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Abstract

Due to the increased popularity of fast response display, the driving force to make high-speed
switching liquid crystal (LC) material is raised. Doping nanoparticles such as carbon
nanotubes (CNTs) in LC material is one of the methods to improve the display performance.
Recently, many studies reported that enhancement of electro-optical (EO) performance was
achieved by LC nanocomposites. The attraction of the hybrid system is not only the advance
in EO performance, but also the alignment of CNTs. The disordered nature of CNTs makes it
hard to expose the excellent properties and the self-ordered nature of LC material perfectly fit
in this problem. Moreover, with LC acts as host, the CNTs orientation can be manipulated by
external electric or magnetic field. This creates a promising future for novel nano-devices. On
the other hand, there are doubts or questions on the stability of the nanocomposites and
optimization of the sonication parameters and CNTs concentration that needed to be

addressed before the mass production in the industry.

In this thesis, liquid crystal material 5CB and multi-walled carbon nanotubes (MWCNTS)
hybrid system was studied. Normally white (NW) mode of liquid crystal cells were fabricated
and the EO performance and the dispersion effectiveness were investigated.

The measured results revealed that small amount of anisotropic MWCNTSs incorporated well
with 5CB. This modifies the dielectric anisotropy and the viscosity of the mixture, thereby

changing the threshold voltage and the switching behavior of a liquid crystal device.

In order to obtain an improvement of the EO performance, a uniform dispersion is critical and
it is highly depends on the applied energy (either stirring or sonication or both), time,
temperature and the concentration of CNTs. Results showed that the fastest response time of
the nanocomposite was achieved in the following conditions: 1. Short sonication time (5mins)

VI



with prior stirring. 2. Sonication under ice bath. 3. CNTs concentration at about 0.02wt %.
There exists an optimal condition for the overall display device performance and maximum
system stability that can be obtained by applying proper sonication parameters. Experiment
showed that a maximum reduction of 29% in total response time of the nanocomposite can be
achieved. In contrast, prolong processing and inappropriate temperature treatments are very

likely to bring negative effect on the microstructure of LC nanocomposites.

VIl



1. Introduction

Thermotropic liquid crystal (LC) materials are widely used in the electro-optical (EO) display
industry since 1971%. Over 40 years of technological development in EO display, liquid
crystal display (LCD) becomes an essential part of human life and it is beneficial to everyone.
For example, LCD is found in many applications such as TV monitor and so on. Among the
different phases of LC materials, the nematic one is the most popular type in the LCD
industry because of its attractive features such as low power consumption and high contrast
ratio. (Power consumption of LCD is 60-300W. For plasma display, it is about 300-660W. The
contrast ratio for LCD is 350:1-3000:1. For plasma display, it is about 1000:1 to 4000:1)*. The
advanced technology reduces the selling price and that is why LCD has dominated the display
market with more than 80% unit share®. However, LCD has slower response time when it is
compared with plasma display panel (PDP) or organic light emitting diode (OLED)”. As a
result of increasing popularity of fast response application like 3D TVs, the demand for
further improvement is aroused. To achieve this, the LC rotational viscosity needs to be
reduced and one way to do that is to introduce nanoparticles such as carbon nanotubes (CNTs)
into the LC host. Recently, a number of studies on liquid crystal nanocomposites have shown
that the operating voltage and switching behavior of LCD can be improved by adding a small
amount of CNTs*°. Some studies also proved that the image sticking problem™ and field
screening™ effect can be suppressed by adding a small amount of CNTs. In terms of switching
performance, some of them showed that it was improved due to the reduction of rotational
viscosity! but the others explained it with increase in rotational viscosity®®. There is a
contradiction among the results and it is probably because of the difference in CNTs
concentration. It is believed that there exists an optimal CNTs content for the best LCD

performance.



Meanwhile, CNTs are perhaps one of the most interesting materials in the research area
during the past decade. Because of its extraordinary electronic and mechanical properties'*™,
it has been a promising candidate for high elastic modulus reinforced fibers and polymer
composite™® or nano-scale electronics and transistors'®™®. To make use of the outstanding
properties and for many applications, an uniform alignment of CNTs is essential. Moreover,
the ability to give the nanotubes a predetermined direction is also very important.
Nevertheless, the current production methods give a random orientation of CNTs and the
nanotubes itself tend to bundle together due to the van der Waals interaction between them.
This kind of agglomeration makes it hard to be dissolved well in any organic solvent.
Consequently, it obstructs the switching effect of the LC and the display performance. So, an
efficient dispersion of CNTs in the LC host has become more crucial for the LC-CNTs hybrid

2021 or a better compatibility

system. Improved dispersion by functionalization of CNTs
organic solvent”” was discussed. In contrast, a limited studies related to the optimization of the

dispersion parameters were reported.

The aims of this project are to study the effects of: (1) CNTs concentration (Owt% to <Iwt%);
and (2) dispersion processing parameters (e.g. time, temperature) on the electro-optical
performance (e.g. threshold voltage and response time) of LCD. By this, the optimal CNTs
concentration and dispersion parameters can be found. Furthermore, we can understand how
to achieve the best EO performance by CNTs dopant and how to minimize the agglomeration
and obtain efficient & reliable dispersion. This will be achieved by dispersing MWCNTs of a
given concentration in LCD using ultrasonic probe at the LC nematic and isotropic
temperature range for 30mins. The thresold voltage and response time were determined by a
Ne-He laser source and its corresponding detector with computer data logging software. The
microstructure and thermal behaviour of LCD doped with CNT were studied using polarised
light microscopy and differential scanning calorimetry, respectively.
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1.1 Literature review

1.1.1 Introduction to nanocomposite

Composite materials are engineered or naturally occurring materials made from two or more
constituent materials with significantly different physical or chemical properties. They remain
separate and distinct at the macroscopic or microscopic scale within the finished structure. In
terms of nanocomposite, it is a multiphase material where one of the phases has one, two or
three dimensions of less than 100 nanometers (nm), or structures having nano-scale repeat
distances between the different phases that make up the material”®. The properties of
composite material are highly depends on the ratio of the constituent materials. For example,
high stiffness can be achieved by adding larger mass fraction of carbon fiber into carbon-fiber
reinforced materials. But when material is in the nano scale, the mechanical, electrical,
thermal, optical, electrochemical, catalytic properties will differ markedly from that of the
original materials and this situation fully adapt to nanocomposite. The properties of
nanocomposites differ from conventional composite materials because of the extraordinarily
high surface to volume ratio or aspect ratio. The area of the interface between the matrix and
reinforcement phase is typically an order of magnitude greater than the conventional
composite materials and the percentage by weight of the nanoparticles introduced can remain
very low (on the order of 0.5wt%-5wt%). In general, composite or nanocomposite materials

are designed to improve the certain properties of the matrix material by adding a small

amount of second phase into the matrix.
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1.1.2 History of LC materials

The liquid crystalline nature of cholesterol was first found by an Austrian physiologist called
Friedrich Reinitzer by extraction from carrots in 1888%. He found that cholesteryl benzoate
does not melt in the same manner as other compounds but with two melting points. At
145.5 °C it melts into a cloudy liquid and at 178.5 °C it melts again into a clear liquid.
Remarkably, the phenomenon is reversible. By further examination in collaboration with Otto
Lehmann & von Zepharovich, the intermediate cloudy fluid was found to be crystalline. By
that time, Reinitzer had described three important features of cholesteric liquid crystals: 1) the
existence of two melting points, 2) the reflection of circularly polarized light, and 3) the

ability to rotate the polarization direction of light.

After Reinitzer’s accidental discovery, he did not study liquid crystals further. But it was
continued by Lehmann as he realized that he had encountered a new phenomenon. Lehmann
started a systematic study, the first material is cholesteryl benzoate, and then of related
compounds which exhibited the double-melting phenomenon. He was able to make
observations in polarized light. Using his microscope equipped with a hot stage maintained at
high temperature. The intermediate cloudy phase clearly sustained flow, but other features

under a microscope, convinced Lehmann that he was dealing with a solid®.

Lehmann's work was significantly expanded by a German chemist called Daniel Vorldnder,
who had synthesized most of the liquid crystals known from the beginning of the 20th century
until his retirement in 1935. However, liquid crystals were not popular among scientists and

the material remained a pure scientific curiosity for about 80 years®.


http://en.wikipedia.org/wiki/Friedrich_Reinitzer
http://en.wikipedia.org/wiki/Melting
http://en.wikipedia.org/wiki/Melting_point
http://en.wikipedia.org/wiki/Otto_Lehmann
http://en.wikipedia.org/wiki/Otto_Lehmann
http://en.wikipedia.org/wiki/Circular_polarization
http://en.wikipedia.org/wiki/Daniel_Vorl%C3%A4nder

Later in 1969, Hans Kelker succeeded in synthesizing a substance that had a nematic phase at
room temperature, MBBA (Fig.1.1), which is one of the most popular subjects of liquid
crystal research®’. Next, the commercialization of liquid crystal displays was the synthesis of

further chemically stable substances (cyanobiphenyls) with low melting temperatures by

JO
N\

George Gray™.

Figure 1.1 Chemical structure of N-(4-Methoxybenzylidene)-4-butylaniline (MBBA) molecule

1.1.3 Liquid crystal structure, phases and properties

Liquid crystal is a state of matter that is intermediate between the crystalline solid and the
amorphous liquid. It can be also regarded as a liquid with ordered arrangement of molecular
orientation® and it has anisotropic mechanical, electric, magnetic and optical properties. A LC
molecule has a rod-like structure (Fig.1.2) with rigid core and flexible alkyl chains. It has an
aspect ratio from around 3 to around 10 and the rod-like molecular shape is responsible for

the anisotropic properties.

