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Abstract

ADbstract

The great interest in carbon nanotubes (CNTSs) was triggered by their discovery by lijima and has
led to significant research efforts finding exceptional electrical and mechanical properties. The
extraordinarily high anisotropy is not just limited to the shape of CNTSs, but it is also reflected in
their properties that show strong orientational dependence. However, a crucial step involves the
incorporation of CNTSs into macro-size devices while keeping the nanotubes perfectly aligned in a
single direction with a high degree of nanotube straightness. It has been an additional challenge to
produce CNT assemblies that meet all these requirements until Kaili Jiang et al introduced a solid
state method to produce highly aligned multi-wall CNTs pulled from a forest. They reported that
it is possible to pull continuous strings of nanotubes from vertically-aligned CNT forests, forming
parallel arrays aligned along the pulling direction. Due to their high alignment, transparency,
flexibility, conductivity and optical anisotropy, sheets formed by aligned CNTs are promising as

optical polarizer, heaters, sensors, energy devices and aligning and electrodes layers in displays.

The alignment of a liquid crystal (LC) on a CNT surface was first realized by Giusy Scalia
et al. Later, Russel et al. showed that surfaces with aligned CNTs align LCs unidirectionally,
followed by Fu et al. demonstrating that coated CNT sheets can also act as transparent electrodes
for switching LC. Thus, aligned CNT sheets show promise as attractive multifunctional systems
for LC displays, being able to simultaneously serve diverse functions by replacing both polyimide
(PI) and indium tin oxide (ITO) layers, thus, minimizing costs and simplifying the fabrication
process. The mechanical properties of CNTs offer also better performance than ITO when used on
flexible substrates. However, the optical anisotropy of MWCNT sheets in the range of visible
wavelengths remains almost unexplored. There is thus an urgent need to investigate and
fundamentally understand the interaction of light with CNT sheets in order to accurately realize

CNT-based liquid crystal optical devices.

MD Asiqur Rahman



Abstract

In LC displays, the modulation of light is based on the use of polarized light, and the
introduction of an optically anisotropic layer can affect the modulation; thus, it is important to
acquire fundamental knowledge on the interaction between aligned MWCNT sheets and light. We
followed the technique reported by Kaili Jiang and Ray Baughman to produce highly aligned CNT
sheets by pulling CNTs from a spinnable CNT forest. We further deposited the aligned CNT sheets
on a glass substrate and characterized them in the visible wavelength range, finding that the aligned
CNT sheets anisotropically absorb light. Furthermore, the linearly polarized light travelling
through the CNT sheets is rotated and the polarization of the light is affected by the presence of
even a single layer of CNTs. Moreover, the magnitude of rotation of polarization increases as the
layer thickness increases. We performed theoretical investigations which closely fit the
experimental data, suggests that the origin of the rotation is mainly due to the anisotropic
absorption. However, other contributions, such as from birefringence, cannot be ruled out. By
optical investigations, the dependence of the optical behavior on thickness of CNTs was also
established.

Moreover, the average orientational order parameter of the CNT sheets was evaluated from
the anisotropic absorption of aligned CNT sheets. A high value of orientational order parameter in
CNT sheets is needed since the alignment of the CNT sheets translates to LC alignment. The order
parameter of free-standing CNT sheets was found to be ~0.6; however, it decreases once deposited

on a substrate.

The adhesion between the CNT sheets and the substrate is an additional problem and was
studied using different strategies correlating the adhesion to the final alignment of the CNTs on a
substrate. Parts of this research effort were devoted to investigating CNT sheets on various
polymer surfaces, leaving the surface of CNTs almost free from polymer, for a direct investigation
of the LC alignment on the CNT graphitic surface. The general goal was to improve the adhesion
while keeping the alignment of the CNTSs intact as pulled from the forest. We found a tradeoff
between the adhesion of the CNTs and their alignment on a substrate; however, achieving highly-
ordered CNTSs and perfect adhesion on the surface is an issue. A second approach was based on
complete coverage of CNTs by coating the nanotube films with inorganic dielectric layers (SiO,

or Al,03). We found that SiO, coating preserved the freely-suspended CNT alignment while
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improving the film flatness. These inorganic coatings help to obtain good electrical performance
of LC in cells made with the CNT-based substrates. The alignment of the liquid crystal 4-cyano-
4'-pentylbiphenyl (5CB) in the cells was generally planar and unidirectional, with differences in
the quality depending on the type of coating layer and on the value of the order parameter of the
CNT sheets. We investigated both the uniformity of the LC alignment as well as the switching

voltages and times and compared this to the performance of the LC in commercial cells.

Integration of aligned CNTs with LC requires the understanding of the interactions of CNT
layers with light to realize CNT devices. Aligned CNTs from forests can be obtained easily;
sequentially depositing CNT layers, however, while maintaining control of the degree of alignment
when integrating them into devices is an open issue. This work shows the occurrence of unexpected
interactions with polarized light due to the intrinsic properties of CNTs and due to their alignment.
By exploring and optimizing the optical performance of CNT sheets, through their orientational
order, it can be possible to use them as optical films for producing, among other optical devices,
variable rotation of polarization, polarizers and transparent electrodes that also can align LCs

integrated into LCDs.
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Chapter One
Introduction

Individual carbon nanotube possess unique highly anisotropic properties that have stimulated
much interest in diverse disciplines. However, there is still no technigque available to produce large-
scale architectures of highly aligned CNTs. One of the biggest challenges in the field of
nanoscience and nanotechnology is how to create macroscopic/microscopic devices by assembling
nanomaterials while preserving their extraordinary properties. Due to their anisotropy, CNTs have
the additional challenge that their properties change with their degree of orientational order but
controlling their alignment is still an issue which limits their applications. Different strategies have
been explored for obtaining the alignment of CNTSs at a large scale. Here, we use sheets formed
by aligned CNTs in extremely long bundles produced in a dry, solvent free and surfactant free
process. One of the objectives of this work is to investigate the anisotropic optical and other
properties of the CNT sheets relevant for the implementation of the CNT sheets in liquid crystal
displays (LCDs). In fact, they have been recently proposed as multifunctional layer (alignment and
transparent layer) in LCDs.

Thanks to Kaili Jiang et al. [1] and Ray Baughman et al. [2] for their innovative idea to align CNTSs,
we were inspired by their work to produced CNT sheets. However, in order to use CNTs in the
application, there are fundamental questions that need to be addressed and one of them is how
aligned MWCNT sheets interact with light. One of the main findings of this work is the rotation
of polarization from aligned MWCNTSs which means when a linear polarized light travel through
a CNT with its polarization at a certain angle with the alignment direction of CNT it rotates the
initial polarization. The output rotation angle depends on the initial angle between light and CNT.
However, there is no rotation of polarization when the linear polarized light is either parallel or
perpendicular to the CNT alignment. We then further investigated the origin of the rotation of

polarization theoretically. Our experimental and theoretical studies suggest that the rotation of
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polarization is mainly due to the anisotropic absorption which will be explained in detail in this

thesis.

Furthermore, we investigated the order parameter of aligned CNT sheets. Since one of the main
objectives is to produce highly aligned CNT sheets, therefore, high value in the orientational order
parameter is indeed crucial. We further discussed the influence of the surface of the substrate on
the orientational order parameter of CNT sheets and the adhesion of the CNT films on the
substrate. According to our findings, there is a tradeoff between the order parameter and adhesion
of the CNT sheets in the process that we have used. The order parameter decreases as adhesion
improves. The highest order parameter was found for free standing CNTSs film and it reduces as it
deposited on the substrate after we improved the adhesion. Thus, we investigated the surface
interaction between the tubes and the surface of the substrate in order to understand the influence
of the substrate on the alignment of the CNTSs.

The CNT sheets we produced are promising in the field of liquid crystal research. The LC
molecules anchor parallel to the CNTs long axis hence providing planar alignment to the LCs.
Therefore, the aligned CNT sheets can be used as an aligning layer for LC. Moreover, aligned
CNT sheets are transparent and conductive which can be used as a transparent electrode in liquid
crystal devices. Thus, we proposed the aligned CNTs as a multifunctional layer for liquid crystal
display. The proposed aligned CNT sheets not only align the LCs planarly but are also used as an
electrode to reorient/switch the LC molecules. We studied the interaction between CNTs and LC,
the CNTs not only electrically conductive but also transparent which can replace transparent
conducting film indium tin oxide (ITO) in LCDs.

Furthermore, from an application point of view other than LC display, aligned CNT sheets can be
used as a polarizer. Due to the anisotropic absorption of light, aligned CNTs can produce linear
polarization. We characterized our aligned CNT sheets in the visible spectrum and we successfully
produced linear polarized light. However, improvement of the alignment is needed to boost the

performance of the CNT polarizer.
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The ultimate goal of this Ph.D. thesis work is to understand the interaction between CNTs and
light, since we proposed aligned CNTSs in optical devices in particular in LCDs. The anisotropic
absorption and realization of rotation of polarization will help the integration of CNTSs in optical
devices. Furthermore, the overall alignment of the LCs depends on the alignment of the CNTs,

therefore, the studies of orientation order of CNTSs is important.

The thesis is structured as follows:

Chapter two reviews the structures, properties, and applications of CNTs, and discusses the
alignment and growing technique of CNTs in the literature. It also discusses the basic

understanding of the liquid crystal and their optics.

Chapter three introduces the fabrication and experimental procedures used in this work. I will
explain all the steps from CNT sheets fabrication to the preparation of the substrate with a single
or multiple layer. I will describe the preparation of our LC cells based on CNTs and then the
characterization methods of anisotropic absorption, the detection of the rotation of polarization for
a single and multiple layer, the experimental setup for the electro-optic behavior and opto-thermal

investigation of LC will be explained in this chapter.

In chapter four, we analyzed the data obtained from the characterization. We explained the origin
of rotation of polarization, performed numerical analysis and compared theoretical and
experimental results. We also established the dependence of rotation of polarization on layer
thickness and how it depends on the wavelength of light. We studied the order parameter of aligned
CNT sheets and how the alignment of the CNTs changes the interaction between CNTs and light.
Finally, we discussed the performance focusing on the response time and heating effect of the CNT
sheets in LC display and then use as a polarizer.

Chapter five summarizes the outcomes of the research in this work.
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Chapter Two
Background

In this chapter, | will explain the fundamental knowledge on the topic of my research which
includes relevant history, theory, other researchers’ views on solving the problem and brief

discussion on necessary optics.

2.1 What are carbon nanotubes?

Carbon nanotubes (CNTSs) are allotropes of carbon and one-dimensional (1D) hollow cylindrical
structures formed only by carbon atoms. For a significant period of time, the only known carbon
allotropes were diamond and graphite. In1985, the discovery of C60 [3] opens the research field
of nanotechnology. Later in 1991, carbon nanotubes were reported by Sumio ljima [4]. Graphene
is a two-dimensional (2D) system, formed by a single layer of carbon atoms, one atom thick,
bonded together in a hexagonal lattice pattern. Graphene can be viewed as the fundamental
compound of fullerenes, carbon nanotubes, and graphite. These materials can be derived from 2D

graphene as shown in Figure 1Figure 1 making tailored cuts and eventually folding it [5].
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Single layer of graphene (2D)
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Figure 1: Schematic of graphene (2D), fullerene (OD), carbon nanotubes (1D) and graphite (3D).

showing the basis of these three materials is graphene. Adapted from Ref. [5].

The structural arrangements of the carbon atoms determine the distinct electronic, mechanical,
thermal, and optical properties of the carbon materials [6] that can substantially differ from
material to material. For example, while the electrical conductivity is low in diamonds, the thermal
conductivity is very high. Graphite is conductive although anisotropically different in and out of
the plane, and graphene is highly conductive but also transparent. As shown in Figure 1, a CNT
can be visualized as a rolled-up graphene sheet into a seamless cylinder. Therefore, depending on

MD Asiqur Rahman

21



Chapter two Background

the number of layers of rolled graphene sheets, CNTs can typically be classified as single-walled
carbon nanotubes (SWNTSs) and multi-walled carbon nanotubes (MWNTS) [7]. A schematic of the
SWCNT and MWCNT is presented in the Figure 2. The diameter of the SWNTSs can vary from
0.4 to 3 nm and in the case of MWCNTSs, from 5 to 20 nm (can be greater). The length of the tube
can be less than a hundred nm to several centimeters [8-10], resulting in high aspect ratio up to
~107 [11, 12]. The unique nanostructure of the CNTs makes them exceptionally strong, with high
flexibility, transparency and great conductivity both electrically and thermally [10, 13].

