoﬁc =E |:lpﬂexo = es (E |]](l:J |]1)) + eb(E (hx [ x n) 2.27

and the preceding terms are given by equation Z:4Ren in Cartesian co-ordinates, the director
components are:

n = cogkz)% + sin(kz)cod@)y - sin(kz)sin(g)2 2.28
where k :Z—;as in equation 2.20. With this convention, the eedescriptions of the director

deformations used in the free energy equation are:

0 h = -k codkz)sin(g)

Oxn = -k coskz) cod@)X

n0xn = -kcody)

nxxn= (— ksinz(kz)sin(w))i + (kcodkz)sin(¢)cod @)y + (— k sin(kz) cogkz)sin? (go))i

n(0 th) = —k cogkz)sin(g)[cogkz)x + sin(kz)cod@)y + sin(kz)sin(p)2]

(nxnxn)? = k?sin?(kz)sin?(¢) 2.29

Taking these relations and the applied field inrtegative x direction, we have:

f= % k,,(k? cos? (kz)sin?(g)) + % k,,k2(1-cod@))® + % Ky (k? sin? (k2)sin? (¢))
— Eksin(g)(g, sin?(k2) + e, cos (k2))

2.30

The free energy then has to be averaged over thdewtelix, i.e. <sif(f)> = <cod(0)> = v,

where the angled brackets represent a thermal gaetteerefore:

(f) :%kn(kz sinz((p))+%k22k2(1—005(¢?))2 +%k33(k2 Sinz(co))—% Eksin(p)e, +e,)  2.31

which becomes
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where K = MZK“’) and e = (eS ;e") Equation 2.32 can then be minimised by setting th
derivative with respect t¢ to zero:
%’3 = k2 sin(g)cod@)(K —k,, )+ k,,k? sin(¢) - eEkcodgp) = 0 2.33
and approximated for small angles to give:
tan¢=%=%% 2.34

This equation therefore shows the degree of opti @t induced in a chiral nematic sample by
the flexoelectro-optic effect to be linearly dependon the applied field, and inversely on the
pitch. Any temperature dependence of the tilt anglest also be contained in the temperature
dependence of the pitch, elastic constants, amddlectric coefficients. The equation can also be
seen to provide a figure of merit for flexoelectnmaterials, namely the flexoelastic rati®/ K .
This has units of CRm™, and is typically valued at less than 0.6 ®N' in flexoelectro-optic

materials*

The response time for the effect can be charaetefy the time taken to for the optic axis to
return to equilibrium on the removal of an appliedd. This is given by*®**
f
ot y Og
where y is the relevant effective viscosity for the disitmm. Again, substitution from equation

2.33, and assuming a small angle gives:

y% = Kk’p—eEk 2.36
ot
If the optic axis is assumed to return to equilibri from its initial field dependent angle
exponentially, therp= %e_t/’ , and the characteristic response time is apprdeitia:
2
SNy 2.37
Kk* K 4n

This shows a field independent response time, With temperature dependence again being
limited to that of the viscosity and the elastiost@ants.



2.4.4. Bimesogens for the Flexoelectro-optic Effect

From the equations derived in the preceding secitonan be seen that the desired physical
parameters for a large and fast flexoelectro-apiitch are:

1. High flexoelectro-optic coefficient and low splagdabend elastic constants to maximise
the flexoelastic ratio and therefore the induckdtigle in a given field.

2. Low viscosity to minimise the response time of piteh.

3. Pitch short enough to allow a smooth texture whiewed in the ULH configuration (i.e.
P<\), and minimise the response time according to temu2.37, but long enough so as not
to compromise the tilt angle according to 2.34.a@iea trade-off is required in this case, but
maximisation ofe/K allows the shortest possible pitch to be selectedte required tilt
angle.

4. High birefringence to allow the sample to be masléhén as possible to reduce operating
voltages. For example, if full light modulation equired, the higher the material
birefringence, the thinner the sample can be madestll provide a half waveplate, so the
lower the voltage required to provide the applieddfwhich gives an optic axis rotation of

2¢ = 45°, according to equation 2.17.

5. Low dielectric anisotropy, in order to prevent diglic helix unwinding and allow higher
strength fields to be applied before the ULH teatisr disrupted, maximising the achievable
tilt angle.

The synthesis of a liquid crystal optimised for flexoelectric effect has been attempted with the
development of bimesogenic liquid cryst&d? Bimesogens are so called due to their molecules
possessing two mesogenic moieties, such as cydmaiypunits, attached with a flexible alkyl
chain. If these units are attached at opposite euds that the connecting unit holds them
antiparallel, the individual spontaneous dipoleshef units on average oppose each other, and this
is believed to lead to a reduction in the dielectmisotropy without significant loss of material
birefringence®®

The degree of reduction of the dielectric anisotropn depend on whether the bimesogens are
symmetric, i.e. have identical mesogenic unitsha@m-symmetric — in possession of non-identical

mesogenic units, and also on the length of thel alkgin spacer, as this determines the average



angle of the mesogenic units to each other witbddieven effect resulting from the change from

-trans to -cis conformatio:*’

In addition to the reduction in dielectric anisqyowithout loss of birefringence, which address
points 4 and 5 above, bimesogens, when mixed wahiral dopant, have been shown to exhibit
extremely high flexoelectric coefficients, theref@iso addressing poinfdThe flexoelastic ratio,
as mentioned before has been valued at typicaly6<CN'm™, has been measured at up to 2.35
CN™'m™ in chiral mixtures of odd spacer-length bimesogénsa this work, several bimesogen
liquid crystal mixtures are investigated, both syetme and non-symmetric, including the ester-
linked symmetric difluorinated bimesogens which dalveen shown to have the strongest

flexoelectro-optic responge.

2.4.5. The Flexoelectro-optic Effect in the Grandjean Texire

As discussed in the previous Chapter, the flexdedamptic effect as so far only been investigated
in the original configuration, outlined by Pateldameyer®® i.e. with a chiral nematic aligned in
the ULH texture, and an electric field applied betw transparent electrodes on the cell surfaces.
The central idea of this thesis is to attempt teeobe the effect in a new geometry in which the
liquid crystal is aligned in the Grandjean textwi¢h the field applied in the plane of the celldan
then to asses the potential of the effect in thisfiguration for telecoms applicatioASAs this
arrangement has not been previously tested, ademasion of the optics of the switch is required,

and some basic calculations of the expected madmibéithe electro-optic response.

Fibre-optic communication systems generally opevdth a signal carrier lightwave at 1550nm
wavelength in order to minimise absorption in thiea medium. For this reason, the electro-optics
of the proposed cell were tested at this wavelemyttinis work. The idea behind the proposed
device is that operation at these wavelengthsaldlw relatively long pitch¥500nm) materials to

be used, maximising the flexoelectro-optic tilt Engvhile maintaining a pitch much shorter than
the wavelength of the infrared light, removing aptical rotation effects, according to equation
2.24, and preventing any selective reflection. @aikbrium with no field applied the cell should
therefore appear optically neutral, the optic afishe macroscopically birefringent sample lying
perpendicular to the cell walls, giving extinctimhen placed between crossed polarisers. Between

parallel polarisers, the sample should be higtdggparent.



A field applied in the plane of the cell should the optic axis in a direction perpendicular te th
applied field, as in Figure 2.10, resulting in th@ic axis having a component in the polarisation
plane of the light, and an effective birefringersggearing in the sample. If the direction of the
applied field within the plane of the cell is atms® angley >0to the transmission axes of the
crossed polarisers, some optical throughput wdhtbccur. This throughput should reach 100% if

¢ =45°, and the effective birefringence is such thatsample becomes a half waveplate. This

mode of operation is illustrated in Figure 2.11.

Zero Field: Field Applied:
Extinction Throughput

OA Analyser
Glass Cell é y

Walls

Figure 2.11:Diagram illustrating the operation of a Grandjefiaxoelectro-optic device. The
direction of applied field is into the page to all@lear illustration of the deformation, which

occurs in the plane perpendicular to the appliedifi

As the optic axis is tilted at an angle to the dimn of light propagation, it is thought that some
anomalous refraction will occur, and as well asaaable waveplate, the cell will also act as a
walk-off element for the beam. This effect shoulel tegligible however for the type of cell
thicknesses anticipated (10-40pum).



The basis for this induced birefringence is cléathe director configuration is considered from
the direction of the incoming light. The undeformieelix exhibits full-circle precession of the
director on going through a pitch length of maters the polarisation direction of the input light
experiences no rotation, the effective birefringeexperienced by the light, averaged over the
whole helix, is the same for all directions of gpaation. Under an applied field, the flexoelectro-
optic deformation causes the director planes tmtit of the polarisation plane of the light, in a
direction perpendicular to the applied field. Tregluces the effective birefringence, averaged over
the whole helix, for light polarised in the diremtiof tilt. The circular director pattern as viewed
along the helix becomes squashed into an ellipg agbirefringence results. This is illustrated in
Figure 2.12.
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Figure 2.12: Schematic illustration of the deformation of tiral nematic helical director
structure (a) due to flexoelectro-optic (b) andldatric (c) coupling to an electric field applied
orthogonal to the helical axis. The effect of teéodmation is viewed along (upper figure) and

perpendicular (lower figure) to the helical axisitiuistrate the source of the resulting
birefringence. Note in the flexoelectric example differing electric field direction for the two

views, necessary for illustrative purposes.



It also can be seen from the figure that dieleatdapling of the applied field to the director will
result in a degree of helix unwinding which contitds to the birefringence and produces an optic
axis parallel to the projection of the flexoelecatly tilted optic axis in the polarisation plang o
the light. These effects will therefore be complataey, and indistinguishable by the

birefringence they produce.

In order to estimate the magnitude of the elecpticoresponse resulting from the flexoelectro-
optic deformation in the Grandjean texture at 1%80m calculation was carried out of the
expected induced birefringence. This was done égtitig the cell as a stack of thin birefringent
plates, the effective birefringence and optic adirection of each plate being determined by the
estimated material birefringence, and the diredieaction, as prescribed by the chiral rotatiom of

with distance along the helical axis, and the fidgotric tilt angle.

To calculate the effective birefringence from ea€lthese plates, the ellipsoid refractive index for
each plate is calculated in Cartesian co-ordin&iaging undergone the required rotations, around
the z axis due to the natural helix progressiom, amund the x axis due to the flexoelectric tilt
(the helix is taken to have it's axis in the z dtren, as for equations 2.19 and 2.20, and thd fgel
taken to be applied in the x direction). An eltfsindicatrix with semi-major axis along the x

direction is described by the equation:

+ Y %o 2.38

For each plate, depending on it's position in tteels along z, the long-axis of the indicatrix is
rotated byd about the z axis, whefeis given by equation 2.20. This is representeth@matrix
description of the ellipsoid by multiplying by tmetation matrixR;. The rotation of the ellipsoid

due to the flexoelectro-optic tilt is included byultiplying by the rotation matriXR,. The new
ellipsoid equation is theXX™ [R} [R; [V [R, [R, [X =1, where:



cosd sind O 1 0 0
R, =|-siné cosf O and R,=|0 cosp sing 2.40
0 0 1 0 -sing cosp
The flexoelectro-optic rotatioR, must be effected on the right hand sid&kein order for the tilt
to be performed around the original x axis, i.e threction of applied field. This produces the
desired effect of tilting the indicatrix ellipsoith the layer planes in which the director is

perpendicular to E by, and merely rolling the ellipsoid around its lcexgs whem is parallel to

E, reproducing the helix deformation illustrateddigure 2.10.

In order to calculate the effective refractive oel for each of the plates in the stack after these
rotations, the projection of the rotated ellipsethie x-y plane must be found. This is done as
follows. The matrix equation for the ellipsoid wilbw have 9 non-zero elements, as the ellipse is
no longer aligned with the principal axes, so thatrin is not diagonalised. The generalised
ellipsoid equation can then be written as a quadirat:

Myz® + 2(my X+ My, y)z + (M +2my,xy +m,,y?)-1=0 2.41
where m) are the matrix elements of the rotated ellipsdtie solutions of the above equation give
two z values for any point in the x-y plane, reprasg the top and bottom of the ellipsoid at that
point. The solutions are given by the general eqodor solutions to quadratics:

Z=—Bi\/Bz—4AC

2A

2.42

where A = ms, B = max + mpy and C = M2 + 2mixy + mey? If /B2 —4AC =0then z is
single valued, and the point x-y is at the extreedge of the ellipsoid when viewed in the x-y
plane. The locus of these points is given by theagqgn:

ax® +2bxy+cy® =1 2.43

2

2
wherea=m,, —% , b=m, ~ MM angi ¢ = m,, ~Mes This equation describes an ellipse, and

3 3 3
is the projection of the rotated ellipsoid in thg plane. A series of plots of this projected edép
for plates at varying distances along the z ax@nfz = 0 to z = P/4 is shown in Figure 2.13. The
ellipsoid has been given an exaggerated differdmeteveen long and short axes for clearer

illustration of the effect.



_
/// S /,/ \ \}\
F // | / ;
/ // o / /
{/ # A D \ s ' /}
= / # 4
x. / K v] g /’ /// //
T/ | / //{ o s
N |

Figure 2.13: Projections in the x-y plane of a series of ebhips having undergone rotations &f

= 0 to # = 90° about the z axis, angl= 45° about the x axis.

The above figure shows that the rotations do indeediuce the expected change in effective
refractive indices in the polarisation plane of light as the plane moves along the z direction: as
the director rotates through the helix, the longs af the ellipse is shortened. It is also worth
noting that due to th&; rotation being about the original x axis, thepsbid is skewed when
viewed along z, so the angle of the long axis &f pinojected ellipse for any given plate with
respect to the original axes, does not always ntaehalue ob for that plate.

These birefringences, calculated as a functionariaz¢ for each plate, can then be used to create

a Jones matrix for each birefringent plate. Fos ttalculation, the material pitch was taken to be
500nm and the material birefringence at 1550nm egisnated to be 0.077. A Jones matrix was
generated for every 5° rotation @fand matrices only need to be produced for 0B@?,lasn = -

n, so resulting matrices for a stack making up hafiitch length can be multiplied by itself 40

times, to produce a total path length of 10um. Twerall matrix for the cell was then combined



with the Jones matrices for crossed polarisergeglte of the stack with transmission axes at 45°
to the x axis (and therefore the applied fieldd #me Jones vector for input light linearly polads
along the transmission axis of the first polarisBne resulting output Jones vector gives the
components of the E-vector of the output lightha k and y directions, the magnitude of which is

squared to give the intensity transmitted by theteay.

This output intensity was calculated for a seriéssystems with flexoelectro-optic tilt angles

ranging fromg= 0 to 60°. The expected intensity transmission asetion of induced tilt angle

according to this method, ignoring dielectric effes shown below. The figure shows the optical
throughput for input light polarised parallel andi&® to the applied field.
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Figure 2.14: The expected optical throughput of a Grandjeatutex chiral nematic 10um thick,
with material 4n = 0.77 at 1550nm, between crossed polarisers, fasction of induced
flexoelectro-optic tilt angle. The throughput isgvn for input light polarised parallel(= 0)
and aty = 45° to the applied field.

The figure shows that in a 10um thick sample, taatiigle of approximately 45° is required to
produce a half-waveplate, and that as expectedrahsmission begins to drop after the retardance
increases beyond half a waveplate. It also showseipected dependency on the polarisation
direction of the input light relative to the applidield. Input light polarised along the field
direction produces no throughput.



The important result however, is that the bimesogextures, which have been shown to have
high flexoelectro-optic tilt angles, should provideswitch of significant magnitude with the fields
available, so an effect ought to be visible. Itegms from the plot that a tilt angle of at least 5
required before a significant switch is observelde E€xperimental details of the investigation into
this effect are detailed in the next chapter, dedfirst observations of the flexoelectro-opticeetf

in Grandjean textured chiral nematics are show@hapter 4.

2.5. PHOTONIC BAND EDGE LASING

It is thought that the flexoelectro-optic defornoatin Grandjean textured chiral nematic materials,
as detailed above may have an effect on the pit¢cheomaterial undergoing deformation, due to
the tilting of the nematic layer planes changing tayer spacing. If this is the case, then the
flexoelectro-optic deformation ought to provide aans of electrically tuning the output of dye-

doped chiral nematic liquid crystal lasers withywEst response time.

Lasing at the edge of the reflection (or stop) bafica dye doped Grandjean textured chiral
nematic liquid crystal was first observed by Koppae™ having been predicted several years
earlier® Lasing in these systems results from stimulatedréscence emission from dye
molecules which are dissolved in the liquid crystast and then excited by a pump laser beam.
The emission is amplified by feedback resultingrfrthe increased density of photon states, and
increased photon dwell time at the edges of tHea&bn band (see Section 2.4.1.2), which can be
considered as a one dimensional photonic bandagap,s hence known as photonic band edge
(PBE) lasing®**

This amplification, of course, only occurs if thécph of the material is engineered by careful
control of the concentration of chiral dopant ie tmaterial to have one or both of the reflection
band edges in the emission peak of the dye used.i®\the inherent liquid structure that provides
the feedback mechanism, the lasing is said to beorass, and the properties of the host liquid
crystal (e.g. birefringence, order parameter) haeen shown to strongly affect the lasing
characteristics such as pump threshold energy tpe £fficiency>>°° The measured reflection

band of a chiral nematic sample and the spectraltipp of the laser line that results from

pumping the sample are shown below.
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Figure 2.15: Reflection spectrum of a chiral nematic sample @sdiitant laser line produced by
an incident pump pulse, showing the precise pasitgpof the laser output at the long-wavelength
band edge. (Figure courtesy of S. Morris.)

The laser line is seen to be very narrow bandwiltid, therefore acts as a very accurate marker of
the edge of the reflection band, which otherwisenidé always clear due to side-lobes and
reflections from the cell substrates (see the alpbveand Figure 2.7). Any mechanism which can
adjust the position of the edges of the reflecbhand in the sample therefore, will tune the laser

output, as long as the edge of the reflection lvanthins within the emission spectrum of the dye.

Several mechanisms of achieving this manipulaticthe reflection band have been demonstrated,
such as the temperature variation of the pitchtlengptical tuning via photoiosmerisation of the
chiral dopant to alter its effectiven@ssmechanical translation of a cell with a pitchdjeat to
physically change the area of the cell being punipead even stretching of an elastomeric chiral
nematic sample in two directions to compress thehpf These methods all require some slow
mechanical or temperature movement however, aradtaefectronic mechanism with no moving
parts would be far preferable. Electronic tunirfgliquid crystal lasers has been achieved in
devices composed of a photonic bandgap with a balile ferroelectric or nematic defect

layer®®®* but not to date in a simple monodomain chiral rérsample. It is this effect the work



reported in Chapter 7 was aimed at achieving viesation of the flexoelectro-optic effect in the

Grandjean texture.
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3.1. INTRODUCTION

This chapter will introduce the experimental appssaits arrangement and the procedures used to

obtain the various measurements performed duriagadlirse of the work presented in this thesis.

Three principal experiments form the basis of thesis:

1. The measurement of the flexoelectro-optic propeitigt angles and response times) of a
series of chiral nematic mixtures aligned in théarm lying helix (ULH) texture. This is a

polarising microscope based experiment using dight and a fast photodiode detector.

2. The measurement of the electric-field induced bimgknce of a series of Grandjean
textured chiral nematic mixtures at infra-red wawgiths. This is an optical fibre based
experiment arranged on an optical breadboard wsitighOnm laser source and an infra-red

power meter.

3. The measurement of laser output from dyed Grandjeatured chiral nematic liquid
crystals, and the electric field tuning of thatputt

The following section will detail the experimenigbparatus and arrangement used in these
experiments. Section 3.3 will describe the liquigstal test cells used and their preparation, as
well as the preparation of the chiral nematic lejarystal samples themselves. The operational
methods used in obtaining the results for each raxpat, and the expected form of the

electro-optic responses are outlined in section 3.4

3.2. APPARATUS



3.2.1. The Microscope and Visible Electro-optic Equipment

The polarising microscope is a fundamental tooliguiid crystal science. It is used to identify
phases, characterise phase transition points, abgextures and detect defect structures. It id use
here in conjunction with an electrical signal gexer, fast photodiode and oscilloscope to perform
electro-optical studies, and also in conjunctiothva spectrometer to measure cell thicknesses and

chiral nematic reflection bands.