Ha

Fig. 1.2 Structure of 4-Cyano-4'-pentylbiphenyl (5CB) molecule
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Fig. 1.3 Transformation between different phases

In general, phase transformation between crystalline, anisotropic and isotropic phases is
reversible (Figl.3) and it can be obtained by either dissolving in some solution (lyotropic) or
by heating or cooling (thermotropic). There are three phases of liquid crystal: Nematic,
smectic, and cholesteric®. (Fig. 1.4) Nematic liquid crystals, most widely used phase, have
threads distributed all over the area. The molecules should be more or less parallel to each
other and it can move in all directions with free rotation along the long molecular axes. The
average direction of the long axes of the molecules is called director n. Nematics have fluidity
similar to that of ordinary (isotropic) liquids but they can be easily aligned by an external
magnetic or electric field. Aligned nematics have the optical properties of uniaxial crystals
and this makes them extremely useful in displays. Smectic phase have layered structure and
the layers can slide over each other and give rise to the flow characteristics. It can be divided
into several subclasses by different molecular arrangement inside the layers. In the Smectic A
phase, the molecules are oriented along the layer normal, while in the Smectic C phase they
are tilted away from the layer normal. These phases are liquid-like within the layers. There are
many different smectic phases, all characterized by different types and degrees of positional
and orientational order®. Cholesteric phase can be viewed as the nematic state superimposed
with the natural twist. That means the average direction of the molecules in every layer is

unidirectional skewed to the layer just below it.
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Fig. 1.4 LC phases: Nematic (left), smectic (middle), and cholesteric (right)
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For thermotropic LCs such as 5CB, it has a nematic temperature range from around 24°C to
around 35°C*. At room temperature, it is in nematic state and it is a cloudy liquid. But when
it was heated up to 35°C, the nematic-isotropic transition occurs and the liquid turns into a

clear one. This temperature is also known as clearing temperature/ point.

Orientational order parameters, elastic constant, rotational viscosity and dielectric anisotropy
are the most important physical properties of LC material because the EO characteristics of
LCD such as driving voltage, contrast ratio and response time are strongly depend on these

properties®.

An order parameter is a measure of the degree of order in a system®. For rod-like molecules,
the direction of the long axis is often chosen as the unit vector representing the orientation of
the molecule. But in fact the molecule structure may not be symmetric with respect to a
rotation around the long axis. In the nematic phase of most liquid crystals, the long axis is
aligned approximately parallel to one another. This leads to a longitudinal orientational order
and the transverse orientation of the molecules remains random. The longitudinal order

parameter S of liquid crystal is defined as

S :%(3coszt9—1)

-



where 0 is the angle between the long axis of an individual molecule and the director n. For
perfect parallel alignment, 6 = 0° and S = 1, while for totally random orientation, S = 0. The
value of S depends on the structure of the molecule, normally in the range between 0.4 to 0.6.

However, it is strongly temperature dependent. At the clearing point, S = 0.

Like most liquids and solids, liquid crystals exhibit curvature elasticity. The elastic constants
of a liquid crystal determine the restoring torques that arises when the system is perturbed
from its equilibrium configuration. In LCD, electric field is often applied to cause a
reorientation of the molecules. The static deformation of LC is determined by the balance
between the electric torque and the elastic restoring torque and it can be divided into a
combination of three basic deformations: splay, twist and bend. For an isothermal deformation
in an incompressible fluid, the free energy/ elastic energy can be written as a quadratic

34,35

function of the curvature strain tensor. Followed by Oseen-Frank theory™, the elastic energy

density of a deformed LC can be expressed as

3 :%kl(v‘n)Z”L%kz(n‘vxn)z +%k3(nxV><n)2

where k3 Kz, ks are the splay, twist and bend elastic constants respectively. The elastic constants
are also strongly temperature dependent and for most LC compounds, the elastic constants are

in the range from 3 to 25pN (10™"°N).

The viscosity of fluid is an internal resistance to flow and it is defined as the ratio of shearing
stress to the rate of shear. It arises from the intermolecular forces in the fluid and it has a
profound effect on the dynamical behavior of LCDs. At low temperature, the viscosity
increases due to the lower molecular kinetic energy and this can severely limit the switching
of LCDs. Whereas, viscosity decreases at high temperature. For most nematic LC used in

displays, the value of viscosity is ranged between 0.02 to 0.5 Pa‘s. As a comparison, water at



25°C has a viscosity of around 0.89 mPa's*. By experiment, it is known that molecules with a
higher number of rings or longer alkyl chains exhibit higher viscosities. In addition, due to the
stronger polar interaction between molecules, higher viscosities usually show on LC with

high value of dielectric anisotropy.

Due to the uniaxial symmetry of the rod-like LC molecules, the dielectric constants differ in
value along the preferred axis (¢||) and perpendicular axis (e1). The dielectric anisotropy is

defined as
Ae=¢g—¢,

The sign and the magnitude of the dielectric anisotropy are the most important feature of LC
material in LCDs. For liquid crystal with positive dielectric anisotropy (e1<¢|), the lowest
electrostatic energy occurs when the director is parallel to the applied field. For typical
rod-like LC molecule, the dielectric anisotropy is always positive because the longitudinal
polarizability is usually greater than the transverse polarizability. However, for polar LC
compounds, the dipole contribution can cause an increase or decrease of Ae and eventually
lead to a negative Ae like MBBA. (Fig. 1.1) Dielectric anisotropy is again temperature
dependent and it approaches to zero at the clearing point. In addition, it depends on frequency
of the applied electric field. Some LC mixture exhibits a positive dielectric anisotropy at
certain frequency, and a negative dielectric anisotropy when the frequency increases or
decreases. This kind of material with such a reversal of dielectric anisotropy is known as

dual-frequency material.

1.1.4 Application of LC material

Nematic LC materials are widely use in display devices. This kind of devices have their



attractive features such as flatness, low power consumption, high contrast ratio and full-color

capability’. LC materials can apply to all common display devices from wrist watches, clocks

to highly sophisticated thin-film-transistor (TFT) laptop or TV monitors. Each application has

different features to fit the special needs and those LCD characteristic are listed in table 1.

Type of application

Image of display

Operation temperature

Typical response time

STN character LCD

-20 to +70°C 280ms
(Home appliance)
STN character LCD
-30 to +80°C 115ms
(Medical use)
STN Graphic LCD
-20 to +70°C 400ms
(Handheld products)
STN Graphic LCD
-20 to +70°C 345ms
(Industrial products)
Color TFT -
ol -20 to +70°C 40ms
(Handheld products) & -)
Color TFT 4
i -30 to +85°C 20ms
(Automotive)
All the above data are from Microtips Technology, Inc.¥
TFT LCD TV 0 to +40°C 8ms
3DTFTLCD TV 0 to +40°C 6ms

All the above data are from Sharp Electronic Ltd. %

Table 1 LCD characteristics for various applications

-10-




In the display industry, the liquid crystal materials are always used as a mixture of different
series of LC rather than an individual one. This is mainly due to the requirements of the real
applications. Some of them may need to be operated at extreme temperature with reasonable
response time and various LC mixing formula were prepared by different manufacturer to
compromise all features related to applications. It is also important that thermotropic LCDs
operate at the temperature of the nematic range only. For 5CB, the nematic temperature
ranges from around 24°C to 35°C *. That means the LCDs with SCB can only function with
this range. Out of this range, abnormal display or no display can be observed. In addition AC
voltage is applied to LCDs. This is because DC causes the ion-charge effect and gives rise to

flickering and image sticking problems.

Other than LCDs, nematic phase is also used for other electro-optic devices such as

electrically controlled wavelength filters and optical switches.

1.1.5 History of Liquid Crystal Display (LCD)

The first LCD was made when George Heilmeier and his colleagues discovered four new
electro-optic effects in liquid crystals in the 1960s*“°. It was called the dynamic scattering
mode (DSM). However, it was not commercialized due to its poor quality. Later on in 1971,
when the first Twisted Nematic (TN) display was produced, replaced the DSM display and
started to dominate the industry because of its attractive features such as lower operation
voltage and power consumption®’. Within forty years of development, many different modes
for nematic LC displays were suggested and invented, such as the super-TN (STN) mode*’,
the optically compensated bend (OCB) mode®, the in-plane switching (IPS) mode*, the
vertical alignment (VA) cell mode®, and the hybrid TN (HTN) mode*®. Nowadays, LCDs are

definitely the mainstream of the display industry and almost everyone around the world relies

-11-
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on it in their daily life. In recent years, the increase number of 3D television application has

driven the important of LCDs with faster switching time.

1.2 Structure and working principle of LCD

1.2.1 Basic structure of LCD

A standard LCD consists of several different layers. To make it simple, it is liquid crystal
material sandwiched between two Indium tin oxide (ITO) glass substrates with one polarizer
attached on each of the glass substrate. (Fig. 1.5) The pattern (character or graphic) of the ITO
layer can be made by a series of processes like resist coating, UV exposure, developing and
etching. These processes are based on the photolithography®’ technique and the patterns of
these electrodes will determine the shapes that will appear when the LCD is turned on.
Typically, the two polarizers are in crossed configuration, i.e. one is filtering the vertical light
and the other is filtering the horizontal one. The reflective film at the back may not
necessarily be attached. It depends on the display mode and in some occasions, a backlight
source will be replaced. The overall thickness of the LCD is mainly determined by the
thickness of the glass substrate as the polarizers are relatively thin. Typically, the thickness of
LCD is smaller than 1cm. And the distance between two glass electrodes (cell gap) is around

5-30 micrometers.
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Figure 1.5 Basic structure of LCD. No.1&S5: Polarizer film. No.2&4: ITO glass substrate.

No.3: Liquid crystal layer. No.6: Reflective film (Optional)

1.2.2 Materials

1.2.2.1 Substrate & electrode

Glasses are commonly used as substrates. It is an excellent material for substrates because it
has a flat surface and highly transparent. It has high corrosion resistance for chemical as well.
Also, glasses have very low moisture permittivity. This can slow down the diffusion of
moisture and oxygen to the liquid crystal layer. However, glasses are not flexible and brittle
and plastic substrates may be another choice. It is light weight, flexible and not easy to break.

But plastic substrates have poor thermal resistance and moisture can pass through it easily.