5—-20nm

Figure 2: Schematic of SWNT and MWNT adapted from Ref [14]

SWCNTSs can be either metallic or semiconducting, and the character of the band structure is

dependent on how graphene sheet is rolled up. The way the graphene sheet is wrapped is

represented by a pair of indices (n, m), positive integers, the coefficient of the chiral vector ¢ =
na; + ma,, where n > m. If n = m, the CNTSs are called “armchair” and they have metallic
properties. The name refers to the shape of the edges of the CNTs after an ideal cut perpendicular
to the elongation direction. If m =0 and n > 0, they are called “zigzag” still from the shape of the
edges after an ideal perpendicular cut. They can be either metallic or semiconducting. If the
difference between the indices (n — m) is a multiple of three, tubes are metallic otherwise they are
semiconducting. Finally, other than above mentioned combination of n & m, nanotubes are called

“chiral”. Chiral SWCNTs can be either metallic or semiconducting [15-17]. A schematic
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representation is shown in Figure 3. It is hard to identify the chirality of MWNTSs because of their
nested layers; however, most of them exhibit metallic properties. The behavior of MWCNTS is

metallic if, at least, one sheet has a metallic chirality [18].
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Figure 3: Representation of a rolled up CNT (n, m) from a 2-D graphene sheet with chiral vector

C, and unit vector @, and @, [19]. An example of a zigzag, chiral and armchair SWCNT

structure [20] are shown on the right.

The growth of CNTSs is of great importance since it determines the properties of the nanotubes,
and then the final performance of CNT products. It has been shown that given the right conditions,
CNT synthesis can occur in a wide range of environments. There are mainly three techniques for
growing CNTs: arc discharge, laser ablation, and chemical vapor deposition (CVD) [21]. Chemical
vapor deposition is a chemical process resulting in deposits a solid material on a heated surface
which occurs from a chemical reaction in the vapor phase [22]. It is widely used to produce high-
purity and high-performance solid materials. CVD growth of CNTs is the most often used
technique nowadays, often based on iron catalyst deposited on a substrate exposed to a carbon

feedstock disassociated by e.g. temperature. The technique is very promising for industrial
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production due to its easy setup and operation, easy scale-up at low cost and capability of growing
CNTs directly on the desired substrate [23]. The technique used to grow CNTSs in this work is
CVD and details of the growth are explained in ref [24]. More details about CNT forest is in
chapter 3, section 3.1.

2.1.1 Alignment of CNTs

Typically, CNTs produced in bulk have a random order. The unorganized CNT architecture limits
not only the investigation of the fundamental properties but also potential applications of CNTSs.
For instance, very high optical anisotropic absorption [25-28] and anisotropic conductivity [29,
30], achievable with CNTs, rely on the alignment of the tubes. In general, randomly oriented CNT
networks have poorer performance compared to the aligned CNTs [31]. Moreover, there are
numerous applications such as display devices [32-36], polarizers [37-40], sensors [41],
optoelectronic device (TFT transistor) [42, 43], energy devices (solar cells, transparent electrodes)
[44-46], heaters [47, 48], actuators [49] and fibers [45, 50] that are dependent on the alignment of
the CNTSs. Since the extraordinary properties of the CNTs are maximized when they are aligned,

then, a controlled and uniform alignment of CNTSs is desirable.

The alignment of CNTs has been an issue since their discovery. One of the most extreme
challenges in CNTs is aligning them while preserving their properties. VVarious methods have been
reported to produce large scale aligned CNTSs. Efforts are in progress to align CNTs either directly
during growth [51-53] and/or post growth [54, 55]. Notable techniques include mechanical
stretching in a polymer film [43, 56, 57], filtration method [28, 58], Langmuir-Blodgette method
[59-61], dispersion of CNTs in LCs [62-65], magnetic alignment [66-69], inject printing [70, 71],
dip coating [72, 73]. However, the performance of the reported aligned CNTSs is still on average
lower than the individual CNT. None of the above-mentioned methods meet the industrial
performance due to the limitation of the techniques such as low CNT densities, poor local
alignment limiting micro devices, the degree of the final alignment low, inability to control
chirality hence type of the tube, complicated process, poor purification, and no control on the
thickness of the film. Twenty-eight years since CNT was invented, and there is still no simple and
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easy fabrication method available which can produce large scale, defect free and highly oriented

CNTs for next generation devices.

2.2 What are liquid crystals?

In general, most of the substances change their state at different temperatures. For example, below
0°C, water is a solid, a liquid between 0°C and 100°C, and a gas over 100°C. These three phases-
solid, liquid and gas - exhibit different characteristics since the molecules in each phase possess
different degrees of order. There is an intermediate phase between the solid and the liquid called
liquid crystal phase which is characterized by some degree of long range orientational order, some

case also positional, as shown in Figure 4.

Solid Liquid Crystal Liquid
Temperature

Figure 4: Molecular structure of solid, liquid crystal and liquid as a function of temperature
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The discovery of the liquid crystal is attributed to Friedrich Reinitzer in 1888 [74][75]. It was first
observed in cholesteryl benzoate; however, liquid crystalline properties can also be found in a
common substance such as soapy water. Liquid crystal materials are typically categorized into two
types: disc-like molecules (molecules consisting of e.g. a core of adjacent aromatic rings forming
rigid parts extended in two dimension) and rod-shaped molecules (one molecular dimension is
much longer than the other two). For display applications, rod-like LCs with the physical
properties that vary as a function of temperature, thermotropic LCs, are used. Figure 5 shows the
basic structures of the most commonly occurring rod-like liquid crystal molecules.

H i Aromatic Aromatic .

Figure 5: Molecular structure of a typical liquid crystal

Examples of the side chain and terminal groups are —CN, -NO,, and others such as alkyl, alkoxy
groups connected by linkage groups such as stilbene, ester, Schiff base and tolane. The majority

of liquid crystals are benzene derivatives.

Nematic phase is the simplest liquid crystal phase that possesses only orientational order, typically
with orientational order parameter (S) introduced properly later, assuming values between 0.3 to
0.7. For example, the very common and widely used nematic phase liquid crystal in research is 4-

cyano-4'-pentylbiphenyl (5CB). The molecular arrangement of 5CB is shown in Figure 6.
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Figure 6 : Molecular arrangement of 5CB Adapted from Ref [76]
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The order parameter is an important parameter for liquid crystals and it may be defined through

the orientational order parameter S as follows:

S ==(3cos?0 —1) ... (1)

In the equation (1), 0 is the angle between the LC director (7) and the symmetry axis of molecules,
along their long dimension. The axis along which the molecules are oriented, is called the director
and is denoted by the unit vector 7. The equation (1) is an average of all the molecules in the
sample. For example, the average of the 3 times cosine square minus one term is zero for an
isotropic liquid. Therefore, the order parameter of an isotropic liquid is zero. In contrast, the order
parameter equals one for a perfect crystal. The order parameter of a liquid crystal is in between 0.3
and 0.9. In the nematic phase the LC molecules are free to move, but over an average direction
along which the molecules tend to orient their long axes. In the nematic phase the LC molecules
have long range orientational order but no positional order as shown in Figure 7.

MD Asiqur Rahman



Chapter two Background

ST A ) A
e ,”: /’ /,:
/’ /' i // [ ) ’ // i
”’/ /,l ,,,/ . ',,/ i
A A e ~ ' T v o
1 ] 1 1 1
E : i ° ! i
| | o
1 I
E o o ¢ o
: : ® | i
I 1 i H
! ! 1 1
1 | I H . i
| ‘ ‘ e il
E ! /" : . . i ,'/
1 : Vi i :,’
i ;'/'l IL______________________________.l"
Orientational order No positional order

Figure 7: Nematic liquid crystal phase illustration with molecular order. Left image showing the

orientation order and right image showing lack of positional order of nematic LC.

The general director orientation can be maintained/reoriented through a magnetic or electric field
in order to control the optical properties of the sample. Today, at the heart of modern display
technology, the orientational dynamics of the LC director in an applied electric field acts as a
fundamental physical phenomenon, which drives the optics of display. The field-induced director
reorientation of LC change at surfaces is known as the Fréedericksz effect [77]. Figure 8 explains

the LC switching in an electric field.

LC Director n LC Director n
LC Director n
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Figure 8 : Schematic of nematic LC orientation under an electric field. VVoltage higher than
threshold (V > Vy,), reorient the LC director parallel (right image) to the electric field

direction (in case of positive dielectric LC)

Due to the anisotropic nature of the LC molecules in nematic phase, the physical properties (such
as dielectric permittivities (g, g;), refractive indices (n,,n,)) along and perpendicular to the

director differ, thus, giving rise to anisotropy. For example, optical anisotropy defined by An =
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n, — ny is shown in Figure 9. Light at normal incidence with the optic axis of aligned LC would
experience the extraordinary refractive index (ne) for polarization parallel to the optic axis but the
ordinary refractive index (no) if the polarization is perpendicular. For polarization directions at
intermediate orientations there will be two rays propagating through the LC, since both no and ne
are experienced by the light. Regardless of the polarization direction light will experience no when

propagating along the optic axis.

Electric field V > Vinh

Figure 9 : Liquid crystal with a positive dielectric anisotropy (&/ > €1) placed inside an electric
field.

2.2.2 Alignment of LC

The alignment of the liquid crystal can be obtained by the surface treatment of the substrate which
is influenced by both the liquid crystal and the surface’s nature [78]. Generally, there are two
surface alignments; planar and homeotropic/vertical alignment depending on surface treatment.
Figure 10 shows the planar and homeotropic alignment of LC sandwiched between two glass
substrates. In the planar aligned liquid crystal cell, the liquid crystal director is consistently parallel
to the surface of the substrate. In the homeotropic alignment liquid crystal cell, liquid crystal
director is perpendicular to the surface. Homeotropic alignment on substrates is typically achieved
by treating the surface with surfactants [79]. In case of planar alignment, the surface of the
substrate is coated with a polymer (typically teflon, polyimide or PVA) and then rubbed with a
velvet cloth, which creates a grooved surface. The distortion energy of nematic molecules in

macroscopically disordered state is reduced by the grooved surface, which increase their
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macroscopic anisotropic order. The polymer mainly plays the role of a template to achieve planar
alignment [80, 81].

LC Director n

Substrate Substrate

(a) (b)

LC Director n

Figure 10 : Schematic representation of liquid crystal alignment inside a cell (a) Homeotropic

(vertical) and (b) Planar

2.3 The interaction between CNTs and LCs

Nowadays, LCD technology has been well established and found in many aspects of daily life
[82]. Even though using advanced technology, an essential part (the alignment layer), in such
displays mainly depends on the mechanical rubbing of a polyimide polymer, done simply by a
piece of cloth. This method was invented more than ten decades ago [82-84] and extensively
employed in the large scale industry [82, 84]. By rubbing the spin coated polyimide, the generated
parallel micro-grooves as well as the production of a large number of similarly oriented bonds on
the polyimide surface align the liquid crystal (LC) well in macroscopic scale [82, 84, 85].
However, such a technique has many drawbacks, such as the creation of debris and surface
electrostatic charges, contamination, and damage in polymer film that are associated with the
mechanical contact [33, 82, 84]. As a result, rubbing induces faulty pixels [82]; therefore, a non-
contact aligning method has been expected for the next generation of the large and high resolution

LCDs [86]. Several alternative methods have been demonstrated such as photo-induced surface
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alignment [87-90], plasma beam alignment [91, 92], and ion—beam alignment (IB) [93-96].
Moreover, improvement of the alignment and the performance of LC devices have been attempted
by using nanoparticles as alignment layer [97-99]. However, the improvement in device

fabrication and performance was limited.