Sample cells are placed on a temperature contretiegle which is positioned in the microscope
light-path between the polarisers. With the polmscrossed therefore, only samples which are
optically anisotropic are visible, and regions loé sample imparting different phases excursions
on the white light, or different optical rotatiorsppear differently coloured. The sample can be
observed through the eyepieces, as well as sinedtesty through the phototube aperture with a
camera or photodiode. The polarising microscopel Ussre is an Olympus BH-2 modeia
schematic of which is shown in Figure 3.1. This nmécope allows fine focus adjustment, free
rotation of both the polarizer and analyser (to° Gagcuracy in the case of the analyser), and
optional direction of the light throughput to eithtee eyepieces, the phototube, or split between
the two. A range of objectives were used, betweeantl 50x magnification, which, along with

the 10x magnification of the eyepieces, gives al toagnification of up to 500x.
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Figure 3.1: The Olympus BH-2 polarising microscope.

The hot stage used was manufactured by Linkamg was connected to a Linkam temperature
controller which allowed temperature control of th@mple between room temperature up to
approximately 250°C, with 0.1°C accuracy. Heatimgl @ooling at specified rates was also
possible, a useful feature when attempting to alignid crystal samples by cooling under an
applied field. The hot-stage itself was mountedttoa microscope’s rotation stage. This allowed

360 degree rotation of the sample relative to tlarsers, with 0.5 degree accuracy.

In order to utilise the microscope for electro-optieasurements, the sample cell was connected to
a signal generating apparatus. This consisted Shualby Thandadr programmable waveform
generator, the output of which was input to a weded high-voltage amplifier (made in-house).
The signal generator was capable of producing atandgquare, sinusoidal and triangular
waveforms of up to 20V peak to peak, with dc ofiset up to £10V. The waveform frequency
could be varied between 1mHz to 13MHz. The amplifiad a continuously variable level of

amplification, with a maximum output of 240V peakpteak.

The output from the amplifier was connected to shmple and, in parallel, a Hewlett-PacRard

54503A 500 MHz digitizing oscilloscope to allow waisation and measurement of the output.



This oscilloscope allowed simultaneously viewingupfto four input channels, averaging of up to
2048 waveforms and waveform capture. It also altbwetomatic measurement of waveform
features such as maximum and minimum voltages 020+4se and fall times and R.M.S. voltages.
Also input to the oscilloscope was the voltage oese from the photodiode positioned in the
microscope phototube. This was a Thorfasiicon photodetector with a gain of up to 40dRian
an active area of approximately 13fmrithe photodiode provided a linear response tolige
intensity input to it: rotation of the microscopeadyser with no sample present revealed the
expected cdsdependency of output voltage on analyser angléhisnway the light intensity from
the microscope phototube was measurable as a duanatithe applied electric field, providing a
straightforward electro-optic measurement mechanishe experimental set-up as described

above is illustrated in Figure 3.2.
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Figure 3.2: Experimental arrangement for visible light electptic measurements.

As mentioned previously, the photodiode can beacmd in the phototube by a camera for
recording of liquid crystal textures. The cameradusas an Olympus C4040Z digital camera with
4.2 megapixel resolution. This allowed digital irragf textures and video of switching effects to
be recorded easily. The camera was used in compmnafth an additional lens (Olympus) inside

the phototube, and a mount to allow focusing axndhe camera in place.



3.2.2. The Fibre based Infra-red Electro-optic Equipment.

One of the principal aims of this study is to assém® potential of liquid-crystal based devices,
particularly those utilising the flexoelectro-optaffect in optical communication systems. As
discussed in Chapter 1, fibre-optic cables now ycaéne bulk of the world’s long distance
information transmissions. For reasons of fibreodttson and dispersion, they do this on several
very closely spaced wavelength channels centreti5&0nm. Therefore, any potential device for
utilisation in such a system has to be testedtfoelectro-optic properties at these wavelengths.
This section outlines the experimental arrangenuset] to perform these tests on the cells and

liquid crystal materials examined in this study.

The key performance factors of the device prototyp#ined in Chapter 4 are the electric field
induced birefringence and the response times redjuior the birefringence to manifest and
remove itself on application and removal of thédfi@hese features can be measured in the same
manner as the visible electro-optic characterigifatie previous section, i.e. with the cell betwee
crossed polarisers and the light throughput benpgiti to a digitizing oscilloscope alongside the
applied voltage. The only real difference beingttlaa most infra-red sources and detectors are
fibre launched and gathered, fibre alignment desvared infra-red optics had to be used to arrange

the light path on an optical breadboard.

This breadboard was a 60x60cm Newpdmbard, creating the requirement for quite a cormpac
experiment. This was another reason for using ftbreeliver the light, removing the need for

bulky beam-steering optics.

The source was an Agilén81640A external cavity tuneable laser module hdlusean 8164A

lightwave measurement system. This outputs a mamimi2dBm power at a wavelength tuneable
from 1510 to 1640nm, with 0.015nm resolution. Thepat is fibre launched via an FC ferrule
connector. The 8164A also housed the 81634B In GaAger sensor module. This has -110dB
sensitivity £0.005dB polarisation dependent lodse Tight could be input to the sensor directly via
an FC fibre ferrule, or via an 81624A optical hedle power reading was displayed on the LC
display of the lightwave measurement system, asd altput via a BNC connector and coaxial
cable to the oscilloscope. The oscilloscope in taise was and TektrofiDS 3014B digital

phosphor oscilloscope, which allowed easy captiirth® electro-optic response even to pulses



with large spacing, and export to a computer foalysis, as well as the required automatic

measurements.

The light emerging from the source fibre was caddlied, sent through an infra-red polariser,
focused through the active area of the liquid @alyseéll under investigation, re-collimated through
the second polariser, and focused into the cotledibre to the power meter. This was achieved
with Melles Griot® optical components. Specifically, “microblock” 8is positioning stages (4mm

travel, 50nm resolution with differential drived)0x infra-red microscope objectives, 12.5mm
diameter infra-red polarisers (3@xtinction) and rotatable holders (0.5° accuraag)well as the

required posts and post holders were used. Theriexg@al arrangement described here is

illustrated in Figure 3.3:
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Figure 3.3: Experimental arrangement for the infra-red eleetqatic experiment.



A beamsplitter could be positioned in the beam pditdr the second polariser to deflect a small
portion of the light into an infrared viewer (Elemphysics' 7290A). As the objective immediately

behind the cell in the beam path acted as the femd for the viewer, the image of the cell could
be viewed on the television which the viewer outimtand the beam accurately positioned in the
active region of the cell by adjustment of the X3tAge on which the cell was mounted. With the
cell at the focal point for the IR viewer, the beamist could be adjusted to coincide with the cell

by adjustment of the first XYZ stage and observatibthe spot size on the TV.

Finally, the third objective re-focused the bearnckbmto the fibre for input to the power meter.
The collection fibre was mounted on a rotation stam the XYZ stage to allow optimal
positioning for a maximum input of light to the fiédo The power throughput of the system with all
the optics in place and the polarisers uncrossedfetand to have an optimum of -15dB. This is a
tiny fraction, but is to be expected in a fibrefitare coupling set-up with such an amount of free-
space optics between fibres. The small amountgbt lieceived does not limit the measurements
either, as it is still well within the sensitivitf the power meter and all measurements are relativ
to this measured throughput. The fibre-to-fibre-lget however, did leave the system extremely
sensitive to vibration and use of an isolating agtbench would have afforded greater accuracy.
For this reason, when available from the projecSEAponsors Pi Photonics, the 81624A optical
head was used in preference to the collecting ,fipbreviding greater throughput and greatly
reduced vibration sensitivity. The experimental-wgetthus described then provided a highly

sensitive method of detecting fast changes in fim@énce at 1550nm, as required.

3.2.3. The Lasing Equipment

All the experiments involving dyed chiral nemaiigulid crystal samples, and attempts to observe
wavelength tuning of their output by means of tlexdelectro-optic effect were carried out in
collaboration with Alison Ford and utilised her Wekveloped experimettto measure lasing

performance.

Photonic band-edge (PBE) lasing in chiral nemaitiidl crystals is a mirrorless dye laser
phenomenon, whereby the inherent 1-dimensionalgpimband gap of the helical chiral nematic

structure creates an enhanced photon dwell timéigbt of a wavelength at the band-edge with



the correct circular polarisation. This providesimbuilt feedback mechanism, and light emitted
into these modes, from excited laser dye molecdissolved in the liquid crystal, will induce
stimulated emission in neighbouring dye moleculBsis results in laser amplification and an

output beam from both sides of the cell in thediom of the helical axis.

In order to observe such effects, a dyed chiralpdamwith a helical pitch engineered to match the
fluorescence peak of the dye is pumped into antexk@tate by an external pump laser with a
wavelength corresponding to the dye absorbtion .pBlaé resulting laser emission is collected, the
remainder of the pump pulse filtered out, and tB& Rmission directed to either an energy meter
for threshold power and slope efficiency measurdsjem a spectrometer for peak wavelength and
full-width-half-maximum measurements.

As alluded to above, the aim of the experimentgmtsi here was to observe electrical tuning of
the output wavelength from the liquid crystal, $& tenergy meter was not required, and the
sample cell was connected to apparatus for appbmelectrical field to the sample at the time of

the input pulse from the pump laser. The experialertrangement therefore was as illustrated in
Figure 3.4.

The laser used was a New Wave ReséarBlolaris model. This is a Q-switched, frequency
doubled Nd:YAG laser with pulsed output at 532nrheTdevice was capable of producing 5ns
pulses at up to 20Hz repetition rate and 30mJ pegrgy maximum. For these measurements
however, the laser was pulses at only 1HZ to awpitcally induced reorientation of the chiral
nematic directdf, and with the spot size at the cell (approximat&d0um), 60pJ was the
maximum pulse energy required.
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Figure 3.4: Experimental arrangement for the laser tuning expent

The laser output had two voltage trigger pulsestiiming purposes, one coinciding with the
flashlamp trigger, and one 220us later, coincidiith the Q-switch release, at which point the
laser pulse is emitted. In this experiment, thst foulse was used to trigger the function generator
to emit a 2ms bipolar square pulse of the desimdthge. This allowed 220us for the dyed chiral
nematic sample to deform under the applied fieldreethe pump pulse arrived at the sample. The
results obtained for the Grandjean flexoelectraeopiffect and presented in Chapter 4 indicate that
this is ample time for the material to respondyftd the field before the structure is probed ia t
pump pulse. The timing of the pump pulse from tlieY\G laser within the applied voltage pulse
was observed by placing a photodiode in the beath pad observing its response on the
oscilloscope alongside the voltage output fromftimetion generator. The resulting trace is shown
in Figure 3.5.
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Figure 3.5: The timing of the pump pulse incident on the sarogll within the voltage pulse

applied to the cell.

In the polymerised samples, which are describe@hapter 5, the material is able to withstand
constant a.c. applied fields, so the synchronisgskpof the E-field is not required.

The spectrometer utilised to analyses the outgit lirom the liquid crystal laser was an Ocean
Optics* USB2000 model desktop spectrometer with fibre irgnd built-in collection optics. This
provided 1.2nm wavelength resolution over a rangg@0®-800nm input light. Each pulse was
analysed by the spectrometer and the informatidgpubdo a computer with dedicated software to
display the pulse spectrum. This software was t#Base32 spectrometer operating software,
also from Ocean Optics, running on a standard PC.

The function generator, amplifier, temperature culgr and optics were all as used in the infra-
red birefringence experiment above. This experimémén allowed the generation and
characterisation of laser light from dyed chirainagic samples.



3.3. SAMPLE PREPARATION

3.3.1. Cell Construction, Alignment Layer Application and Characterisation

A liquid crystal electro-optic sample cell is essally a pair of glass slides which are glued
together with a small separation to allow a liqargistal material to be contained between them.
Most common types of cell will be glued only dowmot parallel sides of the glass to allow the
liquid crystal to be capillary filled between thiess from one end to the other. Most will also be
coated on their inner surfaces with some kind mfnahent layer, usually a thin layer of polymer,
which induces a preferential direction for the dice to align itself with, in relation to the cell
walls, creating a uniform, monodomain sample. Celtsch induce an alignment of the director
which is parallel to the cell walls are said to\pde planar alignment, and those which provide an

alignment whereby the director is perpendiculahtcell walls are known as homeotropic.

In order for electro-optic studies to be carried, dkie cell must also provide a means for electric
fields to be applied to the liquid crystal, andstiean either be achieved by placing metallic bulk
electrodes between the glass slides and havinligthid crystal between these and the glass, or by
having a layer of transparent conductor (usuallium tin oxide, ITO) deposited on the inner
surfaces of the glass. The former option allowklfie be applied within the plane of the cell, and
the latter allows for applied fields in the directiperpendicular to the cell walls. ITO can also be
deposited onto the glass surfaces in very accyratterns by means of photolithography. This

allows for the application of fields in a varietiydirections, in or out of the plane of the cell.
Three general types of cell were used in the coofsthe work presented in this thesis; The

“Lucid” cell, the cartwheel cell and the patternd® electrode cell. Their differing geometries,

construction and applications are outlined below:

3.3.1.1 The Lucid Cell.



The Lucid cell is so called after the name giveth®cell model by its commercial manufacttrer.
The cells were 0.55mm thick glass with a ready-md@® coating on each inner surface and a
planar alignment layer (rubbed polyimide). The aedllls were glued down two parallel sides,
allowing for capillary filling, and contained glaspacer beads in the glue to regulate the thickness
of liquid crystal which they contained. Cells warailable with 5, 7.5 and 10um thicknesses. The
walls were glued with an overhang to allow soldgriri contacts wires onto the ITO on each side.
The ITO on each side was arranged so that an gveflthe electrodes provided a 0.25castive

region. A schematic of the cell type is shown iguire 3.6.
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Figure 3.6: Schematic showing plan and side view of Lucid cell.

Cells were available with the rubbing direction alignment layer on each side arranged
antiparallel (for uniform planar texture) or at @@°each other (for twisted nematic alignment).
The cells were made with antiparallel alignmentdose with a parallel geometry, any small pretilt
in the surface director direction (angle out of pitene of the cell wall) would otherwise resultin

permanent splay deformation in the director fiéldbtigh the cell.

The antiparallel cells could be used to obtain &oum lying helix texture in the active region,
when the chiral nematic material inside cooled frtma isotropic phase to the N* under the
influence of an applied field. For this reasonytinere used for flexoelectro-optic measurements
in the visible regime on ULH textured samples, esited in Chapter 6. Once filled, the cells were
sealed by lining the edges of the cell gap with tiving adhesive (Norland 5, and exposing to

UV light from a Macam flexicure devicg.

3.3.1.2 The Cartwheel Cell



The defining feature of the cartwheel cell is tiregence of multiple bulk metallic electrodes
converging on an active region aperture in a rafdisthion. The electrodes are patterned onto the
base wall of the cell via photolithography to aagivthickness, and therefore also act as spacers
onto which the lid of the cell can be glued. Thasen for the radial patterning is to allow, by
variation of the voltage on each of at least fdacteodes, the resulting field in the central apext

to be directed at any angle within the plane ofdéke The field in the active region can then be

rotated providing a mechanism for an endlesslytabte, reset-free active waveplate devite.

The cartwheel cells used in this work were obtaimtthe project CASE sponsors, Pi Photadfiics
who had them professionally manufactured to thein specificatiorf* These cells measured
2mm x 3mm and had electrodes of deposited gold wiOum diameter active region and an
electrode thickness of 10um. The electrode paiseshown in Figure 3.7.

Although it is such a device that the studies aatli in Chapters 4 and 5 are aimed towards
providing an improved mechanism for, the effectrabterisation that constitutes this work did not
require the extra field rotation freedom and thesks were used as a mechanism for applying a
uniform field in the plane of the cell. For thisas®n, the light incident on the cell was directetl n
at the central aperture, but at a region of unif@@um electrode separation between the two
central electrodes.

Figure 3.7: Photomicrograph of Pi Photonics’ cartwheel celbghing electrode pattern, and red

box indicating uniform field region utilised in ghstudy.



The cells were received as a base substrate wétldéposited electrodes, and were finished in
house. This involved the cleaving of 100um covigr gllass into 2mm x 2mm squares to form lids,

application of an alignment layer to the cell aidd &nd the gluing of the cell to the lid.

As the bulk electrodes protruded above the basstsub, and the region to be filled with liquid
crystal was very thin (mostly 50pum channels) ruglmh a traditional polymer alignment layer to
obtain the desired planar alignment and subsedbearidjean texture was impossible. In order to
overcome this problem, a linearly photopolymerisapblymer (LPP) was obtained from Rolic
Ltd.?* This allowed spin-coating of the monomer ontodkk and lid, which had been cleaned by
soaking in acetone, then deionised water, thenldwy with nitrogen. The coated surfaces were
then exposed to UV light which was polarised altmgdirection of the central electrode channel
by sheet UV polarizer (Comar Instruméfits The LPP then crosslinked under the UV with a
preferential direction along the direction of ligpblarisation, providing a uniform planar

alignment layer.

This alignment layer could then be viewed with anidoski Prism in a differential interference
contrast (DIC) microscope set-up, to highlight theformity of thickness and any defects in the

layer. Images of the resulting alignment layer takethis way are shown in Figure 3.8.

Figure 3.8: DIC microscopy images of the LPP alignment laysdiin the cartwheel cells.

In the DIC images, the transparent alignment layspears brightly coloured with shading
indicating areas of differing optical thickness.eThmage on the left shows a large region of
substrate uncovered by the layer, and the rightthiamage shows a successfully aligned cell with

uniform coverage and only slight build-up of thielss at the edges of the channels.



Once coated, the lid was glued onto the cell bgeateent onto the electrode surfaces and allowing
UV curing adhesive (Norland 65) to capillary filoag the electrode surfaces before exposing to
UV to cure. Care had to be taken with this prodessnsure that both the cell and lid remained
completely clean, otherwise the lid would not kish to the electrode surfaces and after gluing the
cell thickness would be much more than the expebbgdn. A cell in which this had occurred was

set in epoxy, sawn across the active area andhedlisThe resulting cross-section, shown in

Figure 3.9, clearly shows the extended gap betwleenop of the gold electrodes and the bottom
of the lid.
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Figure 3.9: Photomicrograph of a polished cross-section thiotlge cell active region, showing

an extended cell gap thickness.

It can be seen from the polished cross-sectionttieagold electrodes do not appear to have ideally
vertical walls at the boundary to the active regibhis is important, as the electrode walls have to
be parallel to provide a uniform field. It was tighi that the irregular walls could be simply due to
“smearing” of the gold due to the sawing of thd,c® to check the electrode quality, a complete
cell was examined using a Wyko NT 3300 optical igof* The image of the electrode pattern

obtained with this method is shown in Figure 3.10.



Figure 3.10: Optical profile image of the cartwheel cell elexte pattern.

The profile obtained shows that in a complete dbi walls are indeed sufficiently vertical to

allow full confidence in the uniformity of the fil

With the lid successfully fixed, the liquid crystaias capillary filled into the cell between the
electrodes, before sealing with Norland 65. Wit tiell glued and aligned, and only the channel

between the two central electrodes being probexietfective cell geometry is as in Figure 3.11

below.
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Figure 3.11: Schematic of the active region of the cartwhedlaelised in this study.



3.3.1.3 The Patterned ITO electrode Cell.

The supply of cartwheel cells to this project wamsited, and although they provided a very
uniform in-plane field, this could also be achieved good approximation by the use of patterned
ITO glass slides. In these cells, stripes of IT@hva fixed separation are present on both the top
and bottom substrates of the cell. If these amgnati exactly parallel and on top of each other
when the cell is constructed, the top and bottoecteddes can be paired and a field applied
between an adjacent pair. As the cells are roud@Blym thick, with a 50 or 100um electrode
separation, the field which fringes into the bulklee cell is reasonably uniform and will provide a
reliable switching mechanism. The cell geometrdescribed is illustrated in Figure 3.12.
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Figure 3.12:Plan and cross-section schematics of the pattefh@delectrode cell.

The patterned ITO glass with 100um electrode spgawias available within the group. These
substrates could be coated with an alignment lajiérthe LPP as with the cartwheel cell, or with
the much simpler method of rubbing PVA solutionootite glass and allowing it to evaporate on a
hot-stage. The most effective method for promobtba Grandjean texture once filled with chiral
nematic, however, was found to be polytetrafludrgkeine (PTFE) coating. This is achieved by
the dragging of a PTFE bar over glass cleaned étoae and blown dry with nitrogen, heated to

300°C?®> A machine for this purpose exists in the groughasresult of a previous project.

Once aligned, the substrates were glued togetheg iorland 91 optical adhesive, mixed with
10pm diameter “dynosphere” spacer béatts set the desired cell gap. The two substrates we
aligned under the microscope to ensure the copesitioning of the electrodes relative to each
other, and then cured with UV. A photograph of anptete pattered ITO electrode cell, with the
light angles to show the electrode stripes, is shmwFigure 3.13.



Figure 3.13:Photograph of a complete patterned ITO electrodest®wing aligned ITO stripes.

