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1. Introduction

The liquid crystal display (LCD) technology is currently the dominating 
technology for flat panel displays. The applications range from simple 
twisted nematic (TN) displays in wrist watches to the latest vertically aligned 
(VA) and in-plane switching (IPS) modes for state of the art, high definition 
42” LCD-TVs. The main advantages of the LCD are its thin profile, low 
weight, low power consumption and high resolution. An LCD, being a non-
emissive display, does not generate any light itself, instead it modulates light 
passing through the unit. Several mechanisms for light modulation have been 
developed and presented. These mechanisms include polarization rotation, 
phase retardation, absorption, light scattering and Bragg reflection. In a his-
torical perspective, the year 1888 is commonly considered to be the year 
when liquid crystals (LCs) were discovered. It was then the Austrian botanist 
F. Reinitzer first described “a substance with two melting points”. Reinitzer 
was however not involved in any significant further development. Instead 
the German scientist O. Lehman studied liquid crystals for the coming dec-
ades in specially made crystallization microscopes and was first to use the 
term “liquid crystals”. Classification of nematic and smectic liquid crystal 
phases derives from work done by G. Friedel in 1922. At that time, examina-
tion of the behavior of nematic liquid crystals in external electric fields 
started by, among others, the Russian scientist V. Freedericksz. The thresh-
old effect called “Freedericksz-transition” is still the basis for today’s elec-
tro-optical applications of liquid crystals. During the 1920s and 30s C.W. 
Oseen, working in Uppsala, Sweden, developed a useful version of the elas-
tic theory for nematics. The real upswing for liquid crystals came in the end 
of the 1960s when serious attempts were made to use the potential of new 
electro-optical phenomena in liquid crystals. The principle of the twisted 
nematic cell, which has dominated the technical applications the last dec-
ades, was introduced in the early 1970s. Following the twisted nematic LCD 
was the super-twisted effect, meeting the demands for more advanced appli-
cations, such as display devices. However, in order to achieve optimum opti-
cal quality it has proved necessary to integrate electronic circuits, so called 
thin film transistors (TFT), with each pixel of the liquid crystal cell.  

Portable electronic devices, such as mobile phones and personal digital assis-
tants, have lately increased the demand for high performance displays with 
low power consumption. An interesting candidate with the potential of ful-
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filling these demands is the reflective single-polarizer surface controlled 
bistable twisted nematic (BTN) LCD. Being a direct-view reflective display, 
ambient light is used to read the information. Hence the device does not re-
quire any backlight, leading to reduced power consumption and panel weight 
as well as outstanding sunlight readability. A bistable device, having two 
stable states in the absence of an electric field, is capable of practically 
unlimited multiplexing, leading to high resolution on a passive matrix. This 
results in the elimination of the costly active matrix thin film transistor ad-
dressing technique that traditionally has to be used in order to achieve high 
levels of complexity of the display. Furthermore, in bistable devices voltage 
is only needed when the image is changed. As a consequence, the power 
consumption of these devices is extremely low. Since the early 1980s, 
nematic, cholesteric and smectic bistable liquid crystal technologies have 
been proposed. During recent years there has been an increasing interest in 
surface controlled bistable nematic devices based on anchoring breaking. 
The main advantage of these newer technologies is their robust and long-
term bistability.  

The photo-alignment technology for the alignment of liquid crystal mole-
cules has lately gathered much attention because of its advantages over the 
conventional rubbing of polyimide coatings and several different approaches 
for the realization of photo-alignment have been presented. Common to all 
methods is that anisotropy in the alignment layer is provided by exposing 
linearly polarized ultraviolet (LPUV) light to a photo-sensitive material. Due 
to its non-contact nature, photo-alignment eliminates generation of dust and 
electrostatic charges as well as mechanical damage to the surface. From an-
other point of view, photo-alignment is also interesting because the technol-
ogy enables greater control of several important liquid crystal cell parame-
ters, including pretilt angle and azimuthal and polar anchoring energy, all 
critical parameters for the realization of surface controlled bistable devices. 

In the following chapters, an introduction to liquid crystals and various types 
of liquid crystal displays are given. Since most electro-optical applications of 
liquid crystals involve the interaction between the optical anisotropy of the 
liquid crystals and the polarization of light, a description of polarization 
states is given and the Jones matrix method, a powerful method for predict-
ing the effects of anisotropic media on polarized light, is discussed and its 
use illustrated. Moreover, the photo-alignment technology of liquid crystals 
is introduced and different mechanisms are presented. All this is done to 
provide an overview of the field within which the work reported in the pub-
lished papers have been carried out. For more detailed descriptions, the in-
terested reader is referred to the references provided at the end of this intro-
duction.
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2. Aim

The main focus of this work is the investigation of the optical properties of 
bistable nematic LCD structures. The LCD is considered as an integrated 
optical system, containing not only the LC cell, but also components such as 
polarizers and retardation films. The specific aim of the thesis was to derive 
new optical modes of the reflective single-polarizer bistable twisted nematic 
device and evaluate the electro-optical properties of these modes both theo-
retically and experimentally. To realize the derived optical modes, special 
new layers for the alignment of the liquid crystals must be developed and 
investigated. Therefore, also photo-alignment of nematic liquid crystals on 
novel alignment materials has been studied with the aim to control important 
liquid crystal cell parameters. It is expected that new research results in these 
areas can substantially increase our understanding of liquid crystal electro-
optic phenomena and broaden the applicability of liquid crystal devices into 
many new fields. 
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3. Liquid crystals 

3.1 Liquid crystal phases
Most substances can exist in more than one phase. For example, water is a 
solid below 0°C, a liquid between 0 and 100°C, and a gas over 100°C. These 
three phases are different from each other since the molecules in each phase 
possess different amount of order. In solids the molecules are constrained to 
occupy only certain positions. This condition is described by saying that the 
solid phase possesses positional order. It is also possible for the solid phase 
to possess orientational order, where the molecules in the specific positions 
are constrained in the way they orient themselves with respect to one an-
other. When a solid melts to a liquid, both types of order are completely lost. 
However, for some specific materials there exists an intermediate phase be-
tween the solid and the liquid phases, see Figure 3.1. This phase is called the 
liquid crystal phase and is characterized by some degree of long-range order.  

Figure 3.1: Schematic illustration of the solid, liquid crystal and liquid phases. The 
elliptical shapes represent the rod-like molecules. 

Solid Liquid crystal Liquid 

Temperature 
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In the simplest liquid crystal phase, the nematic phase, the rod-like mole-
cules possess a certain degree of orientational order. One example of a mate-
rial possessing the nematic liquid crystal phase is the low mass cyano-
biphenyl 5CB whose molecule structure is shown in Figure 3.2.  

CN

Figure 3.2: Molecule structure of cyano-biphenyl 5CB possessing the nematic liquid 
crystal phase between 24 and 35°C. The length of the molecule is approximately 20 
Å.

In the nematic phase, the molecules are free to move around as in a liquid 
but tend to remain oriented in a certain direction. The orientation in space is 
given as a unit vector n̂ , called the director and indicating the average direc-
tion of the molecules. The molecules are however not completely fixed ori-
entationally, but perform thermal oscillations around the director. These 
oscillations become stronger with increasing temperature, up to the point 
where the orientational order is completely lost, and the isotropic liquid 
phase is reached, meaning any direction is equally probable. Hence, the ma-
terial parameters of liquid crystals are strongly temperature dependent. The 
orientational order is characterized by an order parameter S defined as 

1cos3
2
1 2S     (3.1) 

where  is the angle between the longitudinal axis of a molecule and the 
director. The brackets indicate the average of the angle  to be calculated. 
This definition of the order parameter results in the value 1 for a completely 
ordered system while 0 denotes total disorder. The nematic phase is the 
phase that is used in the bistable modes described in papers I-V. Figure 3.3 
shows a microscope photograph of the nematic liquid crystal phase taken 
between two polarizers.

20 Å
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Figure 3.3: Polarizing microscope image of nematic liquid crystal.  

In layered liquid crystal phases there exists both orientational order and 
some degree of positional order. This layered structure can be observed in 
the smectic phases. These phases are liquids in two dimensions along the 
layers but solids in the third dimension.  In the smectic A phase the director 
is parallel to the layer normal, while in the smectic C phase the director 
makes an angle to the normal. This is illustrated in Figure 3.4.  

Smectic A Smectic C 

Figure 3.4: Smectic A and smectic C layered liquid crystal phases. 
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3.2 Properties of liquid crystals 
3.2.1 Dielectric constants 

As a consequence of the orientational order, the nematic liquid crystals are 
uniaxially symmetric, with the symmetry axis parallel to the long axis of the 
molecules. This symmetry will lead to different dielectric constants parallel 
( ||) and perpendicular ( ) to the director. The dielectric anisotropy is de-
fined as 

||      (3.2) 

The dielectric anisotropy can be both positive and negative and varies be-
tween typical values from +25 0 to -5 0. In electro-optical applications of 
liquid crystals, an electric field is applied to control the orientation of the 
liquid crystal molecules. Liquid crystals with positive dielectric anisotropy 
tend to align parallel to the field while liquid crystals with negative dielectric 
anisotropy align perpendicular. Although liquid crystals with positive dielec-
tric anisotropy are most commonly used, both types can be found in applica-
tions depending on the switching principle. If low switching voltage is de-
sired, the liquid crystal used should have large absolute value of the dielec-
tric anisotropy. 

3.2.2 Refractive index 
The uniaxial symmetry also leads to an optical anisotropy (or birefringence) 
with two principal refractive indices. These two are the ordinary (no) and the 
extraordinary (ne) index of refraction, for light with its polarization perpen-
dicular and parallel to the director, respectively. Similar to the dielectric 
anisotropy, the optical anisotropy is defined as  

oe nnn      (3.3) 

and is positive if no < ne, while it is said to be negative if no > ne. Most liquid 
crystals with rodlike molecular shape exhibit positive birefringence with 
typical values ranging from 0.06 up to 0.4. In single-polarizer reflective 
LCDs, such as those experimentally investigated in papers III and IV, liq-
uid crystals with birefringence values in the low range are preferred due to 
the low nd product of these liquid crystal cell configurations.
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3.2.3 Elastic constants 
The elastic constants of liquid crystals are the material parameters that de-
termine the restoring torque that arises when the system is perturbed from its 
equilibrium configuration. When an electric field is applied to reorient the 
molecules to control the effective birefringence in an electro-optical device, 
it is the balance between the electric and elastic torque that determines the 
static deformation of the liquid crystal director. Any deformation can be 
divided into a combination of the three basic deformations, splay, twist and 
bend, all illustrated in Figure 3.5. 