Carbon nanotubes can be aligned by liquid crystals (LCs) when dispersed in them [62, 100, 101]
[102]. However, when CNTSs are deposited on surfaces with uniform alignment, they can align
liquid crystals even isolated [32] or as sheets [33, 35]. In fact, LC molecules can anchor planarly
on the graphitic surface and the orientation of the nanotubes can give the directionality to LC
molecules. These molecules at the interface transfer their alignment to the bulk LC molecules
producing films with macroscopic monodomains. This easiness of achieving aligned films is one
of the most attractive properties of liquid crystals at the base of their successful implementation in
displays, together with their electro-optic characteristics. In fact, LCs can induce modulation of
light by changing their molecular orientation under electric fields and returning to a steady state,
upon removal of the field. The steady state configuration is very important for a reversible and
reproducible light modulation process and it can be simply achieved by ensuring strong molecular
interaction of the LC molecules with suitable surfaces. Carbon nanotubes films can be an attractive
alternative since they can still be deposited in a quick and easy way not needing potentially
contaminating steps [32, 33, 35, 103]. They are flexible, strong and optically transparent which
made them attractive as transparent electrodes in flexible and stretchable electronics. CNT sheets
can then serve several functions for LCs. The quality of the alignment of carbon nanotubes is
clearly a key parameter for the uniform alignment of LCs. Additionally, the surface interactions
are of tremendous important since it determines the anchoring strength of the molecules that dictate

the electro-optic switching of LCs.

2.4 Optical properties of CNTs and LCs
2.4.1 Absorption

The propagation of light in a medium or matter (solid, liquid and gas) is affected in two ways.

First, the intensity of the beam decreases as the light travels further into the medium. Second, the
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velocity will be less in the medium than in free space. The loss or reduction in intensity is mainly
due to the absorption (energy of a photon taken up by the matter) and/or sometimes scattering. In
Figure 11, a beam with an intensity I, enters into an absorbing medium. The fraction of the

intensity (dI) absorbed by the medium depends on the thickness (dx) and the absorption coefficient

(av), therefore,
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Figure 11: Light travelling through the absorbing medium
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Equation (2) is known as Beer Lambert law, here | is the intensity of the beam emerging from the
other side, I, is the incident beam, x is the thickness of the medium, that is the light path in the
medium that incident beam travelled through and a is the absorption coefficient.

When light travels in absorbing anisotropic media, there are unequal optical properties, in
particular absorption, as a function of the direction of propagation of light in the medium and its
polarization. Such characteristic is known as optical anisotropy or anisotropic absorption. A
dichroic polarizer is a perfect example of anisotropic absorption. Light is a transverse
electromagnetic wave, which contains the electric and magnetic fields perpendicular to each other.
Figure 12 shows the electric field in the XY plane, the magnetic field in the XZ plane and the
propagation of the wave in the X direction.

Electric field Polarization direction
Y 4

Wavelength

ON

Propagation direction

) s
Magnetic field X X
Z d
Z Propagation direction
Light Source
% 2 Dichroic linear
s lari
p polarizer
Transmission axis
4 of polarizer
Unpolarized light - lll
Linear

polarized light

Figure 12 : Illustration of the transverse electromagnetic wave (top). Linear polarization by
dichroic medium (bottom) adapted from Ref [104]

Unpolarized light consists of waves that oscillate at all possible angles from the Y direction, still

perpendicular to the X axis, in Y-Z plane. Linearly polarized light is defined as the optical wave
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that only fluctuates in one specific plane during its propagation and in time. This means that the
electric and magnetic field oscillates in a fixed plane. A dichroic polarizer is a plate/material that
allows only specific direction of light polarization to pass through (it is worth mentioning that the
output intensity is lower than the input/original light due to the absorption of the polarizer). This
axis of the polarization is called “transmittance axis” and its perpendicular to the “absorption axis”.
Typically, the transmitted light is linearly polarized in the direction of transmission axis. The
polarization of the light can be tested by another polarizer often addressed as analyzer. Figure 13
(a) shows a generic configuration with two polarizers. If the transmittance axes are set at 90°
(crossed), the polarized light from the first is absorbed by the second polarizer as shown in the
Figure 13 (b). However, if two polarizers (transmittance axes) are parallel, the light passes
completely through the analyzer. The light transmittance decreases as the analyzer’s transmission
axis rotate from 0 to 90 degrees. The intensity of the light after the second polarizer can be
calculated by using Malus’ law, which states that the output intensity I for any given relative angle

0 between the transmission axes of two polarizers is given by:

I=1Iycos%0....... (3)

Intensity (I)
r

Polarizer

I =1,cos%8

I, Analyzer Iy

1(6)
Unpolarized light TA /
TA‘ Y T T T >
0 90 180 270 360
Angle (8)
(a) (b)

Figure 13 : Intensity profile of parallel and crossed polarization with Malus’ law
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2.2.4 Birefringence

The previous section introduces the concept of polarized light, absorption and polarizers. This
section will describe one of the major optical characteristics of liquid crystals. Due to their
anisotropic nature, liquid crystals are found to be birefringent. In other words, they have two
indices of refraction in different directions (perpendicular to each other). The light polarized
parallel to the director has a different refractive index to the light polarized perpendicular to the
director. As seen in Figure 14 (a), the polarized light with the electric field parallel to the LC
director experiences the refractive index n, as it passes through the sample. However, in Figure
14 (b), the polarized light which is perpendicular to the director feels a different refractive index
n, as it passes through the sample. Therefore, the polarized light with 45° to the director will have

a refractive index n.¢ [See in Figure 14 (c)] whose value is between n, and n,. The original wave
is split into two beams experiencing n. & n, respectively.
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Figure 14 : Linear polarized light travelling (a) Parallel, (b) Perpendicular, and (c) 45° to the LC

directors.
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When light enters a nematic liquid crystal sample, the process is modeled in terms of the light
being broken up into the fast (called the ordinary ray) and slow (called the extraordinary ray)

components as shown in Figure 15.

Unpolarized light Extraordinary ray

Birefringent

medium Ordinary ray

Figure 15 : Light traveling through a birefringent medium breaks into two linearly polarized light

beams which travel with polarization perpendicular to each other.

Since the two components encounter different refractive indices, they travel at different speeds
resulting in phase shift as they exit the LC sample. As a result, the polarization state will change
according to the phase retardation accumulated in the LC layer. Two indices of refraction (ordinary
and extraordinary indices of refraction respectively) and their differences are defined, n,, n. and
An = n, — n,, respectively. The ordinary and extraordinary refractive indices can also be written

in term of the relative permitivities,
ne =./g, n,=./¢,

The birefringence of a material is defined as:

An =ng, —ng ... ... ... 4)

The phase retardation of LC in a cell is defined as:

2mdAn
6= e (5)
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Here d is the distance in LC travelled by light, typically corresponding to the cell gap and A is the
light wavelength. Since the optical path is defined as A = d.n, AA = d. An, birefringent media are
characterized by anisotropy in the optical path. The phase retardation accumulates as long as the
light propagates in the birefringent material. This results in a change of the polarization state of

the transmitted light.

2.5 Electro-optic setup for liquid crystal

As mentioned earlier (section 2.2), the optic axis of the nematic phase LC is parallel to the director
and the rotation of the director can be controlled by an electric field. By controlling the voltage,
continuous phase retardation change can be obtained. The output polarization state can then be
manipulated. The birefringence of the liquid crystal can be characterized by placing the sample
between the crossed polarizer and by looking at the output intensity. The output intensity is given
by the following equation:

I = I,sin?(20)sin? (nAnd)
Where I, is the initial intensity of the light and 6 is the angle between the LC director/LC optic
axis and polarizer. The maximum light transmission/phase retardation from a LC sample between
crossed polarizers is given for 6 = 45° and minimum when 6 = 0 or 90° . The minimum voltage
needed to reorient the nematic LC in the homogeneously planar alignment i.e. with the director of
the LCs are parallel to the surface and electric field perpendicular to the substrate as shown in
Figure 16. The threshold voltage is connected to the elastic constants and dielectric anisotropy,

therefore,

K11
gole

Vipn=m [Splay type Fréedericksz-transition is considered] ......... (7)

Below threshold voltage, the LCs in a cell remain undeformed. Then at a threshold voltage, the
deformation initiates and increases as the voltage increases. This transition of LC molecules at a
certain voltage is the Fréedericksz-transition, as explained earlier. It’s worth to mention that strong
anchoring to the boundaries dominates. Therefore, the LCs on the surface remains and does not

undeformed and does not orient parallel to the electric field until very high field strength.
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Planar alignment layer

Planar alignment layer

(a) (b)
Figure 16 : The Fréedericksz -transition. Applied voltage (a) below the threshold voltage, (b)
above the threshold voltage.

Figure 17 shows a voltage vs transmission curve of a planar alignment LC cell between crossed
polarizer. When the applied voltage exceeds the Fréedericksz transition threshold, the director of
LC tilt further from the aligning surface. The transmittance decreases and becomes zero at

sufficient voltage where the bulk LC is parallel to the electric field.

The response time which includes rise time and decay time mainly depends on the rotational

viscosity, the elastic coefficient, applied voltage and anchoring on the surface and is given by:

Y1d2
Trice — == 0. oo ... 8
rise SoASVZ—kllTIZ ( )
_ Y1d2
Tdecay Ky 102 €))
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Figure 17 : Typical voltage vs transmission curve of a planar aligned LC cells at 45° between

crossed polarizer.

The rise time, the time for the director to reorient parallel to the applied electric field, is represented
by equation (8). On the other hand, equation (9) gives an estimation of decay time also known as
relaxation time of LC in zero electric field. It’s the time that LC molecules take to reach their
equilibrium configuration after the applied electric field is switched off. The response time of the
LC directors is governed by two torques, the elastic torque and the electric field induced torque.
AtV > Vy,, the electric torque is stronger than the elastic torque and at V = 0, the electric torque
is zero, then the elastic torque is most relevant, which dominates the relaxation process, therefore

Trise IS longer than Tgecay. Moreover, t,is. can be externally controlled unlike tgecay [105].
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Chapter Three

Fabrication and
Characterization
Techniques

In this chapter, 1 will explain the fabrication process of the alignment of the CNTs. I will also
discuss the assembly of CNT-LC cell. Moreover, the equipment, the characterization techniques,
the preparation of the substrates and detailed information of the materials will be discussed in this

chapter.

3.1 Preparation and fabrication

3.1.1 Preparation of CNT sheets

CNT sheets can be produced by either dry or wet methods. Motivated from the ancient art of paper
manufacturing, nanotube sheets are produced by dispersion of the tubes in solution of surfactant
in water, followed by filtration and drying process and finally peeling them from the filter
obtaining a CNT sheet [106, 107]. Even though an ultra-thin and highly conductive and transparent
CNT film [108, 109] was produced through modifying the filtration process; however, within the
plane CNTs were isotropic. The alignment of the CNTs in CNT sheets produced by filtration was
improved by mechanical rubbing of CNTs [110] and applying magnetic field during the filtration
process [68]. Wet methods for the dispersion of CNTs also include dip coating [111], Langmuir-
Blodgett technique based on the CNT's hydrophobicity [112] and biomolecular self-assembly
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[113], all allow wafer-scale fabrication of CNT sheets. However, good alignment is still an issue.
Moreover, removing the solvent or surfactant molecules is not easy and there is a possibility that
chemical residuals may affect the properties of CNTs. Therefore, the post treatment can be
expensive, complicated and it can limit the CNTSs applications. In case of dry method, CNT film
and/or fiber was produced from CNT aerogel by Li et al. using a floating catalyst method [114].
The CNT film/fiber was continuously spun directly from the CVD machine. The advantage of this
technique is the alignment, length and thickness of the film that can be controlled. However, this
method is favorable for producing CNT fibers rather than CNT thin films and generation of the

CNT aerogel and removing the product from reaction zone make this technique complicated [115].

Alternatively, in order to eliminate the use of dispersions, post treatment and complicated steps; a
solid-state method was introduced by Zhang et al. in 2005 to produce highly aligned CNT sheets
from CNT forest [116]. This technique was developed from the prior breakthrough in the
production of CNT yarns from the vertically aligned CNT forest [117] which was further improved
in strength by the twist of the sheet during spinning process [118].

Inspired by their dry drawing method, our MWCNT sheets were produced from a vertically aligned
CNT forest also known as CNT array. In a CNT forest, CNTSs are standing on a silicon substrate
and they are aligned vertically parallel to one another. Due to the van der Waals interaction
between the tubes, they are held together and form a bundle. We used single edge metal razor
blade to pull the tubes from the CNT forest. In practice, we made contact between the sharp edge
of the blade and the side wall of the CNT forest and then gently pulled the tubes with an angle
between 30 to 60 degree from the silicon substrate. The pulled CNT sheets were then attached to
a glass capillary which was connected to a homemade rotatable stage (see Figure 18). Then, we
pulled further by rotating the stage until we obtained stretched and uniform aligned CNT sheets.
The free-standing aligned single layer CNT sheets were then deposited on a cleaned glass
substrate, as shown in Figure 19. The deposition of the CNT sheets is actually done by pushing
the substrate towards the sheets, and then folding those on the sides aiming at maximizing the
surface contact. After the deposition, we tilted the substrate and dropped a couple of drops of
ethanol (from VWR chemicals, 96%) and let them to flow along the tubes in order to improve the
adhesion. We named it ADES treatment. More details on ADES treatment will be found in chapter
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four, section 4.3. To evaporate the ethanol quickly, we placed the sample on a hot plate with the

temperature of 90°C for 5 min.