As the electric field that can be applied to ailigarystal sample in these cells is limited by the
electrode spacing, a further set of patterned ITé€xtede cells was produced with a 50um
electrode gap. These cells were ITO patternednm@ént layer coated and constructed by Dr. Tim
Wilkinson of the Department of Engineering at Caichipe University.

3.3.1.4 Cell Thickness Determination.

As illustrated by Figure 3.9, the cell thicknesghd# cells constructed in-house is not always gasil
predicted from the spacers used. Even the Lucid ezhibit a small variance in their thickness
from that quoted by the manufacturers. For thiseaaa method of accurately measuring the
thickness of a cell once constructed is requirdds s done by examination of the empty cell in a

microscope with an Ocean Optics spectroniéter

The light propagating through the cell experienaesmall amount of reflection from both cell
surfaces. In the cavity of the cell, these reftatdi interfere with each other either constructively

destructively according to the cell thickness amel wavelength of the light, according to etalon
theory. The white light throughput from the micrope will then be modulated and the
spectrometer displays an oscillating spectrum ywéhaks occurring for wavelengths at which twice

the cell thickness is an integer number of wavdlesig

m,, =2nd 3.1



where m = 1,2,3 etc is the number of the peak ersfiectrumin, is the wavelength at which the

successive peaks occur, d is the cell gap andtimeisefractive index within the cell (=1 for an

empty cell). Note this equation is simplified faormal incidence. If the wavelength values of a
series of successive peaks is measured, a ploeak pumber, m ,againat, ,therefore has a

gradient equal to 1/2d, and the cell gap is derivEus method is accurate to approximately
0.01pm. Lucid cells are found to vary in thicknessr the cell area by approximately 0.1um. The
home made cells can vary by much more than thiording to the care with which they were
constructed. Nevertheless, the cells constructetisnstudy have an active region of only 100pum
at the most, so very little variation occurs owvis tdistance, and this method allows the cell
thickness in the relevant region to be known vecguaately. This allows measured optical

retardances of sample cells to be converted intemaabirefringence for general classification.

3.3.2. Mixture Preparation

The liquid crystal mixtures examined in this worlene all composed of commercially available
compounds and bimesogenic materials synthesiskeduse. In order to obtain reproducible results
considerable care has to be taken in the makingiofures so their constituent proportions are
known to a fraction of a percent. This is importaimce some components have a profound impact
on the liquid crystal structure and electro-optioperties with very little change in their
proportion, e.g a change in the proportion of did@pant of 0.5% of the total mixture weight can
change the chiral nematic pitch length by the orderlOOnm, and dramatically alter the
flexoelectro-optic tilt angle. The fact that totalxture weights are typically only 20-80mg means

components have to be weighed very accurately.

This is done with a Mettler ToledoAG245 balance, which allowed weighing of samples t
0.01mg accuracy. Samples were deposited into glaxsple bottles, and their exact proportions as
weight for weight (w/w) measures of the total mnetwere noted. Samples were then left to mix
in the isotropic phase for 48 hours before beifigdiinto a cell. If the sample contained a UV
reactive mesogen and photoinitiator to allow coeatdf a polymer stabilised system, the bottle
was completely wrapped in black plastic tape tovg@né uncontrolled UV polymerisation in the
bottle. These samples also had to be examined tnel@nicroscope using a red transmissive sheet

filter on the microscope source, again to prevecbatrolled premature polymerisation.



3.3.3. Mesophase Characterisation

Once a fully mixed sample was introduced to a pepared cell, the optical texture of the
mesophase was observed in the polarising microscdpe allowed identification of the liquid
crystal phase the sample adopted, characterisatithe phase transition points via observation of
phase changes with temperature, and confirmatiainthie desired liquid crystal conformation had
been achieved, prior to electro-optic measuremditts.identification of liquid crystal phases by
their characteristic optical textures in polarisimicroscopy is a well known scienteSamples
can be viewed with planar alignment, or no aligntnem obtain a variety of textures for
identification. The chiral nematic liquid crystalsed in this study have three characteristic

textures, each the result of a different alignnzéribe helical axis of the material within the cell

The Grandjean texture occurs when the sample maplaligned and the helical axis is vertical in
the cell. This texture is typically uniformly colead, with defects occurring in the shape of “oily
streaks” in the texture. It the cell is not of wmih thickness, pitch jumps may be visible, at the
point the director at the cell surface rotates B0°1to minimise the free energy under
counteraction influences from the twist elasticstant in the bulk and the alignment energy at the
surface. These jumps are visible as a sudden changalour across a disclination line with a

gradual shading back to the original colour mowamgay from the disclination.

The uniform lying helix texture occurs when theitel axis of the material lies uniformly in one
direction in the plane of the cell. This can beuced in planar aligned cells by cooling of the
sample into the chiral nematic(N*) phase from g@ropic under the influence of an applied field,
combined with a physical shearing of the samplee Téxture is identified by the ellipsoidal
domain formed with the long axis perpendicular ie tubbing direction of the cell alignment

layer, and the fact it is only present in the arkthe cell in which the electrodes are overlapping

The focal conic texture occurs when the materiahialigned in many small domains with random
orientation of the helical axis. This is a scattgriexture and generally requires re-heating of the
sample into the isotropic phase and/or shearingetoemoved. Example of the three textures and
illustration of their director conformations arevgn in Figure 3.14. In this figure, the Grandjean
texture shows some oily streak disclinations, &edULH texture is in the dark state with the helix

axis parallel to the microscope polariser.
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Figure 3.14:Diagrams illustrating the director orientation the three principal chiral nematic

conformations, and their corresponding optical tegs.

Once a cell had been constructed to specificafidad with a sample mixture and the desired

texture identified and confirmed, the sample waslyefor electro-optic characterisation.

3.4. ELECTRO-OPTIC MEASUREMENTS

3.4.1. Flexoelectro-optic Tilt Angles and Response Times

The flexoelectro-optic characteristics of a patacumaterial, namely the tilt angle and response
times as a function of applied field and tempemtusre measured using the visible light

microscope based set-up outlined in Section 3ukihg the 5um thickness Lucid cells described



in Section 3.3.1.1. In these cells, the chiral ngeraguid crystal is brought into the ULH texture
by cooling the sample from the isotropic phase utige influence of an applied field eBV/um,

at 80Hz. As the sample forms the N* phase, the Wékture will be vaguely present, at which
point rubbing of the cell surface will solidify thaesired texture. The exact temperature at which
the I>N* phase transition occurs (known as the cleariagngerature, J is noted, and all
measurements are performed at temperatures retatithes, usually from Tc-5°C down to room

temperature in 5°C steps.

As described in Chapter 2, Section 2.4.2, a clmemhatic sample with flexoelectric coefficients
will, when an electric field is applied perpend&uto its helical axis, deform in such a way as to
rotate the optic axis of the material in the pla®ependicular to the field. In the arrangement
described here, this results in a rotation of thical axis in the plane of the cell. The transioiss

of light intensity through crossed polarisers dyirafringent material is given by:

mndj
A

3.2

| = Iosinz(zw)sinz(

where } is the intensity of the polarised light incidemt the sampley is the angle the optic axis
of the sample makes with the transmission axis hef first polariser,An is the sample
birefringence, d is the sample thickness, ansl the wavelength of the light. This equation skow
that, if the sample is a half waveplate, Aad/A =1/2, then the second iterm becomes unity
and rotation of the optic axis frogy =0 to ¢ =45° gives 100% intensity modulation. In fact, for
any fixed sample retardance, the maximum and mimnmansmission points will be a =45°
and ¢ =0 respectively. Therefore even with white lightl@ar intensity modulation will be visible
with the electrically induced optic axis rotatioh tbe sample. The extent of this rotation for a
given applied field defines the flexoelectro-ogtitangle ¢ (E). This is measured by the following

method:

At zero field, the equilibrium (E = Og = 0) optic axis position is aligned with the tramssion

axis of one of the polarisers by minimising theemdity throughput. The angle reading of the
rotation stage on which the sample sits is noteda&. square wave field at a given amplitude,
and usually 80Hz frequency is then applied to Hrae, and deflection of the optic axis from this
minimum transmission position in either directioe € +ve or —ve) results in an increase in

transmission. The observed trace is then as showreileft example of Figure 3.15.
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Figure 3.15 Example traces of the flexoelectro-optic respomiie the zero-field optic axis
position at 0° and 22.5°.

The rotation stage is then rotated by 22.5°. The-#eld optic axis position is then at the mid-way
to maximum transmission, and the E-field inducet@tron produces an increase in transmission
for one field polarity, and a decrease for the @ijeopolarity, the intensity response then being as
shown in the right side of Figure 3.15. The midnpoof this switch (equal to the zero-field

position) is than marked with a cursor on the ¢sstlope

The sample stage is rotated to bring the maximamsttion value of the electro-optic response in
line with the marking cursor. This correspondshe optic axis of the material when fully switch
to +¢ lying at 22.5° to the polariser transmission aXise rotation stage angle is noted. The stage
is then rotated to bring the minimum transitionmadf the response level with the cursor. This
corresponds to the sample optic axis in theposition lying at 22.5° to the polariser. The angl
required to swing to this position from the preomeasurement, wheng+was at 22.5°, is
therefore 2. The rotation stage is accurate to 0.5°, so tharigle measurement is accurate to

0.25°

In order to measure the response times, the ratatage is fixed with the zero-field optic axis at
22.5°. The timebase of the oscilloscope is incetasethat one switch fromg- to +¢ takes up
almost the full screen, as well the display averggds increased to 128 traces. The oscilloscope
will then automatically read the time taken betwées 10% and 90% levels of the switch. This

measurement is taken for both the to +¢ switch and the reverse, and the average takeineas t

response time.



This measurement method is straightforward foraiigles less than 22.5°. It becomes slightly
more complex for higher tilt angles, as the intBnsesponse goes to a maximum and back down

to a lower level before settling at tilgevalue for the applied field, as the optic axis reheots the
maximum transmission point g =45°. Tilt angle measurements are relatively ucsdi as the
stage can still be rotated to placeg then ¢ at 22.5° extra care just has be taken during the

rotation to ensure the two ends of the switch &seoved. Response times are more awkward, as
the automatic 10-90% measurement is no longer .val cursors can be used to produce a
manual measurement, but for most materials stuldéed, measurement of the response at fields

which produce a switch below = 22.5° are sufficient for sample characterisation

These measurements are then repeated for increfesshgncrements of 1V/pum until the sample
texture can be seen to be disrupted due to unwgnalirthe chiral nematic helix at higher fields.
The measurements are than repeated for the fuderahapplied fields at a lower temperature. If
the pitch-lengths of the mixtures examined witls tieichnique are also measured, the flexoelelastic
ratio e/K, which is the figure of merit for flexasltric materials, can be derived from the theory
outlined in 2.4.2. This is complicated with manytbé samples presented in this study however,
because the pitch-lengths are too long to produgsilale reflection band. However, the principle
aim of these measurements for this study is detextmoin of the tilt angle for comparison with the
response in the Grandjean flexoelectro-optic effether than the flexoelectric coefficients. For

these reasons, pitch length measurements weresrfotiped.

3.4.2. Infra-red Birefringence and Response Times

The key value sought by the experiments outlinece hveas the birefringence induced by an
applied electric field in Grandjean textured chimamatic materials at telecoms wavelengths. This
was achieved using the arrangement outlined ind@e8t2.2, and the “cartwheel cells” described
in Section 3.3.1.2.

The cell for each sample had a well known thickrokss to measurement with the etalon method
(Section 3.3.1.4), therefore the cell retardanceasured via the transmission of light through
crossed polarisers according to Equation 3.2, cbeldonverted into material birefringence. The
cell was positioned in the beam path such thatdtrection of applied field, and therefore optic

axis of the induced birefringence was at 45° toplariser transmission axis. This brings the first



sin? term in Equation 3.2 to unity, and the intenshyoughput is then solely a function of the
retardance.

lo was measured as the intensity received at the pawter with the polarisers uncrossed and the
cell in place in the isotropic phase. This remo&erg losses due to inherent polarizer absorbtion,
light blockage by the cell electrodes and reflectd the cell surfaces, giving as true a measure as
possible of the maximum throughput achievable uang birefringence with the polarizers
crossed.

On cooling the sample into the N* phase and crgs#ie polarizers, extinction was observed, as
the optical axis of the chiral nematic was in threction of propagation of the light, resulting in
zero birefringence. Optical activity due to theitel structure of the sample was also insignificant
due to the wavelength of the light being greatlyeixcess of the helical pitch. This effect is

described by the equation:

g _ m(nf-n P
v_n 3.3
d 16|\ n2+n2 ) 2(P? - 1)

where ¢ is the angular rotation of the linearly polariskght incident on the sample with
wavelengthh, d is the sample thickness, and n are the refractive indices of the material parallel

and perpendicular to the nematic director respelgtivand P is the helical pitch length. Typical

values of P,n,andn; give a rotation of less than a degree.

Each sample was subjected to an applied field enfohm of 2ms bipolar pulses at 5Hz. As any
deviation of the optic axis from its vertical pasit in the cell results in a birefringence and
increased intensity throughput, the expected respas similar to the ULH cell in they =0°
position in that both +ve and —ve polarity voltagesduces a transmission increase, the difference
being that as the sample is only pulsed, two resptimes are evident: the 10-90% “ON” response
to the initial application of the field, and the-20% “OFF” response to the removal of the field. In
the ULH set up, the sample as always in a drivatestresponding only to changes in field
polarity, never the removal of the field altogethiEnese two responses in this case then have to be
treated separately. The expected trace is showigure 3.16.
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Figure 3.16: Example trace of the Grandjean flexoelectro-opgponse at 1550nm.

The measurements required for characterisatiota&es from this trace, i.e. the value of | at the
top of the switch in comparison tgdives the retardance and therefore birefringeaicd,the by

and Toer response times are taken as the 10-90% timestfrerfront of the first peak and the rear
of the second as discussed. For a purely flexoedeswitch, the transmission should drop to zero
at the field polarity crossover point, as the optigs swings back through the vertical position

going from +¢ to -¢ or vice versa. If a significant degree of dielectcoupling is present

however, some helix unwinding will take place andesaidual birefringence will remain at the
crossover point, as discussed in Section 2.4.3 talulke fact that dielectric effects couple to the
R.M.S. field value.

In the case of significant dielectric coupling, ttesponse times of the switch, as illustrated in
Figure 3.16, will be due to both the flexoelectyaio switch and helix unwinding, and the times
measured will reflect this. In the polymerised p&s of Chapter 5, constant square waves of
varying frequency can be applied to the samples #ed flexoelectro-optic and dielectric
contributions to the switch distinguished. Thisachieved by first observing the response under a
low frequency £80Hz) field, in which the flexoelectro-optic switdtas time to fully respond to
each period of constant d.c. field and thereforgdanodulation of the transmission is observed at
the field polarity change points. The responsehentobserved under a high frequency field

(=2kHz) of the same amplitude, in which case the meciods of the waveform are too short for a



response to occur to them, and only coupling toRHd.S. field i.e. dielectric effects can occur.
This response provides a constant “baseline” birgénce on which the flexoelectro-optic effects

are superimposed at low frequencies. The two resgsocan be compared as below.

A Low Freq
Response
I flexoelectrig
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Figure 3.17:Example trace of the Grandjean flexoelectro-opgisponse at 1550nm to a.c. square

waves of high and low frequency.

This “baseline” birefringence could then be suli’ddrom the combined low-frequency response

to provide a measure of the induced birefringeesalting solely from flexoelectric coupling.

3.5. LASING MEASUREMENTS

3.5.1. Emission Spectra

The measurements of lasing output carried out Wigharrangement described in Section 3.2.3,
which produced the results outlined in Chapter &enperformed with a view solely towards a
proof of concept of flexoelectro-optic tuning okthaser output. All that was required, therefore,
were emission spectra as sampled by the spectroaradeits custom software to be recorded for

the output of a cell under a series of appliedi§el

This was not entirely straightforward however. frssamples were chosen and mixed based on

their Grandjean flexoelectro-optic properties asgestigated in this work, and their lasing



efficiencies as determined by Ali Ford and Steverrisbwork.*>*'Samples were then mixed with
the desired materials and the correct proportionhafal dopant to produce a photonic band gap
with the long-wavelength edge in the fluorescenaadbof the dye used in the mixture (either
DCM or PM597).

Great care was then required in aligning the puegrband collection optics to ensure the region
of the cell experiencing the applied field was memlase, and that given the restricted active area
of the cartwheel and patterned electrode cells,umsaligh output light was collected to produce a
spectrum. The output spectrum from the chiral nemasers is highly dependent on the quality of

the Grandjean texture obtained in the cell. As was more difficult to achieve in the home-made

cells used, the output was subject to a randonatiani in spectrum shape and intensity from pulse
to pulse. For this reason in some samples, thevamdtwas made to average up to 100 output

pulses to make clear the effect of the appliedl faai the lasing.
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4.1. INTRODUCTION

This work is concerned with the potential utilisatiof the flexoelectro-optic effeécin optical
telecommunications devices. The principal benefitshe effect over other, more commercially
developed, liquid crystal electro-optical mecharsisare fast response tiriemd analogue, linear
electric field dependendeThese are of particular interest in optical comivation systems
where, due to the ever increasing data-rates nétngsion systems, the switching speed of optical

components is an important parameter.

The flexoelectro-optic effect in short-pitch chir@matic liquid crystals has to date been observed
only in samples in which the liquid crystal is alegl with a uniform helical axis lying in the plane
of the cell (ULH texture), and the electric fieklapplied perpendicular to this axis via transparen
electrodes on the inner cell surfaces. The redultdation of the optic axis in the plane of thd ce
allows the material to act as a waveplate with dixetardation, but electrically controlled

rotatability within a range limited by the maximuwptic axis tilt anglé.

The aim of the work presented in this chapter idémonstrate the existence of the flexoelectro-
optic effect in a new geometry in which the liquigstal is aligned in the Grandjean texture, with
the helical axis perpendicular to the cell surfacesl the electric field applied in the plane dof th

cell, still perpendicular to the helical axis. AeXoelectro-optic device operating in such a

configuration would have several key advantages theeconventional device:

1. The Grandjean texture is easier to obtain tharUthbid texture, as planar alignment of the
cell surfaces provides uniform anchoring of thealazematic director in the vicinity of the
surface in the desired direction. In the ULH coufagion, the local director direction
rotates 360° through the helical pitch length, sgher uniform planar nor homeotropic
anchoring can provide ideal alignment for all regioalong the helix. A periodically
alternating alignment pattern scherner electric field effect§,are therefore required to
obtain and maintain the ULH texture. Although thedgnment techniques have been
shown to be reliabléa uniformly planar aligned device would be simgtemanufacture
and operate.



2. Application of the electric field in the plane diet cell allows, via a combination of radially
converging electrodes, the field to be appliedng direction in the plane of the cell. As
the flexoelectro-optic effect causes the optic adfisthe material to rotate around the

direction of the applied field, the optic axis cha deflected through a polar angle

defined by the material tilt angle for the giveeldi. The ability to vary the direction of the
applied field in the plane of the cell through 3®0&refore allows complete and endless

control of the azimuthy, of the optic axis. This provides potential for andlessly

rotatable waveplate with electrically variable rdence. This is a device specification very
much sought after for use in endless polarisationtrol devices, slower plain nematic

versions of which have been previously demonstfated

3. At telecoms wavelengths (1550nm), the helicallpi€ the chiral nematic materials used
in the flexoelectro-optic effect is too short (tgpily 300-500nm), to give rise to any
significant optical rotation of the input polarisat state of the light’ The illuminating
wavelength is also too far from the chiral nematdlection band for any selective
reflection to occul! At zero applied field, with the optic axis perpandar to the cell
surfaces, the device would therefore be opticakytral and extinction would occur
between crossed polarisers. Without polarisers, degice would be nearly 100%
transparent in a monodomain sample. This wouldwallor large contrast ratios to be
obtained. This is the major drawback in the coneaial ULH device, in which contrast
ratios exceeding 10:1 are difficult to obtain dadlte constant presence of disclinations in
the texture.