Figure 3.5: The three basic types of deformation in liquid crystals: splay, twist and 
bend. 

According to the notation of the Oseen-Frank theory, the elastic energy den-
sity of a deformed nematic liquid crystal can in the vector notation be writ-
ten1,2

2
33

2
22

2
11 ˆˆ

2
1ˆˆ

2
1ˆ

2
1 nnnnn kkkF   (3.4) 

where k11, k22, and k33 are the splay, twist and bend elastic constants, respec-
tively. The minimum voltage needed to reorient the liquid crystal molecules 
arranged in a parallel untwisted structure as shown in Figure 3.6 is related to 
the elastic constants as well as to the dielectric anisotropy according to  

0

11k
Vc   (3.5) 

Splay Twist Bend 
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For voltages below the minimum voltage, the liquid crystals remain com-
pletely undeformed. Then at some threshold value of the voltage, the defor-
mation begins and gets greater as the voltage increases. This transition from 
an undeformed to a deformed texture at a certain value is called the Freeder-
icksz-transition3. It should be emphasized that strong anchoring to the 
boundaries prevails and that the director in the undeformed configuration is 
oriented perpendicular to the electric field. 

Figure 3.6: The Freedericksz-transition. Left: the condition when the applied voltage 
is below the threshold value; right: the condition when the applied voltage is above 
the threshold value. 

3.2.4 Viscosity
In the nematic phase the three flow viscosities, a, b and c, also called 
Miesowisz viscosities4, can be identified as shown in Figure 3.7. By forcing 
the director to keep the orientations and moving the top plate, the different 
viscosities can be measured. As expected, c > a > b, that is, when the 
director is perpendicular to the flow the viscosity is at its largest. If the direc-
tor is not held in its place, it will be affected by a torque, creating a hydrody-
namic torque and introducing two rotational viscosities 1 and 2. As men-
tioned earlier, in most LCDs the director is reoriented by the application of 
an electric field. Out of the discussed liquid crystal material parameters, it is 
mainly the rotational viscosity that defines the switching times.  

E

cVV

E

cVV
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Figure 3.7: The force necessary to slide the top plate over the bottom plate with the 
liquid crystal in between depends on the orientation of the liquid crystal molecules. 
As a consequence, liquid crystals possess more than one viscosity constant.  

Equation (3.6) below is typical of nematic relaxation processes in zero field, 
which is quite important for many technical applications of nematics. It 
gives an estimation of the relaxation time, the time it takes for the deformed 
liquid crystal structure to reach its equilibrium configuration after the elec-
tric field is switched off5. The corresponding response time, the time for the 
director to reorient in an applied electric field, is given by Equation (3.7). It 
contains no elastic terms since those can be neglected if the applied voltage 
is well over the threshold voltage. In the equations eff is the effective rota-
tional viscosity and keff is the effective elastic constant, depending on the LC 
cell molecule configuration. Usually off is longer than on since the electric 
torque is stronger than the elastic torque.  

eff

eff
off k

d 2

   (3.6) 

2
0

2

V
deff

on   (3.7) 

a cb
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4. Polarization

4.1 Introduction
The propagation of light can be correctly explained by using the description 
of light as a transverse electromagnetic field6,7,8,9,10. The fundamental proper-
ties of light are its intensity, wavelength, frequency and coherence. How-
ever, since the majority of important electro-optical applications of liquid 
crystals are based on the interaction between polarized light and the optical 
anisotropy of the liquid crystal material, it is the polarization of the light that 
is the most important property from the liquid crystal point of view. Al-
though light propagation can be explained in most cases by a scalar theory, 
its vectorial nature is needed to study the polarization of light. Consider a 
monochromatic plane wave of angular frequency  and of wave vector 

zk ˆk , propagating along the z-axis in a right-handed Cartesian coordinate 
system, as shown in Figure 4.1. At any point, and at any time, a transverse 
electromagnetic field is linked to this wave. The temporal evolution of this 
field in a given point characterizes the polarization state of the wave.  

x

z

y
E

B

Figure 4.1: Propagation of the transverse optical field. 
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The electric field vector of the wave can be divided into two mutually or-
thogonal components, with their electric fields oscillating in the xz- and yz-
plane, respectively, as shown in Figure 4.2. The two components are repre-
sented by 

)cos( xxx kztAE     (4.1) 
)cos( yyy kztAE     (4.2) 

where f2  and cnnkk /0 , with n being the refractive index as 
seen by the wave in the direction of propagation. Ax and Ay are the ampli-
tudes, and x and y are arbitrary phases, respectively.  

Ex

EyEy

Figure 4.2: The two orthogonal components of the electric field of the electro-
magnetic wave. 

As the wave propagates, the two components Ex(t, z) and Ey(t, z) give rise to 
a resultant vector. The tip of this vector describes a locus of points in space. 
Expanding Equations (4.1) and (4.2) gives 
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xx
x

x

A
E

sinsincoscos    (4.3) 

yy
y

y

A
E

sinsincoscos    (4.4) 

where kzt . Hence, 

xyx
y

y
y

x

x

A
E

A
E

sincossinsin    (4.5) 

xyx
y

y
y

x

x

A
E

A
E

sinsincoscos    (4.6) 

Squaring Equations (4.5) and (4.6) and adding gives 

2
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x
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EE

A
E

A
E

   (4.7) 

where xy  is the relative phase with  limited in the region 
. Equation (4.7) is the equation of an ellipse and hence the locus 

of points described by the tip of the electric field vector is an ellipse, the so-
called polarization ellipse. This is the most general polarization state. The 
polarization ellipse degenerates to special forms for different values of the 
amplitudes and the relative phase. These special forms are considered below.  

4.2 Linear polarization 
The state of polarization is said to be linear if the electric field vector vi-
brates in a constant direction in the xy-plane, see Figure 4.3. This occurs 
whenever the phase difference  is equal to 0 or . Then Equation (4.7) re-
duces to

02
22

yx

yx

y

y

x

x

AA
EE

A
E

A
E

   (4.8) 
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Equation (4.8) can also be written as 

0
2

y

y

x

x

A
E

A
E

    (4.9) 

or

x
x

y
y E

A
A

E      (4.10) 

Equation (4.10) is the equation of a straight line and the slope is defined by 
the ratio of the amplitudes  

x

y

A
A

  or
x

y

A
A

     (4.11) 

The value 0  yields a positive slope, while  results in a negative 
slope.

Ex

EyEy

Figure 4.3: Linear polarization, the electric field vector vibrates in a constant direc-
tion in the xy-plane.  
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4.3 Circular polarization 
If the relative phase difference is 2xy  and yx AA , the 
equation of the polarization ellipse reduces to 

1
22

y

y

x

x

A
E

A
E

    (4.12) 

This equation describes a circle and the light is said to be circularly polar-
ized, see Figure 4.4. The rotation handedness is defined to be right-handed 
when 2 . This corresponds to a counterclockwise rotation of the 
electric field vector when looking at the wave in the – z direction (the wave 
is coming towards the observer). When 2 , the handedness of the 
polarization is said to be left-handed, which corresponds to a clockwise rota-
tion.

Ex

EyEy

Figure 4.4: Circular polarization, the tip of the electric field vector describes a circle 
in the xy-plane. 
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4.4 Elliptical polarization 
Both linear and circular polarization states are as mentioned above special 
cases of elliptically polarized light. In this state the electric field vector both 
rotates and changes its magnitude. The equation of the ellipse is given by 
Equation (4.7). In general, the principal axes of the ellipse are not in the x
and y directions. For the sake of simplicity of mathematical presentation, a 
rotation of the coordinate system can therefore be performed. Let x  and y
be the new axes along the principal axes of the polarization ellipse as illus-
trated in Figure 4.5. The angle  is defined to be the angle between the x -
axis and the x-axis. It can be shown that the lengths of the principal axes are 
given by  

sincoscos2cossin

sincoscos2sincos
22222

22222

yxyx

yxyx

AAAAb

AAAAa
  (4.13) 

and the angle  is given by 

cos
2

2tan 22
yx

yx

AA
AA

    (4.14) 

The handedness is given by the sign of sin , if 0sin  the polarization is 
right-handed while it is left-handed for 0sin . The ellipticity of the po-
larization ellipse is defined as11

a
be      (4.15) 

The ellipticity is defined as positive when the polarization is right-handed 
and negative when the polarization is left-handed. For linearly polarized 
light e equals 0, while for circularly polarized light e equals 1. The ellipticity 
angle is defined as 

e1tan      (4.16) 

When the electric field vector of an elliptical polarization state is decom-
posed into the two mutually independent orthogonal components, the rela-
tive phase is in the range . However, in the principal coordinate 
system, the relative phase is always 2 , depending on the handedness. 
Analysis of the output polarization state of a LC cell is a powerful tool when 
characterizing important cell parameters such as retardation, cellgap and 
twist angle, and is considered in papers III and VII.
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Figure 4.5: The polarization ellipse. 

4.5 Unpolarized light 
Unpolarized (also called natural) light is not an elementary state of polariza-
tion and is in a sense more complicated than the examples given above. In 
general an individual microscopic source of light (such as an atom) emits 
light that has a well-defined polarization state. It is the superposition of 
many individual contributions to form a macroscopic electric field that can 
produce unpolarized light.  A beam of light is regarded as unpolarized if any 
two orthogonal components of the vector amplitude are totally uncorrelated. 
Thus, if the vector amplitude of an unpolarized beam of light is decomposed 
into two mutually orthogonal transverse components, these two components 
will have a random relative phase between them. This random phase leads to 
a resultant amplitude vector that varies in time in a completely random man-
ner.