. . \ A s .
Side view )| » [op view

4 q ! ¢ Glass capillary
T .‘ Silicon wafer & ¥

Rotatable stage

§ o SN
CNT forest =~y

Side view

Figure 18 : Side and top view of a CNT sheets (pulled from the forest) attached to the glass

capillary connected to the rotatable stage.
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Figure 19 : Transferring free standing CNT sheets to a substrate. The substrate approached from

bottom and pushed outward.

3.1.1.1 Pulling mechanism of CNT sheets from CNT forest

There is a broad range of conditions to produce CNT forest that can be spinnable i.e. able to
produce sheets that can be eventually twisted in yarn [119-121]. Huynh et al. made comprehensive
investigation to understand the growth mechanism and identify the key parameters on the growth
of spinnable CNT forest [122]. According to their findings, the catalyst material, the substrate,
carbon source gas, catalyst thickness, growth temperature, reaction time and gas flow rate
determine the spinnability. However, the interaction of the CNT with each other plays a vital role
on spinnability. Later in 2011, Kuznetsov et al. presented a model not only for describing the
principle mechanism behind the transformation of CNT forest into CNT sheets but also to explain
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the fundamental reasons behind the CNT forest that are not drawable [123]. The model concludes
that the drawability depends on the height of the CNTs in the forest and the special
interconnections between the CNT bundles which unzip during the drawing process. A possible
mechanism of drawing CNT sheets from forest is shown in Figure 20 through graphic

representation adopted from ref [123].

Tube#3 Tube#2 Tube#l

Side view Pulling mechanism of the tubes that are in a row
Top view eoeo
XX, coe XX *ee \
eee ooo o ¢ mmy ¢ © Sy
ceceo e o mmmm e mmmm mmmm ) | © TN SE—_——
oo o oo oo g L ‘,—
e e oo oo oo
[ 3 3 3
Pulling mechanism of the tubes that are in a column and row

Figure 20 : Top: Pulling process of CNTs from forest. Red and blue bars represent either single
tube or bundles of CNTs on the forest. The pulling force and direction are denoted by the red
arrows. Bottom: 3D model of the structural arrangement of the big bundles in a spinnable CNT
forest. Adopted from ref [123]

3.1.1.2 Characteristics of CNT forest

The MWCNT forest used in our experiment was produced by A-Tech system CO. Ltd, Incheon
Korea. The spinnable CNT forest was synthesized by the traditional way to grow CNTSs, known as
CVD technique. The forest was grown on iron-coated silicon wafer using acetylene gas (C,H,) as
carbon source. The average height of the individual CNTs in the forest is about 150 um (as shown
in Figure 21) and diameters from (inner) 10 to (outer) 20 nm [24]. However, we used two different

batches of forests to make CNT sheets sample to study the reproducibility of the properties and
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the effect of the characteristic of the forest on the performance of the CNT sheets. The differences
between the two forests are the height (Figure 21), width and presumably the densities of CNTs in
the forest. We will label the samples from the two forests as Batch 1 and Batch 2, respectively.

CNT alignment
direction Batch 1

SElI 20kV WD11mmSS50 x160 100pm

Batch 1

155.618pm
L. El 20kV WD11mmSS50 x500 50um

€ 4
&r

Batch 2

SElI 20kV. WD11mmSS50

Figure 21 : SEM images of the two forests showing the height of the tube.

3.1.2 Substrate preparation

We used microscope glass slides (made of Soda-Lime, Refractive index 1.517 @ 546 nm) as a
substrate. At first, the glass slides were cut into 25 x 30 mm size. The substrate was then cleaned
by ultrasonic bath (15 minute in each solvent) with acetone, isopropyl alcohol (IPA) and at the end
distilled water, respectively. Finally, the substrate was dried with the air flow by air gun followed
by heating with the hotplate for 5 min in 100°C. Figure 22 shows the preparation & cleaning

process of the substrates that we used in our experiment.
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Figure 22 : Preparation of substrate before depositing CNT sheets

3.1.3 Preparation of Multilayer CNT sheets

We made samples with multiple layer of CNT sheets by repeating the deposition process multiple
times. It’s worth to mention that when we refer to single layer for CNT sheets, we do not
necessarily mean that the film contains monolayer of multiwall tubes on the substrate. In fact, the
thickness for a single layer CNT sheet is not homogeneous and ranges from 6 nm to 100 nm, due
to CNTs bundling as shown in atomic force microscopy (AFM) image (see Figure 23). From the
AFM measurement we have calculated, some of the bundled tubes have thickness more than
couple of hundred nm and some have lower than 10 nm. According to the TEM analysis, the
minimum thickness of a single MWCNT is 10 nm [24] which means the lowest possible thickness
of the CNT sheets cannot go below 10nm. However, our AFM analysis indeed shows tubes less

than 10 nm thick which is not clear to us yet.
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Figure 23: AFM analysis of a single layer CNT sheets. The profiles on the top right correspond

to sections on the AFM scan done along the lines of the same color as the plot of the profiles.

“One-layer” CNT sheet means that there is only one sheet pulled from the CNT forest that was
deposited. Multiple layers of CNT sheets samples were made by rotating the stage (pulling a longer
sheet, thus, more tubes) and then depositing a layer on top of another layer. The schematic in

Figure 24 explains the mechanism of the multiple layer.

Figure 24 : Preparation of single and multilayer CNT sheets
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3.1.4 Preparation of substrate with polymer layer using spin coater

We used spin coater (Laurell technologies, WS-650MZ-23NPPB) to coat a polymer layer on a
glass substrate. Polyvinyl alcohol (PVA) (Mw = 13,000-23,000, 87-89% hydrolyzed),
Polyvinylpyrrolidone (PVP) (Mw =1,300,000), and Poly (methyl methacrylate) (PMMA) (Mw
=350,000), purchased from sigma Aldrich, are the three polymers we used in our experiments
without further purification. PMMA was chosen for using a hydrophobic surface to compare with
the hydrophilic PVA and PVP. Toluene, ethanol and distilled water are used as solvents to dissolve
the PMMA, PVP, and PVA respectively. The polymer concentration was kept constant (2.5 wt%)
in each case, and the solutions were then spin coated on top of clean glass substrates of dimensions
of 25x25 mm?. The substrates were cleaned using the method mentioned earlier before coating the

polymer layer.

Spin coating was performed by depositing the solution drop-wise onto the substrates, making sure
the solution covers it completely prior to spinning. The process was done in two steps; a pre-
spinning phase for 15 seconds at 500 rpm to ensure complete surface coverage, and then with the
acceleration time less than 2 seconds, the final spinning speed being reached with a total spinning
time of 60 seconds. The spinning speed was optimized in such a way that each polymer will attain
a final layer thickness of approximately 100 nm. It is worth noting that the spinning speeds had to
be different for each polymer due to the different viscosities of the solution. After spin coating, the
substrates were post baked on the hotplate at 100°C for at least 12 hours to insure the removal of

any solvent residue and annealing the polymer layer.

3.1.5 Preparation and assembly of liquid crystal cell

Typical LC cell needs two glass surfaces coated with alignment layer for uniform alignment of LC
and two transparent electrodes under the alignment layers for the application of the electric field.
The cell is then fabricated using the two substrates placed at a fixed distance from each other with
glass spheres of several micrometers of diameter (in our case we used 10 um) used as spacer. By
capillary action, the liquid crystal was inserted in the cell gap obtaining a LC film sandwiched

between the two substrates. In our investigation, we have used three types of LC cells. Commercial
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cells purchased from EHC, cell with glass substrates coated with unidirectionally rubbed polymer
for inducing planar alignment layer to the LC. As electrode layers the cells have transparent indium
tin oxide (ITO) then was coated on the glass below the alignment layer. The schematic of the

commercial cell is shown in Figure 25.

Spacer

V2 Liquid crystals
— ‘ Alignment layer
==« Electrode (ITO)

Glass substrate

Rubbing direction

Figure 25 : Schematic of a typical commercial planar LC cell with alignment layer and

transparent electrode.

The CNT-Si0,/Al, 05 substrates were produced by a PhD student (Thuy-Kieu Truong) in
Sungkyunkwan University, Korea (SKKU) and assembled in University of Luxembourg,
Luxembourg (Uni.lu). The glass substrate was cleaned as mentioned earlier, and then it was treated
with hexamethyldisilazane (HMDS). The HMDS layer was used to increase the adhesion between
CNTs and the substrate by providing hydrophobicity on the surface (substrate), thus, promoting
the tendency of nanotubes to lie on the surface. A single layer of CNT sheets was then deposited
followed by ADES treatment to induce flattening of the CNTs. However, both HMDS and ADES
treatments are not enough for being CNT sheets perfectly adherent to the substrate. Even with
these treatments, there are CNTs outside of the main plane and parts of the CNTSs strings detached
from the substrate. Those dangling nanotubes are long enough to create short circuits which results

in lack of stability in LC display cells. (More details are in chapter four, section 4.7).

Therefore, in order to ensure the electrical insulation and smooth out the macroscopic alignment
disorder on the CNTSs surface, a layer of Si0,/Al,05; was deposited by atomic layer deposition.

Different thicknesses of Si0,/Al,05 layer have been investigated. However, 100 nm for SiO, and
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60 nm for Al, 05 provided the best performance. In fact, thinner would still leave hairy CNTs out
of the main plane while too thick would cover the unidirectionally aligned features of the CNT
sheets reducing the alignment transfer on LCs. The schematic of the cell preparation is shown in

Figure 26.

Ethanol

i Liquid crystals
treatment ‘ Si0,/ Al,03

Si0,/ Al,05

CNT sheets
Glass substrate

Figure 26 : Fabrication of the LC cell with CNT- Si0,/Al, 05 substrate

To investigate the electro-optic behavior of LC cells, two copper wires were connected to the cell.
The electric connection was made by soldering two wires (one on the top substrate and the other
on the bottom substrate). The edge of the CNT- Si0,/Al, 05 substrates were first coated with silver

paste to obtain uniform/good connection between the wire and the CNTs as shown in Figure 27.

Figure 27 : A CNT- SiO,, cell with wires solder on both top and bottom substrate.
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3.2 Properties of liquid crystals and Azo Dye

The liquid crystal that has been used to fill the cell is 5CB from Synthon Chemicals, which is a
room temperature nematic LC (Crystal << Nematic phase transition temperature 22.5°C and
Nematic <> Isotropic 35°C) [124]. The refractive indices are n, = 1.71 and n, = 1.53 and
birefringence, An = 0.18 (at 25°C) [125].

For order parameter calculation we used E7 liquid crystal (a mixture of 5CB, 7CB, 80CB and 5CT
LC) from sigma Aldrich and Azo dye (AZO1, the dye has anisotropic absorption and peak
absorption 487 nm) from Nematel.co. The purpose of using E7 over the 5CB is that E7 has wider
nematic temperature range (-10°C to 61°C) which we believe important in order parameter
investigations since the dye-doped LC mixture might get heated up from the light source also
absorption from the dye. Additionally, the Azo dye has better dispersion in E7 as reported in the
datasheet.

3.3 Characterization
3.3.1 Polarizing optical microscopy

Polarizing optical microscope (POM) was used not only to capture images but also for optical
characterization. In our experiments, we used two microscopes; Olympus BX-51 and Nikon
Eclipse LV200ND. Both microscopes are equipped with two linear polarizers, the one in the
bottom referred as polarizer and the one at the top referred as analyzer. The analyzer in both
microscopes is rotatable and can be rotated from 0° to 180°. Other than the polarizers, the
microscopes have all the typical components such as condenser, rotatable stage and objectives
between polarizers. It’s worth to mention that in all our experiment we used linear polarized light.
However, the advantage of the Nikon microscope is that the polarizer can be easily removed which
was not possible with the Olympus microscope. The polarizer was removed during the
characterization of CNT as polarizer. Both microscopes have halogen light sources. For all
experiments, the light source was turned on for at least 10 min before conducting any experiment

in order to stabilize the source. For order parameter experiment we used another light source, LED
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(from CoolLED) lamp besides the halogen. For all the optical characterization we kept the

objective of the microscope fixed at 10x.