The results presented here outline the developwfetite experiment described in Section 3.2.2,
and detail the proof of concept of the flexoeleapmic effect in the Grandjean texture with in-
plane applied electric fields. Due to the noveunatof the experiment, considerable development
in the measurements and liquid crystal compositiocurred during the course of the work and
some initial results are not directly comparabldater measurements, particularly the magnitude
of the optical response. The preliminary resulisspnted in this Chapter therefore provide only
qualitative information since cell thickness measuent of the early cells was subject to error.
This was a result of the bulk electrode layouths tartwheel cells transmitting insufficient light
for a measurement signal to be observed in eittertV-Visible spectrometer or microscope
based experiments. Nevertheless, the author bsliteeresults serve as a valuable document for

the course of this work and the development oféffect in question, hence their reproduction



here. In the work described in the following chapthese uncertainties have been removed,
improvements to the experiment and the samples riek®bservations more repeatable, and a

rigorous comparison of a series of samples possible

4.2. TRIANGULAR WAVEFORM RESPONSE

Having prepared the planar aligned sample cell$ vailk metallic in-plane electrodes, as
described in Section 3.3.1.2, the cell was filleithva chiral nematic mixture based on the non-
symmetric bimesogenic compound-(2’,4-difluorobiphenyl-4’-yloxy)-(4-cyanobiphenyl-4'-
yloxy)nonane, synthesised by Andrew Blatétand known by the acronym FFO9OCB. This
material, whose structure is shown in Figure 3.4s whosen as it has shown a large flexoelectro-
optic effect in the ULH textur& and a large switching material was thought to give best
chance of an observable effect. The bimesogertf iselchiral, which is why the high twisting
power chiral dopant BDH1281 was added as a smatkpé&age of the total weight of the mixture,
to induce chirality into the system. The proporsioof the mixture were: 98.05% FFO9OCB,
1.95% BDH1281 (all percentages given as weightieight, as will be the convention throughout

this study).
F

Figure 3.1: The chemical structure of the non-symmetric bigesd-FO90CB

The relevant material parameters of this mixture sliown in Table 4-l. This table uses the
conventional values of Tc being the isotropic tonaéc phase transition poimkg the dielectric
anisotropy at 1kHz and birefringenaa at 550nm.
Tc Ag An
115°C 3.9 ~0.2
Table 4-1: Material parameters of the chiral FFO9OCB mixture

It was found that a Grandjean texture was mosabbli obtained in the cell by filling the cell
whilst in the chiral nematic temperature range, floev of the material as it entered the cell
creating a planar alignment. The sample was foonzbol into the chiral nematic phase from the

isotropic at 115°C in the probe station, and thes@nce of the required Grandjean texture was



confirmed by optical microscopy. Once filled, thedlavas placed in the infra-red electro-optic rig

in order to test the electro-optic properties &Qrdm.

According to Equation 3.2, for any given inducedefsingence in the cell, the transmission
through crossed polarisers will be greatest if tmtic axis of the material is at 45° to the
polarisers’ transmission axis. From flexoelectraioheory, the deflection of the optic axis in the
cell should be at right angles to the applied fisldif the field is applied at 45° to the polarjthe
projection of the deflected optic axis in the plafi¢he cell also ought to be at 45° to the podaris
and transmission maximised. As detailed in Sec8a@h2, for this reason the field was always
applied at 45° to the polariser transmission andésase experiments.

Square waveforms with field amplitudes up to 4 V/and frequencies of 80Hz to 1Khz were
applied to opposite electrodes in the cell. It bee@apparent very rapidly that the sample could not
withstand square waveforms of greater than a wvettrpicron in amplitude over any practical
length of time. An intensity modulation was initiabbservable, but decayed into noise within the
space of approximately 1 second. The sample textase examined under a microscope before
and after the application of the field, and wasnfibto have degraded from the initial Grandjean

texture to a scattering focal conic state. Theutesst observed are shown in Figure 3.2.

Figure 3.2: Polarising microscopy images of the chiral FFO9O&#nple before (left) and after

the application of an a.c. square waveform at 80Hzum and Tc-10°C.

It is thought that the electro-hydrodynamic insliibs (EHDI) arise as a result of the non-
uniformity of the field around the active regionftér the alteration of the texture due to EHDI, the

Grandjean texture could not reliably be restoredheymal cycling.



While the application of square waveforms withdieimplitude greater than 1 V/um always led to
EHDI, independently of field frequency and sampenperature, it was found that triangular
waveforms did not have the same catastrophic eff@ct that a useful signal could be observed. If
the response is flexoelectric in origin, the opids will deflect from the vertical equilibrium
position in the cell as the field is increased, egtdrn to vertical as the field returns to zers.the
field then becomes negative, the optic axis shaoifiiect in the opposite direction by an angle
proportional to the field (see Section 2.4.2), agaturning to vertical as the field returns toazer
A triangular waveform therefore ought to generateedronomic movement of the optic axis, and
as deflections from vertical in either directiomguce an increase in transmission from extinction,
the response ought to take the form of repeatetkésp of transmission at twice the drive
frequency. This expected response is shown in EigB, for the applied field making an angle of
45° with the polarisers.
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Figure 3.3: The theoretically predicted electro-optic respon§éhe cartwheel cell to a triangular
a.c applied field.

The 1/ly values shown in the predicted trace are calculated the theory laid out in Section 2.4.3,
using typical material parametersn(= 0.2, e/K = 1.2 C/Nm)®

The observed response from the sample, subjected kélz triangular waveform applied at 45° to
the polarisers, at 110°C, is shown in Figure 3.4.

The observed response can be seen to very classdynble the predicted response, both in shape

and magnitude, giving strong evidence that a fleeaim-optic distortion of the chiral nematic



helix is taking place. One interesting feature dtenis the phase difference between the drive and
response waveforms that does not appear in thecpoed This is a result of the response time
required for the material to react to the appliedddf of which no account was taken in the
prediction. The lag is approximately 270us, whistof the same order as the flexoelectro-optic
response time of this material in the ULH texttirey further sign that the observed optical

response is indeed of flexoelectric origin.
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Figure 3.4: The electro-optic response of the chiral FFO90@B at Tc-10T to an applied
triangular a.c. field of 1kHZ frequency and 4V/ueak field.

A series of these traces were taken at differentedfrequencies to examine the frequency
dependence of the response. It was expected thlae asive frequency was increased to the point
that the period was reduced to the order of theenatresponse time, the signal modulation would
decrease as the optic axis would no longer have tondeflect to its full switching angle for the
field, @E). As the frequency is increased, thereforepihtec axis movement, and consequently the
signal modulation, should tend towards zero. Tlspaase signal for the same cell at an increased
drive frequency of 4 kHz, i.e. a period similarthe response time, is shown below.
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Figure 3.5: The electro-optic response of the chiral FFO9OCBa&eT-10 T to an applied
triangular a.c. field of 4kHZ frequency and 4V/ueak field.

The expected reduction in signal modulation isryeabserved. The modulation as the change in
% light transmissionax —Imin Was measured at a series of drive frequenciesrethidts being
shown in Figure 3.6. This figure shows the expecgshliction in signal modulation with increase
in drive frequency. In fact, the signal modulatias found to still be increasing at the lowest
observed drive frequency of 0.8 kHz. It would bei@pated that once the drive frequency was
reduced to the point that the optic axis had timdully respond to the field before the field
strength began to reduce and change polarity, dumdductions in frequency would produce no
further increase in signal modulation. It appeaosnf the figure that this point has not yet been
reached at 0.8 kHz. Further reduction in drive diesgcy resulted in damage to the cell texture
though, so this point could not be ascertained.
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Figure 3.6: The response signal modulation, measured as thegehin 1/, as a function of
frequency of the applied 4V/um peak triangular Viarra. The dotted line in addition to the solid

line joining the measured data indicates the exgebtimiting of the response at lower frequencies.

These results show clearly the presence of anreleptic effect in grandjean textured chiral
nematic samples with electric field applied in flane of the cell. The nature of the observed
traces correlates with the predicted response fexaelectro-optic deformation occurring in the
sample, with both the magnitude and frequency dégere agreeing with the expected response,

providing good evidence that the response is infleedelectro-optic.

The limitation of the applied field to only highefjuency triangular waveforms however prevents
definite measurements of the amplitude and respbmse of the optical response, and therefore
full characterisation of the effect. For this to &ehieved, a bi-polar square pulses, separated in
time by several tens of ms were applied to the &ekping the time the field was applied to a

minimum.



4.3. SQUARE PULSE RESPONSE

4.3.1. FFO90CB

A single one millisecond duration square pulse a@slied to the cell, and a response observed. It
was found that the isolated pulse had no advefsetain the texture of the cell, and that using the
triggered storage facility of the digital phosploscilloscope, the response could be captured and
examined. The pulse could be repeated at up tamBstia second and a reliable response
maintained. The trace acquired from a 4 V/pm amgétpulse at 110°C ¢I5°C) is shown in
Figure 3.7.

As the figure shows, the electro-optic responseht square pulse is as anticipated, and the
magnitude of the switch as well as the responsestion application and removal of the field can
now be measured, as outlined in Section 3.4.2. Whsdone for a range of applied field strengths

and operating temperatures, the results being slhowigures 4.8, 4.9 and 4.10.
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Figure 3.7:The electro-optic response of the chiral FFO9OCBa€el-10T to an applied

square pulse of 1ms duration and 4V/pum peak field.

Two interesting features from the above trace laeefdct that the relaxation timedds) appears to

be considerably faster than the response timag)(Trhis is most unusual in liquid crystal electro-



optic effects'* as the director torque generated by an appliettrigdield is usually much larger
than that of the opposing elastic deformation,edaxation times which are driven solely by elastic
forces tend to be slower. This behaviour is sealaemperatures, as shown in the difference in
the ON and OFF times in figures 4.9 and 4.10 rdspdy. Also, there appears to be a slight
residual birefringence left over a millisecond aftemoval of the field, after 90% of the response
has disappeared. This suggests a second, slowehamsm contributing to the birefringence,
which is likely to be dielectric helix unwinding.v@rall however, the response times are very
similar to those observed for the same materialetgung flexoelectro-optic switching in the
ULH texture™

/1o

Applied Field(V/um)

Figure 3.8: The optical transmission of the chiral FFO9OCH eal a function of applied field

strength at a range of temperature.
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In the above figures, where a data point does ppear in the response time plots for high
temperature and low applied field it is because dpg&cal response, although observed to be
present, was not large enough to allow the digisgilloscope to provide a reliable reading of the

response time.

Having characterised the response at a range ldf Steengths and temperatures, and found the
observed switch to be largely consistent with tredigted observations from a flexoelectro-optic
deformation taking place, a further test was penfsd to confirm the expected dependence of the
optical transmission on the angle of applied fi@ith respect to the polarisers. Rotation of the E-
field direction between the crossed polarisers btmproduce a sirdependency in the maximum
optical transmission for a given field, accordirg dquation 3.2. This was performed, and the
results are displayed in Figure 3.11, alongsiddhhberetical response for the material according to
the calculations laid out in Section 2.4.5.1, witdues of the tilt angle as a function of applied

field, ¢(E), taken from those measured in the UtH

—&— Transmission
— — Theory

/1o

45 95 145 195
Angle of Field to Polariser ({)°
Figure 3.11: The angular dependence of the optical transmissédinon the direction of the

applied field with respect to the polariser’s tranission axes, in comparison to the theoretica sin

function.



The above figure shows that, although the obsereegonse is larger than that predicted, the
expected sih dependency of the optical throughput on the agpfield direction is clearly

observed. This is further confirmation of the nataf the effect being as predicted.

One feature of the above trace, and the previoussamements on this sample with the square
pulses, that has not so far been discussed, larle magnitude of the optical response. Figure 3.8
shows fractional transmission of the cell as highl/& = 0.6 at high field strengths and low
temperatures. This is a much higher throughput éhaected in these cells, and several times that
observed with the triangular driving waveform. Tlagger than anticipated response is believed to
be due to the cell thickness being larger thanrttended 10 um. Unfortunately, no cell thickness
measurement could be obtained from this cell sardresmission values could not be converted
into birefringence (probably because it was toeckthe.g. > 20 um, although an improved cell
thickness measurement system was set up subsequentthe work in this chapter, but
unfortunately a shortage of cells meant these measnts could not be repeated. These results
still provide a full characterisation of the effantother respects however, and allow qualitative

analysis of the magnitude of the switch.

4.3.2. 70CB

For comparison to the results detailed above, anekanixture was formed, based on the
oxycyanobiphenyl monomesogen heptyl-alkyloxy-4’swgbiphenyl, known as 7OCB the
structure of which is shown below. This was choasrnt has been previously examined for its
flexoelectro-optic propertie;*> and although it is known to have only a small aittgle in its
chiral form, it would provide a good “control” mai& with which to compare the optical response

from the bimesogenic mixtures.
N= O—(CHy)7

Figure 3.12: The chemical structure of 70OCB.



The nematic was mixed with 2.99% (weight/weight) HEI281 to make the mixture chiral. The
material was filled into a cartwheel cell and foundundergo the phase transition into the chiral
nematic phase from the isotropic at 85°C in thé@station.

Tc Ag An
85°C 8.8 1.44

Table 4-11: Material parameters of the 70CB mixture

Due to concerns over the repeated application afigpolar pulses to the samples effectively
amounting to a d.c. field over time, and consequéatge injection problem this may induce, an
isolated bipolar pulse waveform was applied to ¢heslls. The measurements of optical response
times with this bipolar pulse are still directlymparable to those from the monopolar pulse
presented for FFO9OCB. The response of the ch®D&B sample to this bipolar pulse is shown in
Figure 3.13.
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Figure 3.13:The electro-optic response of the chiral 70CB atllc-10T to a +/-3Vm 2ms

duration bipolar square pulse.

The above trace shows an even larger responsetiigaprevious bimesogen based sample,
exhibiting almost 100% modulation of the light inpurhis remarkable result was highly
unexpected, as the flexoelectric properties of éhiwgo mixtures were compared in the ULH

texture and the bimesogenic FFO90OCB compound exkila tilt angle of¢g = 22° at 4 V/um

compared with 5° from this sample. Again, the tieltkness was unknown for this sample, so only



qualitative comparison can be made with the magdeitf the switches, but subsequent destructive
testing of the cell thicknesses (see section 2Brevealed these cells to be of the order 40pum in
thickness. This goes some way to explaining thgelathan expected switch, as the optical path

length is four times that anticipated form the celhstruction.

An examination of the response times in this mextshows that the optical response is slightly
faster than in the previous mixture, for botbyTand Torr as displayed in Figure 3.14 and Figure
3.15.
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Figure 3.14:The 10-90% (&y) response times of the chiral 7OCB sample as etiwm of applied

field, at a range of temperatures below T
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Figure 3.15:The 90-10% (&re) response times of the chiral 7OCB sample as etitom of

applied field, at a range of temperatures belayw T

What the trace in Figure 3.13 does reveal, thoigylhe first clear sign that dielectric coupling
causes the applied field to partially unwind theedior helix, adding to the birefringence. This
manifests itself in the failure of the responseeturn to zero transmission at the point where the

field changes polarity and the optic axis switclfresn +¢ to —¢, going through the vertical

neutral position. Whether dielectric coupling cartirely account for this anomaly requires the
application of a.c. fields of varying frequency operiods much longer than their frequency. This
was not possible in these samples due to destruofithe texture, but is discussed further in the
following Chapter where the textures are stabiligéth polymers. Also, the response can be seen
to be slightly asymmetric with respect to the déf@ pulse polarities. This is probably due to a
pre-tilt effect in the surface alignment giving eeqlisposition to the tilt deformation in one

direction over the other.

The response times can be seen to be slightlyrfdsie those of the FFO9OCB sample, which
again correlates with the measurements of theserialatflexoelectro-optic properties in the ULH
texture, 70CB having a lower effective viscosity the deformation. It is unexpected, however,
that the response times should remain low despéadarge degree of dielectric coupling which

appears to be contributing to the overall optieajponse.



As a final investigation into the nature of theeeff this large switching sample was tested
between parallel polarisers. If the effect is dueefy to a straightforward induced birefringence as
thought, an inverse effect ought to be visiblehis situation, whereby the field causes an initiall
transmissive system to become attenuating. Thenodbeesponse is given below, and can be seen
to be an almost exact reflection of the crossedrs@r response.
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Figure 3.16:The electro-optic response of the chiral 7OCB d¢mtween parallel polarisers, at

Tc-10T to a +/-3Vm 2ms duration bipolar square pulse.

4.4. CONCLUSIONS

The results outlined in this Chapter clearly show presence for the first time of a fast electro-
optic effect at 1550nm in Grandjean textured chiiatic liquid crystals with in-plane electric
fields. These initial experiments have thereforeceasfully achieved their purpose. The observed
response agrees well in both shape and magnituttetgredicted for a flexoelectro-optic effect
operating in this geometry, which has the helicak aotated by 90° with respect to the ULH
geometry. The measurements of the electric fielgleamlependency of the magnitude of the
induced birefringence, and the response exhibitethé sample between parallel polarisers give
confidence that flexoelectro-optic switching is tw@rect description of the switching mechanism
which is taking place in the sample.



The measured magnitude of the electro-optic respans characteristic response times are very
encouraging for the development of a useful flexceic device. The retardations induced in the
samples by applied square electrical pulses exaegubctations, mainly due to the cells
constructed being several times thicker than firstight. This is no impediment to a useful device
however, and serves to illustrate that simply iasheg the optical path length of the device is a
viable method of increasing the retardation avélabhe approximately 40um thick 7O0CB cell in

particular was effectively a switchable half wa\apl

The characteristic response times which are obdenfethe order 300-900 ps for the response to
an applied field, and 200-400 pus for relaxatiom@moval of the field, are an order of magnitude
faster than typical nematic devices, justifying thecision to investigate the flexoelectro-optic
effect in this novel geometry as a way of improvthg speed of dielectrically coupled nematic
based cartwheel cell devices. The fact the-Times are consistently shorter than thg Times is
unusual, but is if anything an unforeseen advantagey potential device. For the flexoelectro-
optic effect, under the assumption of small angléching, Ton and Torr Should be independent
of field.

Several improvements need to be made however ierdat the effect to be made viable for
photonic device applications. The most serious eonds the inability of the liquid crystal texture
to withstand continuous applied a.c. fields. Wipldsed operation has proved useful here for
characterising the effect, it would be severelyitimg for any real-world device. One possible
approach for preventing this texture breakdowrolgmper stabilisation of the liquid crystal, which

is discussed in the next Chapter.

The influence of dielectric coupling causing halwinding also needs to be investigated, as the
70CB response indicates this may be a significactiof. This may not be a problem for device
operation, as the 70CB trace still exhibits conably sub-millisecond response times despite the
suspected presence of this type of deformation,fdrutinderstanding and development of the
effect the contribution from dielectric couplingets to be quantified. Finally, an accurate, non
destructive cell thickness measurement needs tachéeved in the cartwheel cells to allow
conversion of the measured sample retardance iaterial birefringence. This will allow direct
comparison of the magnitude of the response frofferdnt mixtures. These issues are also

addressed in the following Chapter.



Overall however, the results outlined here can &d 0 show good proof of concept of the

flexoelectro-optic phase modulator effect, andeareouraging for future device possibilities.
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7.1. INTRODUCTION

In Chapter 4, the ability to induce an electriddidependent birefringence in Grandjean textured
chiral nematic liquid crystals, via the flexoelectptic effect, was demonstrated. Triangular
electric waveforms were applied to cartwheel callslemonstrate proof of concept of the effect,
and millisecond duration bipolar square pulses wéiesed to characterise the magnitude and

speed of the effect and compare the responsefaretit liquid crystal mixtures.

Unfortunately, it was found that applying an aield over a certain time resulted in an irrevessibl
degradation of the Grandjean texture required lier éffect. This is believed to be due to non-
uniformity of the field over the area of the cedlusing dielectrophoretic flow effects, the resiilt o
which was the scrambling of the aligned, monodontekture into a scattering focal conic state
with small domain size. In order for any useful idevto be developed which operates on the basis
of the Grandjean flexoelectro-optic effect, theuld crystal would have to withstand a.c fields
over long periods. One method of making this fdasib the introduction of a polymer network
into the bulk of the liquid crystal layer. This mpgovide sufficient stability and ruggedness of the
texture to prevent the flow of the material, withbindering the electro-optic switch.

The combination of liquid crystals with polymer wetks is a research topic in its own rightwo
principal liquid crystal/polymer configurations rebeen developed: the polymer dispersed liquid
crystal (PDLCY: and the polymer stabilised liquid crystal (PSQ)he morphology employed in
this work is the latter, whereby the polymer coricaion is sufficient to provide a stabilising
influence on the liquid crystal texture, but notrsach as to encapsulate the liquid crystal to form

microdroplets.

In this work a photocurable monomer is used to ipl@the polymer network. The monomer itself
was liquid crystalline, as this provides advantagesr standard UV curing polymers in terms of
miscibility with the liquid crystal host, adoptiai the host director configuration, and stabilieati

of the texture present at polymerisatfohThe particular reactive mesogen used was RM257,
supplied by Merck NB-C.This was mixed in proportions of 3-5% (w/w) withetchiral nematic
host and kept in the isotropic phase for 48 honra dark bottle to allow full dissolution in the
host. A photoinitiator Irgacure 819, also providadMerck, was used also in proportions of less

than 1% of the mixture weight.