Since an ordinary light source consists of a very large number of randomly 
oriented atomic emitters and each excited atom constantly emits polarized 
wavetrains each lasting about 10-8 seconds, the overall polarization of the 
light source changes in a completely unpredictable fashion. Hence the light 
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source is said to emit unpolarized light. As a consequence of the fact that 
most LCD devices are based on the interaction between polarized light and 
the optically anisotropic liquid crystal material, the LC cells are usually used 
in conjunction with polarizers, an optical device that transforms unpolarized 
light into linearly polarized.  
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5. Jones description of polarized light 

5.1 Jones vector representation 
The Jones vector was introduced in 1941 by R. C. Jones to describe the po-
larization state of a plane wave12. In this representation, the plane wave is 
expressed in terms of its complex amplitudes as a column vector 

y

x

i
y

i
x

eA
eA

J      (5.1) 

The Jones vector gives complete information about the amplitudes and the 
phases of the electric field vector components. If the only interest is the po-
larization state (and not the amplitude) of the wave, it is convenient to use 
the normalized Jones vector that satisfies the condition 

1JJ      (5.2) 

where the asterisk denotes the complex conjugation. It can be shown that a 
general normalized elliptic polarization state can be represented by the fol-
lowing Jones vector 

sin
cos

, ie
J     (5.3) 

where xy AAarctan  and xy . Table 5.1 shows the Jones vec-
tors of some selected polarization states. In papers I-III and V, the Jones 
vector representation is used for the description of the polarization state of 
the light used in the calculations.  
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Table 5.1: Jones vectors of selected polarization states. 

Polarization ellipse Jones vector , ,

0
1

0,0 0,0

1
0

2,0 0,2

1
1

2
1

4,0 0,4

i
1

2
1

4,2 4,0

i
1

2
1

4,2 4,0

5.2 Jones matrix algebra 
To calculate how the polarization state of a beam of light changes when it 
propagates through an anisotropic media (such as an LCD), the Jones matrix 
method can be used. This is the method of choice in papers I-III and V, in 
which new optical modes for the surface controlled bistable twisted nematic 
device are derived and evaluated. Consider an incident beam of light propa-
gating along the z-axis in a right-handed Cartesian coordinate system with a 
polarization state described by the Jones vector 
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y
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V
V

V      (5.4) 

where Vx and Vy are complex numbers. The x- and y-axis are fixed laboratory 
axes. To determine the change in polarization state when light propagates 
through a retardation plate (also called wave plate), a decomposition of the 
light into a linear combination of the “fast” and the “slow” axes of the plate 
is needed. This can be accomplished by the coordinate transformation 
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   (5.5) 

where R( ) is the coordinate rotation matrix, Vs is the “slow” component and 
Vf is the “fast” component of the vector V. The azimuth angle  is defined as 
the angle between the sf-coordinate system and the xy-coordinate system, see 
Figure 5.1. The z-axis is the rotation axis. 

Figure 5.1: Retardation plate with azimuth angle  between the sf-coordinate system 
of the retardation plate and the fixed xy-coordinate system. 
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Because of different phase velocities inside the retardation plate, one com-
ponent of the light will be retarded relative to the other. This retardation will 
change the polarization state of the light emerging from the retardation plate. 
Let ns and nf be the refractive indices associated with the propagation of the 
“slow” and “fast” components, respectively. The polarization state of the 
emerging beam in the sf-coordinate system is given by 

f

s

din

din

f

s

V
V

e

e
V
V

f

s

2

2

0

0    (5.6) 

The relative phase retardation is the difference of the exponents in Equation 
(5.6) and is defined as 

dnn fs
2     (5.7) 

where  is the wavelength of the light and d is the geometrical thickness of 
the plate. The absolute mean phase change can be written 

dnn fs
2

2
1     (5.8) 

Equation (5.6) can then be written 
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   (5.9) 

To get the polarization state of the emerging beam described in the xy-
coordinate system a transformation back to that coordinate system is per-
formed
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V
V
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   (5.10) 

Combining Equations (5.4), (5.5), (5.9) and (5.10) gives the following ex-
pression for the transformation of the polarization state due to the retardation 
plate
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where W0 is the Jones matrix for the retardation plate in the eigen coordinate 
system 
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and R( ) is the coordinate rotation matrix 

cossin
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R     (5.13) 

The absolute phase factor  can be neglected if interference effects due to 
multiple reflections are small or not important. The Jones matrix for a retar-
dation plate with phase retardation and azimuth angle  in the laboratory 
coordinate system is represented by the product of the three matrices in 
Equation (5.14) 

RWRW 0     (5.14) 

5.2.1 Half-wave retardation plate 
A half-wave retardation plate has a retardation of . The Jones matrix 
of a half-wave plate with azimuth angle  is given by 
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  (5.15) 

It can easily be shown that for a general azimuth angle  relative to the in-
coming linearly polarized light, the half-wave plate will rotate the polariza-
tion an angle of 2  while keeping the linearly polarization state. 
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5.2.2 Quarter-wave retardation plate 
A quarter-wave retardation plate has a retardation of 2  and its Jones 
matrix with an azimuth angle of  is given by 
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  (5.16) 

If the quarter-wave plate is orientated at an azimuth angle of 45  rela-
tive to an incident beam of linearly polarized light, the emerging light will be 
circularly polarized. Thus the combination of a linear polarizer and a retarda-
tion plate orientated at 45  is referred to as a circular polarizer. In pa-
pers II and V, a quarter-wave plate is included in the optical configuration 
of the LCD in order to improve the optical properties of the device.  

5.2.3 Polarizer
The Jones matrix of an ideal linear sheet polarizer (described in chapter 6.3) 
oriented with the transmission axes parallel to the x-axis is 

00
01

0P      (5.17) 

If the polarizer is rotated an azimuth angle  relative the x-axis its Jones 
matrix is given by 
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5.3 Jones matrix for twisted nematic liquid crystal 
In a TN-LC cell the average direction along which the long axes of the mole-
cules are orientated is as mentioned called the director. From an optical point 
of view this direction coincides with local optical axis of the anisotropic 
liquid crystal medium. In the TN-LC cell the director is a function of the 
position in cell, hence the medium is not homogenous. To calculate the opti-
cal properties of a TN-LC cell for normally incident light and how the po-
larization state of a beam of light changes when propagating through it, the 
Jones matrix method described earlier can still be used if the medium is di-
vided into a large number N of thin sub-plates of equal thickness. Each thin 
plate is then treated as a homogenous retardation plate with an azimuth ori-
entation angle, . In the field-off state, with no electric field applied to the 
cell, the twist of the liquid crystal medium is assumed to be linear. The phase 
retardation of each thin plate is N  where 

dnn oe
2     (5.19) 

and ne  and no are the extraordinary and the ordinary refractive index of the 
liquid crystal medium, respectively. For liquid crystals with positive bire-
fringence ( 0n ) the e-axis is the “slow” axis and the o-axis is the “fast” 
axis. If the optical axis is not parallel to the surfaces the extraordinary refrac-
tive index needs to be replaced by 
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where  is the angle between the direction of propagation and the optical 
axis. In most nematic LC cells there exists a small pretilt angle (typically 1-
6 ) relative to the surfaces. The plates are oriented at azimuth angles , 2 , 
3 )1(N , N  where N  and  is the total twist angle of the 
liquid crystal medium. The overall Jones matrix for the N plates is given by 
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where R is the rotation matrix, Wm is the Jones matrix for the mth plate and 
W0 can be written 
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Using N  and 2121 RRR  Equation (5.21) can be writ-
ten

N

NiNi

NiNi
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where  is the total twist angle. After some algebra and when N  the 
result is given by13
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where

2
2

2
X     (5.25) 

This is the exact expression for the Jones matrix for a linearly twisted 
nematic liquid crystal medium. If V is the polarization state of the incident 
light, the polarization state of the emerging beam is given by 

VV M      (5.26) 

where M is given by Equation (5.24). It is often useful to examine the polari-
zation state in the local principal coordinate system (eo) where the e compo-
nent is parallel to the director and the o component is perpendicular to it. In 
this case the result can be written 
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5.4 Transmitted intensity 
The Jones vector representation can also be used to calculate the transmitted 
intensity of the light passing through an optical system. The Jones vector of 
the incident light can be written 

y

x

E
E

E      (5.28) 

where Ex and Ey are the components in the xy-coordinate system. The inten-
sity is calculated as follows 

22
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Let the emerging beam be represented by 
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The transmittance can then be calculated as follows 
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Notice that if the incident light is normalized, the denominator equals 1. 
When evaluating optical modes of LCDs, the transmittance (or reflectance in 
reflective devices) is a very important property. Such values are calculated 
for the derived modes in papers I-III and V.

5.5 Transmitted luminance 
The transmittance of a TN-LC cell is as shown above dependent on the 
wavelength of the incident light. Also the sensitivity of the human eyes look-
ing at the LCD and the spectral distribution of the light source emitting the 
light passing through it are wavelength dependent. It is therefore necessary 
to take this dependence into account and calculate and measure the so-called 
transmitted luminance. This is done for the derived modes in papers I-III
and V. The transmitted luminance is obtained by integrating the transmit-
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tance function of the LCD T( ), with the photopic response of the human 
eye P( ) and the illuminant spectral distribution D( )

dPD

dPDT
L 780

380

780

380     (5.32) 

For reflective devices the transmittance is replaced by the reflectance func-
tion. The photopic response of the average human eye extends from about 
380 to 780 nm, defining the limits of integration. Figure 5.2 shows the spec-
tral distribution of the photopic response curve, also known as the CIE 1924 
Standard Observer curve and represents the central 2° field of vision14. As 
can be seen, the human eye is most sensitive to wavelengths around 555 nm.  

Figure 5.2: 1924 CIE Standard Observer, also known as the photopic response curve 
of the human eye. 
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6. Liquid crystal displays 

6.1 Contrast and brightness 
Two of the most important parameters that are used to describe the optical 
performance of any display system are its contrast and brightness. It should 
be noted that there is a lack of agreement among many published definitions 
and standards that include the term “contrast”15. It is important that it is as-
sured that contrast has been computed or measured the same way when mak-
ing comparisons. Display contrast computation may use one of several equa-
tions. The contrast ratio of a display is simply the ratio of the luminance of 
the bright areas to that of the dark areas, defined as16

dark

bright
R L

L
C      (6.1) 

Luminance contrast is expressed as17

dark

darkbright

L
LL

C     (6.2) 

It is equal to the contrast ratio minus 1. Another definition of contrast is the 
so-called Michelson contrast and is calculated according to 

darkbright

darkbright
m LL

LL
C     (6.3) 

The brightness of a display is usually taken as the luminance of the bright 
state. In the ideal display, the luminance of the bright state is high and the 
luminance of the dark state is low, ensuring excellent readability. 
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6.2 Light modes 
The LCD does not generate any light itself, instead it modulates the light that 
passes through the unit. Therefore an external light source is needed and any 
of the three different light modes transmissive, reflective and transflective 
mode can be chosen. In the transmissive mode a light source is placed be-
hind the display to illuminate it, see Figure 6.1.  

Figure 6.1: Top: transmissive mode, bottom: reflective mode. 