3.3.2 Spectrophotometer

3.3.2.1 Local spectrophotometer

To measure the light intensity and characterize the absorption/transmission spectrum, we used a
local spectrophotometer from Avantes (AvaSpec-2048). The local spectrophotometer was
connected on top of the microscope column using a C-mount adapter through an optic fiber as
shown in Figure 28.

Fiber optic mount to
microscope through a
C-mount adapter

Optical polarizer microscope
Olympus BX-51

Other end of fiber connected to
the local spectrophotometer

Figure 28 : Spectrophotometer connected through fiber and C-mount adapter with microscope.
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3.3.2.2 Standard spectrophotometer

To study the optical anisotropy, we also used a standard UV spectrophotometer (Ultrospec 2000
pro), later repeating the same type of measurements with the spectrophotometer (Avantes) in order
to compare the optical spectra from areas of different dimension. In fact, the standard spectrometer
that we used probes areas in the order of 0.5 cm?. Instead, the spectrometer (Avantes) connected
to the microscope analyzes much smaller parts of dimensions dependent on the chosen objective

magnification, in our case an area of 0.38 mm?.

3.3.3 Electro-optic setup for liquid crystal

We studied the optical behavior and response of LC cell by applying electric field to the sample.
In order to understand different properties of LC, two types of setup were used for electro-optic
characterization. One is to observe the switching behavior of LC under the microscope. In this
setup, the LC cell (on the microscope stage) was connected to a voltage amplifier (FLC electronics,
A400) which was connected to a waveform generator (National Instrument, VirtualBench). The
maximum output voltage from the waveform generator was limited to 12 V (amplitude), therefore,
an amplifier was used to apply higher voltage. An alternating current (AC) square wave was
applied to the LC cell and the behavior of the LC reorientation observed through microscope

imaging. This setup was also used to investigate the heating effect from CNT sheets.

The second setup was used to study response time (rise and decay time) of LC. The schematic of
the setup is shown in Figure 29. In this setup a diode laser from Thorlabs (LDM635) used as a
light source. Linear polarizer film and a photodiode (Thorlabs) were used additionally. The cell
was kept between two crossed polarizers. We used National Instrument (NI) as a waveform
generator and oscilloscope. NI was connected to the computer and was controlled by an interface
made by LabVIEW. We made arbitrary square waves by LabVIEW in which a certain voltage was
ON for half a second and OFF for half a second. The change in the transmission was recorded
simultaneously when the electric field was ON and OFF. The rise time was calculated by
estimating the time needed for changing the transmission (from 10% to 90%) when voltage was
ON (above the threshold value) and decay time (transmission change from 90% to 10%) when

voltage was OFF.
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Figure 29 : Schematic of electro-optic setup that was used to investigate response time of LC
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Chapter Four
Analysis

4.1 Optical characterization of aligned CNT sheets

To understand the interaction between CNTs and light we used linear polarized light. The polarizer
was kept fixed in all our measurements and the sample was rotated. We carefully studied the
interaction between linear polarized light and aligned CNT sheets. The schematic of the aligned
CNT sheets with the light propagation direction at normal incidence is shown in Figure 30 (a). We
found that linear polarized light with E field parallel to the CNTs, absorbs more light than if it’s
perpendicular to it as shown in Figure 30 (b). Therefore, we named CNT alignment direction
‘absorption axis’ and the axis perpendicular to it is the ‘transmission axis’. The difference in
absorbance in parallel and perpendicular to the CNTSs is known as anisotropic absorption. It has
been reported that a single-wall carbon nanotube would not absorb any light when the linear
polarized light parallel to the single-wall carbon nanotubes (SWCNTSs) transmission axis and
would have strong absorption (depending on the intensity and wavelength) in case of parallel to
the absorption axis [37].
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Figure 30 : (a) Schematic of CNT sheets on the substrate. The axis along the length of the tube is
the absorption axis and the perpendicular axis along the diameter is the transmission axis. (b)
The absorption spectrum in the visible wavelength of the CNT sheets parallel and perpendicular

to the CNTs absorption axis

For a single layer of aligned CNT sheets, the transmittance achieved ~85% at wavelength 520 nm.
Moreover, over the visible spectrum (from 450 nm to 750 nm) the transmittance was more or less
constant ~83% - 85% as shown in Figure 31. We then increased the thickness of the layer of CNT
sheets by depositing one layer on top of another. For each layer, we made two samples. For layer
one, three, five and seven we studied multiple locations and recorded the transmission values. The
idea is to study multiple locations on the same sample to monitor the possible inhomogeneity. We
studied the variance between those locations and used for the calculation of the error bar. However,
looking at the POM image, microscopically the sample looks very homogeneous. Nevertheless,
locally, the order parameter varies as well as the absorbance.
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Figure 31 : The transmittance spectrum in the visible wavelength of the CNT sheets parallel and

perpendicular to the CNTs absorption axis

The transmission decreases as the CNT layer thickness increases. Transmission level remained
over 20% up to seven layers of CNT sheets. From layer one to layer three the transmission
decreases greatly which we believe is due to the coverage. POM image (see Figure 32) of the one-
layer CNT sheets studies suggested that there are gaps between the CNTSs. It is worth to mention
that in the experiment, the deposition of a layer on top of another layer is in the air. Thus, we
assume that by putting a layer on top of another layer, the CNTSs, rather than sitting on top of CNTs,
they tend to go between the CNTSs strings (since there are spaces between the CNTs and there is a
pulling down action during the deposition). From POM images studies we assume that until layer
four a new layer prefers to fill in the gaps between CNTs and after layer four a new layer of CNT
sheets increases the thickness. We validate our hypothesis through POM images. The change in

the brightness from layer two to three is very pronounced unlike layer four to five as shown in
Figure 32.

MD Asiqur Rahman



Chapter four Analysis

~Three layers

Five layers

Figure 32 : Optical polarizing microscope images of CNT sheets from layer one to five

Figure 33 shows the measurement of transmittance (A = 520 nm) by increasing the CNT sheets
layer. Both parallel and perpendicular transmittance are showing a decrease, as they are plotted in
the graph to understand how the transmittance decreases in both configurations. The transmittance
decreases fast from layer one to three both in parallel and perpendicular configuration. From layer
three to five, the decrease is more gentle than reaching a plateau. As discussed earlier, layer one
to three CNTs goes between the CNTs, and the tubes going on top of the other tubes are still
producing a thickness low enough to follow the linear parts of the Beer-Lambert law,
consequently, transmission decreases greatly. However, from layer four the CNT sheets get
thicker, which means the absorption is getting towards the saturation according to the Beer-
Lambert law. As a result, we see a plateau starting from layer four. In other words, from layer four,
we expect an increase in the layer number, an increase in the thickness, which means going over

the CNTs rather than lying between the tubes, thus, the change in transmission is lower.
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Figure 33 : Transmittance (A = 520 nm) parallel and perpendicular to the CNTs absorption axis
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The anisotropic transmittance calculated by the following equation:

AT =T, =T} ... (10)
The anisotropic transmittance defines the difference in transmittance between perpendicular and
parallel directions of light polarization. Figure 34 shows how the anisotropy changes by increasing
the number of CNT sheets layer. The anisotropy increases linearly from layer one to layer three.

Indeed, the highest anisotropy was found in layer three and decreases as layers increase, as shown
in Figure 34.

40

304

20 - l

10 +

Anisotropic transmittance (%)

I
1 2 3 4 5 6 7
Number of layers of CNT sheet

Figure 34 : Anisotropic transmittance as a function of CNT sheets layer

4.1.1 Image analysis vs spectrophotometer

We studied the POM images of the CNT sheets using image J software. We recorded the aligned
CNT sheets images parallel and perpendicular configuration as shown in Figure 35. Through
image J software, we calculated the mean grey value of the image. This is the sum of the gray
values of all the pixels divided by the number of pixels. Typically, mean grey value (MGV)
window is 0 to 255. If the image is 100% black, then the MGV is 255. If the image is white, then

the MGV is 0. Depending on the image and on how much it is covered with tubes, Image J provides
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the grey values. Then, we converted the mean grey value into percentage, which in return provides
the value of the transmittance. We compared the values from image analysis with our experimental
results from UV-VIS spectrophotometer. The comparison is plotted in Figure 36. The results from
image analysis have the same trend as found using spectrophotometer. However, the transmittance
value from image analysis is higher than what measured with spectrophotometer, which is
observed in both cases (parallel and perpendicular). We believe that this is due to the area of the
measurement. With a spectrophotometer, we analyzed local transmission (which is a portion of the
area of the POM image) due to the dimension of the optical fiber; however, with image analysis it
is an average of the full image. Therefore, with image analysis, the average gives a higher
transmission value.

@ =— (b)

E— = P
S— S—— ~—— 100w <> A 105pm

Figure 35 : Optical polarizing microscope image of layer one. Polarizer (a) Parallel and (b)

Perpendicular to the CNT absorption axis.
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4.1.2: Comparison between CNT sheets made from different forest

Another set of samples were made from a different forest to study the reproducibility. The
differences between the batch one and batch two samples of the CNT sheets is the source of the
CNTs, which in this case is the forest. We believe the batch two forest has the different density
than the forest of batch one. This is because the transmission is higher in batch two in both
directions, while the anisotropy is lower (in case of one layer), hence excluding an effect due to
alignment but rather to lower amount of tubes. We characterize the sample from the batch two
same way as we did for the batch one samples. The transmittance vs CNT sheets layer results show
a similar trend as batch one samples with a minor difference in absolute value as shown in Figure
37. We believe this difference is coming from the local alignment of the sample. Due to the
limitation of the CNT forest, we could not prepare the same number of samples as we did for batch
one. We made layer one, two, three, five and ten from the batch two forest. The samples from
batch two (layer ten) and batch one (layer six) shows close to same transmission in value (T, =
~40% & T, = ~10). We believe this is due to the density, height and thickness of the batch two

forest.
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Figure 38 shows the comparison of anisotropy between the samples from batch one and batch two.
Both batches have a similar trend in anisotropic transmission. From layer one to three, the
anisotropy increases. In the case of batch two, the anisotropic transmittance increases up to layer

five. However, the anisotropic transmittance slightly decreases at layer ten.
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Figure 38 : Anisotropic transmission comparison between batch one and batch two samples as a

function of CNT sheets layer

4.2 The degree of orientation order of aligned CNT sheets

To quantify the degree of orientational order of aligned CNT sheets, we adopted the technique
which typically use to calculate the order parameter of the liquid crystal in a planar alignment cell.

In a nematic liquid crystal system, the nematic order parameter is calculated by the following
equation, as mentioned earlier (in section 2.2):

1
S= 7< 3cos?0 —1 > - (11)
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This equation is for a 3D system where 0 is the angle between the local director and the molecular

axis, where S=1 (i.e., 6 = 0) would indicate a perfectly aligned system. Since CNT films have a

thickness below 100 nm and cm in width, therefore, we considered two-dimensional configuration

for our aligned MWCNT sheets (see Figure 39). Therefore, the above equation became:
S=<2cos?’0—1>--(12)

However, for dichroic molecules (having anisotropic shape), the orientational distribution can be

calculated from the molecular transition dipole moment and can be expressed as a function of the

absorbance parallel and perpendicular [126].