7.2. INCREASED RUGGEDNESS DUE TOPOLYMER
STABILISATION

A test mixture was made to examine the effectivermégthe polymer in preserving the texture. A

cartwheel cell was filled with a mixture of the pbeourable monomer and chiral 70CB, examined
under the microscope with a red filter to confirhe tpresence of the Grandjean texture without
prematurely polymerising the sample, and then pehged using the UV lamp. The resultant

texture can be seen in Figure 5.1.

Figure 5.1: Polarising microscopy images of the polymerisedatliOCB sample in the N* phase

(left) and the isotropic (right).

The polymerisation process did not alter the appess of the sample under the polarising
microscope at all, the texture remained unchanigediever, the texture was visibly more resistant
to flow produced by prodding the sample with twesz&he disclination lines “bulged” and

returned with each prod, rather than genuine fl@ouaing, which was the case pre-exposure.
Also, on heating into the isotropic phase, theldiation lines remained anisotropic, as visible in
the right hand image of Figure 5.1. This is belteve be due to a tendency for the polymer to
concentrate itself in the disclinations, resultimg anisotropic polymer strands forming upon
exposure. This effect has been observed previarsyutilised in the preservation of otherwise
transitory blue phaséswith the disclination lines thus preserved, thegle recovered its texture

identically on returning to the N* phase. As theeam of Grandjean texture also returned

immediately, this suggests the polymer is also gmesn the areas of uniform texture and is



providing stabilisation, only in a much finer meshich is not anisotropic in sufficiently large

strands to be visible under the microscope ingb&opic phase.

Having successfully polymerised the sample, a oontis a.c. square wave of 80Hz frequency and
up to 6Vum field strength was applied across the cell. Uniik the non-polymerised samples
described in Chapter 4, neither flow effects nagrddation of the texture were visible under the
microscope. The same material was also testedlucid cell” in the ULH texture, and was found
also to return to the same texture after tempegatycling into the isotropic phase, and also upon
unwinding of the chiral nematic helix by high field This and other ruggedised liquid
crystal/polymer mixtures are therefore potentiadlyitable for telecoms applications. In the
remainder of this Chapter, the electro-optic prapsrof these mixtures will be investigated.

7.3. INDUCED BIREFRINGENCE

7.3.1. 70CB

The mesogenic compound 70CB was chosen for thelitests as its flexoelectro-optic properties
are well knowrf, and it produced a large response in the unpolgmeérimixture examined in
Chapter 4. The mixture was made up according tofaHewing proportions: 90.57% 70CB,
3.43% BDH1281, 5.1% RM257, 0.9% Irgacure 819. Aftelymerisation, the clearing point Bf
the mixture was found to be 85, in the probe station rig. The cell thickness Wwasfum. The
electro-optic response of the Grandjean texturetptato a +/-6Mam bipolar square pulse in the
cartwheel cell can be seen in Figure 5.2.

Tc Ag An
85°C 8.8 1.44

Table 5-I1: Material parameters of the 7O0CB mixture

Comparison of the shape and magnitude of the trétbethat of the un-polymerised chiral 70CB
mixture examined in Chapter 4 shows a very simiggponse. One small difference in the trace
shown here is the tendency for the transmissiomig® slightly after reaching extinction on
removal of the field. This is due to a small tegtdefect in the active area causing a birefringence
at zero voltage, which the field induced birefringe initially cancels out before overwhelming.

The feature is small, so the peak transmissionegahre unaffected, but the response times as



measured, are somewhat reduced for this samplh@gn in Figure 5.3, compared with results

shown in Chapter 4.
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Figure 5.2: The electro-optic response of the polymerisedat@i©OCB cell at £-10T to a +/-

6V/um 2ms duration bipolar square pulse.
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Figure 5.3: The Ton(10-90%) (left) and Jrr (90-10%) (right) response times for the chiral 7®C

mixture in the cartwheel cell.

The response times shown in the figure above arertter of magnitude demonstration only, due
to the texture defect affecting the 10% and 90%ll@oint for the switch. The responses are all

below 50Qus though, which is in the fast region desired amiclvit was hoped the flexoelectro-



optic response would deliver. The optical respaoss#so certainly large, with a peak transmission

of 0.56b, corresponding to an induced birefringence of 6.03

These flexoelectric and dielectric effects can rimvseparated in the polymerised cell, which is
able to withstand continuous high strength fieltsis is achieved as follows: a square wave a.c.
waveform is applied to the cell and the birefringemonitored, the dielectric contribution, being
dependent on the quadratic of the applied fieldpisstant, whereas the flexoelectric deformation,
being dependent on the absolute field value, willerse with the changing field polarity. In fact,
as the birefringence resulting from the flexoeledaptic deformation is identical for both positive
and negative tilt angles, the only indicator of flexoelectro-optic contribution is a brief drop in
birefringence when the field changes polarity,fesdptic axis tilt angle passes through the vdrtica
neutral point on its way from ¢ to -¢. As the dielectric deformation remains during this
transition, being dependent on the square of tpéeapfield and therefore independent of polarity,
any residual birefringence at the transition poiogé be attributed to helix unwinding, and

subtracted from the optical response to leave ohéribution from the flexoelectro-optic effect.

Figure 5.4 shows the electro-optic response oft#ikto fields of up to 6Mim R.M.S. at 500Hz
and 10kHz. As can be seen, the magnitude of thecewt birefringence/An=0.037 maximum) is
comparable to the bipolar pulse response. The -fa@ldwing (flexoelectric) fraction of the
response is greatly reduced by increasing the draguency. At 10kHZ, the polarity dependent
transmission modulation is reduced to an insigaiftclevel (<0.02 14) and an almost constant

“baseline” birefringence remains.



0.04

Neflafafla

\/C"\m —_aewiovium, 5900z ¢
d — b=+/-6V/um, 10kHz

‘—c=+/—4V/um, 500Hz 1

Induced An
(@]
o
N

0.01 \VA P e T ——— »
/ v \4 — d=+/-4V/um, 10kHz |
/ f - | —e=+/-3v/um, 500Hz
e — f=+/-3V/um, 10kHz
0 I I T
-0.001 0 0.001 0.002
Time (s)

Figure 5.4 The electro-optic response of the polymerised tR@&CB cell at E-10T to applied
fields of 3, 4 and 6 ¥ at 500Hz and 10kHz.

This “baseline” is the contribution from dielecticoupling to the field, which causes the director
helix to partially unwind. The director deformatifnom the two effects are illustrated in Section
2.4.3, Figure 2.12., from which it can be seen thattwo deformations are complementary in that

they both contribute to a birefringence with eqlewa optic axis direction.

It can be seen from Figure 5.4 that the base Ibirefringence does not fully account for the
residual birefringence at lower frequencies durihg field polarity transition, i.e. the 500Hz
response does not drop all the way to the valuth@flOkHz response in the dips as the field
changes sign. This is partially because the ameplifsed has a limited slew rate and cannot exactly
replicate the input square wave at high frequenanssead producing a slightly sloped transition
edge, resulting in a reduced effective r.m.s. figldue. The result is sufficient however, to
demonstrate the significance of the dielectric na@cdm in the overall response. If the minimum
values at the field transition point are assumedejaresent the true extent of the dielectric
influence, then the field dependence of the tweat#f can be seen with a plot of the maximum and

minimum points of the 500Hz response at a rande.®ES. field values, as in Figure 5.5.
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Figure 5.5: The R.M.S field dependence of the maximum andchomm birefringence induced in
the polymerised chiral 7OCB cell by a 500Hz appfiett at T--10<T .

The above plot shows that, if the minimum of theddifollowing response at 500Hz is taken as the
total of the dielectric contribution to the indudaidefringence, the dielectric contribution increas
at an above linear rate with the applied fieldrggth. The flexoelectrically-induced birefringence
is then taken as the difference between the maximanminimum induced birefringences of the
500HZ plots, i.e. the amplitude of the trace motloka This can be seen to increase roughly
linearly with the applied field strength. According the theory outlined in Chapter 2, dielectric
effects couple to the square of the applied fieldile the flexoelectro-optic deformation ought to

be proportional to the absolute field vafue.

The curves in Figure 5.5. are a quadratic and fifieto the data for the dielectric and flexoelect
portions of the response respectively, and shogaaanable agreement. The slight deviation from
the fits is due to the fact that the coupling fastoelate the applied field to the director
deformation, and as discussed in Chapters 2 aridedinduced birefringence does not depend

linearly on the director deformation except in thegion close toATnd:%, i.e. the 50%

transmission point.



Overall, the performance obtained from the chir@CB mixture in the cartwheel cell was very
encouraging. The cell was comfortably able to stehd a.c. fields of high strength over long
periods. A birefringence afn = 0.0375 was induced by a @M applied field and the switch both
fully responded and relaxed, upon the applicatiod eemoval of the field, in timescales of
approximately 30(@s. This is considerably faster than a typical n&ndvice, and a significant
enough effect to produce a quarter waveplate effettie cell used’ and would produce a half
waveplate in a 31m thick cell. The speed of the response is sum@jsgiven the significant
proportion €75%) of the induced birefringence resulting fronmeléctric helix unwinding.
Dielectric effects are generally regarded as miloWes than the flexoelectric effect, with typical

response times of the order 10ms, rather thanuihengllisecond switching observed here.

7.4. MIXTURE DEVELOPMENT

Despite the far quicker than expected responsestohéhe 70CB sample, for purposes of definite
characterisation, a purely flexoelectric responas desirable. It has been shown that bimesogenic
liquid crystals offer dramatically improved flexeetric coefficients and only small dielectric
coupling effects, two factors important in flexagtle-optic switching in the ULH texture to
maximise the tilt angle and eliminate helix unwimgli*** These properties ought to be equally
beneficial to a device based on the Grandjean textso the following sections detail the
development and characterisation of such bimesogenitures and the results they produced in
the cartwheel cell.

The investigated mixtures were based on a non-syrimiemesogen containing a cyanobiphenyl
(CB) and a difluorobiphenyl (FF) end group, two ladogues of symmetric bimesogens, in which
the CB group is replaced by another FF group, amikéure of these symmetric bimesogens with
the equivalent ester linked molecules.

7.4.1. FFO110CB

The non-symmetric bimesogen (so called becausentBsogenic end units are chemically

different, one side being double fluorinated) was(2’,4-difluorobiphenyl-4’-yloxy)w-(4-



cyanobiphenyl-4’-yloxy)undecane, known by the agranFFO110CB. Its chemical structure is

shown in Figure 5.6.
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Figure 5.6: The chemical structure of the non-symmetric bigesd-FO110CB.

The proportions of the mixture examined were: 8%6B6F0110CB, 3.48% BDH1281, 5.84%
RM257, 1.02% Irgacure819. A 19 thick cartwheel cell, measured via the etalomnegue,

was filled with this mixture, cooled into the N* abe, a Grandjean texture obtained and

polymerised. The sample was found to undergo-thid* transition at128C in the probe station.

Tc

Ag

An

128°C

3.7

~0.16

Table 5-1I: Material parameters of the FFO110CB mixture

The electro-optic response of the cell to a +//j[dm 2ms duration bipolar pulse is shown in

Figure 5.7.

The response can be seen to be considerably srralieagnitude than the 70CB response, and

also slightly asymmetric in the response to thetpesand —negative pulses. This is believed to be

due to a slight pre-tilt effect in the surface ahgent allowing for a preferential tilt of the optic

axis in one direction compared to the other.
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Figure 5.7: Theelectro-optic response of the chiral FFO110CB e¢llc-10<T to a +/-6.8 V/m,

2ms duration bipolar square pulse.

The response times for the effect in the chiral FFOCB mixture are shown in Figure 5.8.
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Figure 5.8: The n(10-90%) (left) and Jrr (90-10%) (right) response times for the chiral
FFO110CB mixture in the cartwheel cell.



The response times are below @80 which is faster than of and similar to g of the
polymerised 70CB sample. This faster than expe&sponse can be seen even &C20elow the
isotropic to chiral nematic transition point, whéig:=r times as fast as i@ were observed. AtcF
10°C, the response times are independent of tHeeddield strength. The overall temperature and
field dependence of the response time is signifigasmaller than for the polymerised 70CB
sample. The magnitude of the switch is only hadt tf the 7OCB sample. The added thickness of
this cell in comparison to the 70CB mixture cellane that the induced birefringence is j\st=

0.016, approximately half that observed in the fes mixture.

The proportion of the induced birefringence whishderived from the flexoelectro-optic effect is

again discernible from the response to variablgueacy a.c. fields, as shown in Figure 5.9.
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Figure 5.9: The electro-optic response of the chiral FFO110@B at Tc-10 T to applied fields
of 3 and 6.8 \fim at 500Hz and 10kHz.

The maximum and minimum values of the 500Hz trawesshown as a function of applied field

strength in Figure 5.10.
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Figure 5.10:The R.M.S field dependence of the maximum and ommibirefringence induced in
the chiral FFO110CB cell at 500Hz.

Figures 5.9 and 5.10 show that the magnitude ofotitecal response is much reduced in the
FFO110CB mixture, in comparison to the 70CB mixtdreis is initially unexpected as, although
the reduced dielectric anisotropy of the bimesog@nsduces the expected reduction in
dielectrically induced birefringence, the largeexibelectro-optic tilt angle of the FFO110CB
mixture as measured in the ULH texture should pceda larger flexoelectrically induced

birefringence.

There are two possible explanations for this angn#sd will be described in Chapter 6, increasing
the proportion of polymer in the mixture beyond 8&#w) dramatically reduces the flexoelectro-
optic tilt angle of the mixture. This mixture had RM257 percentage of 5.84%, and although the
tilt angles were measured in the ULH for these pasised mixtures of 70CB and FFO110CB,
the latter had the larger switch despite the higlyrper content. It is possible however that the
sample investigated here was not entirely evenlyethiand a higher than average polymer
concentration entered the cell, restricting the Tihe other possibility is that the flexoelectnatio
response is enhanced by the presence of the dieldeformation in the sample. Some theoretical
calculations carried out by A. Davidson at the @nsity of Oxford on the chiral cartwheel cells



have suggested this might be a possibtfity. This seems more likely, as investigation of furthe
mixtures, which results in the overall plot shownFigure 5.28, indicates that is the flexoelectric
response of the 70CB mixture which is unexpectddige, rather than the response of this

mixture which is excessively small.

7.4.2. FFO9/110FF

Despite its reduced dielectric anisotropy, the spmimetric bimesogen examined in the previous
section still has a significant dielectric respaonisés shown from previous work in the group that
the dielectric anisotropy can be reduced furtherbimesogenic materials without adversely
affecting the flexoelectric characteristics by $ys#ising the material with symmetrical mesogenic
units either side of the alkyl chain spatehe symmetric difluorinated bimesogens, synthesise
by Andrew Blatch, were still available to compaheit flexoelectro-optic properties with the non-

symmetric bimesogen.

Since the spacer length has also been found t® &i@wdd-even effect on these properties due to
the degree of parallel alignment of the dipolesath end unit dictated by the chain len§tthe 9

and 11 spacer length homologues(2’,4-difluorobiphenyl-4’-yloxy)«-( 2’,4-difluorobiphenyl-
4’-yloxy)nonane (FFO9OFF) and-(2’,4-difluorobiphenyl-4’-yloxy)«>-( 2’,4-difluorobiphenyl-
4’-yloxy)undecane (FFO110FF), shown in Figure 5akte used in this work. These materials are
largely monotropic (the 11 spacer material exhibitsematic phase of a few degrees on heating)
but mixtures of these materials have been founektobit wide nematic phases in a supercooled
regime down to room temperature.
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Figure 5.11:The chemical structures of the symmetric difluaedabimesogens FFO9OFF and
FFO11O0OFF.



The proportions of the mixture examined here wére0% FFO9OFF, 47.26% FFO110FF, 2.01%
BDH1281, 3.26% RM257 and 0.47% Irgacure 819. Ascibrecentrations of the 9 and 11 spacer
homologue are approximately equal, this mixture bel referred to as FFO9/110FF. This mixture
cooled from the isotropic to the chiral nematic gat 66C in a cartwheel cell 11.6n thick.
Tc Ag An
66°C 0.9 ~0.16
Table 5-11I: Material parameters of the FFO9/110FF mixture

The electro-optic response to positive and negatiilgsecond duration pulses of 6.8uh field

strength is shown in Figure 5.12. The positive aedative polarity pulse sections have been
separated in this trace, in comparison to the ptesviwo sets of results. This is simply for greater
clarity in the relaxation portion of the traceghe two field polarities. The amplitude and resgons

time measurements remain unaffected.

The magnitude of the switch is slightly smalletthiis cell than the previous sample; however, the
cell thickness is almost halved in this exampleer€fore, the a material birefringence of this
FFO9/110FF mixture iAn = 0.023, a significant improvement over FFO110&® An = 0.016
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Figure 5.12:Theelectro-optic response of the chiral FFO9/110FH e¢lTc-10<C to a +/-6.8

V/um, 4ms duration bipolar square pulse.

The response times for the switch in this mixtuaa be seen in Figure 5.13. Comparison of these
times reveals the switch is considerably slowethis mixture than in the previous two, the low
temperature response taking over 3ms to react tiwiltiie applied field. This is likely to be a resul
of the fact that the flexoelectro-optic switch &der in this material, and that the sample is a
mixture of roughly equal parts of two bimesogengliffering alkyl chain length. This will disrupt

the packing arrangement for the molecules and cadNersely affect the viscosity.

The response being slower, however, appears tmiraghe inconclusive nature of the trends seen
in the 70CB and FFO110CB mixtures. Genuine depeasidercan now be seen, the response
times getting significantly slower with lower tenmptire as would be expected from the increase
in viscosity with cooling. Also, at all temperatarethe by switching times decrease with

increasing field strength, despite the angle ddtroh of the optic axis being larger.
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Figure 5.13:The Ton(10-90%) (left) and drr (90-10%) (right) response times for the chiral
FFO9/110FF mixture in the cartwheel cell.

The response of the sample to continuous a.c. wawef of varying field strengths and
frequencies is shown in Figure 5.14. As shown an tthace, the drive frequency for the low

frequency trace in this plot has been be lowereohf500 to 250Hz, due to the slower nature of the

response.
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Figure 5.14:The electro-optic response of the chiral FFO9/11Qfef at T--10 T to applied
fields of 3 and 6.8 Y at 500Hz and 10kHz.



The main feature of the traces shown above isrtrease in the modulation amplitude of the low
frequency traces, i.e. the flexoelectric contribntito the induced birefringence. The dielectric
“baseline” for this sample is approximately equerdl to that of the previous sample, based on
FFO110CB, atAn = 0.01. In this sample, however, the flexoelectrteogffect doubles the
birefringence during the periods of d.c. field. §hequal contribution from dielectric and
flexoelectric coupling to the applied field is a nked improvement on the last sample, the

response of which was only roughly % flexoeleatmiorigin.

This improved proportion is illustrated by the plot the maximum and minimum induced

birefringences for the low frequency response abua field amplitudes: Figure 5.15.
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Figure 5.15:The R.M.S field dependence of the maximum and omminirefringence induced in
the chiral FFO9/110FF cell at 250Hz.

The separation of the maximum and minimum lineth& above trace illustrates the increase in
flexoelectro-optic response in this sample compaoethe previous one, as shown in the Max —
Min trace. In fact, this is the first sample in whithe flexoelectric contribution to the

birefringence is greater than the dielectric cdmition at lower applied field strengths. It is only



for fields greater than 4 V/um that the dielectoziplings dependency on the square of the applied
field causes it to supersede the flexoelectro-opgponse, which remains linear in the applied
field.

The overall birefringence is still only slightly methan half that seen in the chiral 7OCB cell
though, and that is despite a still consideralbleuggh much reduced dielectric contribution. The
challenge remained therefore, to develop a mixwneh addressed this issue, and remove the
dielectric contribution from the optical responsehile still leaving a sufficiently significant

overall response to enable a useful phase device.

7.4.3. FFE9/11EFF

Simultaneously to the progress of this work, it i@snd in another project in the group that the
addition of an ester linkage to the symmetric biogesnic materials improved the flexoelectro-
optic performance significantl{:'® The ester linked difluorinated bimesogenic materiaith
alkyl chain lengths of 9 and 11 Glgroups were made available to the project. Thestenmals,a-
(2’,4-difluorobiphenyl-4’-ester}»-(  2’,4-difluorobiphenyl-4’-ester)nonane (FFESEFRNd a-
(2’,4-difluorobiphenyl-4’-ester}»-( 2’,4-difluorobiphenyl-4’-ester)undecane (FFE1H}Fexhibit
only very small temperature width, monotropic namahases. When mixed together however,
they gave a respectable°22wide nematic phase, and with further mixing wittm-ester linked

bimesogens this could be further extended and \d¥amatic flexoelectro-optic switching

achieved.
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Figure 5.16:The chemical structure of the ester linked bimessdd-E9EFF and FFE11EFF.