The transmissive displays are suitable for high-end products operating in-
doors, such as desktop monitors and televisions. If the ambient light is not 
too strong, the light scattered from the front surface it is negligible compared 
to the backlight intensity, leading to high contrast. If a transmissive display 
is used in a bright outdoors environment, the ambient light can wash out the 
image since the display brightness is insufficient in the bright sunlight. On 
the other hand, a reflective display uses the ambient light to show the infor-
mation. A reflector is placed behind the display and the reflected light can be 
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observed, see Figure 6.1. In a reflective device brighter ambient light leads 
to better readability. However, the ambient light can also be reflected by the 
front surface, overlapping the displayed image and degrade the contrast of 
the display. Thus, reflective displays can never achieve the same high con-
trast as the transmissive display and are more suitable for handheld and out-
door applications. This is the type of display that is the target of investiga-
tion in papers I-III, V and VII. When the ambient light is dim, the reflective 
display is not readable if no external light source is available. To overcome 
this problem, a special optical film that both transmits and reflects light can 
be used to form the so-called transflective mode18. This film combines the 
advantages from the transmissive and reflective mode, respectively, and is 
today the most commonly used mode for handheld displays, such as the dis-
play in mobile phones and personal digital assistants. As an alternative to the 
transflective film, a front lighting system designed to illuminate the reflec-
tive mode in dark light conditions has also been presented19,20. Table 6.1 
summarizes the different light modes and gives some guidelines for selecting 
a display according to different light conditions. 

Table 6.1: Readability in various light conditions for different light modes. 

Light mode Application com-
ments 

Direct Sunlight Office Light Very Low 
Light

Transmissive Can not be viewed 
by reflection. Good 
for low light condi-
tions.

Poor Very good Excellent 

Reflective No backlighting. 
Requires high ambi-
ent light. 

Very good Good Unusable 

Transflective Can be viewed with 
both ambient light 
and backlighting. 

Very good  (no 
backlight)

Good (no 
backlight)

Very good 
(backlight)
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6.3 Polarizers
Most, but not all, LCDs are usually used in conjunction with linear sheet 
polarizers. The linear polarizer changes unpolarized light into linearly polar-
ized light. This function allows one polarization state of the incident light to 
pass the polarizer, while the other state is screened out by absorption (or 
reflection/scattering depending on the type of polarizer). Most polarizers 
made for mass production are made to express absorption dichroism by dye-
ing, usually iodine, into a polyvinyl alcohol (PVA) base film, and then draw-
ing and orientating it21. The transmittance of a polarizer can be separated 
into one part for light polarized parallel to the transmission axis and one part 
for light polarized perpendicular to it, and is written 

1T  Transmittance with polarization parallel to the transmission axis 
2T  Transmittance with polarization perpendicular to the transmission axis 

An ideal polarizer would have 11T  and 02T . However, for real polariz-
ers, T1 is always less than 1 and T2 is always greater than 0. For high per-
formance applications it is desirable to have polarizers with high T1 and low 
T2. Such type of polarizer is used in paper III in order to maximize the re-
flectance of the display. A parameter known as the extinction ratio is defined 
as

Extinction ratio 
1

2

T
T     (6.4) 

which represents a measurement of the efficiency of the polarizer. Its effi-
ciency can also be defined in percentage as 

Polarizing efficiency %100
21

21

TT
TT    (6.5) 

For a beam of unpolarized light, the transmittance through a polarizer is 
given by the mean arithmetic value 

210 2
1 TTT     (6.6) 

For a pair of parallel polarizers, the transmittance for unpolarized light is 

2
2

2
12

1 TTTp     (6.7) 
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For a pair of crossed polarizers, the transmittance for unpolarized light is 

21TTTx      (6.8) 

Equation (6.8) gives a simple formula for the leakage due to the residual 
transmission T2 through two crossed sheet polarizers. This value will limit 
the maximum contrast possible to achieve in an LCD, especially in high 
performance transmissive displays. This value is however only valid at nor-
mal incidence of the light. For large angles of incidence, the leakage is far 
more severe. This leakage can be understood by considering the crossed 
polarizers being viewed from non-normal incidence as shown in Figure 6.2. 
Now the perceived intersection angle is not exactly 90 . The leakage is worst 
at azimuth angles of 45  relative the transmission axis of the polarizers.  

Figure 6.2: Perceived intersection angle. 

6.4 Transmissive displays 
6.4.1 TN-LCD – principle and operation 

It is the nematic phase that has the greatest number of electro-optical appli-
cations and is by far the most commonly used phase in LCDs. However, a 
single liquid crystal compound that can fulfill all specifications is not avail-
able at the moment. Instead, a mixture of two or more compounds can in-
crease the nematic operating temperature range. In addition to this, many 
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other physical properties such as dielectric constants, birefringence, elastic 
constants and the viscosity will also depend on and can be controlled by the 
mixing ratio of individual compounds.  

A TN-LC cell consists of two substrate plates that are glued together along 
the edges and filled with nematic liquid crystal, see Figure 6.3. To achieve a 
uniform cellgap spacer particles are placed between the plates. The cellgap is 
typically in the range 3-8 m. The inner surfaces carry a thin (~100 nm) 
transparent conductive oxide coating, usually indium tin oxide (ITO), which 
is almost transparent to the visible light. This coating functions as electrodes 
for the electrical switching of the pixels, and can be etched to the desired 
form. On top of the transparent electrodes there is a thin alignment layer that 
is used to align the director of the liquid crystal molecules in a predefined 
direction22.

Figure 6.3: Structure of an LC cell. 

In the 90  TN cell the liquid crystal molecules on the top substrate are 
aligned perpendicular to those on the lower substrate. Thus in the field-off 
state, the director of the liquid crystal material undergoes a uniform 90
twist23. Pure nematic liquid crystal can induce twisting with both right- and 
left-handed sense of rotation. To define a specific sense of rotation, a chiral 
dopant is added to the nematic phase. This prevents the possibility of forma-
tions of domains with different sense of rotations. As previously described, 
the molecules of a liquid crystal possess a dielectric anisotropy and can 
hence be predominately aligned upon application of an external electric field 
across the cell24. Most nematics possess a positive dielectric anisotropy 
( 0 ) and align parallel to the field. This destroys the natural helix struc-
ture induced by the perpendicular boundary alignment. The pretilt angle, 
defined as the angle between the long axis of the boundary molecules and 
substrate, defines in which direction the tilt occurs. For a TN cell the pretilt 
angle is usually 1-3 . When the molecules are aligned parallel to the field the 
structure forms the homeotropic state. In this state the birefringence is very 
small for normal incident light since the light propagates almost parallel to 
the director and en  reduces to no according to Equation (5.20). Note that the 
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molecules at the substrate surface boundaries are strongly anchored and are 
almost not affected by the electrical field. If the TN cell is placed between 
crossed polarizers (and the local director at the substrates is oriented parallel 
or perpendicular to the transmission axis of the respective polarizer) the 
formed LCD is said to operate in the normally white (NW) mode and pos-
sesses high transmittance in the field-off state since the polarization plane of 
the incident light is rotated 90  as shown in Figure 6.4a. In the field-on state 
the light passes through the structure with almost no change in its polariza-
tion state induced by the TN cell and is absorbed by the second polarizer 
(also called analyzer), see Figure 6.4b. 

Figure 6.4a: TN-LCD in the NW mode, field-off. 

Figure 6.4b: TN-LCD in the NW mode, field-on. 
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If the analyzer is rotated 90  the LCD is operating in the normally black 
mode (NB). In this mode the field-off state is the dark state and the field-on 
state is the bright, see Figures 6.5a and b, respectively.  

Figure 6.5a: TN-LCD in the NB mode, field-off. 

Figure 6.5b: TN-LCD in the NB mode, field-on. 
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6.4.2 Transmission properties of field-off state  
If the change of polarization state induced by the TN layer and the transmis-
sion properties of the LCD are to be mathematically calculated, the earlier 
described Jones matrix method can be employed. Consider a TN-LCD oper-
ating in the normally black mode. Let the input polarization state be parallel 
to the local director at the entrance side and written as the following Jones 
vector
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     (6.9) 

The output polarization state of the light exiting the TN cell is given by car-
rying out the multiplication according to Equation (5-27) 
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where

dnn oe
2     (6.11) 

and
     

2
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2
X     (6.12) 

Since the analyzer orientation in the normally black mode only transmits 
light perpendicular to the director, the transmittance of the LCD is given by 
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where the twist angle is 2  and u is the Maugin parameter  given by 

ndu 2
2

 (for 2 )   (6.14) 

The factor ½ has to be added because the polarizer (ideally) transmits only 
half of the incident light. Plotting the transmittance T as a function of the 
Maugin parameter u gives the following result, see Figure 6.6. 

Figure 6.6: Transmittance of a 90  TN in the NB mode as a function of the Maugin 
parameter u.
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Zero transmittance occurs when the argument of sin is an integral number of 
. This corresponds to ,35,15,3u . These values are known as the 

first, second and third Gooch & Tarry minimum conditions25. If u is large, 
the transmittance is very low. This is known as waveguiding and occurs 
when the Mauguin condition, nd2 , is fulfilled26. This is however 
rarely the case of TN cells, making it important to find a Gooch & Tarry 
minimum condition when specifying the different parameters of the LC cell.  

Since the transmittance is wavelength dependent, zero transmission occurs 
only for one wavelength. There exits residual transmission for other wave-
lengths, resulting in an undesirable coloration in the dark state. This effect is 
also known as color dispersion. Figure 6.7 shows the transmittance as a 
function of the birefringence-thickness product, nd  for 450, 550 and 
650 nm, respectively.  

Figure 6.7: Transmittance of a 90  TN in the NB mode as a function of nd for  = 
450 (dashed), 550 (solid) and 650 nm (dotted). 

The TN-cell can also be sandwiched between two crossed polarizers to oper-
ate in the normally white mode. The transmission axis of the polarizer is 
parallel to the local director on the entrance side and the transmission axis of 
the analyzer is parallel to the local director on the exit side. The analyzer 
now transmits light parallel to the director; therefore the transmittance is 
given by 
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The corresponding plot of T as a function of u is shown in Figure 6.8. Note 
that the transmittance in the NW mode is complementary to that of the NB 
mode, that is 5.0NWNB TT . Maximum transmittance occurs when 

,35,15,3u  (the Gooch & Tarry maximum conditions). Figure 6.9 
show the color dispersion in the NW mode. 
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Figure 6.8: Transmittance of a 90  TN in the NW mode as a function of the Maugin 
parameter u.