ITO is commonly used as electrode of LCD and it is coated on the glass substrate by
sputtering ®. It is smooth, conductive and transparent. Also, ITO can be etched easily to make
the display pattern and it is thermal stable to go through some processes in high temperature
during manufacturing. The thickness of the ITO layer is about several hundreds nanometers
and it controls the surface resistivity. For example, the surface electrical resistance decreases

with increasing ITO thickness.
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1.2.2.2 Polarizer

Other than the ITO glass and LC, polarizer is the most important material in LCD. A polarizer
is a device that converts a beam of electromagnetic (EM) waves/light of undefined or mixed
polarization into a beam with well-defined polarization. There are different types of polarizers.
Absorptive polarizer is made of plastic material such as polyvinyl alcohol (PVA) plastic with
an iodine doping and those molecules are aligned in one particular direction. Electrons from
the iodine dopant are able to travel along the chains, ensuring that light polarized parallel to
the chains is absorbed by the sheet; light polarized perpendicularly to the chains is transmitted
(Fig. 1.6). If two polarizers are placed in crossed configuration (perpendicular to each other),

almost all the light was blocked and a dark area can be observed.

m

N

Figure 1.6 A bidirectional light source pass through a polarizer and become unidirectional

When light reflects at an angle from an interface between two transparent materials, the
reflectivity is different for light polarized in the plane of incidence and light polarized
perpendicular to it. Light polarized in the plane is said to be p-polarized, while that polarized
perpendicular to it is s-polarized. Reflective polarizer is made of a stack of tilted plates at
Brewster's angle (No p-polarized light is reflected from the surface) to the beam. For visible

light in air and typical glass, Brewster's angle is about 57°, and about 16% of the s-polarized
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light present in the beam is reflected for each air-to-glass or glass-to-air transition. It takes
many plates (More than 10 plates) to achieve even mediocre polarization of the transmitted
beam with this approach and it is not very useful. A more useful polarized beam can be
obtained by tilting the pile of plates at a steeper angle greater than Brewster's angle yields a
higher degree of polarization of the transmitted beam. For angles of incidence steeper than
80° the polarization of the transmitted beam can approach 100% with as few as four plates,
although the transmitted intensity is very low in this case. Adding more plates and reducing

the angle allows a better compromise between transmission and polarization to be achieved.

; spolarized \

unpolarized

444 i - . /\>———
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\/ </ 7 e
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Figure 1.7 A stack of plates at Brewster's angle to achieve polarized light. Full polarization requires many more

plates than shown.

1.2.2.3 Alignment layer

Alignment layer is generally plastic thin film which made of polymer material such as
polyimide and it is located on the top of the ITO layer on both glass substrates. It aims to
generate groove to align the liquid crystal molecules in a particular direction and this direction
is controlled by unidirectionally mechanical rubbing on the thin layer with a cloth or similar
material. The rubbing angle between two glass substrates and the polarizer configuration vary
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from different display modes. For normally white (NW) mode or positive mode, the rubbing
angle of the two glass substrates is perpendicular to each other and crossed polarizer
configuration is applied. For normally black (NB) mode or negative mode, the rubbing angle
of the two glass substrates is parallel to each other and parallel polarizer configuration is

applied. (Fig. 1.7)

ll llll
DN

Figure 1.8 Positive mode (left) & negative mode (right)

N
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1.2.2.4 Insulating layer & spacer

Although the two ITO electrodes are facing inwards to each other with around 5-30um
distance apart, they are actually not contacting with each other and no electricity should pass
through it. Otherwise, the display will not work at all. In the industry, a polymer base
insulating layer will be coated on the alignment layer to avoid short circuit between

electrodes.

Even though the cell gap is so small, it is important to maintain it at a uniform distance.
Otherwise, the background color of the LCD will be uneven and caused optical defects such
as discoloration. This problem is more common in a large display because of the larger cell
gap area. In the industry, very small glass or plastic balls are used as spacer and they will be

sprayed on the substrate to maintain a uniform cell gap.
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1.2.2.5 Carbon nanotubes (CNTSs)

Functionalized multi-walled carbon nanotubes (MWCNTs) with carboxyl groups are the
nanoparticle chosen to be dispersed into LC and they are highly anisotropic as well. In terms
of morphology, carbon nanotubes are categorized as single walled (SW) with a sheet of
graphite rolled into a cylindrical nanostructure and multi walled (MW) are with multiple
rolled layers (Fig. 1.8). They are usually produced by arc-discharge®, laser ablation® or
chemical vapor deposition® (CVD). No matter how many layers they are, they have extreme
large length-to-diameter / aspect ratio (up to 132,000,000:1)*> and other extraordinary
characteristics like excellent mechanical and electrical properties. Carbon nanotubes (CNTs)
are the strongest and stiffest materials yet discovered in terms of tensile strength and elastic
modulus respectively and it can achieved tensile strength as high as of 60-100GPa>***. In the
electrical point of view, CNTs has electric current density of 4 x 10° A/cm?, which is more
than 1,000 times greater than metals such as copper™. Because of all of these outstanding

features, CNTs are the promising candidate for novel electric devices such as electron field

56,57

58,59

emitters®®’ sensitive gas detectors®®*® and nanoscale rotational actuators and motors®.

Figure 1.9 Single-walled carbon nanotube (left) & multi-walled carbon nanotube (right)

However, CNTs are difficult to handle because strong van der Waals forces cause bundling
and the formation of aggregates. So, good and stable dispersions formed by isolated CNTs

can hardly be obtained. If the CNTs are not uniformly distributed, the exceptional properties
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can not be shown and that is why effective dispersion is critical for the whole LC

nanocomposite hybrid system.

1.2.3 Working principle of LCD

Under the crossed polarization condition and without electric field, the display should be dark.
Nevertheless, the twisting nature of LC cancels the crossed polarization and the display

shown a background color which depends on the type of polarizer that are using.

When an electric field is applied on LC molecules, the director can be reoriented and this is
known as the Fréedericksz transition® ®. It is a transition in liquid crystals produced when a
sufficiently strong electric or magnetic field is applied to a liquid crystal in an undistorted
state. Below a certain field threshold voltage the director remains undistorted, but as the
electric field value is gradually increased from this threshold, the director begins to twist until
it aligned with the field. (Fig. 1.9) At this moment, the twisting characteristic of LC
disappeared and crossed polarization shown. This is why the etched ITO pattern turns dark

when an appropriate electric field is applied.

In LCDs, the voltage supplied converts into an optical polarization behavior as the
Fréedericksz transition leads to a change in the birefringence property of the cell, and thus a
change in transmission of it. The switching (ON-OFF) effect of LCD can be shown by

changing the voltage around the threshold.
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Glass
Liquid crystal

direction

Glass
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Fig.1.10 Director change in LC molecules when the applied voltage is off (left) & on (right)

1.3 Definition of LCD characteristics

Fig. 1.10 is a typical of brightness and operating voltage relationship for normally white (NW)
mode LCDs. When the applied voltage is low, the LC molecules remain at the original
position and the display still white. (i.e. brightness is 100%) When the voltage gradually
increases, the LC molecules start to re-orientate until they are parallel to the electrical field.
The brightness begins to drop until it reaches a certain level of brightness. (i.e. brightness is

0%) After that, the display will keep in the same contrast even after the voltage is extended.

For normally black mode LCDs, the brightness/ voltage relationship is completely reversed.
(0% brightness shown with no voltage applied and 100% brightness shown with voltage

above threshold.)

-19-



The threshold voltage (Vi) and the driving voltage (Vo) are defined as the voltage where the
transmitted light intensity is decreased to 90% and to 10% of the initial value at null voltage

respectively (Fig. 1.10). From equation, Vy, can also define as follow:

v Kii
= 77 | —
" \/ col A

where kii (I = 1,2,3) are the splay, twist and bend elastic constants respectively, € is the

(Equation 1.1)

permittivity of free space and Ag is the dielectric anisotropy.

The ratio of driving voltage and threshold voltage (Von/ Vth) is known as steepness. It is a
good indicator to evaluate the LCD performance. The smaller the steepness, the better the

contrast ratio and viewing angle are.

BRIGHTNESS
v 10%
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100%

90%

Vth Von OPERATING VOLTAGE

Fig. 1.11 Relationship between brightness and operating voltage of NW mode LCD

The definition of LCD response time is illustrated in Fig. 1.11. During a normal switching,
the LCD will turn from white to black and white again or vice versa. At the same time, the

brightness will change correspondingly with a rising and a falling brightness. The response
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time is the sum of the rise and fall time, where rise time (To) is the time for the brightness
change from 10% to 90% and fall time (o) is the time for the brightness change from 90% to
10% under a 1 kHz pulse voltage excitation. In ideal case, the two should be more and less the

same. By equation, the rise time and fall time can be expressed as follow:

y1d°
on — g 2
eol Ae| V= — kjimr= (Equation 1.2)
y1d?
Toff —
l kr'r'Hj

(Equation 1.3)

where ki (i = 1,2,3) are the splay, twist and bend elastic constants respectively, g is the

permittivity of free space, Ae is the dielectric anisotropy, d is the cell gap and vy, is the

viscosity.
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Fig. 1.12 LCD response time definition



1.4 Other LC nanocomposites material

Other than nematic LC and CNTs, many LC nanocomposites have been studied. Nanoscle
ZnO can be doped into the ferroelectric liquid crystal. It showed an increment of contrast ratio
of the cell and enhancement in electro-optical response by increasing the dynamic
polarization®. Experiments also suggested that ferroelectric nanoparticles such as Sn,P,S4 or
BaTiO; can increase the order parameter of nematic LCs*. Lower operating voltage and
better switching behavior were observed in different LCD switching modes such as VA
(vertical alignment). They include the doping of nanoscale inorganic particles like Pd, MgO
or Si0;. 5CB doped with the metal nanoparticles Ag-Pd composite exhibited a frequency
modulation (FM) EO response with short response time of milliseconds (ms)*®. Inorganic
nanoparticles like MgO or SiO; also showed positive impact on nematic LC material. Studies
reported that reduction of threshold voltage ad decrease in order parameter can be achieved by

doping MgO® or SiO,%®.