The exact mixture examined here was: 23.58% FFE9EBF% FFE11EFF, 25.11% FFO9OFF,
21.5% FFO110FF, 4.28% RM257 and 1.78% BDH1281. Duethe approximately equal
proportions of all four bimesogens, this mixturesvkmaown as FFE9/11EFF-FFO9/110FF.

Tc Ag An
64°C <0.9 ~0.16
Table 5-1V: Material parameters of the FFE9/11EFF mixture

This mixture was polymerised in situ, in a cartwhadl measuring 12.58n, and was found to
cool into the chiral nematic phase at3 64°C. The electro-optic response of the cell to 3 éugd
V/um field strength waveforms at 100Hz is showifrigure 5.17. The high frequency applied field
responses for this cell are not shown in the figge¢hey produced a negligible birefringence. This
indicates that the dielectric coupling response Ibesn eliminated in this sample, one of the

principle aims of the development of this effecthmbimesogenic materials.

0.016 — a=+/-6.8V/um, 100Hz

0.014 - — b=+/-3V/um, 100Hz
_a . o N [

0.012 /\ \ \ \ ’

0.01

0.008 +

0.006

Induced An

0.004 ~

0.002 ~

O I I I I
-0.014 -0.004 0.006 0.016 0.026
Time (s)

Figure 5.17:The electro-optic response of the cell gtID T to applied fields of 3 and 6.8 M
at 100Hz.

The flexoelectric portion of the response, whicmaes, is also of significant magnitude. The
overall response is not as large as has been meglaisuthe previous mixtures, but as this response

is flexoelectric in origin in its entirety, the nmeaed maximum induced birefringence A =



0.0121 is the largest response yet measured whepased to the previous traces with their

dielectric contributions removed.

The difference in nature in the response of this@a and the previously examined samples is
shown in the plot of the maximum and minimum indud®erefringence values for the 100Hz

applied waveforms at a range of field strengthsTifishown in Figure 5.18.
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Figure 5.18:The R.M.S field dependence of the maximum and ommipirefringence induced in
the cell at 100Hz.

The increase in separation between the maximunmnanohum inducedAn traces shown in the
last sample has now been maximised with the cantab from dielectric coupling to the
birefringence reduced to practically zero. The dkebectric contribution now makes up almost all

of the total optical response.

The response times for this material continue taed towards slower responses in the materials
composed of more mesogenic compounds with a ldtgeoelectrically induced birefringence.

The response times are shown in Figure 5.19.
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Figure 5.19:The Ton(10-90%) (left) and drr (90-10%) (right) response times for the chiral
FFE9/11EFF-FFO9/110FF mixture in the cartwheel cell

Although the response times shown above do not fmemds as identifiable as the previous
sample, and the oFr times appear to be shorter then expected due doslight residual
birefringence at zero field, as in the FFO110CB garrthe response can be seen to be faster than
the previous sample. This indicates that the dgveént towards a flexoelectric only response will
provide a faster switching mechanism. The singlesagenic compound mixtures are still faster
switching however, so in a working device, the ptyojudgement may have to be made between

the fastest possible response and the eliminafidretectric effects.

For the purposes of characterisation of the swiiglhaffect, however, this material development
has served to demonstrate the possibility of aifstgmt response based solely on the flexoelectro-
optic effect. It has also been shown that the bagesic materials now available provide a means
of controlling the relative contributions from tieo coupling mechanisms for tailoring to an

intended device specification.

7.5. ULH TILT ANGLES

Having observed the electro-optic response of tges of mixtures outlined above in the

Grandjean texture at 1550nm, it was important talyee the purely flexoelectro-optic responses



of the mixtures in order to confirm that is it irdethe differing flexoelectric properties of the

mixtures that account for the differing naturesha electro-optic responses seen.

When the flexoelectro-optic switch is observedha uniform lying helix (ULH) texture in cells
with transparent electrodes on the cell surfaceectdmeasurement of the flexoelectro-optic tilt
angles and response times are possible. Althowglatiic helix unwinding may be present it does
not effect the position of the optic axis of thetemal in the plane of the cell, so does not aftbet
measurements taken. For this reason, all the rabtemalysed in the previous section were tested
for their flexoelectro-optic properties in this tese. This was performed according to the method
described in Section 3.4.1. The results for theeasurements on each of the above mixtures is

outlined in the following sections.
7.5.1. 70CB

The chiral 70CB sample was placed into a “Lucid! peeasuring 5.01um in thickness. The ULH
texture was obtained by cooling from the isotrqgh@se into the N* under a 3V/um R.M.S., 80Hz
frequency applied fiefd. Once confirmed under the microscope, this textuas stabilised by UV

exposure of the reactive mesogen containing mixtuiidhe flexoelectro-optic tilt angles and

response times were then measured at a range legdappld strengths.
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Figure 5.20: The flexoelectro-optic tilt angl@of the polymerised chiral 7OCB sample as a
function of applied field strength, at¢-1L0°C.
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Figure 5.21:The average of the 10-90% and 90-10% response biritbe polymerised chiral
70CB sample as a function of applied fields, afl0°C.

The chiral 70CB sample has a very limited tilt @dess than 5 degrees, mainly due to the
material’s large dielectric anisotropy causing keilnwinding effects above an applied field of just
5 V/um. The response can be seen to be very fastever. This is characteristic of the
flexoelectro-optic effect, but these times areipalarly short (less than 100 ps) as a result ef th

very limited magnitude of the switch.
7.5.2. FFO110CB

The chiral FFO110CB sample was induced into the Uekiure in a “Lucid” cell measuring
4.98um in thickness as before. The flexoelectrocapisponse of the sample was characterised at

a range of temperatures, and the relevant reseltsisplayed below.

In the tilt angle plots (Figure 5.22), the lowemfgerature trace is extended to higher field values
as the ULH texture becomes more resistant to hifibkels at lower temperatures. The response
times are only measured for applied fields up tisséhwhich induce an optical axis rotation of up

to of up to 22.5°, for the reasons discussed irp@na.4.1.
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Figure 5.22: The flexoelectro-optic tilt anglgof the polymerised chiral FFO110CB sample as a

function of applied field strength, at a range @fperatures belowcr
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Figure 5.23: The average of the 10-90% and 90-10% response trinkne polymerised chiral
FFO110CB sample as a function of applied fielda aange of temperatures below. T

These results show the dramatic increase in tgteaachievable with the bimesogenic materials in

comparison to 70CB. This also demonstrates thediions imposed by the amplifier used to



apply the field to the Grandjean textured samplesthie cartwheel cells. As the electrode
separation in these cells is 50um, the maximumlaai field is 6.8V/um, whereas this material
will reliably tilt at fields of up to 10V/um at logr temperatures. A superior amplifier would
therefore allow larger tilts to be induced in tleteheel cells with these materials, and therefore

larger induced birefringences.
7.5.3. FFO9/110FF

The chiral FFO9/110CB sample was induced into thél Wexture in a “Lucid” cell measuring
4.91um in thickness as before. The flexoelectracagsponse of the sample was characterised at

a range of temperatures, and the results are gesplaelow.
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Figure 5.24:The flexoelectro-optic tilt angl@of the polymerised chiral FFO9/110FF sample as

a function of applied field strength, at a rangderhperatures belowcT
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Figure 5.25:The average of the 10-90% and 90-10% response bifrtke polymerised chiral
FFO9/110FF sample as a function of applied fielésgth, at a range of temperatures below T

As expected from their electro-optics in the caeelhcell, this material shows a greater tilt angle

for the same applied field than the previous sapiplewith a slower response.
7.5.4. FFE9/11EFF

The flexoelectro-optic characteristics of the chiffFE9/11EFF-FFO9/110FF sample once
polymerised in the stabilised ULH texture are shdelow in Figure 5.26 and Figure 5.27.
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Figure 5.26:The flexoelectro-optic tilt angl@of the polymerised chiral FFEQ/11EFF-
FFO9/110FF sample as a function of applied fieleesgth, at a range of temperature below T
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Figure 5.27:The average of the 10-90% and 90-10% response btiftbe polymerised chiral
FFE9/11EFF-FFO9/110FF sample as a function of apglfield strength, at a range of
temperatures belowcT



This mixture can be seen to exhibit extremely latijeangles, up to 65°, and its resistance to
dielectric helix unwinding allows relatively lardeelds of up to 15.5 V/um to be applied to the

sample. The maximum tilt of approximatefy= 65° is one of the largest tilt angle materials
recorded to dat®'® This corroborates very well the observed stroegdelectric behaviour and

very weak dielectric coupling observed in this matein the Grandjean texture. The response
times are relatively slow for a flexoelectro-optievice however, as was also observed in the
Grandjean texture, and this probably a result & thixture having four separate nematic
constituents increasing the viscosity, and thedatgformation being induced taking more time to

manifest itself.

In fact, if the flexoelectric portion of the indutéirefringence of each of the samples in the
Grandjean texture (taken as the difference betwihenmaximum and minimum values of the
induced An by the low frequency, maximum amplitude appliéeld) is plotted against the
flexoelectro-optic tilt angle at 6V/pum of the same sample, an excellent coroelas observed for
the bimesogenic samples. Increasing the tilt anglea sample appears to increase the
flexoelectrically induced birefringence proportitelg. The 70CB sample does not fit the trend,
however, exhibiting a large flexoelectric respoits¢éhe Grandjean texture, despite having a very
small tilt angle. It is thought that this is probadue to an effect whereby the flexoelectro-optic
deformation of the helix has an exaggerated eféecthe inducedAn in the presence of the

dielectric deformation, as discussed in Sectionl7.4
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Figure 5.28: The flexoelectrically induced birefringence of Hanples at 1550nm in the
Grandjean texture as a function of their flexoelediptic tilt angle in the ULH texture, all atcT
10°C.

The slightly anomalous 7OCB result aside howeveg, ¢orrelation shown in the above graph
confirms that the same flexoelectro-optic deforomatdf the director helix is responsible for both
the field-following response of the samples in @m@andjean texture and the optic axis rotation in
the ULH. The trend shown in the figure can be deetend to zero induced birefringence for tilt
angles of approximately 5 degrees or less. Thisbeathought of as a “threshold” tilt angle for an
observable effect. The ellipsoid nature of theagtive indicatrix of the nematic medium means
that a minimum rotation of the director has to adogefore the refractive index in the direction of

light polarisation is significantly changed.

7.6. CONCLUSIONS

In conclusion, the addition of a small percente®®%o) of reactive mesogen to the chiral nematic

mixtures used to observe the flexoelectro-optieatffn Grandjean textured liquid crystals proved



extremely successful in eliminating the flow anchsequent texture degradation observed in non-

polymer samples subject to continuous a.c. apfikdds in Chapter 4.

The ability of the samples to withstand continubekls of high amplitude and varying frequency
provided a method of distinguishing the contribnsdrom dielectric and flexoelectric coupling in

the induced birefringence via variation of the fregcy of the applied square wave a.c. field.

This field-frequency dependent response was obddrva succession of samples, starting with
chiral mixtures based on the basic monomesogen 7@@Bdeveloping into multi-component
bimesogenic mixtures in order to maximise the gbation from the flexoelectro-optic effect and
minimise dielectric coupling. This was achievedhwihe final sample examined, a mixture of
equal parts of the bimesogenic compounds FFO9OFRB1EOFF, FFEQEFF and FFE11EFF,
with small percentages chiral dopant and reactiesagen added. This material exhibited an
induced birefringence at 1550nm s&h = 0.012 at 6.8V/um, originating solely from fletectric
coupling. The birefringence resulting from flexattec coupling in the bimesogenic samples was
shown to have a proportional dependence on thedlextro-optic tilt angle of each mixture, as
measured in the uniform lying helix texture, promgl confirmation of the common origin of these

two effects.

The largest induced birefringence, resulting froathbdielectric and flexoelectric coupling, was

observed in the chiral 7OCB sample, which produted= 0.037. This is sufficient to generate a
switchable half waveplate in a 21um thick cell. Tasponse times for all the mixtures were sub-
millisecond at the higher end of their respectitrad nematic temperature ranges. This effect
therefore shows considerable promise for a fagtorese, continuously variable phase retarder for

operation at telecommunications wavelengths.
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7.8. INTRODUCTION

In Chapter 5, the addition of a polymer networkhe Grandjean textured chiral nematic material
was found to be of great benefit for the stabibfythe device. The polymer stabilization by the
addition, and curing in-situ, of a small amountf reactive mesogen, was found to significantly
increase the texture ruggedness and ability tostatid the continuous application of a.c. square
waveforms of high voltage amplitude. It also allaweeating of the material into the isotropic
phase and subsequent cooling back into the cherabtic with reliable reproduction of the desired
Grandjean texture. Having demonstrated these lisnéfiwas important to gauge the effect of
such a polymer network on the flexoelectro-optihdeour of the chiral nematic materials
investigated.

The uniform lying helix (ULH) liquid crystal textaris not straightforward to obtain and tends to
degrade to the lower energy Grandjean (standing)h&nfiguration over time. For this reason,
stabilization of the texture has been previousiyestigated elsewhere. The ULH texture has been
made stable over time by the use of periodic sarfdignment patterningbut the only method so
far found to stabilize the ULH texture to thermgtling out of the chiral nematic (N*) phase, and
the effects of dielectric unwinding of the directmelix by applied electric fields, has been the
introduction of a polymer network in the texture By curing approximately 10% of dissolved

photoreactive monomer whilst in the ULH textdre.

Due to these concerns over the restrictive effiech ¥olume stabilization may have on the already
small angle switching capabiliies of the materiaéported in the literature,methods of
selectively polymerizing only the surface regiorfstioe device, thereby providing sufficient
stabilization but leaving the bulk free to switcive been developédlhese have also been shown
to reduce the residual birefringence introducedhsy anisotropic polymer network through the
bulk of the material.

Although the texture has been successfully staallipreviously, and been shown to undergo
flexoelectro-optic switching despite the presenicéne polymer, no quantative study on the degree
of restriction of the optic axis tilt angle induceg a given field caused by the polymer, or the
effect of polymer concentration, has been carrigid Bhe availability to this study of both reactive

mesogens (RM257, Merck NB-C) which can provide pwy stabilization at relatively small



concentrations in the liquid crystat 3%), and bimesogenic liquid crystal compounds tvhic
exhibit extremely high flexoelectro-optic tilt amegl" provided an opportunity to examine the
flexoelectro-optic switch and the impact the polyras upon it in high resolution, and that is the
purpose of this chapter.

7.9. POLYMER CONCENTRATION EFFECTS

A mixture was prepared of the following bimesogefiguid crystals, in equal quantities:
FFO9OFF, FFO110OFF, FFEQEFF, FFE1llEFF. These mlatevi@re developed in-house
specifically for their large flexoelectro-optic pesise and small dielectric constams~0),° and

this specific mixture was shown, in chapter 5,tbilkit an extremely large tilt angle (>60°) in the

unpolymerized sample.

To this was added 1.85% (w/w) BDH1281 high twistpayver chiral dopant (Merck NB-C). This
mixture was kept in the isotropic phase (I) ovenhitp allow complete mixing, at which point it
was divided into four parts. The reactive mesog®®7 (Merck NB-C) was added to three of
these in the required quantities to provide a rasfgmixtures of the chiral nematic material with
the following concentrations: 0%, 3.12%, 6.18% &0d09% (weight/weight). Each of the three
reactive mesogen containing mixtures was then sagplith approximately 1% weight of

Irgacure 819 photoinitiator (Merck NB-C) before mgallowing overnight mixing to ensure

homogeneity.

The completed mixtures were then capillary filletbitest cells of ITO coated glass with a 5um
cell gap and rubbed polyimide surface treatment¢itl cells”) to provide planar alignment of the
local nematic director. The ULH texture was obtdiire these cells by cooling the mixtures from
the isotropic into the chiral nematic phase undher influence of an applied electric field, and
applying pressure to the cell to shear the mixture.

Once obtained, the ULH was stabilized by exposing tell to a UV light source (Macam
flexicure) at 5°C below the isotropic-nematic titina point (Tc-5), cross-linking the reactive
mesogen and creating a polymer network througlbtitie of the cell. In the 0% reactive mesogen
mixture, the a.c. field applied to the cell could faried in amplitude for the electro-optic

measurements, but had to remain present at alstimeprevent relaxation into the Grandjean



texture. In the 10% reactive mesogen mixture, ptsg@aration occurred between the nematic
mixture and the monomer and no ULH texture coulabiined. In the remaining three cells, the
flexoelectro-optic tilt angles and response timesevmeasured for the mixtures, at a range of

temperatures below, Tn+, according to the method outlined in Chapter 3.

7.9.1. Tilt Angles and Response Times

The I->N* temperature transition point £ was measured and found to be 61°C for all misture
with no hysterisis on re-heating. Both the 3% a¥gdréactive mesogen mixes were found to return
spontaneously to the ULH texture on entry to theffdfn either the isotropic or crystalline phases.
The undoped mixture had to undergo the alignmentguure outlined above each time the
mixture was heated into the isotropic phase. Fiduife shows the ULH textures of the three
mixtures without applied field. This is evidence thie stabilization of the texture as found
previously using 10% (w/w) of UV curing monomer BABhe level of ruggedness of texture
achieved can also be tested by applying a stronggimelectric field to completely unwind the
director helix and cause an N* to homeotropic némaansition in the material, before removing
the field again and observing the texture. This waspossible in these samples due to the very
low dielectric anisotropy of the bimesogens prevgntomplete helix unwinding. The textures
were also observed in the isotropic phase (righiroo in Figure 2.1), with both the 0% and 3%
mixtures exhibiting a uniform black state betweesssed polarizers, but the 6% mixture having a

residual birefringence due to the greater mesogaslianer density.
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Figure 2.1: Polarising microscopy images of the ULH texturetaoied in the 0%, 3% and 6%
RM257 mixtures at 50°C and zero applied field, wht helical axis aligned parallel to the
polariser transmission axis (dark state), at 45§t state) and with the material heated to 70°C to
show any residual birefringence in the isotropiack image was observed using a 10X objective

on the microscope, so corresponds to approximdately? of sample area.

Having obtained and stabilized the required tesurthe flexoelectro-optic tilt angles were
measured for the three mixtures at a range of temtyes from E to slightly above room
temperature and found to exhibit the usual eledigtd and temperature dependen€elhe
measured tilt angles for each mixture gtZD°C are plotted in Figure 2.2. The response tifoes
the +¢ to -¢ switch were also measured for the same tempesatanel their field dependence at
T-20°C is shown in Figure 2.3. The maximum fieleéésgth was restricted to 4 |vh to keep the

induced tilt angles below 45°.
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Figure 2.3: The average of the 10-90% and 90-10% response fionéise flexoelectro-optic
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switch in the 0%, 3% and 6% RM257 materials, a20°C.

Analysing the data from the figures above, the tmliof 3% reactive mesogen restricts the optic
axis tilt angle switch to an average of 88.4% @f timpolymerized switch over the applied E-field

range. However, this negative effect can be conmggeddor by the fact that the 3% mixture can be

20.00



made to switch over larger angles than the punalchématic mixture by the application of higher
fields, which disrupted the response in the pureatimematic. The 6% (w/w) RM257 mixture,
however, exhibited switching on average of only844 of that of the undoped chiral nematic. This
indicates considerable restriction at these lewélpolymer concentration. The response times
exhibited a similar level of monomer concentratitapendency, switching at 95.6% and 62.8% of
the pure chiral nematic response time in the 3% @&¥dmixtures respectively. This result is
unexpected, as the addition of a polymer netwotk generally increase the switching time. For
practical purposes, the polymerization allows ddraff between switching angle, of which these

materials have an excess (most devices requirityg @n22.5° for full intensity modulation), for a

faster response.

7.9.2. Reduced Temperature Dependence

The addition of the polymer also enhances the temype independence of the device
characteristics. Figure 2.4 shows the flexoeleopte tilt angle measurements for the three
differing polymer concentration mixtures over agarf temperatures below the isotropic-nematic

transition point.
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Figure 2.4: The flexoelectro-optic tilt angle for the 0%, 3%da#P6 RM257 mixtures at an applied

field of 6VLm, as a function of shifted temperature.