Figure 6.9: Transmittance of a 90  TN in the NW mode n as a function of nd for 
= 450 (dashed), 550 (solid) and 650 nm (dotted). 
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6.4.3 Transmission properties of field-on state  
In the field-off state the director is aligned parallel to the surfaces in a uni-
form twist. When a high enough voltage is applied across the LC cell the 
molecules are, as described above, tilted towards the direction of the electric 
field, assuming 0 . The calculation of the optical properties in this state, 
the field-on state, is more complicated compared to the field-off state. Nei-
ther the tilt nor the twist angle will any longer be uniform through the LC 
cell, as a computer simulation of the liquid crystal mixture MLC-6096 
(Merck, KGaA) shows in Figure 6.10. 

Figure 6.10: Distribution of tilt (solid) and twist (dashed) angles in a TN-LC cell as 
function of z, where d is the cell gap. The applied voltages are 0, 2.5 and 5.0 V, 
respectively.

A two-step numerical computation must be used to determine the cell trans-
mittance as a function of the applied voltage. First, at each voltage, the ori-
entation distribution of the director must be determined. Then the effect that 
this distribution has on the light propagating through it is computed. The 
director orientation at any point in the layer can be computed by finding 
numerical solutions to the liquid crystal continuum equation27. The LC cell is 
then divided into a large number of sub-plates. Every sub-plate is approxi-
mated as a homogenous medium with its own Jones matrix with retardation 
and azimuth angle. Carrying out a matrix multiplication of all the Jones ma-
trices is then finally performed to get the transmittance (for a specific volt-
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age). Figure 6.11 shows the midplane ( 5.0dz ) director tilt angle as a 
function of applied voltage. The corresponding transmittance curve for an 
LCD operation in the NW mode is shown in Figure 6.12.  

Figure 6.11: Midplane tilt as a function of applied voltage for a TN-LC cell. 

Figure 6.12: Transmittance of a TN-LCD in the NW mode as a function of applied 
voltage for  = 550 nm. 
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Figure 6.13 shows the transmittance as a function of the wavelength for the 
field-off and the field-on state, respectively. This type of plots are often used 
for illustrating the optical properties of an LCD, hence such plots are pre-
sented in papers I-III and V for the derived optical modes.  

Figure 6.13: Transmittance of a TN-LCD in the NW mode as a function wavelength 
for V = 0 V and V = 5.0 V. 

6.4.4 Viewing angle properties 
So far, only transmission at normal incidence has been discussed. If trans-
mission properties at general angles of incidence are to be calculated, an 
extended Jones matrix method28,29 or a more exact 44  matrix method30

has to be used. In paper III, the viewing angle properties of the derived 
modes are investigated. The transmittance of a given LCD is now a function 
of several variables and is calculated according to 

VTT ,,,     (6.16) 

where   is the polar angle, defined as the angle between the direction of the 
incident light and the surface normal,  is the azimuth angle of the incident 
light,  is the wavelength of the light and V is the applied voltage. The result 
is often illustrated in so-called polar plots. Figure 6.14 shows the luminous 
contrast ratio as a function of the angle of incidence for a TN-LCD operating 
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in the normally white mode. The angular dependence of the contrast ratio is 
due to the anisotropy of the liquid crystal medium and to the fact that not all 
bulk molecules are aligned perpendicular to the substrate plates in the field-
on state. Light passing through the cell in a direction lying predominately 
parallel to the bulk molecules experiences no retardation and the contrast 
ratio in this direction will be high. However, at some angles of incidence the 
incident light will have components oscillating parallel to the long axis of 
the molecules and hence be exposed to both indices of refraction and un-
dergo phase retardation which leads to an undesired change of the polariza-
tion state. At these angles there exists a certain level of transmittance due to 
the elliptically polarized output from the LC cell. As a consequence, the 
contrast ratio will be degraded, even though the polarizers are crossed. 

Figure 6.14: Contrast ratio of luminous intensity of transmission as a function of 
angle of incidence for a NW 90  TN-LCD operating at the first Gooch & Tarry 
maximum mode with the bright state at V = 0 V and the dark state at V = 7.5 V. 
Isocontrast curves from 5 to 50 in steps of 5. The inner curve represents CR = 50. 

6.4.5 Transmission properties of general TN-LCD 
To investigate the transmission properties at normal incidence of a TN-LCD 
with general twist, polarizer and analyzer angles Equation (5.26) can be 
used. The input and output polarization states are given by the orientation of 
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the transmission axes of the polarizer and analyzer, respectively, and can be 
represented by 

sin
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V
V

V  and
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V
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V   (6.17) 

where  and  are the orientation angles measured from the local boundary 
director at the entrance side. The transmittance is, according to the Jones 
matrix method, given by 
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2
1 MVVT     (6.18) 

Again, the factor ½ has to be added because the incident light is assumed to 
be unpolarized. Using Equation (5.24) for M and Equation (6.17) for V  and 
V , the transmittance is, after some matrix algebra, given by 
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This equation describes the transmittance of general TN-LCDs with arbitrary 
orientation of the polarizer and analyzer as well as the total twist angle  of 
the LC cell, including the bistable twisted nematic cell investigated in pa-
pers I-V and also the super-twisted nematic (STN) LCD possessing twist 
angles typically between 180 and 240 31.
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6.5 Reflective displays 
In a reflective display the readout light is reflected instead of transmitted to 
the viewer. Two types of reflective displays can be distinguished: direct-
view and projection. In direct-view reflective displays ambient light is used 
to read the information. Hence the display does not require any backlight, 
leading to reduced power consumption and panel weight32. Furthermore, 
reflective displays have outstanding sunlight readability. The benchmark for 
reflective displays is the white paper with a typical reflectance of 80% and 
contrast ratio of 12. The corresponding values for a newspaper are 55% and 
6, respectively. Both types of papers possess excellent viewing angles. The 
electronic displays developed until the present date can still not match the 
white paper in terms of reflectance and viewing angles. All reflective LCDs 
use some kind of light modulation to display the desired information. This 
modulation can be polarization rotation, phase retardation, absorption, light 
scattering and Bragg reflection. They can be categorized by the number of 
polarizers that are present in the device.  

6.5.1 Two-polarizer displays 
The TN-LCD described in the transmissive section above can also be used in 
a reflective device. Behind the analyzer, a diffuse reflector is placed which 
will reflect the light back to the viewer. In this configuration the incident 
light will pass through a polarizer totally four times before it is observed by 
the viewer. Considering a typical high performance dichroic sheet polarizer 
with transmittance 90.01T  and 0003.02T  for light linearly polarized 
parallel and perpendicular to the transmission axes used in the double-
polarizer reflective device. Since the incident light has to pass a polarizer 
four times before it leaves the device, the maximum reflectance will be lim-
ited to 33.0maxR , only considering absorption from the polarizer and no 
other components of the display. Another disadvantage arises from the fact 
that the analyzer is placed between the back substrate and the reflector, caus-
ing a parallax (double image) that limits the resolution of the display. Thus, 
this device configuration is not suitable for high-resolution applications. 
However, for more simple displays such as wristwatches, the reflective two-
polarizer TN configuration is highly used. 

6.5.2 Zero-polarizer displays 
It is possible to design LCDs operating without any polarizer at all. Common 
for the zero-polarizer devices are that they possess high brightness and wide 
viewing angles. However, their contrast ratio is limited. Three different types 
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of LCDs that do not require any polarizers are discussed here: polymer dis-
persed liquid crystal (PDLC) displays, guest-host (GH) displays and choles-
teric liquid crystal (ChLC) displays. The first two types are described below 
while the cholesteric display is discussed in chapter 8. It should be noted that 
both the polymer dispersed liquid crystal display and the guest-host display 
also can be employed for the transmissive mode. 

6.5.2.1 Polymer dispersed displays 
The polymer dispersed liquid crystal display is based on a scattering phe-
nomenon induced by nematic liquid crystal droplets33,34. Consider a suspen-
sion of droplets in a polymer host medium. The refractive index of the host 
is chosen to be 0nn p  to match the ordinary refractive index of the liquid 
crystal material. The liquid crystal molecules in the droplets are partially 
aligned because of the boundary conditions and the intermolecular forces. 
Hence the effective refractive index is somewhere between no and ne. Thus 
there exists a discontinuity of the refractive index at the droplet boundary, 
and scattering of the incident light will occur. When a strong field is applied 
to the cell, the liquid crystal molecules are aligned parallel to the field as-
suming DELTA EPS > 0. Light propagating in approximately the same di-
rection as the electric field “sees” a refractive index of no, which is matched 
to the surrounding host. As a consequence, in this activated state the cell is 
optically clear for normally incident light.  

6.5.2.2 Guest-host displays 
A guest-host display system consists of typically 1-5% of absorbing dye 
molecules dissolved in a liquid crystal host.  The host liquid crystal is highly 
transparent in the visible spectral region while the guest dyes strongly absorb 
one polarization state of the incoming light and transmit the other. To avoid 
using any polarizers in the guest-host display, several device configurations 
have been proposed. The double cell uses two orthogonal homogenous cells, 
where the first one absorbs one component of the incident light, while the 
second cell absorbs the other component. The White-Taylor cell uses a chiral 
dopant to form twisted guest-host cells so all polarizations of the incident 
light can be absorbed35. In the Cole-Kashnow cell, a quarter-wave retarda-
tion film is placed between the reflector and a homogenous cell36. It is also 
possible to use the guest-host cell together with polarizers37,38.
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6.5.3 Single-polarizer displays 
The direct-view single-polarizer reflective LCD is composed of a front po-
larizer, an LC cell, and a reflector as shown in Figure 6.15. Due to the elimi-
nation of the rear polarizer which is present in conventional reflective LCDs, 
the brightness is increased. In this configuration, light passes a polarizer only 
twice, compared to the four times as in the case of the two-polarizer reflec-
tive configuration. Again considering a typical high performance dichroic 
sheet polarizer with transmittance 90.01T  and 0003.02T for light polar-
ized parallel and perpendicular to the transmission axes used in the single-
polarizer device, the maximum bright reflectance will be Rmax = 0.41. This 
corresponds to a 24% increase compared to the two-polarizer configuration, 
leading to a brighter appearance. Another advantage of the single-polarizer 
configuration is that the parallax problem that degrades the resolution of the 
display can be reduced or, if the reflector is placed inside the cell, even 
eliminated.  

Figure 6.15: Geometry of the direct-view single-polarizer reflective LCD. 