Semiconductor nanowires like CdS were doped into LC media too. By combining the new
nanostructure material with the currently mature LCD technology, a new approach to
manipulate the polarization of the emission from semiconductor nanorods by an external bias

was reported®.

1.5 Methods to align CNTs

As mentioned above, the alignment of CNTs is important because CNTs are highly
anisotropic and those superb properties can only be revealed with proper alignment. One
approach is based on aligning the nanotubes during their growth in the direction perpendicular

70,71

to the substrate’®’ or parallel to the substrate”. This method allows the growth of tube in
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selected areas and with a certain control of the tube length. But there are limitations on the
density of CNTs and the control of the presence of impurities. Another approach is the
post-growth techniques with electric”™ or magnetic field™®. This method aligns the CNTs
along the field direction in different fluid media but the alignment will be disappeared with
the absence of the external field. In general, no method can be regarded as satisfactory,
providing large scale and good quality alignment of CNTs, easily and independently of the

type of CNTs employed.

This 1s where LC materials enter the picture. With the self-organization nature of LC, it is an
alternative way of align CNTs with dispersion. The CNTs in LC can be well aligned with the
director of the LC molecules and it can be done by dispersed a small amount of CNTs into LC
by ultra-sonication. Other than the alignment, what makes LC attractive is that its direction
follows the change of the external electrical or magnetic field. When CNTs is dispersed, it
manipulates its orientation as well and make it possible to apply in some novel application

77,78

like nano-switches'"*. Moreover, the LCD switching technology is a mature technology to be

mass produced in the industry.

1.6 Dispersion methods

There are mainly three different methods. The first one is to disperse nanotubes in organic
solvents in low concentrations followed by a mixing with a LC medium’®. The mixture is
properly sonicated to prevent the aggregation of the CNTs inside the solution. The dispersant
counteracts the van der Waals attraction of adjacent CNTs by introducing sufficiently strong
repulsive force between them. After evaporating the solvent, the LC/ CNTs suspension
becomes ready for use. However, one of the drawbacks of this dispersion technique is the
undesired solvent effect and some specific solvent can even form LC phases with proper
modification of the CNTs surface by oxidation®.
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The second method is adding a small amount of CNTs (not higher than ~ 0.1 wt%) into the
LC material directly followed by proper percolation and sonication®. It has been realized that
the second procedure involving no solvents is much more reliable than the former approach.
However, it has been noticed from the investigations involving SEM that a part of the

dispersed CNTs aggregates in bundles before ultrasonic treatment.

The third method employs surface modification of CNTs for enhanced compatibility®. Such
surface modification is usually carried out by surfactant encapsulation or chemically covalent
functionalization through reactions onto the p-conjugated skeleton of CNTs*. Although
chemical functionalization was proposed to be a promising means to promote the
dispersability of CNTs in organic solvents, it should be noted that covalent surface
functionalization can affect intrinsic mechanical, electrical and optical properties of nanotubes

as well®*,

1.7 EO performance of other LC-CNTs hybrid system

As mentioned above, there are lots of studies showing an enhancement of the EO
performance of the display with CNTs doped LC material. Chen et al. studied E7/ CNTs with
0.01-0.1 wt% and faster response was recorded with dilute suspensions (0.01-0.05 wt%) due
to the decrease in rotational viscosity’. Lee et al. also showed almost 50% decrease in the
threshold voltage with 5CB and 0.02 wt% MWCNTs. This is attributed to the large dielectric
anisotropy of the high aspect ratio CNTs and to the parallel orientation of the CNTs to the LC
director’. Huang et al. worked on E7/MWNTs and showed a significant improve in threshold
voltage. There is a 12.6% decrease when the CNTs concentration is 0.01 wt%. However, the
response time increases from 88ms to 270ms when the CNTs concentration increases from 0
to 0.01wt%°. On the other hand, Huang et al. worked on vertical alignment (VA) LC. A
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step-voltage driving scheme is demonstrated to eliminate the optical bounce and effectively
improve the rise time of the cell. Under the CNT doping condition and the step-voltage
driving scheme, the response time of the VA LC cell can be reduced to 50% of that of the
pristine cell under the conventional driving scheme®. Consistent results can not be seen
among different studies. The EO performance of the LCD is quite dissimilar with a wide

variety of CNTs and LC material combinations.
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1.8 Summary

There is no doubt that LCD is a relatively mature technology and there is a trend that fast
response display will be the mainstream in the future. It is therefore understood that the LCD
industries always thirst for LC material with lower rotational viscosity and shorter response
time. By doping CNTs into LC media, this target can be achieved and the homogeneous
alignment can also be obtained. It is a “win-win” situation for both parties, the CNTs taking
advantages of the LC anisotropic or the LC benefiting from the presence of the CNTs.
However, the biggest problem with CNTs is they tend to bundle together due to the van der
Waals interaction between them. This kind of agglomeration makes it hard to be well
dispersed in LC and they are in general insoluble in most of the common organic solvents as
well. Also, the agglomeration of CNTs obstructs the switching effect of the LC and the
display performance. So, an efficient dispersion method needs to be found out before moving
on to further applications. Although CNTs helps to improve the response time for LCD, the
amount of dispersion has not been optimized. Many studies proved that the switching effect
will be disturbed by the excess amount of CNTs. So, there should be a critical dispersion

quantity of CNTs to optimize the LCD performance.

Another important issue is the stability after dispersion. Even the mechanical action during
sonication is sufficient to get an immediate distribution of CNTs to form a macroscopically
black suspension. The stability of dispersion of CNT in LC medium with time is not yet
known. This is really important because good stability and durability are crucial elements
before it brings to the competitive market. So, the optimal CNTs concentration in the LC
nanocomposite system and the effect of the dispersion parameters will be found out in the

following sections.
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2. Experimental methods

The experimental methods of the whole study were divided into four parts and they are LC/
MWCNTs dispersion, LCD cell preparation, material characterization and electro-optical

behavior measurement.

2.1 LC/ MWCNTs dispersion

In order to achieve a good dispersion of CNTs in LCD, 1,2-Dichloroethane (DCE) from
Sigma-Aldrich Co. was used as a surfactant. The COOH functionalized MWCNTs used in the
experiment have outer diameters of 8-15nm and length of 10-50um. It was synthesized by
catalytic chemical vapor deposition (CCVD) and it was supplied by Cheap Tubes Inc. (USA).
It has a COOH content of 2.56wt% and purity of > 95 wt% respectively. It is expected that the
functional COOH group induced on the surface of CNTs can help to reduce bundle formation
and enhance the dispersion state®® . A small amount of MWCNTs powders were dispersed in
DCE by sonication for 1 hour under 20 kHz vibration with power of 600 Watts (VXC600, Fig.
2.1). Then, centrifuging with 15000 RPM for 30mins (Beckman J2-21 centrifuge, Fig. 2.2)
was done and the supernatant (Fig 2.3) was poured out to mix with LC material
(4'-Pentyl-4-biphenylcarbonitrile, also known as 5CB. The LC was purchased from
Sigma-Aldrich (UK). It has a dielectric anisotropy Ae = 11.7, a range of nematic mesophase
from 22.5 to 35.5°C and viscosity of 29.9 mPa.s at room temperature). The mixing of
CNTs/DCE to LC was achieved by further sonication for 30 minutes. After that, DCE was
removed by solvent evaporator and dispersion of CNT in LC was obtained (Fig. 2.4).
CNTs/LC nanocomposites with CNT concentration from 0.01wt% to 1wt% were prepared by

the method described as above for this study.



The temperature for ultrasonication during dispersion of CNT in LC was varied from room
temperature to below 25°C. The sub-room temperature was chosen to keep LC in nematic

state (e.g. from 24°C to around 35°C) and was achieved using ice water bath.

Fig. 2.1 Sonciation under 20kHz Fig. 2.2 Beckman J2-21 centrifuge

Fig 2.3 Supernatant after centrifuging Fig. 2.4 LC nanocomposite after dispersion
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To study the sonication time effect on LCD performance, another batch of samples were
prepared. 1mg of MWCNTs powders were dispersed in DCE with sonication time of 5, 15 &
30 minutes under 20 kHz vibration with power of 600 Watts respectively. Then, centrifuging
with 4000 RPM for 30mins (Jouan C422 centrifuge) was done and the supernatant (Fig 2.3)
was poured out to mix with 5SCB for further sonication for 30 minutes. After that, DCE was
removed by solvent evaporator and dispersion was achieved. Various degree of stirring of
CNTs/DCE mixture prior to ultrasonication was used. This was achieved by 24 hours stirring

of sample with a magnetic stirrer prior to CNTs/DCE dispersion.

2.2 LCD cell preparation

The ITO glasses used in the study are supplied by Sigma-Aldrich Co. with dimension of
25mm x 25 mm X 1.1 mm (L X W x D) and surface resistivity of 8-12 Q/sq. The alignment
layer used in the LCD cell is polyvinyl alcohol (PVA) from Sigma-Aldrich Co. It has a
molecular weight range from 146,000-186,000 and it was 98-99% hydrolyzed. It was
prepared to solution by dissolving 0.4g of PVA into 10ml distilled water. The ITO coated
glass substrate was dipped into the PVA solution and then lifted out of the solution to dry at
room temperature to produce a thin PVA layer. A cleaned ITO glass substrate with PVA
coating (Fig. 2.5) was rubbed with cloth in one direction only to promote planar LC alignment
along the rubbing direction. The cell was constructed by using two identical substrates with
ITO coating side facing each other and the difference in rubbing direction of the two
substrates is 90° (Fig. 2.6). After that, the LC/ MWCNTs prepared mixtures were introduced
to the sandwich cell by capillary action at room temperature. The cell gap is about 10um and
it was confirmed by the thickness of the PET film on each ITO glass. Finally, a
cross-polarizers configuration (From Edmund Optics Ltd with dimension of 8.5 in X 5in X

0.3 1in (L x W x D) and 0.04% transmission under crossed configuration) was carried out on
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the non conductive side of the two ITO glass substrates (Fig. 2.7).