S = A4 (for 3D system) ... ... ... (13)
A +24,

S = A=A (for 2D system) ... ... ... (14)
A +A;

LC director

Y
CNT sheets thickness is less than
LC sandwiched in a 10 pm 100 nm and further flatness
cell and they are free to move achieved by flow of ethanol
in three dimension therefore no component in Z

Cylinder shape tube direction thus 2D system consider

Figure 39: Order parameter in 3D vs 2D

4.2.1 Orientational order parameter of liquid crystal (E7)

Dyes are used to measure the order parameter of LC [127]. In a system with LC and dichroic
molecules, one can measure the order parameter of dye by absorption, which gives the overall
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order parameter of liquid crystal molecules. We studied a planar aligned LC in a commercial cell
made by rubbed polyimide coated and have 10 um of cell gap. E7 (Sigma Aldrich) liquid crystal
mixed with the Azo dye (1 wt% of AZO1, Nematel.co) and filled the cell in capillary action (

Figure 40 (a)). The maximum absorption of the AZO1 dye is at 487 nm, as reported and shown in

Figure 40(b). A polarizing microscope coupled with a local spectrophotometer (Avantes) used to
characterize the absorption peak of the prepared mixture in LC cell. Figure 41 (a) shows the
spectrum of the halogen light which was used in the experiment. Since it’s a white light source, it
has a broad spectrum from 400 to 850 nm. The parallel (along with the LC alignment. e.g.
maximum absorption) and perpendicular (e.g. minimum in the absorption) absorption were
recorded and used to calculate the order parameter of the LC cell. The absorption spectrums for

parallel (red) and perpendicular (black) absorption are shown in Figure 41 (b).

We used the equation (13) to calculate the order parameter. The peak parallel and perpendicular
absorptions (487 nm) of the mixture are reported in Table 1 and then used to calculate the order
parameter in Table 2. The order parameter 0.62 is found for the commercial cell with E7 and AZO1
mixture, Spectra in dichloromethane

I Nematel GmbH & Co. kG
1 3 AZO1

| B = :
= S Absorption(1)=487 nm
400 500 600 700 800
lambda [nm]
(a) (b)

Figure 40 : (a) 10 um planar commercial LC cell filled with E7 and 1wt% of AZO1 dye. (b) The
specific absorbance of the AZO1 dye reported by Nematal.co (in a solution of 1 g dye in 100 ml

of toluene in a 1 cm cuvette)

MD Asiqur Rahman

67



Chapter four Analysis

— Absorbance Parallel
60000 - Absorbance Perpendicular

40000

Scope Counts
Absorbance [A.U.]

20000 -

400 500 600 700 800 900 0

T T T T
400 450 500 550 600
Wavelength [nm]

(a) (b)

Wavelength (nm)

Figure 41 : (a) The spectrum of the halogen lamp (b) The parallel (black) and perpendicular (red)
absorption of the mixture under halogen light source (excluding the reference spectrum,

spectrum in (a)).

The same experiment was done with the LED light source in order to confirm that there is no
heating from the halogen light source which can influence the order parameter measured for the
dye. The LED source used in this experiment has narrow bandwidth with a peak at 490 nm. The
spectrum of the LED light is shown in Figure 42 (a). Figure 42 (b) shows the absorption peak of
the mixture (LC+AZO1) parallel (polarizer transmission axis parallel to the dyes maximum
absorption direction, parallel to the LC director - black curve) and perpendicular (polarizer
transmission axis perpendicular to the dyes maximum absorption direction, perpendicular to the
LC director - red curve) configuration. We found that similar absorption peak and values compare
to the halogen light reported in Table 1. Moreover, the order parameter is also close to the value
calculated with halogen light. Therefore, we believe there are no heating effects from the halogen

light source which can affect the order parameter of liquid crystal during the experiment.

MD Asiqur Rahman



Chapter four Analysis

[

{——— Absorbance Perpendicular|

60000+

= Absorbance Parallel

400004

@
8
g
E]
=]
&)
)

=3
S
57
%]

Absorbance [A.U.]

20000+

0 | | | W—’\/\/\/\/WV\M\A.«M

400 450 500 550 600 0 T T T
450 475 500 525 550
Wavelength [nm]

(a) (b)

Figure 42 : (a) Spectrum of the LED lamp (b) parallel (polarizer transmission axis parallel to the

dyes maximum absorption direction, parallel to the LC director - black curve) and perpendicular

Wavelength (nm)

(polarizer transmission axis perpendicular to the dyes maximum absorption direction,

perpendicular to the LC director - red curve) absorption of the mixture under a LED lamp.

Table 1 : Calculation of the order parameter from absorbance values recorded from the

spectrophotometer
Absorbance Light source | Value [A.U.]
LED 1.73
Parallel

Halogen 1.74

. LED 0.27

Perpendicular

Halogen 0.30

Table 2 : Order parameter comparison between LED and halogen light source

Light source | Order Parameter (S)
LED 0.64
Halogen 0.62

The measured value of S is indeed a value expressed for the nematic LC E7.
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4.2.2 Orientational order parameter of aligned CNT sheets

Since CNT films have a thickness below 100 nm, we considered a two-dimensional configuration
for analyzing our aligned MWCNT sheets. Therefore, in order to calculate the order parameter of
the aligned CNT sheets, we can use equation 14, which considers absorbances in the parallel
(maximum absorption) and perpendicular (minimum absorption) directions. These quantities are
estimated in order to find the maximum absorption from the measurement of absorption as a
function of the angle of incident polarization. This was found by rotating the cell around the axis

perpendicular to the cell plane, also corresponding to the light propagation direction.

The absorption spectrum parallel to the alignment direction and perpendicular to the alignment
direction of the CNT sheets deposited on a glass substrate has been shown in section 4.1 (Figure
30 (b)). In our CNT sheets, the absorption in visible wavelength is uniform unlike the absorption
in dye where there is a peak absorption in a specific wavelength. In the case of CNT sheets, we
calculated the order parameter at wavelength 520 nm (chosen randomly). Moreover, we repeated
the same experiment and calculated the order parameter in a different location of the same sample
to evaluate the homogeneity of the alignment. The spots are randomly chosen among regions that
looked fairly similar except for point five, deliberately included as an example of disordered area

and effects on the order parameter.

Table 3 reports the order parameter at different locations of the CNT sheets. Indeed, the order
parameter is not the same for all over the sample. However, the differences in value are very small:
the highest order parameter was found is S = ~0.44 and varied down to S = ~0.33. In case of point

five, the sample was scratched intentionally to find the lowest order parameter.
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Table 3 : Order parameter of CNT sheets in different location in the sample

Point Order Average S Average S with
oints
Parameter (S) | without point 5 point 5

0.33

0.36

0.42 0.39 0.31

0.44

gl B~ W N

0.17

While the maximum order parameter is, indeed, S ~0.44, the average overall order parameter of
the sample is S ~0.39 without taking into consideration the order parameter in point 5. Figure 43
shows the OPM image of single layer CNT sheets. Macroscopically the CNT sheets look
homogeneous and highly oriented in one direction. However, locally they are not as shown in
Figure 43 (b) an OPM image taken by 50x objective. Therefore, it is not surprising to find

differences in values in order parameter within the sample in different points.

Figure 43 : POM images of a single layer CNT sheets with (a) 4x and (b) 50x objective
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4.3 Adhesion between CNTs and glass surface

The adhesion of the CNTSs on the surface of the substrate has been an issue. Since we prepare our
samples by depositing free-standing sheets on a glass substrate, we found that the film is not
homogenously attached to the surface after the deposition. Moreover, the parts that are attached
on surface are not well adhere. We have checked the adhesion of deposited CNT sheets on a glass
substrate by using an OPM. While focusing on the CNT sheets on glass substrate, we noticed that
some areas of the CNT sheets are not in focus while others are. This means that the parts that are
out of focus are the CNTSs not lying on the glass surface and/or have weak or no adhesion on the

glass surface.

In order to address this issue and to improve the adhesion of CNTs with the substrate’s surface,
we used ethanol treatment after transferring the suspended CNT sheets to the substrate. We named
this treatment “Adhesion Driven by Ethanol to Surface” in short ADES treatment. The mechanism

of the ADES treatment is the following:

» The capillary bridges formed between tubes and surface are expected to be able to
pull the nanotubes down on the surface as the evaporation progresses.

* We assume ADES treatment force the tubes to lie in the plane of the substrate
* Finally, van der Waals attraction forces would keep the nanotubes in place.

The technique of the ADES treatment is shown by the schematic in Figure 44. Drops of ethanol
dropped on the edge of the substrate while tilting the substrate so that the ethanol can flow along

the CNT alignment. Then substrate was transferred onto a hot plate and kept at 90°C for 15 mins.

6}/5
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O/ Py f@ag
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s

Figure 44 : Schematic of ADES treatment
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Figure 45 (a) shows the POM image of the CNT sheets as deposited on a glass substrate. The inset
is @ zoomed-in section of the out of focus area. The area in the inset shows CNTs with no/weak
adhesion to the surface which makes them “float”; that is, they stand out of the plane of the
substrate. However, this is an example, there are few other places within the sample having weak
adhesion. Figure 45 (b) shows same sample after ADES treatment. We carefully studied the
morphology of the sample and we did not observe “floating” CNTSs, at least microscopically, all

the tubes being in the same focal plane.

(b)

Figure 45 : Without analyzer POM image (a) Before ADES treatment. The inset shows the CNTs
that are out of focus (b) After ADES treatment, the CNTSs are in focus.

4.4 Effect of adhesion on order parameter of CNT sheets

We evaluated the performance of ADES treatment by studying the sample with SEM. Figure 46
shows a SEM image (side view) of the sheet on a glass substrate, showing the hairy nature of the
surface due to nanotubes sticking out (two blue arrows). We believe the ADES treatment is not
enough to push down all the dangling tubes to the substrate. The hairy tubes (perpendicular to the
substrate) have dimensions in the order of several micrometres. They can bend horizontally as well
vertically reducing the orientational order. Moreover, due to the poor adhesion, the alignment of
the CNT sheets is potentially unstable. The waviness reduces the contact area between the substrate
and CNTSs, which results in a weak adhesion of the overall CNT sheets.
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Figure 46 : SEM side image of as deposited CNT sheet showing there are nanotubes outside the

main plane (blue arrow)

4.4.1 Polymer surface under the CNT sheets

We studied multiple surfaces in order to assess any improvement of the adhesion due to the surface
characteristics and then estimate the order parameter. Thus, we coated the glass surface with three
different polymers, separately: PVA, PVP and PMMA. The reason for using PMMA is to create
hydrophobic surface in contact with CNTs, deposited with dry, solvent free, process, hoping that
CNTs would have higher adhesion preferring hydrophobic than hydrophilic (PVA and PVP)
surface since CNTs are hydrophobic. Three different solvents - toluene, ethanol and distilled water,
were used in order to dissolve the PMMA, PVP, and PVA polymers, respectively. However,
adhesion was still an issue even though we changed the surface as shown in Figure 47. We found
the same characteristics as depositing CNT sheets on a bare glass substrate. Some parts of the
sheets were out of plane, meaning not attached to the surface or having weak adhesion. Therefore,
ADES treatment was indeed a crucial step to improve the adhesion by pushing them to the surface

even in presence of a polymer surface.
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Figure 47 : POM images of CNT sheets on PMMA surface (a) before ADES treatment. The red
box indicates the parts that are not in focus. (b) After ADES treatment. The entire sample is in

the same focal plane.

In order to assess the influence of the adhesion on the order parameter, we studied and compared
the order parameter of CNT sheets with and without ADES treatment on glass and polymer
surfaces. In Figure 48 (a) and (b) we can see how the values and trend change greatly after ADES
treatment, all lower than that for the as-deposited sheets, indicating an increase in the disorder of
nanotubes. After ADES treatment, the orientational order parameter S decreases for the CNT
sheets for all substrates as reflected by the decrease of AA. For highlighting the change in S before
and after treatment, we point out that on glass the order parameter is S ~0.4, but after ethanol
treatment the value decreased to S ~0.32. This indicates that the solvent has induced orientational
disorder in the nanotube sheets on the substrates either due to side aggregation or lateral pulling
or even a natural curving of the nanotubes when pulled down by the capillary bridges to fit space

shorter than their length.

The reason for the slightly higher orientational disorder of as deposited tubes on polymers than on
glass can be ascribed to the higher roughness of the polymer surface, which is not followed by the
nanotubes, due to a lack of specific attraction forces at the interface. The result is the presence of
larger areas with nanotubes at different vertical locations, which suggests that these parts are less
stretched, thus less oriented unidirectionally. Therefore, the ADES treatment clearly reduces the
degree of alignment with the highest anisotropy values for the nanotubes on glass followed by the
tubes on PMMA. Lower values are found for PVP and PVA surfaces, presumably for the larger
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infiltration of the solvent into the polymer. The resulting softening of the polymer surface and the
subsequent nonuniform evaporation can lead to aggregation of nanotubes, thus disrupting their
order. The same trend can be observed in the order parameter always being lower than for the as-
deposited nanotubes but different depending on the type of underlying surface. PMMA gives the
higher order parameter among the tested polymers, but it is still lower than for the tubes on bare
glass. Though the ADES treatment the adhesion was improved, but the order parameter is reduced,
which we believe is due to an amplification of the in-plane waviness from the planarization of the
vertical disorder.
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Figure 48 : (a) Optical anisotropy for CNT sheets deposited on bare glass, PMMA, PVA and
PVP coated glass substrates before (dots) and after ADES treatment (squares) b) order parameter

estimated for the same samples.