Although the reflectance of the single-polarizer LCD is lower compared to 
the zero-polarizer displays, its contrast ratio is significantly higher. How-
ever, in a reflective direct-view display it is hard to achieve contrast ratios 
exceeding 50, due to surface reflections that exist even in the dark state. 
Several different reflective single-polarizer LCDs have been proposed. They 
include hybrid field effect mode (HFE)39, the twisted nematic electrically 
controlled birefringence mode (TN-ECB)40, the mixed-mode twisted nematic 
(MTN)41, the self-compensated twisted nematic mode (SCTN)42, and the 
reflective twisted nematic mode (RTN)43. Of these types the MTN-LCD is 
the most promising one and is described below. 
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6.5.3.1 MTN LCD 
The reflective MTN-LCD preserves most of the desirable features of the 
transmissive TN-LCD, such as high contrast ratio, low color dispersion and 
low operating voltage, while at the same time possessing the advantages of a 
single-polarizer display. The structure and the fabrication process of the 
MTN cell are very similar to the conventional TN cell, with the exception 
that the cell gap is smaller. This is because in the reflective display, the inci-
dent light traverses the LC cell twice, thus the required nd of a MTN cell is 
below the first Gooch & Tarry condition of an ordinary transmissive TN cell. 
Another major difference is that the polarizer usually must be aligned at an 
angle  relative to the local director at the entrance side. The small nd
value causes the polarization rotation effect to be incomplete. On the other 
hand, the angle  enhances the birefringence effect. Proper mixing between 
polarization rotation and birefringence effects makes the MTN cell to behave 
like an achromatic quarter-wave plate. 

6.5.3.2 Reflection properties of general single-polarizer TN-LCD 
The reflection properties of a single-polarizer TN-LCD with arbitrary polar-
izer and twist angle can be examined in a similar way as the transmissive 
TN-LCD. Since only one polarizer is used the incident and reflected polariz-
ing states are the same, given by 
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where  is the azimuth angle of the transmission axis of the polarizer meas-
ured from the local director at the entrance side. According to the Jones ma-
trix method the reflectance is given by   
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where M is the Jones matrix of the LC cell, the tilde ~ indicates a transpose 
operation giving the Jones matrix of the LC cell for the reflected beam, trav-
eling in the opposite direction, and V  and V  are the incident and reflected 
Jones vectors, respectively. Matrix algebra gives 

2

2
1 iBAR     (6.23) 



61

where

2

22

2

2
22

4
sinsincos
X

X
X

XXA    

X
XX

X
XB sin2sincos2cossin

More matrix algebra gives the reflectance equation of a reflective single-
polarizer TN-LCD with arbitrary polarizer and twist angle 
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This is the equation used in papers I, III and V when deriving and evaluat-
ing new optical modes. In papers II and V retardation plates are used to 
improve the optical properties and also the Jones matrices of retardation 
plate are taken into account giving a different reflectance function. 
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7. Photo-alignment of liquid crystals 

7.1 Introduction
Of key importance to the use of any liquid crystal material in an electro-
optical device is the issue of alignment of the liquid crystal molecules. Since 
the majority of important applications are based on the interaction between 
polarized light and the optical anisotropy of the liquid crystal material, a well 
aligned initial state is desirable. In an LC cell without any external field ap-
plied, the ordering of the molecules is determined by the boundary condi-
tions between the liquid crystal material and the alignment layer at the sub-
strate surface. The role of the alignment layer is to ensure a single domain. 
Traditionally the liquid crystal alignment is achieved by unidirectional me-
chanical rubbing of polyimide films that are coated on top of the transparent 
electrode on the cell substrates. As an alternative to this mechanical tech-
nique, the photo-alignment technology for the alignment of liquid crystal 
molecules has lately gathered much attention because of its advantages over 
the conventional rubbing, and several different approaches for the realization 
of photo-alignment have been presented. Common to all methods is that 
anisotropy in the alignment layer is provided by exposing LPUV light to a 
photo-sensitive material, see Figure 7.1. The methods can be divided into 
two categories, depending on if the alignment process involves a reversible 
photo-physical transformation or irreversible photo-chemical phenomena.  

The biggest advantage of the photo-alignment technology is due to its non-
contact nature, it eliminates generation of dust and electrostatic charges as 
well as mechanical damage to the surface. From another point of view, 
photo-alignment is also interesting because of its low process temperature 
and therefore suitable in the manufacturing of flexible LCDs with plastic 
substrates. Moreover, the technology also enables greater control of impor-
tant LC cell parameters, making it interesting for the surface controlled bist-
able devices experimentally investigated in papers III and IV.
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Figure 7.1: Left: conventional mechanical rubbing; right: non-contact photo-
alignment principle. 

7.2 Liquid crystal-alignment layer interaction 
7.2.1 Pretilt angle 

One of the most important liquid crystal alignment parameters is the pretilt 
angle, defined as the angle between the substrate surface and the local direc-
tor at the surface as illustrated in Figure 7.2. This angle plays an important 
role in electro-optical applications when an electric field is applied to reori-
ent the liquid crystal director. To ensure that all molecules rotate in the same 
direction the pretilt angle has to be sufficiently high. With no pretilt angle 
present, no direction of rotation is defined. As a consequence, multidomains 
that deteriorate the optical performance of the device will arise. Typical val-
ues of the pretilt angle range from 1-10° depending on the application.

Figure 7.2: The pretilt angle is defined as the angle between the local director and 
the substrate surface. 

LPUV
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7.2.2 Anchoring energy 
Together with the pretilt angle, the anchoring energy (W) is one of the most 
important properties describing the alignment of liquid crystals. The anchor-
ing energy consisting of two parts, polar (W ) and azimuthal (W ), describes 
the interaction strength between the liquid crystal material and the alignment 
material or how easy it is to change the alignment of the liquid crystal direc-
tor at the surface from a preferred direction (easy axis). It is defined as 

22 sin
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where  and  are the polar and azimuthal angles from the preferred direc-
tion at the surface. The values of W  and W  are important characteristics of 
the liquid crystal-surface interaction. To avoid the formation of surface walls 
and provide a fast off switching time, the anchoring energy should be high 
enough. In surface controlled bistable twisted nematic cells, the zenithal 
anchoring energy should be low enough to allow the switching while the 
azimuthal part at the same time should be relatively high to ensure long-time 
bistability. The anchoring energy of various photo-alignment materials and 
how it can be controlled is investigated in papers III, IV and VIII.

7.3 Cis-trans isomerization of azo-dye containing 
polymers

The concept of cis-trans isomerization in azo-dye side chain polymers has 
been demonstrated44. Azo-dyes can exist in two isomeric configurations, 
trans- or cis-isomer, where the trans-isomer is the thermally more stable one. 
However, illumination with UV light induces a cis-trans isomerization. If the 
azo-dye is exposed to LPUV light, the following transformation occurs, see 
Figure 7.3. Molecules in the trans-isomerization oriented parallel to the po-
larization direction of the activating UV light will be transformed into the 
cis-isomer. Since this isomer is thermally unstable it will relax back to the 
trans-isomer. This can occur in two different ways. Either it relaxes back to 
the same position parallel to the UV light and the cycle begins again, or it 
relaxes back to a position perpendicular to the UV light. In this position it 
will no longer absorb any light and hence it will stay in this orientation. Ex-
posing the material long enough will lead to an excess of molecules perpen-
dicular to the polarization plane of the activating UV-light. This anisotropy 
in the alignment film will cause the alignment of the liquid crystal mole-
cules. This type of reorientation is investigated as a function of the UV ex-
posure dose in paper VI.
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Figure 7.3: The trans-isomer, which is parallel to the polarization plane, is trans-
ferred to the cis-isomer and then again to the trans-isomer, which is perpendicular to 
the initial state. 

7.4 Pure reorientation of azo-dye chromophore 
molecules 

Another mechanism related to the cis-trans isomerization is the pure reorien-
tation of photo-chemically stable azo-dye molecules in the alignment 
film45,46. Besides the cis-trans isomerization, the UV light can also induce an 
asymmetric potential field under which the stable configuration is character-
ized by the absorption oscillator of the molecules perpendicular to the acti-
vating UV light polarization. This can be described by the diffusion model47.
Under action of polarized UV light, the azo-dye molecules tend to reorient 
perpendicular to the polarization direction. When the azo-dye molecules are 
optically pumped by the polarized UV light, the probability for absorption is 
proportional to cos2   where  is the angle between the absorption oscillator 
of the azo-dye molecule and the polarization direction of the UV light, see 
Figure 7.4. Therefore, molecules with the absorption oscillator parallel to the 
polarization direction of the activating UV light will most probably get the 
increase in energy which results in reorientation from the initial position. If 
the UV exposure time is long enough, this will result in an excess of azo-dye 
molecules oriented with their long axis perpendicular to the light polariza-
tion. This type of alignment material is studied and described in paper VIII,
in which important LC cell parameters are presented. 

Trans 
(perpendicular) 

Cis
Trans 

(parallel) 
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Figure 7.4: The qualitative interpretation of the photo-induced order in photo-
chemically stable azo-dye films. 

7.5 Crosslinking in cinnamoyl and couramin side-
chain polymers 

Linear photopolymerization (LPP) in polyvinyl 4-methoxy-cinnamate 
(PVMC) films by (2+2) cycloaddition reactions have been shown to induce 
liquid crystal alignment48. The photo-chemical reaction and its alignment 
effects are explained as follows. The linear photopolymerization leads to a 
preferred depletion of the cinnamic side-chain molecules along the polariza-
tion direction due to the (2+2) cycloaddition reaction. This will lead to an 
anisotropic distribution of cyclobutane molecules with their long axis per-
pendicular to the polarization direction. The liquid crystal molecules will 
also align perpendicular to the UV polarization direction due to van der 
Waals interaction. Couramin side-chain polymers can also be crosslinked by 
the (2+2) cycloaddition, see Figure 7.5, and liquid crystal alignment has 
been demonstrated49. In this case the dimerized product is much greater and 
the liquid crystal alignment is parallel to the polarization of the activating 
UV light. In papers III and IV, LPP type of photo-alignment material is 
used to realize surface controlled bistable switching.  

Polarization direction 

Azo-dye absorption 
oscillator
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Figure 7.5: Crosslinking in coumarin side-chain polymer. 