The tilt angle is reduced by the addition of gregercentages of polymer as shown above for all
temperatures, but the change of tilt angle overtdmperature range is also reduced by the
addition of a polymer network. For the undoped damapd the 3% reactive mesogen mixture, the
tilt angle increases by approximately 25% upon ceduthe temperature fronfG to 25C below

the isotropic to chiral nematic transition pointowkver, this change is reduced to 14.3% in the

mixture containing 6% crosslinked polymer.

The reduced temperature dependence of the elegticsdn the 6%0RM257 sample can also be
observed in the response time measurements. Heliega comparison of response times for a
switch induced by a given field is not possible ttes different mixtures have different tilt angles
for a given field and a larger switch will geneyatlave a longer response time, but the temperature
dependence for either switches induced by a conBédah of 2V/um (Figure 2.5), or for a constant
22.5° angle of switch (Figure 2.6), can be examia@ad both comparisons show the reduction in

observed temperature dependence.
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Figure 2.5: The 10-90% response times for the 0%, 3% and 625 Nhixtures for a 2y

switch, as a function of shifted temperature.
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Figure 2.6: The 10-90% response times for the 0%, 3% and 69 Nnixtures for a 22.5

switch, as a function of shifted temperature.

On decreasing the temperature of the samples fraintd 25C below the isotropic to chiral
nematic transition, the unpolymerized mixture shavaethree-fold increase in 10-90% response
time for a 2Vm switch. This was reduced to a factor of 2.8 cleaingthe 6% polymer mixture.
For a constant optic axis rotation of 22dver the same temperature range, the additiomeof t
polymer again reduced the change in the respomseftom a 3.3 times change to 2.8, going from

0% to 6% polymer. These temperature dependenaeshamn in Figure 2.5 and Figure 2.6.

It was suspected that the observed reduction irntehgperature dependence of the flexoelectro-
optic effect in polymer stabilized samples is pipadly due to restriction of the change in the
chiral nematic pitch with temperature. The flexagie-optic tilt anglep for a given applied field is
shown in equation 2.34 (reproduced here as 6.1¢ravB is the average of the flexoelectric
coefficients, E is the applied field, K is the aage of the splay and bend elastic constants for the

material, and tap can be seen to be linearly proportional to thetpR.”®

eEP
tang=—— 6.1
¢ K?2n (6.1)

The response time, of the switch is given by equation 2.37, wherds the effective viscosity

associated with the rotation, amdcan be seen to be proportional to the pitch sguare



i
r= KA (6.2)

“Freezing” or “pinning” of the pitch and consequeaduction in its usual temperature variation by
the presence of a polymer network would then adcdan this reduction in temperature
dependence of the electro-optic response. “Freépiitipe chiral nematic pitch via polymerization
has been observed previously in Grandjean textang@l nematic liquid crystals in which the
alignment layer on the glass also helps stabiliee gitch. This has been used to broaden the
reflection band in chiral nematic samples by stabid an out-of-equilibrium condition pitch
gradient caused by either photo induced diffusion curing over the period of a temperature

ramp2°

The mixtures described above have too long a farckhe characteristic chiral nematic reflection
band to be measurable in a Grandjean aligned d#il avstandard microscope mounted visible
band spectrometer. For this reason, a second gseixtires was made with the same mesogenic
components, but a higher percentage of chiral dofZab% BDH1281 (w/w). The pitch of these
was estimated by measuring the position of the l@agelength band edge in the reflection spectra
of Grandjean textured cells. In the 0% polymer gamthis band edge moved from 611nm to
689nm on cooling from &5 to T-30. As the position of the long-wavelength bandeeih a chiral
nematic sample is given By

Aong =N;P 6.3)

long

where n, is the refractive index of the material paralelthe local nematic director and P is the
pitch. As an estimate, we take = 1.7, therefore the pitch change in this sampldrom

approximately 359 to 405 nm. In the 6% polymer damwhich was UV cured to crosslink the
polymer at Tc-5, the long wavelength band edge meadapinned at 649 nm, corresponding to a
pitch of approximately 382nm, over the temperatumege from E-5 to Tc-30. The reflection
spectra for the two samples of differing polymenaentration are shown below at a range of
temperatures.
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Figure 2.7: The reflection spectrum of the 0% polymer mixatra range of temperatures.

Comparison of Figure 2.7 and Figure 2.8 showsglich restriction very clearly. The 6% polymer
sample is seen to maintain an identical reflecgpactrum over the whole nematic temperature
range, whereas the undoped sample maintains avedyasteady reflection spectrum over the first
ten degrees of cooling, but then rapidly shiftsaads the red end of the spectrum.
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Figure 2.8: The reflection spectrum of the 6% polymer sampgerange of temperatures.



7.9.3. Polymerisation Temperature Effects

The freezing of the chiral nematic pitch by theypwotrization of the small percentage of UV
curing monomer, as well as reducing the temperatlependence of the flexoelectro-optic
properties, allows selection of the optimum pitehthin the range exhibited by the undoped
sample. This can be fixed over the entire chirahaigc range by UV curing at the temperature
exhibiting the desired pitch.

In order to demonstrate this, a second cell wasemth the 6% polymer mixture, in addition to
the 382nm pitch sample described above, and UVdctogolymerise, but this time at-B0°C.
The cured sample exhibited a reflection spectruomfrthe Grandjean texture with a long
wavelength band edge at 701nm (pitch approximat&Bnm), which was pinned throughout the
entire nematic range. In both these samples, palyatat different temperatures and exhibiting
pitches fixed at different values, the textures pitches were unchanged by thermal cycling into

the isotropic and back to the chiral nematic phase.

The results shown in the previous two figures, ioletd in the Grandjean texture, raise the question
whether the presence of the polymer is as effeatiy@nning the pitch of the material in the ULH
texture, in which there are no additional glassraauy restrictions to the pitch. If so, it ought to
allow selection of an optimum pitch for the desifeckoelectro-optic properties. It is not possible
to measure the pitch of a chiral nematic samplgnati in the ULH texture via an equivalent
reflection spectrum method as with the Grandjeatute, but if the pitch is frozen in by UV
polymerization at a particular temperature, thighiuo manifest itself in the flexoelectro-optics

over the entire chiral nematic temperature range.

Two further cells were made and filled with the sa6% polymer chiral nematic mixture. The
ULH texture was obtained and the cells UV curetix¢he texture and the pitch, one cell at1D,
and one at F30. The portions of the cell outside the electradea remained in the Grandjean
configuration, and the pitch of these was meastodi 388nm and 405nm respectively. This was
unchanged for both cells over the chiral nematmoperature range. The flexoelectro-optic tilt
angles and response times were measured for eathesé cells, as above, for a range of
temperatures, and the results are shown in FigQrar®l Figure 2.10 respectively.
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Figure 2.9: The flexoelectro-optic tilt angles for the 6%RM2bdterial polymerized at two
different temperatures, L0 (solid line) and F30 (dashed line), the operation of each shown at
both T-5 (0) and T.-25 (m). The materials polymerised at the same tempegaite depicted with
the same joining line (solid or dashed), and thogerated at the same temperature are depicted

with the same point marker (diamond or square).
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Figure 2.10: The 10-90% response times the 6%RM257 materighpaized at two different
temperatures, F10 (solid line) and F30 (dashed line), the operation of each showro#t -5
(0) and T-25 (m). The materials polymerised at the same tempegadte depicted with the same
joining line (solid or dashed), and those operaé¢the same temperature are depicted with the

same point marker (diamond or square).

These plots show conclusively that the polymeraratof the samples does freeze the chiral
nematic pitch in the ULH texture, and that thistnieson of the pitch to its value at the time of
polymerization has a significant effect on the flebectro-optic characteristics of the sample over
the entire chiral nematic temperature range, asldvba expected from equations 6.1 and 6.2.
Indeed, Figure 2.9 shows that the temperature dathwthe sample is polymerized has a
significantly greater effect on the observed titigkes for a given field than the operating
temperature. There is however still some chandledrtilt angle with operating temperature, which
suggests that, in spite of the thermally invarigitth, the flexoelastic rati@/K, must depend on
temperature. The average of the splay and benticatamstants,
K = (ky +ky)/2 (6.4)
is believed to change with temperature as the sgofathe nematic order parameter, S. Previous
reports have suggested that the sum of the spthpamd flexoelectric coefficients

e=¢e +¢ (6.5)



is also proportional to?3? If this is the case, then the flexoelastic ratimidd be temperature
independent overalHowever, the results presented here contradicthtthesis, and suggest
that the flexoelastic ratio actually has a smalhgerature dependence. As a matter of fact, other

reports have suggested that the flexoelectric entshave a linear dependence dit’s.

Figure 2.10 shows that, although the UV curing terajure does have a significant effect on the
response times, the operating temperature ismstle important for this parameter, as it is the
traces with the same point marker which are nowetioaligned, not those with the same line type
as was the case in Figure 2.9. This indicatesattlaugh the switching time is dependentRn
from equation 6.2, the temperature dependenceeofiitosity, which follows an Arrhenius curve,
outweighs this, and that this is not made tempegaindependent by the introduction of the

polymer.

The practical significance of this result is thallows the tilt angle to be maximised (hormally b
operating at low temperature) at the same timéasdsponse time is minimised (normally at high
temperature). Optimisation of both aspects of dogéyv performance simultaneously can now be
achieved by UV curing the sample at low temperatamed operating at high temperature.
Previously, in an unpolymerised sample, the opagatemperature would have to be chosen to
effect the best compromise between these two pedioce aspects, the temperature optimisation
of which would be mutually exclusive.

7.10. CONCLUSIONS

Volume stabilization of the ULH texture in shortgh chiral nematic liquid crystals, by UV curing
of a small percentage of reactive mesogen, has fmeemd to have a concentration dependent
influence on the flexoelectro-optic characteristafs a large tilt-angle mixture. The polymer
network restricts the electric field dependenttiotaof the optic axis in the plane of the celldan
reduces the response time of the switch. A reactigsogen concentration of approximately 3%,
however, appears to offer sufficient texture staaiion with minimal impact on the electro-optic
response of the device.

The introduction of a polymer network has also b&®own to reduce the temperature dependence

of the flexoelectro-optic tilt angles and respotisges measured in the sample over the chiral



nematic temperature range. This is believed torbeipally due to restriction of the temperature
variation of the pitch of the material, charactigeisf chiral nematic liquid crystals.

The ability to UV cure the reactive mesogen witthe sample at a temperature which exhibits
optimal device performance ensures that this padoce is maintained over the chiral nematic
temperature range. The flexoelectro-optic tilt anlghs been shown to be restricted to temperature
variations to a far greater extent than the resptinge of the switch. This is due to the fact tat
Arrhenius temperature dependency of the viscosityains despite polymerization. This allows a
device to be fabricated in which the material is tiv¥ed at a temperature providing optimal tilt
angle characteristics, and operated at a temperptoriding optimal response times. These two,
usually antagonistic, performance factors can fbeze now be simultaneously optimised,
providing increased potential for flexoelectro-aptidevices.
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7.12. INTRODUCTION

The development of high tilt angle flexoelectroiophixtures? poses some interesting questions
as to the liquid crystal director structure in atenal which is undergoing a deformation of up to
+80° in the orientation of its optic axis. Althougfhe theoretical description of the flexoelectro-
optic deformation, as shown in Figure 2.10, incoapes no change in the spacing of the nematic
layers, and therefore no change in the chiral nienpétch length as a result of the deformation,
this theory was developed for small angle deforomsti and may not be an entirely accurate
description of the deformation in these higher tiaterials. It seems probable that with
deformations of the magnitude that have been obdeirvthe bimesogenic mixtures in this work
and previously, some alteration to the pitch lengthinduced. This would not have been
observable in the conventional ULH texture baseskokation of flexoelectro-optic switching, but
the development of the Grandjean based effectnaatlin Chapters 4 and 5 should allow a means
of monitoring the chiral nematic pitch length thghout the flexoelectro-optic switch via the effect
on the reflection spectrum. The effect in polym@bgised samples under a.c. applied waveforms
should also allow determination of the effect oa gitch of dielectric and flexoelectric coupling,
as detailed in Chapter 5, perhaps providing soramtih into the exact mechanism of dielectric

helix unwinding, differing theories of which havedn proposed:’

The edges of the reflection spectrum, which retatehe pitch of the material according to
equations 2.22 and 2.23, are not always easy tesuneaccurately due to internal chromatic
reflection from the cell walls and noise in the dp@meter plot, as can be seen in Figure 6.7. This
poses a problem as, while the spectra are finedtimating the pitch length of samples, the level
of subjectivity in determining the actual band edgay be too great to allow detection of very
small changes in the pitch, as may be induced byfléxoelectro-optic deformation. Also the
spectrometer can take of the order of 100ms toimlataeading, which may be too slow to detect
any change resulting from the deformations in @mgges. The output from a photonic band edge
(PBE) chiral nematic laser, however, provides a \egh resolution, entirely objective marker of
the position of the band edge in a dye-doped sarmB& lasing peaks typically have a full width
at half maximum of less than a nanométand the emission can be timed to coincide with the

deformation resulting from an applied electricdigulse, as shown in Figure 3.5.



The purpose of the work presented in this Chapter therefore to observe a change in the output
wavelength of a PBE laser, consisting of a dye-dp@randjean textured chiral nematic sample,
when subjected to a flexoelectro-optic deformatisna result of an electric field applied in the
plane of the cell. It was hoped that this would dastrate for the first time electric tuning of alir
nematic PBE laser, and provide an insight into éffect of the flexoelectro-optic effect on the

pitch of the material in high-tilt samples.

7.13. FLEXOELECTRO-OPTIC TUNING

The first attempt to observe an electric laserrigréffect was a dye doped chiral nematic mixture
based on the non-symmetric bimesogen FF0-8-OCBoAfgh the odd-spacer length bimesogens
have been shown to have a greater flexoelastit,Y#tie FFO-8-OCB material had been the most
promising lasing material observed by Alison Foim her investigation and given the narrow

aperture of the active region in the cartwheelscedled, this was deemed the most important factor
in obtaining a clear measure of the laser outplaé domponents of the mixture used were: 93.12%
FFO8OCB, 4.85% BDH1281 and 2.03% DCM laser dye. fitbeture was found to enter the

chiral nematic phase from the isotropic at 137°C.

The mixture was capillary filled into a cartwheell and was first tested in the infra-red electro-
optic rig to confirm the presence of a flexoeleatpiic deformation. The resulting electro-optic
response is shown in Figure 3.1. From the figureait be seen that a director deformation does
indeed occur in the dye doped samples in a sinfdsinion to the other bimesogenic mixtures
examined previously. The response of the cell ireabonable magnitude, givinggl# 0.25, and
fast response;1§.00= Too-10= 12Qus. A large degree of asymmetry of the responseela polarity

is observed, probably due to pre-tilt in the califace alignment. The transmission dip at the field
polarity change point indicates a substantial degfeflexoelectric coupling in the response. This

response indicated the cell was functional andyréadinsertion into the lasing experiment.
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Figure 3.1: The electro-optical response at 1550nm of the djédl FFO8OCB cell to a

+/-4 V/um, 2ms duration bipolar square pulse atT0°C.

The experimental set-up for the laser tuning expent was as outlined in Chapter 3.2.3, and all
experiments were carried out in collaboration widson Ford. As indicated previously, this
liquid crystal mixture had produced very high afircy lasing in tests in plain glass cells without
any applied field. The narrow aperture of the chgel cell introduced considerable difficulty in
allowing enough laser light to be generated tovallietection at the spectrometer (theu®0
aperture of the cartwheel cell is half the diametiethe pump beam waist), but these difficulties
were overcome by realigning the optics for maximeotiection of the laser light, and increasing
the pump pulse power. Achieving a suitably unifdexture in these cells for lasing also proved
extremely difficult, but repeated efforts eventyalielded a suitably monodomain sample. Lasing
output was then observed from the cartwheel caliwas cooled, with the onset at approximately

T = 130°C. The spectrometer output as observeldows in Figure 3.2.
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Figure 3.2: Laser emission from the dyed chiral FFO8OCB cell26°C and 130°C.

As can be seen in the figure, the laser output grout of the detectable DCM fluorescence peak
as the cell is cooled. This is expected, as ther lagtput from is dependent on the order parameter
of the materiaf The laser line is positioned at the edge of thetqtic band edge gap, and
therefore changes with temperature as the pitchgdsa This adds to the increased laser output
effect in this sample with decreasing temperatasethis both increases the order parameter of the
sample and moves the photonic band-edge closkettiuorescence peak.

With a clear lasing output from the cell presehg tell was held at a constant temperature of
120°C to prevent temperature based pitch changpseldB electric pulses were then applied to the
cell to coincide with the pump pulse. As the fistdength was increased, a slight but definite red-
shift was observed in the laser output. The ouspettra for a range of applied field strengths are
shown in Figure 3.3.

It can be seen from the figure that when the haotioaxis is expanded sufficiently to show clearly
the field-induced wavelength shift, the individlaser lines are not sharp. This is due to the fact
that a clear monodomain Grandjean texture is haalachieve in the cartwheel cells than in the

Lucid cells usually used for lasing tests. This was$ a problem for the infra-red electro-optic



measurements of Chapters 4 and 5, as the infrdasst spot size incident on the cell was
approximately 10m in diameter, so a small area of clear texturddcbe found and used. The
larger beam waist of the pump laser beam in thisigehowever, results in the excitation of

several micro-domains and multi-mode lasing occurs.
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Figure 3.3: Laser output spectra from the dyed chiral FFO8CseB at a range of applied field
strengths at T = 120°C.

The peaks are still narrow enough for the tunifgafto be observed however. The wavelength at
the peak of each spectrum is plotted against th#ieap field under which that output was

observed, the trend is observed being shown inr€igu4.
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Figure 3.4: Laser output wavelength against applied fieldnea EFO8OCB cell.

A clear red-shift is observed, but also the magl@taf the laser output can be seen to decrease at
higher applied fields, leading to an eventual diropvavelength at the highest applied field of 4
V/um. However, before this point is reached, as mawringhift in the output wavelength of
approximately 8nm is observed. This shift is theuleof the d.c. portion of an applied bipolar
pulse, having been applied to the sample fou228efore the pump laser pulse is incident on the
sample. The tuning can therefore be said to haee baplemented within this timescale. Due to
the non-polymerised nature of the sample, only guladdressing was possible, so the relative
contributions to the tuning effect from dielectdaad flexoelectric coupling cannot be separated.
While the plot in Figure 3.1 indicates roughly elquantribution from both effects to the
birefringence, it cannot be stated how these migtividually effect the pitch over such a short

timescale.

This was the largest tuning range observed inghmple, but the experiment was also performed
at the higher temperature of 130°C, with a highemp pulse input energy to compensate for the
lower lasing efficiency, and a similar red-shiftssa@bserved. This is illustrated in Figure 3.5.
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Figure 3.5 Laser output spectra from the dyed chiral FFO8OEB at a range of applied field
strengths at T = 130°C.

At this raised temperature, the induced shift itpatwavelength was reduced to approximately
6nm, and the degradation of the laser line at hmifibkels can be seen to be more severe.

As the tuning range for this method was smallen tigpected and the uncertainty in the induced

shift was increased by the excessive width of #se lines, it was decided to attempt to observe

the effect in a different type of cell in which tleéectrodes were only patterned on the surface

rather than occupying the bulk of the cell. Thsdd allow monodomain samples to be obtained

producing sharper laser lines of 0.4nm full-widtkialf-maximum as observed in the “lucid
n7

cells”,” making the induced shifts clearer. For this reasha 10@m electrode gap patterned
electrode cells were fabricated, as shown in Ch&p81.3.

As the quality of lasing is increased in thesescelith monodomain Grandjean textures, and the
tuning in the previous material was unexpectedlglsra material with a larger flexoelectro-optic

tilt angle was chosen to test in these cells. Was due to it being determined that the magnitude
of the response to the applied field was now marportant than the ease of obtaining lasing
action. For this reason a dyed chiral mixture basethe bimesogen FFO110CB was composed.

Due to the increased electrode spacing in theds, ¢teé maximum field strength that could be



applied was 3.4 \Wm. The cell was placed in the lasing apparatus farnsed with the applied
field. No tuning effect was immediately visible,tban averaging the output from 100 pulses, a

very small shift of approximately 1nm was observHus averaged output is shown in Figure 3.6.
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Figure 3.6: Averaged lasing output spectra for 100 pulses ftloendyed chiral FFO110CB cell
with and without an applied field.

This field induced wavelength shift was again serathan expected, but repeated collections of
the 100 pulse average yielded the same 1nm shittad thought that perhaps this was because the
material was not responding to the applied fieldha 22@s available before sampling by the
pump pulse, although the infra-red measuremen@hepter 5.4.1 suggest that the response times
are within this timescale. In case this was thegasion, an a.c. field was applied to the cell towal

a constant dielectric coupling to occur with thexbelectric response in addition to this.
Unfortunately, as with the non-polymerised cartwhesdls of Chapter 4, this caused flow of the
liquid crystal and ruined the Grandjean texture.isTllegradation is recorded in the

photomicrographs of Figure 3.7.