4.4.2 Coating a transparent layer on top of CNT sheets

Due to the lack of adhesion, the hairy nature of CNT sheets on a substrate has been a critical issue
to focus on for LC displays. Tubes which are out of plane may make connections to the upper
substrate, creating a short circuit. Therefore, a transparent layer of aluminium
oxide (Al,03)/silicon dioxide (SiO,) on CNT sheets was used to prevent the short circuit. We
have evaluated the order parameter of the CNT sheets substrates with Al,05/Si0, coating and
compared with the CNT sheets on bare glass substrate and/or polymer surface. Indeed, the CNT

sheets with coating layer showed higher order parameter.
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A layer of Silicon dioxide (SiO,) was coated on top of CNT sheets by ALD techniques as
mentioned earlier in chapter three section 3.1.5. Initial experimental results suggest that the CNT
sheets with SiO, coating indicated higher orientation order parameter of aligned CNT sheets.
However, the order parameter value before the coating is not present to compare the results after
coating, because the coating and the sample were prepared by our collaborator in Korea.
Nevertheless, compared to the uncoated CNT sheets measured here, highest order parameter found
on the sample coated with SiO,. For uncoated CNT sheets, the order parameter achieved was ~0.4.
The CNT sheets with the SiO, coating has the orientational order parameter ~0.6. The sample not
only showed high order parameter but also high transmission with large anisotropy compared to
the CNT sheets without SiO, coating Figure 49.

100 nm of Si02
@ (b)

- Abs Parallel without Si02
0.20 - —— Abs Perpendicular without SiO2
-Abs Parallel with SiO2
______ —— Abs Perpendicular with SiO2
0.154
0.10

Absorbance [A.U.]

500 600 700
Wavelength [nm]

(©)

Figure 49 : (a) Scheme of CNT sheets on a glass substrate (b) CNT sheets with 100 nm of SiO,,

coating (c) absorption parallel and perpendicular with and without SiO, coating
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The increase in order parameter was also found in case of Al, 05 coated CNT sheets substrate. The
order parameter for 100 nm thick Al, 05 substrate was found 0.5 which is higher than non-coating

CNT sheets substrate but lower than SiO, coated substrate.

Our preliminary results suggest that the orientational order parameter might be possible to improve
by coating the CNT sheets with the SiO, /Al,05. We believe that this is due to the pushing down
the tubes to the substrate along the alignment (without bending) of the tubes which are out of the
plane. Moreover, the mother of the CNT sheets which is the forest might have a higher degree of
alignment, which in return results in higher order parameter in free standing film before coating
the Si0,/Al, 05 layer. Since, we do not have the value of the order parameter before coating the
CNT sheets, it is difficult to conclude that the coating increased or preserved the order parameter.
However, further experiment and evaluation of order parameter on same sample before and after
deposition of coating layer is needed in order to understand the mechanism behind the

improvement of overall alignment.

4.4.3 A brief summary on orientational order parameter of aligned CNT sheets

The order parameter of free-standing CNT sheets (as pulled from forest) was also evaluated to
study the surface influence in the alignment of the tubes. Moreover, we evaluated how the
orientational order parameter changes from initial pulled CNTSs to the deposited CNT sheets. For
this experiment, we prepared free standing CNT sheets by transferring the film on two glass
capillaries from the stage. We then calculated the order parameter of the free-standing CNT sheets.
Table 4 summarizes the order parameter of CNT sheets on different surfaces including free
standing. Indeed, the order parameter of the free-standing film was higher (S =~0.6) than deposited
CNT sheets on bare glass substrate and CNT sheets after ADES treatment. This indicates that the
alignment decreases when the free-standing sheets transferred to a glass substrate and decreases
further after ADES treatment (S = ~0.4). We believe this is due to the tubes which are not in the
plane (dangling around) shift by the ADES treatment which further disturbed the neighboring
tubes, thus, decrease the overall alignment. From above mentioned experiments and analysis, we
noticed that a polymer surface was also not helpful to preserve the original alignment found in free

standing CNT sheets. On the other hand, the highest order parameter is found when the CNT sheets
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on a glass substrate are coated with Al,05/Si0, however, the origin of the high values in order
parameter is not clear to us. Further experiments with improved deposition technique and materials

are needed to understand the mechanism.

Table 4: Orientational order parameter of CNT sheets with and without a coating layer

CNT sheets Order parameter S (2D)
Free Standing 0.58
On a glass substrate without ADES 0.50
On a glass substrate with ADES 0.44
On a glass substrate coated with 60 nm thick Al,O4 0.40
On a glass substrate coated with 100 nm thick Al, 04 0.50
On a glass substrate coated with 100 nm thick SiO, 0.66

4.5 Interaction of visible light with aligned MWCNT sheets

We observed a change in transmission when the CNT samples were rotated from 0 to 90 degrees
in the optical microscope between crossed polarizers. At orientations of the transmission axis of
the CNT sheets parallel and perpendicular with respect to the transmission axis of the polarizers,
no transmission was observed. However, a maximum in intensity was found when CNT rotated at
about 45° as shown in Figure 50 (a). Figure 50 (b) shows the OPM image of single layer CNT
sheets under crossed polarizer. We believe that this change in transmission is likely mainly due to
the anisotropic absorption, not birefringence. In this section, we will discuss the origin of the
maximum in transmission as well as the observed rotation of polarization, experimentally and

theoretically.
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Figure 50 : (a) Change in transmission between crossed polarizers of CNT sheets as the nanotube
orientation direction is rotated. (b) OPM image of CNT sheets between crossed polarizer at 45°

to the input polarizer clearly showing transmission

4.5.1 Rotation of polarization

To investigate the output polarization state, we put our sample between two linear polarizers. The
top polarizer we will be addressing as analyzer and the bottom one as a polarizer. The polarizer
was kept fixed and the analyzer was rotated from -90° to +90° with the step of 10°, in respect to
the polarizer transmission axis. To validate the polarizers’ condition in the system, a measurement
was done without sample with the analyzer rotated -90 to +90 degrees with respect to the polarizer.
Maximum intensity is observed when both polarizers are in a parallel configuration which is at 0
degrees in Figure 51 and zero transmission was found when they are in a crossed condition which
is -90 and +90 degrees in the x-axis of the graph (Figure 51). The sample was then placed with its
CNT absorption axis parallel to the polarizer TA axis followed by rotation of analyzer TA from -
90 to +90 degrees. Maximum intensity for this configuration was found when the polarizer and the
analyzer are in parallel condition (0 degrees in). Similarly, the peak position of the maximum also
was observed when CNT sheets (CNTs absorption axis) were placed perpendicular to the polarizer

TA. The same experiment was repeated for CNT sheets (CNTs absorption axis) oriented at 45° to
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the polarizer TA. In this configuration, the maximum intensity shifted right to the x-axis (Figure

51), which we calculated ~4° (fitted with Malus’ law).

We believe this is due to the anisotropic absorption by CNTs which results in rotation of
polarization and only observable when CNT sheets are not parallel or perpendicular to the polarizer
TA. The degree of rotation of polarization increases as CNT sheets rotate from 0 to 45 degrees. At
4° the highest ~4° of rotation were observed. However, CNT sheets only rotate the direction of the
polarization and do not change the polarization state: this is observed by the extinction of
transmittance at identical offsets from both -90° and +90°. This means both that the input light was
linearly polarized and that the output polarization remains linear. Thus, in the x-axis of Figure 51,

at +90° and -90°, the transmittance is zero as observed in the commercial linear polarizer.
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Figure 51 : Transmission from CNT sheets between two polarizers (one is fixed while other was

rotating) and observation of rotation of polarization from CNTSs at 45°.
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The experimental data were fitted with a modified Malus’ law:
I =1Iycos?(f — w) ... .. (15)

where I, I, B and w are the output intensity, initial intensity, angle between polarizers and rotation
angle, respectively. To find the maximum angle of rotation of polarization for a single layer of
aligned CNTs in sheets we calculated the rotation of polarization other than 45°. We studied other
angles such as 0° to 30° and 60° to 90° with a resolution of 10° and 30° to 60° with a resolution of
5°. We found that as we increase the angle between CNT sheets absorption axis and input polarizer
transmission axis, the rotation of polarization increases and highest rotation was found at 45°.

From 45° to 90°, the rotation of polarization decreases.

4.5.2 Theoretical analysis

To investigate the origin of the rotation of polarization and its relationship with anisotropic
absorption, we performed a numerical analysis. Since CNTs absorb in an anisotropic manner, the
absorption parallel to the CNT absorption axis and transmission axis is dependent on the

attenuation coefficients along the absorption (4;) and transmission (A4,) axes. When the angle

between input polarized light and CNT absorption axis (6) = 0° or 90° (as shown in the Figure 52),

the transmitted electric fields according to the attenuation coefficient are

[0 =0"]E, = Egve
and [0 = 900] E, = Eow/e—AJ_
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Tx axis

Bl’

0 A A Abs axis

Figure 52 : Rotation of polarization from the geometrical analysis. CNT absorption axis is along
CNT transmission axis, input linear polarized light E,, with an angle 6, light coming out from

CNT sheets with an angle o and final rotation o.

Using trigonometric function, we can write the components of the vector:
OA = EgcosB
OB = Egsin®
When the CNT sheets are rotated at an angle 6, each of these components (OA & OB) will be

reduced in strength according to the value of the attenuation coefficient along TA and Abs axis of

the CNT sheets. Therefore, for a given angle 6 the reduced OA’and OB'will be:

OA’ = OAVe 1 = Ey cos 0 Ve i
OB’ = OBy e ™AL = Egsin0+/e AL

From these components, we can extract the angle of the output light polarization.
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. OB’  Egsinbve AL . e AL
ana = 7 = = tan T
OA EqcosO Ve=Ai Al
-A,
— -1

(a) = tan tan® perll EOR (16)

The actual rotation of polarization induced by the CNT sheets is then,
Rotation angle, (w) = a — 0 ... ... ... (17)

We used the intensity |OA|? and |OB|? experimetal values that we measured using the
spectrophotometer. The analysis predicts indeed a rotation of polarization from our CNT sheets

and a dependance on the angle 6.

Figure 53 shows the comparison between theoretical and experimental values of the angle of
rotation of polarization. The experimental result at 45° is higher than the theoretical prediction: in
the theoretical calculation, we assumed CNTs are perfectly aligned, but this is not the case
experimentally. Additionally, in the experiments, the measurements of light transmission in the
direction parallel and perpendicular to the tube axis are made by rotating the stage on which the
sample is placed. This introduces an ~100 um shift of the measured spot which introduces an error
in the experimental evaluation of A, & A, used for the theoretical prediction. This could be the
origin of the discrepancy between experimental data and theoretical prediction. However, despite
this, the theoretical values followed the experimental trend. Therefore, the hypothesis about the
origin of rotation of polarization indeed coming from anisotropic absorption is corroborated by the

comparison.
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Figure 53 : Rotation of polarization, a comparison between the theoretical prediction value and

experimental value.

4.5.3 Rotation of polarization as a function of CNT sheets layer

We studied how the rotation of polarization changes with the CNT sheets thickness. In this case,
we increased the layer from one to seven and estimated the rotation of polarization for each layer.
Figure 54 shows the rotation of polarization vs CNT sheets layers. As the thickness of the overall
layer increases, the value of the rotation of polarization increases as well. The highest rotation of
polarization is ~32° found for seven layers of CNT sheets. For each layer, two samples were
characterized. For layer one, three, five and seven, rotation of polarization was calculated for
multiple locations and the deviation indicated by the error bar.
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Figure 54 : Rotation of polarization as a function of CNT sheets layer

4.5.4 Rotation of polarization of the samples from batch Two

In the case of batch two, similar behaviour observed. The rotation of polarization increases as CNT
sheets layer increase as shown in Figure 55. Until layer five, the increase is linear and from layer
five to layer ten the increase has lower growth rate. The same behaviour was observed in the case
of samples from batch one. A linear increase from layer one to three and smaller rate of increase

for more layers. Also, no rotation of polarization observed when the angle between CNT sheets

and polarizer 0° and 90°.
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Figure 55 : Rotation of polarization as a function of CNT sheets (batch two) layer

45,5 Where does it rotate?