7.6 Photodegradation in polyimide materials 
Ordinary polyimide materials, originally used for the mechanical rubbing 
process, have also been investigated and modified for photo-alignment ap-
plications50. By exposing the polyimide film to high intensity LPUV light, 
selective decomposition of the polyimide chains in the alignment film can be 
achieved. Before UV exposure, the chains are randomly oriented. During 
exposure, the chains parallel to the polarization direction will be decom-
posed. The chains perpendicular to the UV light remain unchanged and ani-
sotropy in the van der Waals forces will cause alignment of the liquid crystal 
molecules similar to the rubbing process51. However, there are several draw-
backs of photo-alignment by photodegradation. It has been found that the 
difference in decomposition rate between chain oriented parallel and perpen-
dicular to the polarization direction is not that large. The rate for chains ori-
ented parallel is only about 23% greater compared to the rate for perpendicu-
larly oriented chains52. Also, contamination by the by-products can induce 
image sticking and flicker in display applications53 as well as reduction of 
the thermal stability of the alignment54.
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8. Bistable liquid crystal displays 

8.1 Introduction
Most LCDs are monostable; only one state is stable in the absence of an 
electric field. On the other hand, a bistable device has two stable states with-
out voltage applied as illustrated in Figure 8.1. The two stable states are 
characterized by minima in the energy that is stored in these states. The 
switching from one state to the other is performed by feeding energy into a 
stable state to lift it over the energy barrier between the two states into the 
second state. Thus, there exists a threshold voltage for the electrical switch-
ing; any voltages applied below the threshold voltage will not permanently 
change the state. It should be noted that there is a relation between the 
threshold voltage amplitude and the pulse duration. A stable state without 
energy consumption represents a memory effect. As a consequence, bistable 
displays are able to realize an image memory at zero field, similar to a page 
of a book. Since voltage is only needed when the image is changed, the 
power consumption of bistable devices is extremely low. Moreover, the 
threshold effect leads to the fact that the bistable display is capable of practi-
cally unlimited multiplexed addressing, leading to high resolution on a pas-
sive matrix. Traditionally the costly active matrix thin film transistor ad-
dressing technique has to be used to achieve high levels of complexity. Sev-
eral types of bistable technologies are discussed in this chapter. 

Figure 8.1: Bistable switching: voltage pulse (solid) and optical response (dashed).  
Time

Optical response 
Voltage
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8.2 Cholesteric displays 
The cholesteric display was first proposed more than 30 years ago and uses 
an order-disorder texture switching55. The cholesteric material consists of 
nematic molecules together with a chiral dopant. This leads to a formation of 
a spontaneous natural helical twisting. The pitch p is defined as the distance 
for the director to rotate a full 360 . The two stable textures are the planar 
and the focal conic texture, see Figure 8.2. The planar texture shows strong 
Bragg reflection of one of the circular polarizations, while transmitting the 
other. The reflection peak is given by 

pn~      (8.1) 

where 2/)(~
0nnn e  and p is the pitch. The bandwidth  of the reflec-

tion peak is given by 

pn      (8.2) 

This gives that Bragg reflection occurs for light in the following wavelength 
range

pnpn eo     (8.3) 

Due to the narrow bandwidth, cholesteric materials appear highly colored. 
Hence, adjusting the pitch can effectively control the wavelength of the re-
flected light.  

Figure 8.2: Textures in the bistable cholesteric display. Top left: planar, top right: 
focal conic, bottom: homeotropic (used for switching). 

E
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The strong Bragg reflection may disappear if the helical structure is de-
stroyed or severely distorted. The focal conic state is similar to the planar 
state, with the same intrinsic pitch of the helix. However, there are multiple 
domains in the focal conic state. As a result of these domains, forward scat-
tering of light occurs. In transmission, the focal conic texture appears 
“milky”. If the rear substrate is painted black, the focal conic state will ap-
pear dark. Strictly speaking, the focal conic texture is only quasi-stable and 
degrades back to the homogenous planar texture after some time. In order to 
stabilize the focal conic texture, two techniques can be employed: polymer 
stabilization and surface stabilization. Polymer stabilization utilizes a poly-
mer network throughout the material in order to generate polymer wall-
liquid crystal interactions that stabilize the structure. Surface stabilization 
utilizes a surface alignment material on both substrates to produce liquid 
crystal molecular anchoring interactions stabilizing the structure. Switching 
between the two bistable states occurs via the homeotropic state and applica-
tion of a suitable voltage pulse, typically between 2-10 ms long and ampli-
tude of 15-40 volts. A high voltage pulse (> 30 volt) switches the liquid crys-
tal to the planar texture, while a lower pulse (10 < V < 20 volt) causes the 
cholesteric material to switch to the focal conic texture. The magnitude of 
the voltage pulse required in order to switch between the planar and focal 
conic textures depends upon material parameters such as the viscosity and 
the dielectric anisotropy as well as of the thickness of the cell. 

8.3 Surface stabilized ferroelectric displays 
Chiral smectic C liquid crystals are ferroelectric and possess a spontaneously 
electric polarization parallel to the smectic layers56.  In the surface stabilized 
ferroelectric liquid crystal (SSFLC) display57 the smectic layers are oriented 
perpendicular to the substrate plates and the spontaneous polarization is 
along the normal to the surface. The director is tilted by some angle away 
from the normal to the smectic layers and the electric polarization can be 
aligned by an electric field from the top to the bottom glass substrate. If the 
electric field is reversed, going from bottom to top substrate, the polarization 
rotates 180  while the director maintains the same tilt angle but rotates 
around the cone centered on the normal to the smectic layers. Hence two 
untwisted bulk bistable textures differing by an azimuthal angle of twice the 
tilt angle exist, see Figure 8.3.
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Figure 8.3: Textures in the surface stabilized FLC display. 

If the smectic LC cell is placed between crossed polarizers and one of the 
textures is chosen to be parallel to the polarizer, a dark state is achieved. The 
other bistable state will give a bright state if the tilt angle is set to be  = 
22.5  and the optical thickness of the LC cell is 2/nd , forcing the 
incident light to undergo a phase retardation of 180 . One of the biggest 
advantages of the SSFLC device is its very fast switching, being in the mi-
crosecond range. This is because the switching mechanism in both directions 
is driven by the interaction between the spontaneous polarization and the 
electric field. This should be compared to the monostable TN device where 
the switching time is defined by the interaction between an induced polariza-
tion and the electric field or a relaxation process when the electric field is 
switched off. However, drawbacks of this device exist, the smectic liquid 
crystal is very difficult to align and is also extremely sensitive to mechanical 
or thermal shock as they permanently destroy the layer texture. 

8.4 Bulk bistable twisted nematic displays 
The first bistable twisted nematic (BTN) structure was based on two differ-
ent twist states, 0 and 360 , respectively, see Figure 8.458. This device uses 
strong monostable anchoring with high antiparallel pretilt angles. The energy 
of the two states are equalized by adding a chiral dopant to adjust the thick-
ness over pitch ratio (d/p) to ~0.5. These two states are topologically equiva-
lent and can be switched between each other without anchor breaking. Under 
an electric field, the bulk is in the homeotropic state. From this state the de-
vice can relax to any of the two bistable states. The selection is controlled by 
the hydrodynamic flow, which can be controlled by the shape of the trailing 
edge of the reset pulse59. Fast pulse decay leads to the formation of a tran-
sient bend state due to nematic backflow effects. This state then evolves into 

P P
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the 360 -twisted state. On the other hand, slow pulse decay prevents back-
flow effects leading to a relaxation to the untwisted state. In practical matrix 
addressing the selection is carried out by adjusting the amplitude of a second 
smaller pulse, which immediately follows the reset pulse60,61.

Figure 8.4: Textures in the bulk bistable twisted nematic display. 

The two states are however only meta-stable, since the topologically differ-
ent intermediate 180 -twisted state is usually energetically preferred. Transi-
tion between one of the two meta-stable states and the intermediate state can 
occur through the nucleation of a defect and the subsequent motion of a dis-
clination line. A method of polymer stabilization to prevent the growth of the 
intermediate state, and hence achieve long-term bistability, has been demon-
strated62. But even a polymer stabilized 0 - 360  BTN is quite sensible to 
mechanical shocks. Another problem is that the switching d/p ratio is always 
higher than the equilibrium d/p ratio63. Dynamic switching between and
+ 360  meta-stable twist states, where  is non-zero, has also been demon-
strated and the optical configuration has been optimized for good optical 
properties in both transmissive and reflective mode64,65.

E
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8.5 Zenithal bistable displays 
The zenithal bistable display (ZBD) uses a special surface grating in order to 
achieve bistability. The surface grating is treated with an alignment layer 
inducing a homeotropic boundary condition. For certain relations between 
the amplitude and the pitch of such grating, bistability can be predicted using 
finite element modeling66. The first stable state has a continuous director 
configuration leading to a high pretilt. The second state is supported by a 
pair of defect lines of strength ½ formed close to the peak and the trough of 
the grating groove, respectively, see Figure 8.5. This state leads to a low 
surface pretilt. The relative energies of the two states can be controlled and 
equalized by adjusting the grating pitch (L) and amplitude (a)67. If the grat-
ing is shallow (a/L<<0.5) the elastic distortion decays into the bulk of the 
cell where it is uniformly normal to the surface plane. If the grating is deep 
(a/L>>0.5), the homeotropic alignment along the sides of the grooves tends 
to orient the director in the low pretilt state. It should be noted that other 
factors also influence the equal energy condition, including the exact shape 
of the grooves, surface anchoring energy, local nematic order at the surface. 
In practice, bistability has been shown for 0.3 < a/L < 1.0. 

Figure 8.5: Textures in the zenithal display. 

The switching of the ZBD device is based on the flexo-electrical polarization 
that occurs in nematic liquid crystals with a large dipole moment when un-
dergoing a bend or splay elastic deformation. In both stable states there is a 
large director field distortion near the grating surface, leading to positively 
and negatively charged areas of the nematic. An electric field applied normal 
to the cell produces a switching torque proportional to the flexoelectric po-
larization and the applied field, and thereby causing defects annihilation or 
creation depending on the polarity. The threshold voltage for the low tilt to 
the high tilt state is different from the high tilt to the low tilt state and is a 
function of the surface shape, cellgap, and the liquid crystal elastic and 
flexoelectric anisotropies.  
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8.6 Surface controlled bistable twisted nematic 
displays

The surface controlled bistable twisted nematic display uses 0 and 180 -
twisted bistable textures as shown in Figure 8.668. This type of bistable de-
vice is the choice of investigation in papers I-V. The two stable textures are 
topologically different and cannot be transformed into one another by a con-
tinuous bulk deformation, as in the case of the 0 - 360  BTN. The two states 
are energetically equalized by suitable chiral doping, giving a d/p ratio of 
0.25. These facts make this device truly bistable, since there does not exist 
any states possessing lower energy.  