Fig 2.5 ITO glass coated with PVA Fig. 2.6 An assembled LCD cell

Fig. 2.7 A completed LCD cell with crossed polarizer configuration

2.3 Material characterization

For phase transformation information, DSC (DSC7, Perkin Elmer) calorimetry experiments
were conducted on 5CB and LC/ CNTs nanocomposites with temperature range of -20°C to
50°C, in the heating and cooling modes at 5°C /min. Also, observation with microscope under
hot stage (THMS 600) was done to see the microscopic change during phase transformation
from 34-36°C. For CNTs bonding identification, Raman spectroscopy (Renishaw inVia) was
performed. For the surface morphology of CNTs, Scanning Electron Microscopy (SEM,
Philips XL-30) examination was conducted with 15keV accelerating voltage and secondary

electron imaging mode. For angular distribution/ movement of the MWCNTs within the LC
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host with respect to the LC director under an applied electric field, polarized optical
microscope (Leitz DMRX, 50x magnifications) with transmitted light was used and

examination was done with crossed polarizer configuration.

2.4 Electro-optical behavior measurement

For response time of LCD, a He—Ne laser (633 nm, JDSU 1108P) was used as a source in
order to characterize the optical transmissions of the samples. The transmission, rise time and
fall time of the sample were detected by a photodiode (S120C) and analyzed by a power
meter (PM120D) from Thorlabs. The LCD cell (Fig. 2.8) was driven by a function generator
(Thurlby Thandar TG210) with square wave and the frequency of the applied voltage was 1
kHz. The applied voltage is from OV to around 10.5V and the data was logged to the computer.
The whole measurement setup is illustrated in Fig. 2.9 below. The center point of the laser
source, LCD cell & photodiode should be aligned so that the most appropriate data can be

recorded.

Fig. 2.8 The LCD cell is switched off (left) & on (right)
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Fig. 2.9 Experimental setup of response time measurement using the intensity of transmitted light
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3. Results

3.1 Material characterization

3.1.1 LC material

Fig 3.1 shows the DSC spectrum of 5CB as supplied, obtained with a scanning rate of 5°C/
min. It showed two endothermic and exothermic peaks that correspond to the solid-to-nematic
(S-N) and nematic-to-isotropic (N-I) transition of the LC material during heating and cooling
cycles respectively. The phase transition temperature (Tsy and Tyj) during heating of the LC
materials are 25.02°C and 35.26°C respectively. During cooling, the Tyy is 34.07°C and the
Tsn is -11.27°C. The solid-to-nematic peaks showed a larger area when it was compared with
the nematic-to-isotropic one. It implies that more energy was absorbed or released during the
transitions. During the S-N phase change, LC transforms from crystalline to liquid structure,
which is similar to the transition from solid to liquid of a material. It involves a large
atomic/molecular movement or rearrangement and it needs quite a large amount of energy.
Whereas, during the N-I phase change, it changes from an ordered form to a disorder form
and a relatively small amount of energy is needed. That is why the S-N phase change show a

larger peak area as the energy involved is larger.
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Fig. 3.1 Thermogram of pure 5CB during heating and cooling
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In addition, the results suggested that both S-N and N-I transitions to be a reversible reaction.
The difference of Tn; during heating and cooling is small. However, the difference of Tsy
during heating and cooling is quite large. The result is consistent with the above as more heat
is needed to be released to resume back to crystalline from liquid structure during cooling. On
heating, the S-N transition is similar to transformation from solid to liquid (e.g. melting)
which involves endothermic reaction. But on cooling, the S-N transition is similar to
transformation from liquid to solid (e.g. solidification). This involves exothermic reaction.
The nucleation of solid phase from liquid phase may require some degree of undercooling to
overcome the activation barrier to nucleation of solid phase from the liquid. Therefore, this
gives rise to a much lower S-N transition temperature on cooling as compared to heating

cycle.

3.1.2 CNTs

MWCNTs were examined by SEM and images were shown in Fig. 3.2. Under low
magnification, it can be observed that MWCNTSs aggregates into large agglomerations, which
consist of a substantial number of individual nanotubes. Under high magnification, it can be
seen that MWCNTs are in their typical tubular geometry (length in micro-meter and diameter
in nano-meter). Fig. 3.3 shows the Raman spectra obtained with a laser excitation wavelength
of 633nm for MWCNTs and the representative D- and G-bands are at the expected peak
position. (D = 1347cm™ and G = 1582cm™)*™. Compared with the spectra provided by
supplier, it indicates that our sample do contain desired materials and without appreciable

amounts of unwanted impurities.

G band (G for graphite) is one of the most important modes of Raman spectroscopy . This

mode corresponds to planar vibrations of carbon atoms and is present in most graphite-like
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materials’'. The splitting pattern and intensity depend on the tube structure and excitation

energy.

D band (D for defect) is present in all graphite-like carbons and originates from structural
defects”. It involves the resonantly enhanced scattering of an electron via phonon emission by

a defect that breaks the basic symmetry of the graphene plane. This mode corresponds to the

conversion of a sp”-hybridized carbon to a sp>-hybridized on the surface.

Fig. 3.2 SEM images MWCNTs with magnification of 1000x (left) and 25600x (right)

Raman spectra of MWCNTs
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Fig. 3.3 Raman spectra of MWCNTs showing commonly observed D- & G- bands at expected peak positions
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3.1.3 LC/ CNTs nanocomposites

After dispersing MWCNTs into the nematic LC host, it was introduced into a LC cell for
further investigation. Fig. 3.4 and Fig. 3.5 show polarized light microscopy images of pure
LC as supplied and LC with 0.01wt % CNTs (Sonicated at room temperature for one hour
without prior stirring) respectively. With the transmitted light, the variation between the on
and off states can be observed clearly. For a nematic LC with positive dielectric anisotropy,
the external electric field induced Fréedericksz transition from the planar to the homeotropic
configuration. As a result, the LCD turns into dark during the on state. In comparison, the
images of LC nanocomposite with 0.01wt % CNTs show no significant difference between
the pure LC. There is no light leakage during the on state and it implies that MWCNTs follow

the LC director during the transition above the threshold voltage (~3V).

With the help of the hot stage, the nematic-isotropic transition can be observed under
microscope. Between crossed polarizers the nematic phase exhibits a characteristic bright
texture due to its birefringence. When the phase becomes isotropic, it loses its order/
birefringence and the material appears uniformly black. Fig. 3.6 shows the transitions during
heating and cooling with a range of 34-36°C and a scanning rate of 0.5°C/ min. During
heating, it can be observed that the birefringence texture is still stable in the proximity of large
bundles of CNTs. In contrast, the other area turned black and isotropic phase showed. It
indicates that the persistence of the nematic phase in the CNTs bundles area. During cooling,
it can be found that the first signs of birefringence appeared around the CNTs bundles. It
implies that CNTs bundles act as nucleation centres for liquid crystalline organization and it

also confirmed that the LC molecule interact with the CNTs.



Fig. 3.4 Polarized light microscopy images of pure LC as supplied at the off (left) and on (right) state

Fig. 3.5 Polarized light microscopy images of LC/CNTs (0.01wt %, room temperature and without prior stirring)

at the off (left) and on (right) state
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Fig. 3.6 Polarized light microscopy images of LC/CNTs (0.5wt %, room temperature and without prior stirring)
during nematic-isotropic transition. Photos of N-I (left) and I-N (right) transitions were taken during heating and

cooling respectively

3.2 Dispersion effectiveness

In terms of colloidal dispersion, the term ‘stability’ often means that there are no signs of
phase separation over a period of time or without a tendency to sediment over period of
storage. In many practical situations for particles in dispersion, colloid stability implies that
the particles have no tendency to aggregate. Therefore, the following studies on the effect of

sonication time and temperature on the stability of colloids were performed.

3.2.1 Effect of sonication time

Three samples with same CNTs concentration (0.04wt %) but different sonication time (5, 15
and 30 mins) were prepared to compare the effectiveness of dispersion. Macroscopically
observation by naked eyes and microscopically observation by polarized microscope were
conducted. Fig. 3.7 shows that the samples before and after centrifugation at 4870RPM
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(4000g) with different sonication time. Before centrifugation, sample subjected to Smins
sonication, showed an obvious sign of sedimentation or formation of agglomerates in the
liquid mixture. Sedimentation still occurred in samples subjected to 15mins sonication.
However, sample subjected to 30mins showed uniform dark color. After centrifugation, all
samples were found to be sedimented. But when a closer look was taken, it was found that the
suspensions of CNTs in the supernatant are actually in different sizes of the suspended
material (Fig. 3.8). By direct observation with naked eyes, the largest one can be observed in
sample prepared after Smins sonication and the smallest suspended particles were found in the
sample prepared after 30mins sonication. Polarized microscopy images also confirmed that
the size of nanotubes is dependent on the sonciation time as shown in Fig. 3.9. The longer the
soication time, the smaller/ shorter the CNTs are. The short sonication time also revealed the
agglomeration of CNTs. It obstructs the LCD performance as light leakage can be seen when
external voltage is applied (Fig. 3.10). In terms of the observation by naked eyes and
microscope, the sample prepared after 30mins sonication was found to be the best as

compared to the one with shorter sonication time in this study.