Figure 3.7: Photomicrographs of the Grandjean texture in tgedichiral FFO110OCB cell before
application of a 133V R.M.S, 10kHZ square wavééplane of the cell(left), immediately after
application (centre), and several seconds afteriappon(right).

The above figure shows that immediately as thel fielapplied, the edges of the electrodes on the
surface become visible, and within a few seconésfliw has ruined the texture in the active

region.

For this reason it was decided to fabricate a pelystabilised sample and observe for any
wavelength shift under a.c. waveforms. It was fothmt the DCM laser dye was bleached by the
UV light required to crosslink the reactive mesqggea a mixture was made instead using the
pyromethane dye PM597. These were able to be @rdes} due to the dye’s narrowed absorption
peak relative to DCM, and lasing was achieved is titew mixture also. The texture of the
polymer sample was indeed rugged to the applidd, flaut no wavelength shift was observed.
This is probably due to pinning of the pitch by thelymer, as observed in Chapter 6. Non
polymer stabilised dyed chiral mixtures of both H)Gvhich exhibited the largest induced
birefringence in the Grandjean texture in Chapteartd FFO8OCB, in which the original 8nm
shift was observed in the cartwheel cell, were atsmde. However, no detectable shift was
observed in the patterned electrode cell in eithlbese mixtures were also tried inubd electrode
spacing patterned electrode cells, made by Tim Wébkn of the department of Engineering at the
University of Cambridge, in order to increase thaximum applied field, but again no shift was
detected.

It was thought that perhaps no director deformatias taking place in these cells as opposed to
the cartwheel cells, so the 70CB and FFO110CB mpegteelectrode cell samples were placed in
the infra-red experiment, and an induced birefnmuge was observed in each which closely
matched the nature of the response of the materiak cartwheel cell, eliminating this possibility
This leaves the possibility that it is the excesspot size of the pump laser beam, as incident on

the sample, which is causing lasing from regioniside those affected by the applied field. This



output could be swamping the field tuned outputifiihe active region preventing an observable
effect in these cells. This could not have beercdse in the cartwheel cells as the bulk electrodes
blocked any pump light which was incident outside &ctive region. Unfortunately, obtaining a
clear enough texture over a large enough regiothéncartwheel cells for lasing proved too
unreliable, and fabrication of a patterned eleatradll with an aligned shield to shadow areas

outside the active region would have involved toeagja lead-time to be included in this work.

7.14. CONCLUSIONS

It was predicted that the large flexoelectro-opificof the bimesogenic mixtures, as observed in
the ULH texture in previous studies and in the @aan texture in Chapter 5 would have some
effect on the pitch of the material undergoing dedormation. It was decided to use the spectral
position of the photonic band edge laser line iaddghiral samples as a high resolution marker of
the edge of the selective reflection band in Graawdljtextured samples, in order to observe the
effect of the flexoelectro-optic deformation ontthand edge, and by association, the pitch of the
material. In this manner, it was hoped to deterniine effect of a large flexoelectro-optic
deformation on the pitch of a material, compate ithe effect of dielectric helix unwinding on the
pitch, and demonstrate fast electrical tuning & BBE laser output from dyed chiral nematic
samples.

A field dependent wavelength shift of up to 8nnduoed by up to 3.5 m applied fields, was
observed in the laser output from a sample basdeddeonon-symmetric bimesogen FFO8OCB in a
cartwheel cell as used in Chapters 4 and 5. Thisctefwas smaller than anticipated, but
nonetheless provides the first observation of &esttrical tuning of the PBE laser output from a
chiral nematic liquid crystal. The effect was refeeaat a shifted temperature and observed again
to a slightly lesser extent. The effect could bet repeated with different samples in other
cartwheel cells due to difficulties obtaining a faiéntly monodomain sample to achieve good
lasing. For this reason, it was attempted to oleséime effect in patterned ITO electrode cells in
which the lack of bulk electrode in the body of &l allows mechanical rubbing of a planar
alignment layer and reliable achievement of a cl@endjean texture. However, the effect was

much reduced in these cells, and only observed midure based on the non-symmetric



bimesogen FFO110CB. In this instance, the outfmrh 100 pump-pulses had to be averaged in
order to make visible a 1nm wavelength shift indlibg an applied field of 3.4 WM.

It is believed the combination of the reduced maximapplied field caused by the increase in
electrode spacing in these cells, and the spot ciizhe pump beam incident on the sample
exceeding the width of the active region lead ie teduce effect. However, attempts to increase
the applied field by fabrication of reduced eled&pacing patterned ITO cells, and masking of
the region of the cell outside the active areadgdlno improvement. Polymer stabilised samples
which were also tested yielded no field induced elength shift, so differentiation between the

contributions from flexoelectric and dielectric gting to the effect were not possible due to the
ability to apply only isolated electric pulses ke thon polymer-stabilised samples which exhibited

an effect.

In conclusion, although the magnitude of the obsegreffect and the difficulty in repeating the
effect in subsequent samples are disappointings believed that the results presented in this
Chapter do provide demonstration of a very novétoef The potential for further work in
solidifying this evidence and improving the magdiu of the effect is also substantial;

unfortunately this was just beyond the scope «f work.
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8.1. SUMMARY AND REMARKS

The work presented in this thesis was carried atlt the objective of assessing the potential of
the flexoelectro-optic effect in chiral nematic Uid crystals for application in fibre-optical
communications devices. The flexoelectro-optic @ffe principally of interest because, unusually
among liquid crystal electro-optic effects, it camds the fast, sub-millisecond response times of
ferroelectric devices with the analogue electritimpxis deformation of nematic liquid crystals.
This interest has been substantially increasednhbydevelopment of bimesogenic liquid crystal
materials which, through their characteristic pesgm of both high flexoelectric coefficients and
low dielectric anisotropy, allow very high opticisxilt angles to be achieved in uniform lying
helix (ULH) aligned chiral nematic samples. Theeetftherefore allows the production of fixed
retardation waveplates, which are electrically taltée through large angles (+/- 85° achieved to
date), with fast response. Despite these advantapesflexoelectro-optic effect has so far
remained unexplored from a telecoms standpoints Tork aimed to address this situation as
follows:

An outline of the theory of the optics liquid crgtst and their behaviour under the application of
electric fields, relevant to the experiments ladescribed, is given in Chapter Two. Particular
attention is given to the optics of chiral nemdiguid crystals and the electro-optic effects
resulting from both the dielectric and flexoelecttoupling of the liquid crystal director structure
to the applied field. These provide the basis & #ffects detailed in the later experimental
Chapters. A brief overview of lasing at the edgetttd photonic band gap intrinsic to chiral
nematic liquid crystals is also given. Additionaliheoretical calculations are made as to the
birefringence induced by the flexoelectro-opticeeffin Grandjean textured samples, the first

observations of which are later documented.

The experimental methods and equipment used thomighis work are introduced in Chapter
Three. The subsequent experimental chapters utitis=e primary experiments; each in turn
investigating the infra-red electro-optics of Grpgash textured chiral nematic liquid crystals, the
visible electro-optics of ULH aligned chiral neneatiand tuning of the output wavelength of chiral
nematic photonic band edge lasers by in-plane redefiélds. These are detailed alongside the
polarizing microscopy and electro-optic cell constion techniques fundamental to liquid crystal

based experimentation.



A novel device type is introduced in Chapter Foarwhich the conventional geometry for the
flexoelectro-optic effect (ULH aligned liquid crgdtand electric field applied between the cell
walls) is rotated, having the chiral nematic liqudsstal aligned in the Grandjean texture, or
standing helix geometry, and the electric field lsgapin the plane of the cell via bulk metallic

electrodes.

The cell is optically neutral at zero applied fieltle to having its macroscopic optic axis lie
parallel to the direction of light propagation thgh the cell and having insignificant polarisation
rotation at optical communication wavelengths (I%6D This is due to the helical pitch of the
material being substantially shorter than the illating wavelength. Application of an electric
field in the plane of the cell deflects the optidsaof the material giving it some component in the
polarisation plane of the light and therefore indgca birefringence. This device concept was
developed because the magnitude of induced bigefnice has analogue field dependence, and the
direction of the resultant optic axis is dependenthe direction of the applied field. This makes i
suitable for use as an endlessly rotatable variatdeeplate. Such a device would have
applications in polarisation mode dispersion conspéion in fibre-optical communications
systems. The first observations of the Grandjeamolectro-optic effect are detailed in this

Chapter, and were found to be in good agreemehttivi predictions made in Chapter Two.

A number of chiral nematic materials were invedgdain the device, the largest induced
birefringence observed being that in the 70CB sayipla cell approximately 4én thick, which
was effectively a half waveplate at 1550nm at 3 /| This birefringence was not attributable
solely to flexoelectric coupling, but was thoughbt he predominantly due to dielectric helix
unwinding. Nevertheless, the birefringence was tbtandevelop upon application of the field, and
disappear upon removal over a timescale of 200t300'he uppermost problem discovered with
the effect was the inability of the samples to sfi#imd continuous applied a.c. field without break-
up of the liquid crystal texture into a scatterstgte. The results could therefore only be obtained

via the application of isolated electrical pulses.

The results presented in Chapter Five build onghafsthe previous Chapter by examining the
Grandjean Flexoelectro-optic effect in polymer 8isdéd chiral nematic samples. In these cells, a
small percentage of reactive mesogenic monomass$elded in the chiral nematic material which,

when the desired Grandjean texture is obtainedeéncell, is exposed to UV light causing the



monomer to cross-link and provide a stabilisingypwr network within the bulk of the liquid
crystal. This was found to be extremely successf@inhancing the ruggedness of the texture and
eliminating flow to allow application of a.c. fieddwithout degradation of the liquid crystal

alignment.

According to the theory, the flexoelectric and dattic coupling mechanisms have differing
frequency dependence for the birefringence theydad therefore variation of the applied
frequency should allow a method of distinguishihg portions of the electro-optical response
resulting from the two effects. This was indeedesbed to be the case, and in this way, the chiral
nematic material used in the cells was developedtested to maximise the flexoelectric portion

of the response.

Several chiral nematic mixtures were tested, basethe monomesogen 70CB and bimesogenic
materials, culminating in the mixture of roughlyuat| parts of the symmetric bimesogens
FFO9OFFB, FFO110FF, FFE9EFF and FFE11EFF with 4\88%) reactive mesogen and 1.8%
chiral dopant (for elaboration on the acronyms ugdehse see Chapter 5). This mixture showed
no dielectric helix unwinding contribution to theelfl-induced birefringence, and exhibited the
highest flexoelectrically induced birefringence tfe bimesogenic materialssn = 0.012 at
6.8V/um and 1550nm.

The highest overall induced birefringence, of bdl#xoelectric and dielectric origin, of the
materials studied was still 7OCB which showed= 0.037 for the same field. The addition of the
polymer network appeared to have little effect lo@ tesponse time of the effect, all the mixtures
again showing sub-millisecond switching at the biglend of their respective chiral nematic
temperature ranges. Therefore this effect showsiderable promise for use as a fast response,

continuously variable phase retarder for operadioielecommunications wavelengths.

Each of the mixtures studied in the Grandjean textmas also polymer stabilised in the ULH
geometry and tested for its flexoelectro-optic @mies in this configuration. In this way, the
correlation between flexoelectro-optic tilt angtethe ULH and magnitude of the flexoelectrically
induced birefringence in the Grandjean texturesh®vn to be good and the response times of the
electro-optic switches in the two configurations &ach material are shown to be comparable.

This lends further confidence to the proposed mashaof the effect.



The effect that the stabilising polymer network lasthe flexoelectric properties in the ULH
texture was further investigated in Chapter Sixis™as important, as the previous Chapter had
shown that the polymer network is crucial to thefusoperation of the Grandjean flexoelectro-
optic device, and the effect the polymer may beirtaon the electro-optic performance of the
materials used was unknown. Also, although thealitee reveals that the ULH texture had been
polymer stabilised before, no investigation hadnbperformed into the quantitative effect of the

concentration of the reactive mesogen used onl¢iogr@-optic properties of this type of device.

It was found that the addition of the polymer netvveeduced the optic axis tilt angles for a given
field, and also reduced the response times of hitels, relative to undoped samples of the same
mixture. These effects were found to be relativelgignificant in samples doped with 3%
(weight/weight) of reactive mesogen, the tilt angtel response times being reduced to just 88%
and 96% respectively, of their values without tledymer network. This showed there was no
cause for concern over possible detrimental etfieetpolymer may be having in the Grandjean
device. However, the impact of the polymer was tgreahen the concentration was increased to
6%(w/w) of reactive mesogen in the mixture. Thidueed the tilt angles and response times to
48% and 63% of their initial values respectivel%d(w/w) of reactive mesogen resulted in
microphase separation of the polymer from the tigarystal host, and consequently a ULH

geometry could not be obtained in the sample.

In addition to theeffect on the electro-optic response, the preseficee polymer network was
also found to produce increased temperature indigmee in the reactive mesogen doped samples.
This was shown to be principally due to the polymetwork locking the helical pitch of the chiral
material to its value at the time of curing, prewve its usual variation with temperature and
consequent impact on the material electro-optiasrther measurements showed that this fixing of
the pitch produced greater temperature independiantte tilt angle of the material than in the
response time, in agreement with theory. This eetite situation whereby the tilt angle exhibited
by a polymerised sample is mainly dependent ontehgperature of polymerisation, while the
response time is largely dependent on the temperafuoperation. These two device parameters
with previously opposing temperature performanceratteristics can now be optimised

simultaneously for the first time.

A new potential application of the effect developedChapters Four and Five is investigated in

Chapter Seven. The possibility that the flexoeteciptic deformation in large tilt angle materials



would also produce some change in the helical péogth of the material, and therefore provide a
means of electrically affecting the pitch, is explih This is done by using the output wavelength
of a chiral nematic photonic band edge (PBE) lasea highly accurate probe of the edge of the
chiral nematic photonic band gap. Dye doped, Gemrdjtextured chiral nematic samples were
subjected to a pump pulse from a frequency doultdag laser coinciding with an electric field
pulse applied in the plane of the cell. The chamg¢éhe output wavelength of the laser light
produced by the liquid crystal as a function of #pplied field was monitored, and the electric
field was found to generate a red-shift of up ton8at 3.5 Vium. This effect was smaller than
anticipated, but nonetheless provides the firseolaion of fast electrical tuning of the PBE laser
output from a chiral nematic liquid crystal. Thdeet was also repeated at a shifted temperature
and observed again to a slightly lesser extenpeRied observation of the effect in other materials
in other cells proved extremely difficult howevelye to several problems. These included the
difficulty of obtaining a clear monodomain texturethe tightly confined cells with bulk metallic
electrodes, and the difficulty of getting sufficidight throughput from these same cells, with only

a 50um electrode gap, to be detected by the spectrometer

This led to the development of patterned electroelds to apply in-plane fields solely from
transparent electrodes on the cell surfaces, atipwasy alignment of the liquid crystal within. A
very small effect (Lnm redshift) was observed iesthcells, but it was thought that the incidence
of the pump beam on areas of the cell not subjectede applied field was obscuring the effect.
However, attempts to increase the applied fieldfélyrication of reduced electrode spacing
patterned ITO cells, and masking of the regiontd tell outside the active area yielded no
improvement. Despite the disappointing magnitudehef observed effect and the difficulty in
repeating the effect in subsequent samples, ittiis ®lieved that the results obtained do

nonetheless provide demonstration of a very noifete

The work presented here as a whole therefore, gesvilemonstration and development of a novel
electro-optic device based on a new geometry ®ifléxoelectro-optic effect. This device is found
to be a promising candidate for future photoniedemmunications components due to its
significant magnitude, fast response, and analefgetric field control of the optic axis tilt angle
and azimuth. The polymer stabilisation of the devishown to offer improved ruggedness with
little detriment to electro-optic performance, ahguid crystal material development allows
control over the device characteristics. Polymabifisation of flexoelectro-optic materials in

general is shown to give added control and impram@nof device characteristics, and finally, in



initial tests, the new device type is shown to oéfe electrical tuning mechanism for liquid crystal

lasers.

8.2. FUTURE WORK

The novelty of the work undertaken here meansdtatbstantial portion of this thesis is given to
providing proofs of concept and documenting inifiatlings, limiting the developments that could
be made thereon. A consequence of this is thad @&Esult of the findings shown in the thesis,
many questions are posed, providing plenty of gakfor future work. These are some of the

questions raised and potential avenues of furtkgloeation:

The principal application that was in mind durirtge tdevelopment of the Grandjean textured
flexoelectro-optic device was as a faster versibrdielectrically coupled, nematic, endlessly
rotatable waveplates for polarisation mode dispersfPMD) compensation in optical fibre
systems. For this to be possible, the optic axiefdevice has to rotate in the plane of the cell.
The cartwheel cells used here in the developmettteotffect are designed with the capability to
endlessly rotate the electric field in the actiegion in order to provide this functionality, but
unfortunately the examination of the device undese conditions was just beyond the scope of
this work. The results so far achieved indicate tha effect fulfils all the requirements for thes

be a possibility, and that the materials used waunldeed outperform the present devices.
However, the time that would be required for thead@poment of the necessary electronics was
prohibitive, due to the high voltages needed aeditk. nature of the effect, meaning experimental
verification was beyond the timescale availabléheproject.

A theoretical examination of the device under thesaditions was carried out by Andrew
Davidson in Oxford, as part of the COMIT collabawat and although in the initial findings it was
not clear that the flexoelectric device would offerincreased maximum rotational velocity of the
optic axis, it appeared that the surface anchoeiffigct that limited the predicted performance
could be overcome. The obvious first step in cantig the work started here then would be to
obtain the required electronics and measure theimmam rotational velocity of the device. A

positive result here would confirm the device @gauine candidate for telecoms components.



The effect may also have potential in display desvjcand this possibility also warrants
investigation. This would require the manipulatiof visible light, rather than the infra-red
wavelengths in which the concept was proven, hatghould be no major impediment. The use of
high twisting power chiral dopants allows contrblttee pitch of the chiral nematic material used,
and this could be adjusted for the red, green dmel &reas of the display. As long as it could be
ensured that the material pitch was sufficientlpredr than the wavelength of illumination to
render optical activity insignificant, the cell widuprovide extinction at zero voltage and allow
passage of light under an applied field. In thisywthe fast switching times and greyscale
capability of the flexoelectro-optic effect and #wecellent optical clarity of the Grandjean texture
could be utilised to provide a very high contrdast response display. This would be a valuable
enhancement of current twisted nematic displaysciwisuffer from motion blur in rapidly
changing scenes. The first step in evaluating passibility would be to produce Grandjean
textured, in-plane field cells with the approprigiiéch lengths, and prove their capabilities for

rapid manipulation of red, green and blue light.

The results of Chapter Six also raise the possibaf novel display types, this time with ULH
aligned liquid crystals. The rapid light contropedilities of the ULH flexoelectro-optic effect are
well known, but the tendency of the texture to tbkward to obtain, to degrade to the Grandjean
over time, and to provide very limited contrast doe¢he patchiness of the texture has limited the
applicability of the effect. The polymer stabiligat and surface texture stabilisation schemes
proposed by the Chalmers group solve the first tévthese problems in low-tilt devices, but the
contrast issue remains, and only in this work haslgmer stabilised large tilt angle materials been
proven effective. Additionally, the contrast isssenot a problem in phase devices, in which the
overall retardation is the key factor and smalles¢exture defects as seen in ULH devices would
simply be averaged out.

An application in which the stabilised ULH flexoelm-optic effect has excellent potential
therefore is phase hologram for optical routing &eam steering photonics applications. Here
again, the flexoelectro-optic device’s ability tespond in the microsecond timescale while also
being an analogue effect with greyscale capabibtyery advantageous. This provides the
possibility of a phase hologram which is re-confajle as fast as a ferroelectric device but, not
being limited to binary operation like an SSFLCs leguivalent diffraction efficiency to a nematic

device. The tendency for these devices to be imphdéed on LCoS chips is also beneficial, as the



careful temperature and optical path length conprolvided by these devices is important for

reliable performance in a flexoelectro-optic device

Finally, the initial observations of electrical we®ngth tuning in chiral nematic PBE lasers
certainly warrant further investigation. Specialiszlls need to be constructed for the effect to be
made more reliable and the results presented @m@duced. This should allow for a better
understanding of the mechanism to be developedh Yis achieved however, it ought to be

possible to improve the range of tuning and produeery interesting device.
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