Figure 8.6: Textures in the surface controlled bistable twisted nematic display. 

The switching is based on anchor breaking of a simple monostable anchor-
ing69. One substrate is coated with a conventional alignment layer giving 
strong anchoring and high pretilt. This can be achieved by using polyimide 
as alignment layer. The other substrate, the one where the anchoring is bro-
ken, should have lower anchoring energy and no pretilt. This was first 
achieved by obliquely evaporated silicon oxide70. This is however not suit-
able for mass production. However, recent progress shows that weak anchor-
ing can be realized with rubbed polymer alignment layers, compatible stan-
dard industrial equipment71. In papers III and IV, this type of bistable 
switching is realized by the photo-alignment technology.  

E
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The anchoring energy is defined by an extrapolation length, given by the 
ratio of the bulk and the surface elastic constants, L = K / W. Typical values 
of the zenithal extrapolation length is Lz < 15 nm. When a strong electric 
field is applied the bulk director is oriented along the field, except in a sur-
face layer of thickness Ek 0/ , the field correlation length. For 

zL , the surface director orientation s is defined by the equilibrium of 
the bulk and surface torques. At a critical field given by c = Lz, s becomes 
exactly 90 . The anchoring is now broken. Hence there is no anchoring 
torque and the surface director is completely aligned parallel to the field and 
oriented homeotropically. When the field is switched off, the surface director 
is in an unstable equilibrium and can relax in two different ways, giving one 
of the two equivalent surface states n̂  and n̂ , which is equivalent to either 
one of the two stable states. The final state is selected by the pulse wave-
form, similar to the 0 - 360  BTN device. If the field is switched off slowly, 
elastic coupling between the two surface anchoring is favored, leading to a 
rotation of the director close to both substrates in the same direction. This 
gives the untwisted stable state. On the other hand, if the field is switched off 
fast, a strong backflow effect will be induced close to the substrate where the 
anchoring is unbroken. Hydrodynamical coupling of the flow with the unsta-
ble equilibrium director gives a relaxation of the director in the opposite 
direction close to the substrate where the anchoring is broken. After a tran-
sient 180 -bend state, the cell relaxes to the 180 -twisted state. The main 
advantages of this device are the simple monostable alignment layer and its 
long-term bistability.  
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9. Summary of the papers 

Paper I 
In this study, the equations needed for finding optical modes for the direct-
view single-polarizer reflective surface controlled BTN have been derived 
using the Jones matrix method. By solving these equations, several possible 
BTN configurations with general twist angles  and 180  possessing 
optimized optical properties were found. The best mode has a theoretical 
luminous bright reflectance of 1.000 (assuming linearly polarized incident 
light) and the corresponding contrast ratio of 71.6. Modes were also found 
for fixed twist angles 0  and 180 . The effect on the optical properties of 
variations of the optical parameters was analyzed in detail. It was found that 
the bright state is almost unaffected to moderate variations of the optical 
parameters while the contrast ratio however is somewhat sensitive, mainly to 
variations of the retardation value. In summary, mode 1-1 is an excellent 
choice for a direct-view single-polarizer reflective BTN. It has perfect 
brightness and high contrast ratio, but needs to be manufactured with a com-
parably small cell gap (  1.5 m). If a larger cellgap is desired (  3-6 m), 
mode 1-2 and even mode 1-3, despite its large retardation value, show excel-
lent brightness and good contrast ratios. 

Paper II 
This paper presents new optical modes for the single-polarizer reflective 
surface controlled BTN with quarter-wave retardation compensation. Two 
promising modes, one with inner and one with outer quarter-wave retarda-
tion film geometry were found. Both possess excellent contrast ratio, only 
limited by the properties of the retardation film and the polarizer, and high 
brightness. The inner geometry mode can be manufactured with a compara-
bly large cellgap (  4-7 m) and is not sensitive to moderate variations of 
the optical parameters.  
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Paper III 
The optical properties of the derived modes in paper I are here investigated 
further both theoretically and experimentally. Simulations of the optical 
properties of selected modes using a full 4 4 matrix and taking into account 
the non-ideal behavior of various components of the device, show that the 
modes possess excellent brightness, high contrast ratio and wide viewing 
angles. The best mode shows a theoretical bright state reflectance of 0.439 
and a corresponding contrast ratio of 20.5. Experimental results are in 
agreement with the theoretical ones. Bistable switching could be realized 
using photo-alignment to control the polar anchoring strength. 

Paper IV 
Anchoring energy control is an important parameter in surface controlled 
bistable displays based on anchor breaking. In this paper, photo-alignment of 
the liquid crystal molecules on a photo-sensitive polymer is used to realize 
the bistable switching. In the investigation, the polar anchoring energy of a 
nematic liquid crystal-photo-sensitive polymer interface was investigated as 
a function of the polarized UV irradiation energy used to expose the poly-
mer. It was found that the anchoring energy can be effectively controlled by 
the UV irradiation energy, the larger the UV dose, the higher the anchoring 
energy. The polarized absorption spectra of the film before and after the 
irradiation were recorded. In a more general perspective, it is also important 
to control the anchoring energy in traditional monostable devices, since too 
low anchoring energy can cause deteriorated display quality. 

Paper V 
In this study, optical modes for the surface controlled reflective single-
polarizer BTN-LCD have been derived using the Jones matrix method. The 
modes show excellent brightness and high contrast ratio. Furthermore, re-
sults are presented for optical configurations employing an integrated quar-
ter-wave retardation film to increase the contrast ratio by preventing spectral 
leakage of light in the dark state. The results of this investigation will in-
crease the understanding of the optical properties of the direct-view single-
polarizer reflective surface controlled ( , 180 ) BTN and will be valu-
able when considering this type of device for practical applications. Due to 
the in-plane director structure of both stable twist states, the device is antici-
pated to show wide viewing angle properties. 
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Paper VI 
A series of novel bifunctionalized photochromic monomers were synthe-
sized, focusing on those with polymerizable acrylic/methacrylic groups at-
tached to both ends of an azobenzene core via flexible spacers. The phase 
behaviour of the monomers was investigated using DSC, polarizing optical 
microscopy and X-ray diffraction. The change in UV-vis absorbance of the 
monomers under illumination with non-polarized/polarized UV light was 
studied for both solutions and thin films; also its relaxation in the dark was 
studied. On illumination with LPUV light, in-plane reorientation of the 
molecules normal to the polarization of the exciting UV light, and aggrega-
tion of the molecules in the films, were found. This reorientation makes the 
molecules interesting for photo-alignment of liquid crystal molecules. 

Paper VII 
When comparing theoretical and experimental electro-optical results of 
LCDs it is important to be able to correctly measure cell parameters of the 
fabricated samples. Several new methods for measuring optical retardation 
of filled reflective LC cells on plastic substrates are proposed. Cases when 
the plastic is anisotropic and the LC cell contains of either one or two inter-
nal polarizers are studied. The majority of the proposed methods can be ap-
plied for transmissive LC cells as well as for measuring twist angle. 

Paper VIII 
In this study we have investigated the liquid crystal alignment properties of 
the azo-dye SD-1/SDA-2 mixture on plastic PES substrates. It has been 
shown that excellent alignment can be achieved with a UV exposure of 1.0 
J/cm2, corresponding to a 2 minute exposure on the 8.3 W/cm2 lamp system 
used. The corresponding azimuthal anchoring energy was measured to 
~1.4·10-4 J/m2, fully comparable to anchoring strengths of rubbed polyimide. 
The polar anchoring energy for the same UV dose was found to be ~8·10-4

J/m2. Pretilt angles up to 2.4  could be generated. Polarized absorption spec-
tra of the film were recorded as a function of the UV exposure energy and 
LC cell properties was related to the order parameter of the azo-dye film. By 
manufacturing a flexible TN-LCD showing excellent alignment quality and 
electro-optical properties, it has been demonstrated that the SD-1/SDA-2 
alignment layer is a most suitable choice of alignment material when work-
ing with plastic substrates.  
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10. Conclusions

The work of this thesis has been concentrated on applied research, with an 
interesting mix of theoretical and experimental parts. The main focus was 
the investigation of the optical properties of bistable nematic LCD structures. 
The LCD is considered as an integrated optical system, containing not only 
the LC cell, but also components such as polarizers and retardation films. 
The specific aim of the thesis was to derive new optical modes of the reflec-
tive single-polarizer bistable twisted nematic device and evaluate the electro-
optical properties of these modes both theoretically and experimentally. To 
realize the derived optical modes, special new layers for the alignment of the 
liquid crystals must be developed and investigated. Therefore, also photo-
alignment of nematic liquid crystals on novel alignment materials has been 
studied with the aim to control important liquid crystal cell parameters.  

From the obtained results the following conclusions can be drawn: 

Several novel optical modes for the reflective single-polarizer sur-
face controlled BTN-LCD possessing excellent bright reflectance 
and high contrast ratio have been derived using the Jones matrix 
method to describe the interaction between the optical anisotropy of 
the liquid crystal material and the polarization of the light. 

By introducing an integrated quarter-wave retardation film in the op-
tical configuration of the reflective BTN-LCD, the contrast ratio can 
be increased by preventing spectral leakage of light in the dark state. 
The reflectance spectra of the two stable twist states of such configu-
ration are shown in Figure 10.1. 

The photo-alignment technique of liquid crystals is a promising 
choice for the realization of the bistable surface controlled switching 
based on anchor breaking. 

By varying the activating UV exposure energy in the photo-
alignment technique, the anchoring energy of the alignment layer-
nematic liquid crystal interface can be controlled. Figure 10.2 shows 
the polar anchoring energy as a function of the activating polarized 
UV exposure energy.  
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The results of this thesis will increase the understanding of the optical prop-
erties of the reflective single-polarizer BTN-LCD and will be valuable when 
considering this type of device for practical applications. In a more general 
perspective, it is expected that new research results in these areas can sub-
stantially increase our understanding of liquid crystal electro-optic phenom-
ena and broaden the applicability of liquid crystal devices into many new 
fields.

Figure 10.1: Calculated reflectance spectra of the two stable twist states (0  dashed 
and 180  solid) of a derived optical mode for the reflective direct-view single-
polarizer surface controlled BTN-LCD with inner quarter-wave retardation compen-
sation. 

Figure 10.2: Polar anchoring energy as a function of the activating polarized UV 
exposure dose for the azo dye mixture SD-1/SDA-2 alignment layer. 
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