30mins 15mins Smins 30mins 15mins Smins

Fig. 3.7 Sample (0.04wt %) with different sonication time before (left) and after (right) centrifugation for 30mins
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Fig. 3.8 Closer look on the suspensions of different sonciation time after centrifugation for 30mins

Smins 15mins 30mins

Fig. 3.9 Polarized light microscopy images of different sonication time samples (0.04wt %) at the off state

15mins

Fig. 3.10 Polarized light microscopy images of different sonication time samples (0.04wt %) at the on state
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3.2.2 Effect of 24 hours prior stirring

However, a quite dissimilar picture showed on the samples with 24 hours prior stirring. Fig.
3.11 shows that no entire sediment was found in all three samples after centrifugation for
30mins. The supernatant shows a relatively dark color when it was compared with the one
without stirring. Also, the Smins and 15mins samples exhibited a better dispersion than the
30mins sample. Polarized microscopy also verified that the Smins sample shown the least
CNTs clusters. With the increase in sonication time, the number and the size of the clusters
were enlarged (Fig. 3.12 & Fig. 3.13). When external voltage was applied, light leakage is
obvious to see on the 15mins and 30mins sample. It implies that dispersion effectiveness is

the best on Smins sonication after a 24 hours stirring.

" 30mins  15mins Smins

Fig. 3.11 Samples (0.04wt %) with different sonication time and prior stirring after 30mins centrifugation

Smins 15mins 30mins

Fig. 3.12 Polarized microscopy images of stirred samples with different sonication time (0.04wt %) at "off" state
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Smins 15mins 30mins

Fig. 3.13 Polarized microscopy images of stirred samples with different sonication time (0.04wt %) at "on" state

3.2.3 Effect of sonication temperature

Due to the mechanical agitation during sonication, the temperature of the medium increases
gradually until it reaches certain equilibrium point whether no further increment occurred. Fig.
3.14 demonstrates the relationship between the temperature and sonication time with the
measurement of the instant temperature using a thermocouple probe. It was found that the
sample temperature rose up to 65°C, which is in the isotropic state of SCB. To keep the LC
material in its nematic state (the area between the two red dotted lines in Fig. 3.14), an ice
bath was applied and the temperature was kept at around 28°C during the whole sonication
process. Samples with same CNTs concentration (0.14wt %) but with different temperature
treatment were compared under microscope and results were shown in Fig. 3.15. Large-scale
CNTs aggregation can be found in the sample treated at room temperature. In contrast, the one
soaked in ice bath during sonciation shown relatively small bundles. It is thus clearly
advantageous to keep the LC in its nematic phase during dispersion. As shown earlier in the
microscopic images, CNTs before sonication are bundle together in which the size is not

compatible to the following findings.

With the assistant of image analyzer (ZEISS Axioskop 2), the CNTs diameter distribution in

different sociation conditions can be reviewed (Fig. 3.16 & Fig. 3.17). As shown clearly in the
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figures, a wider distribution can be seen in the graph of the CNTs sonicated in room
temperature. The peak also shifted to the increasing diameter of CNTs. With the confirmation
of the average value from the CNTs counted in the microscope photos with the image
analyzer (pink line in the graph), it is obvious to see that the average sizes of the sample
sonicated in the room temperature are larger than the one sonicated in ice bath. (Average sizes
for room temperature and ice bath are 5.16 arb.unit and 4.03 arb.unit respectively. Size
reduction is 22% for sonication in ice bath). Both microscope observation and image analyzer
results concluded that ice bath is beneficial to reduce CNTs bundles during sonication.

Remarks: The arbitrary unit in Fig.3.15 is with the same scale in the image analyzer software.

Relationship between temperature and sonication time in

different condition
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Fig. 3.14 Relationship between temperature and sonication time in normal condition and ice bath
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Fig. 3.15 Polarized light microscopy images of 0.14wt % CNTs LC composites treated in ice bath (left) and at

room temperature (right)

Size distribution of CNTs sonicated in ice bath
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Fig. 3.16 Size distribution of CNTs (sonicated in ice bath without prior stirring) obtained by image analyzer of

0.14wt % CNTs LC composites

Size distribution of CNTs sonicated in room temperature
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Fig. 3.17 Size distribution of CNTs (sonicated in room temperature without prior stirring) obtained by image

analyzer of 0.14wt % CNTs LC composites

3.2.4 Effect of CNTs concentration

The concentration of the nanoparticles plays a very important role in the LC nanocomposite
system. Fig. 3.18 and Fig. 3.19 show the on and off state of 0.01wt %, 0.05wt % and 1wt %

under polarized microscopy respectively. Samples were sonicated at room temperature and
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without prior stirring. For low concentration of 0.01wt%, CNTs were uniformly distributed in
LC and no bundle was found. When the CNTs content was increased, the number of CNTs
clusters started to increase and finally large bunches of nanotubes were found in the 1wt %
sample. Serious light leakage was found in large CNT agglomerates, when the LCD cell was

turned on. This indicates that high concentration of CNTs degrade the LCD performance.

0.01wt % > N 0.05wt %

Fig. 3.18 Polarized microscopy images of different CNTs concentration samples at "off” state

0.01wt % 0.05wt %

Fig. 3.19 Polarized microscopy images of different CNTs concentration samples at "on "state

In order to have a deeper understanding of the LC/ CNTs interaction, calorimetry experiment
on different CNTs concentration was conducted. The temperature range of -20°C to 50°C and
a scanning rate of 5°C/ min were used in this study. A slightly change in the nematic-isotropic
transition temperature (Tnp) during both heating and cooling cycles was found as shown in
Table 3.1. In both cases, the temperature decreased slightly when small amount of CNTs were
added (Maximum variation is 0.23°C for heating and 0.25°C for cooling). However, as the
concentration reached to 0.5wt % or above, the Ty; temperature was higher than pure LC
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(0.14°C higher for heating and 0.2°C higher for cooling). The relationship between the
transition temperature and the CNTs content was plotted in Fig. 3.20. Tests were repeated
twice to ensure the consistency of the transition temperature of each concentration of CNT. It

can be observed that the trends of heating and cooling cycles are almost identical to each

other.

CNTs wt% Tni (Heating) Tni (Cooling)

Pure LC (Owt % CNTs) 35.26°C 34.07°C

0.01wt % CNTs 35.27C 33.98C

0.02wt % CNTs 35.18C 34.02°C

0.05wt % CNTs 35.03C 33.82C

0.14wt % CNTs 35.15C 33.92C

0.5wt % CNTs 35.32C 34.23C

1wt % CNTs 35.40°C 34.27°C

Table 3.1 Nematic-isotropic transition temperatures (Ty;) with different CNTs concentration during heating and

cooling

Phase change transition temperature with different CNT wt%
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Fig. 3.20 Trends of Ty; with respect to different CNTs wt%

3.3 Electro-optical (EO) behavior measurement

This section presents the results on the EO performance of LCDs. Threshold voltage and
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response time are critical concerns for a LC device. Low threshold voltage and fast response
time result in a better performance for the optical device because lower power consumption
can be achieved by lower threshold voltage. Faster switching time allows the application in

more complex display technologies like 3D TVs.

3.3.1 Effect of sonication time

As shown in below again, the typical on-off switching graphs (Both brightness vs operating
voltage and brightness vs time) were illustrated in section one. (Fig. 1.10) For the LCD
configuration of the samples used in this project, the brightness is 100% when there is no
voltage applied. However, the brightness decreases with increasing applied voltage and
eventually reaches to a 0% brightness level. The rise time or fall time is defined as the time

when the brightness changes from 10% to 90% or 90% to 10% respectively.

BRIGHTNESS Definition Optical Response Time

W 10% .
»
i i Black White Black

a
b

Response time =tr + ir

100%

100,
90%

Brightness

Vth Von OPERATING VOLTAGE Rise time Fa.u ti‘r_ne

Table 3.2 gives a summary of the field on time, field off time, total response time and
threshold voltage as a function of sonication time. It was found that field on time, field off
time, total response time and threshold voltage decreased with increasing sonication time.
With respect to section 3.2.1, the EO performance was related to the size of the aggregation.

The 30mins sample achieved the smallest size of bundles under the examination of
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microscope. In terms of EO performance, it also performed the best among the three.

Total response Threshold
Sonication time Field ON time Field OFF time
time voltage (Vi)
Smins 199.3ms 210.7ms 410.0ms 3.50V
15mins 127.9ms 179.2ms 307.1ms 3.32V
30mins 87.5ms 175.0ms 262.5ms 3.09V

Table 3.2 EO performance of 0.04 wt % CNTs LCD cells with different sonication time (Sonicated at room

temperature and without 24 hour prior stirring)

3.3.2 Effect of 24 hours prior stirring

However, with 24 hours stirring prior to sonication treatment, the results were totally different
to the one from above. Table 3.3 gives a summary of field on time, field off time, total
response time, threshold voltage as a function of sonication time. All the EO characteristics
for samples prepared with 24 hours stirring prior to sonication gave an increasing trend with
increasing sonication time. The best EO characteristics were found in sample prepared using
24 hours stirring prior to Smins sonication at room temperature. This is correlated with the
smallest sizes of particles in the CNT/LCD suspension as presented in section 3.2.2. It reflects

that the size of CNTs in the LC host is critical to the LCD performance.

Total response Threshold
Sonication time Field ON time Field OFF time
time voltage (Vi)
Smins 35.4ms 108.4ms 143.8ms 2.57V
15mins 81.5ms 180.9ms 262.4ms 391V
30mins 281.9ms 432.5ms 714.4ms 4.39V

Table 3.3 EO performance of 0.04 wt % CNTs LCD cells with different sonication time and 24 hours prior

stirring (Sonicated at room temperature)
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Fig. 3.21 shows the comparison of EO characteristics between the 0.04wt% CNTs samples
with and without stirring. For the 5mins sonciation time, the stirred one exhibits better EO
characteristics than the one without stirring. The one without prior stirring performed the best
when the sonication time is 30mins. But if the Smins sonication with prior stirring sample and
30mis soication without prior stirring sample were put together, the Smins sonication with
prior stirring sample was by far the best. It reviewed that prior stirring is effective to achieve

better LCD performance. But prolonged sonication may lead to the degradation as well.
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Fig. 3.21 Summarized EO performance between sample (0.04wt %) with and without stirring at different

sonication time: (a) Field on time (b) Field off time (c) Total response time and (d) Threshold voltage

3.3.3 Effect of sonication temperature

Table 3.4 and Fig. 3.22 show the LCD switching behavior of LCD cells with different CNTs

concentration and sonication temperature. With the same concentration, the sample sonicated
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under ice bath performed better than the one under room temperature. The ice bath samples

achieved faster response time and smaller threshold voltage. Refer to section 3.2.3,

mechanical power produces heat during sonication and LC materials transformed from

nematic state to isotropic during the process. Ice bath is effective to resist the raise of

temperature and keep LC materials in the self organized nematic state. From the results, the

EO features were obviously beneficial to keep LC in its nematic state during dispersion.

Condition Field ON | Field OFF Total response Threshold

time time time voltage (Vo)
0.01wt % CNTs 35.0ms 490.0ms 525.0ms 2.30V
0.01wt % CNTs Ice bath 35.8ms 459.9ms 495.7ms 1.36V
0.14wt % CNTs 56.9ms 142.4ms 199.3ms 2.78V
0.14wt % CNTs Ice bath 93.3ms 105.0ms 198.3ms 2.43V
Iwt % CNTs 102.5ms 550.0ms 652.5ms 5.01V
1wt % CNTs Ice bath 96.6ms 489.7ms 586.3ms 4.55V

Table 3.4 EO features corresponding to different CNTs concentration and sonication temperature

Transmission voltage characteristic
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Fig. 3.22 Transmittance as a function of AC voltage with different CNTs wt% & sonication temperature
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3.3.4 Effect of CNTs ¢

oncentration

Table 3.5 and Fig. 3.23 showed the LCD switching behavior of LCD cells with different

CNTs concentration. The samples were sonicated under room temperature condition and

without any prior stirring. For response time, it increased on the 0.01wt % sample and then

decreased gradually with increasing CNT concentration. When the CNTs concentration

increased above 0.5wt %, the switching behavior was worse than those of pure LC sample. In

terms of threshold voltage, samples below 0.05wt % performed better than pure LC one.

However, the sample with 0.14wt % CNT, gave similar EO performance as pure LC. Again,

the Vth of 0.5wt % samples or higher is larger than the pure one. Overall, the 0.02wt %

sample achieved the best results and it was believed that it is the optimal concentration for

this SCB/ MWCNTs hybrid system.

Condition Field ON | Field OFF Total response Threshold
time time time voltage (Vi)
Pure LC (Owt % CNTs) 51.3ms 227.8ms 279.1ms 2.63V
0.01wt % CNTs 35.0ms 490.0ms 525.0ms 2.30V
0.02wt % CNTs 56.9ms 142.4ms 199.3ms 1.97V
0.05wt % CNTs 45.6ms 148.1ms 193.7ms 2.13V
0.14wt % CNTs 56.9ms 142.4ms 199.3ms 2.78V
0.5wt % CNTs 85.5ms 336ms 421.5ms 3.8V
Iwt % CNTs 102.5ms 550.0ms 652.5ms 5.01vV
Table 3.5 EO features corresponding to different CNTs concentration
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Fig. 3.23 Summarized EO performance between sample with and without stirring at different CNTs

concentrations: (a) Field on time (b) Field off time (c) Total response time and (d) Threshold voltage

Fig. 3.24 showed the graph of optical transmission against time during electrical switching

with different CNTs concentration. It was clear to see the backflow effect (oscillation right

after the voltage is switched off from the on state) on the pure LC sample. When the CNTs

content is at 0.01wt %, the backflow was slightly suppressed. At 0.02wt %, the light rise

rapidly without oscillating and the backflow effect was regarded as disappeared. However,

when the CNTs concentration is high as 1wt %, the backflow occurred again and lowered the

response time.
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Fig. 3.24 Optical transmission upon electrical switching of pure LC, 0.01wt % CNTs, 0.02wt % CNTs and 1wt

% CNTs
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4. Discussion

4.1 Effect of sonication time

Sonication under ultrasonic wave is an effective way to obtain a better dispersion for agglomerative
nanoparticle like CNTs. During storage, CNTs form aggregation and this lowered its solubility in other
medium. Sonication provided mechanical agitation to break the bundles to increase CNTs’ integrity of
the whole system and the duration is critical to the CNTs bundles’ size. To achieve a uniformly
dispersed CNTs suspension, longer sonication time is necessary and this can prevent the aggregation
of the CNTs inside the solution. Insufficient and prolong sonication time leads to large CNTs clusters
in the LC host and causes light leakage when voltage is applied to the LCD cell. Other EO features

such as response time and threshold voltage were also obstructed by the clusters.

Other than that, additional strategies were used to enhance the dispersion effectiveness. The first one is
the selection of polar aprotic solvents such as DCE. The dispersant counteracts the van der Waals
attraction of adjacent CNTs by introducing sufficiently strong repulsive force between them. The
second one is the usage of COOH functionalized MWCNTs and it is believed that the surface
modification of nanotubes enhanced the compatibility of the whole system. The acid treatment
introduces oxygen-containing functional groups onto the surface to give a negatively charged surface.

The resulting electrostatic repulsive forces enrich the dispersibility and stability of the colloidal.

To sum up, chemical functionalization, ultrasonication and the use of surfactant are ways to promote
the dispersion in a satisfactory way through debundling and counteracting the reaggregation. However,
it is also important to note that undesirable addition to the host may potentially be existed and this
amount of impurities should be limited. In some occasions with improper matching between chemicals
and CNTs, unexpected reactions or undesired solvent effect may undergo and it will affect the intrinsic
properties of the CNTs.
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4.2 Effect of 24 hours prior stirring

Ultrasonication is quite essential for good dispersion. Though, the results with 24 hours prior stirring
did not reflect the same. With prior stirring, the shortest sonication time (5Smins sample) achieved the
best performance. When sonciation time increases, the number of agglomerations also increased. In
terms of the observation of microscope images and EO performance, the best dispersions are those that
had been stirred followed by a brief sonication (5 mins) because it obtained an uniform distribution in

microscopic observation and achieved the best EO performance.

Prior stirring gives mechanical power and breaks the CNTs into smaller bundles before ultrasonication.
As you can see from the microscope images in section 3.2.2, more uniformly distributed CNTs can be
found in the Smins sample with prior stirring than the one without it. This reflected that prior stirring is
advantageous to homogeneous dispersion of CNTs in SCB. But as the sonication time increases, the
LCD cell performance degrades. As seen from the 15mins and 30mins sonication samples, prolonged
sonication does not necessarily improve the dispersion but can in fact have the opposite effect. Due to
the increased chance of contact between particles, it is well known that colloid aggregation can be
induced by shear flow?”. It can be concluded that during the preparation of colloids dispersion, there is
thus a trade-off between the reduction of the particle size achieved by mechanical processing and the
increased risk of aggregation. This may varies from the combination of different LC materials and

nanoparticles as well.

4.3 Effect of sonication temperature

It was found that the microscopic structure of the LC material has a dramatic impact with different
sonication temperature. Keeping the LC host in its nematic phase during sonication is beneficial for
preparing the dispersion as well as for maximizing the stability. In other word, heating the LC material
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above its clearing point decrease the dispersion effectiveness (where it turns into an isotropic liquid).
For long term stabilization of the nanocompsites, it is better to store it in the nematic phase, rather than

the isotropic phase.

The long range orientational ordered nature of LC materials help to keep the dispersion in a stable
state. Experimental results showed that the average size of agglomerations in the isotropic state is
larger than the nematic state and it confirmed that the importance of anisotropic properties of LC
materials. The ordered structure resists the formation of CNTs cluster. In contrast, CNTs are randomly
distributed and clusters are formed more easily in the isotropic state. In addition, agitation with
considerable heat often induces clustering and sedimentation of the suspended CNTs, which is another
reason why it is beneficial to keep the mixture into ice bath during sonication. It is also noted that the
viscosity variation in the temperature range investigated is small (The viscosity of 5CB at room
temperature and 50°C are 22.5mPa.s and 21.5mPa.s respectively’®) and the viscosity reduction did not

contribute to the reduced stability of the isotropic samples.

By considering the Gibbs free energy of mixing:
Amix G = Amix H - TAmix S
where Anix H and Ay S are the enthalpy and entropy related to the mixing process respectively and T

is the temperature.

Dissolution of a solute in a solvent is favorable to take place if A.,;x G is negative. The dissolution of
CNTs is challenging because carbon nanotubes are extremely long and stiff rod and A S is
exceptionally low. In order to promote good dispersion, solvent must interacts favorably with
nanotubes such that A H is negative. Molecular properties like aromaticity, high polarizability, and
strong dipole moment are favor to the interaction with CNTs and LC materials are actually quite
promising as CNTs host due to the lowA,,;x H value.
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During sonication, the configurational entropy of solvent molecules decreases because they were
absorbed by the rapidly expanding area of exposed CNTs surface. This solvation entropy penalty can
increase Anix G substantially”. In the nematic phase, LC is itself ordered and it should make the
solvation entropy less pronounced. The absorption of mesogns onto CNTs introduces a positional
order that is not present in a nematic phase and hence the entropy loss due to adsorption-induced
alignment is negligible. On the other hand, in the case of isotropic phase, this would constitute a
severe additional entropy decrease. So, keeping the solvent in its nematic state thus minimizes the
solvation entropy and makes the mixing more desirable. This is also supported by other study on LC
wetting of HOPG™ (Highly Ordered Pyrolitic Graphite) and it demonstrated that LCs generally wet

HOPG in the nematic but never in the isotropic state.

The ordered property of nematic solvents also gives unique enthalpy contributions. Disordered
nanotube aggregates in the nematic phase distort the director field strongly on a small scale. In
contrast to the case of isotropic liquids, which cannot take up elastic stresses, the presence of CNTs
aggregates in a nematic host is thus connected to an elastic energy penalty, i.e., the aggregates increase
Amix H. The impact will be smaller for smaller aggregations, being essentially zero in case of bundles
of uniformly oriented tubes, hence the free energy can be minimized by dissolving large random
aggregates. This should contribute to the reduction in aggregate size during dispersion in nematic

solvents as well as increase the dispersion stability in case good debundling has been achieved.
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4.4 Effect of CNTs concentration

First of all, let us focus on the influence on the LC transition temperature with different CNTs
concentrations. When the CNTs concentration is low, the transition temperature Ty;is lower than or
more less the same as the pure LC. This may be due to the large heat dissipation of the highly thermal
conducted CNTs. However, when the concentration went up to 0.5wt % or higher, Ty;is larger than
pure LC. It is likely because the formation of heterogeneous nucleation when the carbon content is
high. The DSC curves suggest that the large scale structure formed in the LC after its filling with
MWCNTs do not completely disappear at the nematic-isotropic transition temperature. In addition, a
complex structure of the transition peaks is observed for the composites. These data reflect the
structural heterogeneity of the composites and may be the evidence of the presence of spatial regions

with different structural ordering of the LC.

Because CNTs have extraordinary thermal conductivity, heat can be withdrawn very fast from
a source. When the CNTs/ LC nanocomposites are heated up, CNTs bundles start to dissipate
the heat and the temperature around the bundles should be lower than the other area. That is
the reason why the birefringence texture is still observable in the proximity of large bundles
of CNTs. Also, this is the explanation for lower Tyn; when the CNTs concentration is low

because heat is dissipated during the phase transition.

In general, there are two nucleation paths for a material under heating and cooling cycle.
Nucleation normally occurs at nucleation sites on surfaces or at grain boundaries. Though,
suspended particles or minute bubbles also provide nucleation sites and this is called
heterogeneous nucleation. Nucleation without preferential nucleation sites is called

homogeneous nucleation. Homogeneous nucleation occurs spontaneously and randomly, but it
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requires superheating or supercooling of the medium. By the microscopic observation with
hot stage, it can be found that agglomerations acted as nucleation sites and heterogeneous
nucleation took place in the CNTs/ LC nanocomposite transition. During cooling cycling with
high CNTs concentration, the nucleation starts at the CNTs bundles and propagate to other
area. Whereas, for pure LC, homogeneous nucleation took place as there is no nucleation site.
To start the nucleation, supercooling is required and a lower temperature is needed to obtain
the first nucleation site. As a result, the Ty of pure LC is lower than the one with high CNTs

concentration.

In theory, non CNTs impurities may affect the microstructural performance during phase
transformation. But from the test results, this kind of impurities seems did not contribute much in the
heating and cooling process. In heating process, impurities did not dissipate heat as fast as CNTs so
that we can only observe LC nematic state around CNTs bundles. In cooling process, supercooling was
observed instead of impurities act as nucleation sites. This may be explained by the low concentration

of impurities within the hybrid system.

For the EO performance, CNTs concentration plays an important role on the display switching
behavior. By doping CNTs into LC host, the backflow effect was effectively suppressed. In addition,
the threshold voltage and response time were improved. In terms of the overall display performance,

the optimal CNTs concentration for SCB/ MWCNTSs nanocomposites of this study is 0.02% wt.

By referring to Equation 1.1, threshold voltage is a function of the elastic constants and
inversely proportional to the square root of the dielectric anisotropy Ae. In theory, the elastic
constants will increase with increasing CNTs concentration. But because the amount of

additives is very small, the change in the three elastic constants is insignificant. In contrast,
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the high aspect ratio CNTs has large Ae and this result in the substantial decrease in Vy, Other
study also demonstrated the remarkable increase in Ag with higher CNTs content’. Nevertheless,
when the CNTs concentration is relatively high (>0.5% wt), Vi, became larger than the one of
pure LC. This is mainly attributed to the formation of CNTs aggregation which obstructed the

switching ability of the LC molecule and decreased the Ae.

The faster response time on the nanocomposite is related to the decrease in rotational viscosity. Refer
to Equation 1.2 & 1.3, the rise time and fall time are directly proportional to visco-elastic
coefficient (The ratio of the rotational viscosity to the elastic constant, v,/ Kji) and cell gap d. To
shorten the response time, thinning the cell gap is a straightforward approach. But when the
cell gap is small, the uniformity of the alignment layer thickness and surface roughness
become important. Moreover, the reduced cell gap often leads to a low contrast ratio of the
device owing to the insufficient phase retardation. And in the real mass production line, it is
challenging to make thin cell panels with acceptable yield and quality. Because of the reasons
mentioned above, more emphasis was put into the methods to lower the rotational viscosity of
the LC material and doping CNTs is one option. In this study, the cell gap was under
controlled at a relatively stable value which should not contribute to the change in response
time. Though, the variation in response time with different CNTs is attributed to the decrease
in rotational viscosity. From the data of other study, it was believed that the rotational
viscosity is lower in the suspension than that for the host material and it was found to vary
monotonically with the concentration of CNTs*. The possible mechanism behind may be
explained by the difference in rotational velocity between the pure LC and the dopant in the
dilute colloid. When voltage is applied to the CNTs doped cell, LC molecules and CNTs
experience a torque in different magnitudes because their aspect ratio and dielectric
anisotropies are not the same. This also revealed that the electric dynamic responses are not
the same in the neat and doped cell. The incoherent responses suppress the collective behavior
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of LC molecules and possibly result in a decrease in rotational viscosity.

When the CNTs concentration is high, the response time increases and the switching behavior is worst
than the pure LC material even the rotational viscosity is further reduced. This contradicted behavior

can be explained by the change in ion concentration with different CNTs contents.

High ion contamination is always a problem for LCD industry. The absorbed charge at the interfaces
between the alignment layers and LC layer reduces the effective electric field across the cell and
diminishes the polarity of the external field. This leads to image-sticking problem in which the
birefringence remained when the applied voltage is off. Some researchers measured the value of ion
concentration with respect to different CNTs content’ and it obviously showed that the ion
concentration is higher than pure LC in the 0.1wt % CNTs sample. Because of the higher ion
concentration, image-sticking effect occurred and perturbed the switching behavior of the cell

and result in a longer response time.

The response time of the best cell (0.02% wt) is much larger than the commercial LCDs in the
market. This can be explained by the difference in the LCD cell production feasibility between the lab
and production line. Facilities limitation, environmental imperfection and processing restriction etc.
are the negative effects of longer response time of the LCD cell prepared in the lab. This implies that
the data in the research may not be a good reference to the commercial ones. Nevertheless, all the
LCD cells prepared in the lab are under similar process and environmental conditions and the data

obtained is compatible to express the effect of CNTs dopants.
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5. Conclusions and outlook

In this report, LC/MWCNTs hybrid material was studied. Characterizations of both individual
materials and the hybrid system were conducted. Also, to obtain better integrity, sonication was done
and the corresponding parameters were considered to compare the dispersion effectiveness.
Furthermore, LCD cells were fabricated to evaluate the EO performance with different sonication

parameters and CNTs concentrations.

From DSC studies, the two transformation features of LC material were showed. From SEM studies,
the disordered nature of CNTs can be observed. When the two materials mixed together, interaction
can be found. With the help of microscope, it can be seen that MWCNTs follow the LC director when
the CNTs concentration is low. There is no light leakage when an external voltage is applied. With the
assistance of the hot stage, the microscopic view during the nematic/isotropic change was seen. During
heating, CNTs bundles turn to isotropic state lastly because the extraordinary fast heat dissipation rate.

In contrast, the CNTs agglomerations act as nucleation centres during cooling.

In terms of dispersion effectiveness, sonication time, prior stirring, sonication temperature and CNTs
concentrations were reviewed. The size of the CNTs in the LC/MWCNTs composite depends on the
sonication time. Combined the naked eyes and microscope observations, the 30 mins sample is the
best. However, longer mechanical energy does not necessarily result in fine CNTs bundles. The 5 mins
sample is the best in the 24hours prior stirring study. Stirring provide enough energy for dispersion and
prolonged sonication induces colloid aggregation by shear flow. For sonication temperature, it is
advantageous to keep LC in its nematic state. In the LC self orientated state, the entropy loss due to
adsorption induced alignment is negligible and it is favorable for mixing as the free energy is
minimized. In addition, the ordered structure resists the formation of CNTs clusters and provides long
lasting dispersion stability. The difference of nematic to isotropic transition temperature (Ty;) with
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different CNTs concentrations can be explained by the two nucleation mechanisms. When CNTs
content is high and clusters formed, heterogeneous nucleation will take place. Whereas, homogeneous
nucleation will occur and supercooling is needed to initiate nucleation when CNTs content is low.

Thus, Ty of high CNTs content composite is lower than pure LC during cooling.

When it comes to EO performance, low CNTs concentration composite improved the threshold
voltage and response time. The smallest threshold voltage obtained in the 0.02wt% sample and the
fastest response time recorded in the 0.05wt% sample. The decrease in threshold voltage was
attributed to the increase in dielectric anisotropy due to the extreme high aspect ratio of the CNTs. The
improvement in response time was because of the suppression of the backflow effect and the decrease
in rotational viscosity. The reduced rotational viscosity can also be explained by the difference in
dielectric anisotropy and aspect ratio of the neat and doped material. When CNTs concentration is high,
ion concentration in the system is also high and eventually degraded the display performance. High
ion concentration weakens the effective electric field applied on the display and caused image sticking
problem. CNTs aggregation is large when CNTs content is high too. This creates light leakage problem

and further degrades the display performance.

Overall, there are surely optimized parameters for LC/CNTs dispersion. When we try to enhance the
EO performance, comprehensive considerations are needed because improvement in EO performance
may reduce the system's stability. By reviewing the studies done by other researchers, the optimization
is sensitive to the features of materials. Even the same source of CNTs used but different in outer
diameter may result in a completely inconsistent findings. This study only gave an outline on how to
optimize the dispersion and EO performance. In fact, the dispersion effectiveness, stability and EO
performance is strongly depends on the LC/CNTs matching. In the future, it is worth to put more
efforts into the different types of LC materials and CNTs and try to categorize them with the optimal
dispersion parameters and CNTs concentration for best EO performance.
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