In order to understand the direction of rotation, we used the same setup (setup used for rotation of
polarization experiment) with two polarizers in a parallel condition. In our experiment, we know
the transmission axis of both polarizers. In the configuration one (Figure 56 (a)), the transmission
axis of the CNT sheets made an angle of -45° with the polarizer transmission axis. For the other
configuration (Figure 56 (b), we rotated the sample 90° to make the angle +45° between CNT
transmission axis and polarizer TA. The schematic in the middle of the Figure 56 represents the
reference point between CNTs TA axis and polarizer TA axis. To find the rotated light we rotated
the top polarizer (analyzer) clockwise and anticlockwise. For the configuration one (Figure 56 (a))
we had to rotate the analyzer anticlockwise and for configuration two, we rotated the analyzer
clockwise to find the maximum intensity. In both cases, the analyzer was needed to rotate towards
CNT transmission axis to find the rotated light from CNTs. This means the light polarization is

rotated by the CNT sheets toward the CNT transmission axis.
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Figure 56 : Schematic of the setup used to find the direction of rotated linear polarized light
coming out from the CNT sheets. The transmission axis of CNT is (a) -45° (b) +45° to the input

polarizer

We can find the rotated light by CNT sheets using maximum intensity analysis from the graph
showing in Figure 57. We used the same experiment technique which was used to investigate the
rotation of polarization by CNT sheets. In this case, we performed the same experiment twice by
putting the sample at +45° and at -45° to the input polarizer. The red curve (Figure 57) represents
the intensity profile of the tubes forming an angle +45° to the input polarized light. Indeed, the
analyzer has to rotate clockwise (positive direction) to find the maximum intensity. On the other
hand, when the sample is rotated 90° (the angle between input polarized light and the tube TA -
45°), the maximum intensity is found when the analyzer is rotated in opposite direction
(anticlockwise). In both cases, the analyzer was rotated towards the CNT transmission axis (see
Figure 56 for analyzer and CNT transmission axis reference) which confirm the rotated polarized

light is always towards the CNT transmission axis.
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Figure 57 : Transmission from CNT sheets at +45 (red line) and -45 (blue line) to the input

polarizer.

4.5.6 Visual confirmation of ROP with LC cells

Figure 58 shows a visual understanding of the rotation of polarization. Here we have used
thermotropic nematic liquid crystal (5CB) in a commercial planar LC cell. The cell is then placed
between two crossed linear polarizer films, on top of a white light source. The LC cell is placed in
a way that the alignment of the LC director is parallel to the bottom polarizer TA. If the input
polarized light either parallel or perpendicular to the LC director, the light sees only one refractive
index, therefore, the light does not experience birefringence and travel though the sample without
any change. The second polarizer on top of the cell which is kept perpendicular to the input
polarizer simply blocks any light coming perpendicular to its transmission axis. The idea behind
this experiment is to visualize the rotation of polarization by the aligned CNT sheets. To experience

the birefringence the LC director must see the incoming light from at an angle other than parallel
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or perpendicular to it. We used aligned CNT sheets to make that angle between the input polarized
light and the LC director.

In the absence of CNT sheets, the polarized beam coming from the bottom polarizer is transmitted
through the LC experiences no change and it is blocked by the second polarizer placed on top of
the LC cell. Then a CNT sheet is placed between the LC cell and the bottom polarizer, having the
absorption axis of CNTs parallel to the polarizer’s transmission axis (middle image). As we have
seen earlier, there is no rotation of polarization by the CNT sheets when CNT absorption axis is
parallel to the polarizer TA, therefore, the beam will have the same polarization as before and is
blocked by the second polarizer as indicated in Figure 58 left image. A scheme is also shown in
Figure 58 (a) in order to show the angle between the CNTSs, polarizers TA and LC director. In the
case of the CNT sheets is placed at a 45° angle with the polarizer’s transmission axis (Figure 58
right image), the beam experiences a rotation of ~4°. Therefore, now the angle between the LC
director and the linear polarized light coming out from CNT sheets is ~4° which is enough to
experience the birefringence from LC and rotates the final polarization and there is light

transmission (only the part of CNT sheets) when coming out from the analyzer right image.

CNT substrate at 0° Commercial planar CNT substrate at 45°
under the LC cell LC cell with SCB under the LC cell

Analyzer

vmannef Liquid

Crystal Cell

CNT Sheets

Substrate

. DTt yave wravaasd s gl
Polarizers crossed Polarizers crossed condition

condition

Polarizer

Single layer CNT sheet
coated substrate

(a) (b)

Figure 58 : (a) Scheme of the experimental setup (b) Visual presentation of rotation of

polarization by the CNT sheets
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A schematic shown in Figure 59 explains the rotation of polarization with liquid crystal cell. The
LC optic axis is kept parallel to the polarizer hence light does not experience birefringence while
travelling through LC, since the light is sees only one refractive index. However, the linear
polarized light has been rotated by the CNT sheets (as we saw earlier, CNTSs rotate the polarization
of light when they made an angle 45° to the input polarizer) and it is not parallel to the LC optic
axis anymore. The rotated linear polarized light made an angle of ~4° with the LC optic axis.
Therefore, the linear polarized light sees both refractive indices and experience birefringence. Due
to the birefringence, the polarization of the light coming from the LC cell is no longer

perpendicular to the analyzer, therefore, we see transmission.

CNT on glass substrate
L A .
Al v Polarizer

Figure 59 : Scheme of the setup used to visualize the rotation of polarization from the CNT

sheets
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4.5.7 The dependency of rotation of polarization on the alignment of the CNT sheets

The rotation of polarization was compared with the alignment of the CNT sheets. We calculated
the rotation of polarization from our theoretical analysis (equation below) using the absorption
values (A, A,) obtained experimentally. The same values were used to calculate the order

parameter of CNT sheets.

—A
tan™1 (tan@ /Z_—A:):tan‘l (tanG\/eA"‘Al)

Final rotation (w) = a — 06

Four different locations with four different values of order parameter were chosen and the rotation
of polarization was calculated accordingly. The calculated value with the comparison is shown in
Table 5. Among the four points, point 4 showed the highest rotation of polarization with the highest
value of order parameter. As the order parameter decreases, the rotation of polarization also
decreases (point 4 to point 1). The smallest value in the rotation of polarization was found for the
lowest order parameter (among four). Thus, the rotation of polarization indeed changes with the
order parameter of the CNT sheets. The result suggests that the rotation of polarization can be
controlled by controlling the order parameter of the CNT sheets. With a high value of order
parameter, a high value in the rotation of polarization can be achieved.

Table 5: Order parameter vs rotation of polarization

Expected
Order
Points rotation of
Parameter
polarization
1 0.33 2.09
2 0.36 2.62
3 0.42 3.05
4 0.44 3.48
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4.5.8 The dependency of rotation of polarization on the wavelength of light

Here we demonstrated the dependency of rotation of polarization (ROP) of light in three different
wavelengths. Three optical filters (blue = 450 nm, green = 520 nm and red = 635 nm) were used
separately to produce monochromatic light. The ROP was calculated for each filter. Figure 60
shows the degree of ROP of a single layer CNT sheets for each wavelength. Each black point
represents the calculated value of ROP obtained from the local spectrophotometer. The value of
the ROP is indeed different from blue to green and green to red wavelength. In case of
wavelengths, 450 nm and 635 nm, the ROP values are close to each other (~3.4° and ~3.5°
respectively). In the second part of the experiment, the same sample was observed but with
photodiode and is represented by red points. The values obtained with photodiode were certainly
different from the ones obtained using the spectrophotometer; however, almost same value of ROP
was obtained for each wavelength. The small difference in value might be connected to the order
parameter since the points that were observed are not in the same location. Therefore, we believe,
the ROP is not wavelength dependent. Nevertheless, further investigation with laser sources and
in same location (keeping the sample at fixed position) is needed to make sure that there is no
influence in visible spectrum.
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Figure 60 : Dependency of rotation of polarization on wavelength of light
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4.6 CNT Polarizer

A CNT is an object with an extremely high anisotropy in dimensions. However, due to their
anisotropic absorption, they are expected to be translated microscopically if nanotubes are aligned
as in sheets. CNTs are very promising in research for the optical polarizer applications. Optical
polarizer in visible length using single wall CNTs embedded in PVA has been reported by Shoji
et al [37]. Later in 2009 Ren et al. showed polarizer for longer wavelength (terahertz) using also
SWCNTSs [38]. The group published another paper in Nano letters in 2012, a terahertz polarizer
with 99.9% degree of polarization and ~30 dB extinction ratio [40]. However, Kyoung reported
terahertz polarizer made by MWCNTSs with better extinction ratio ~ 37dB (0.1 to ~2.0 THz) [39].
The aligned free standing 9 um thick MWCNTs polarizer was made by drawing CNTs from a
CNT forest.

At visible wavelength our aligned CNT sheets have no wavelength dependency, therefore, they
are promising achromatic optical polarizers. We compared aligned CNT sheets with a commercial
linear polarizer film made with iodine. A typical linear polarizer behaviour between the
unpolarized light source and a linear polarizer is plotted in Figure 61. The width of the bell curve
represents how good is the polarizer. Additionally, the minimum represents how good it is in terms
of blocking light polarized in directions other than the polarizer transmission axis and maximum
is how much it transmits the light coming parallel to the transmission axis. We studied from one
layer to seven layers of CNT sheets. As the layer of the CNT sheets increases, the shape of the
curve gets more bell shape. There is an enhancement in transmission contrast between the

transmission axis and ideally full polarization blocking direction.
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Figure 61 : Transmittance as a function of the angle between CNT sheets and polarizer

To understand how good a polarizer is, it is important to evaluate the degree of polarization (DOP)
and extinction ratio. The degree of polarization quantifies what percentage of the light coming out
from the polarizer is polarized. For an example, DOP is 100% for light which is perfectly polarized
and 0% for unpolarized light. DOP is the ratio of the difference between the maximum and
minimum transmission of the polarizer and can be calculated from the equation (18). On the other
hand, the extinction ratio is defined by the ratio between maximum and minimum transmission by
the polarizer. It defines the efficiency of the polarizer and typically expressed in dB. For a typical

sheet polarizer film, the DOP is over 95% and the extinction ratio is 32 dB.

Tmax — Tmi
Degree Of Polarization(%) = —————— * 100 ......... (18)

Tmax min
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Figure 62 : Degree of polarization as a function of CNT sheets layer and comparison between

CNT sheets and a commercial linear polarizer film

Figure 62 shows the degree of polarization as a function of CNT sheets layer. The compared
polarizer film has DOP about ~99% while for our CNT sheets substrate with seven layers we
achieved 65% of DOP. However, there is a linear growth of DOP from layer one to layer 7 which
means certain thickness is needed to achieve a reasonable DOP. It's worth mentioning that the
thicknesses of commercial polarizing films can range from tens of micrometers to millimeters,
whereas our CNT sheets are less than a micrometer. Figure 63 shows the extinction ratio of CNT
sheets and the commercial polarizer film. As mentioned earlier, the polarizer film we used to
compare with our CNT sheets has an extinction ratio of ~32 dB. Compared to the polarizer film,
CNT sheets have an extinction ratio of ~6 dB calculated from the equation (19). The improvement

in extinction ratio is also visible in case of increasing the layer of CNT sheets. Although the ER is
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way below the desirable value, we believe there is room for improving the performance in both

DOP and extinction ratio for CNT sheets polarizer by improving the order parameter S.

. . . Tmax
Extinction Ratio (dB) = —10logo |=—— ) - --- - (19)
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Figure 63 : Extinction ratio as a function of CNT sheets layer and comparison between linear
commercial polarizer film.
4.6.1 Order Parameter vs. DOP and Extinction Ratio

We studied the relation between the order parameter and the performance of CNT sheets polarizer.
The alignment of CNTSs is highly connected to their optical anisotropy. The higher the optical
anisotropy the better the polarizer. As we mentioned earlier, within the same sample there is

variation in the order parameter. Therefore, we estimate the variation in performance in a typical
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sample by performing a measurement in various position (see Figure 64) and calculated DOP and

ER for a single layer CNT sheets.

Figure 64 : Schematic of single layer CNT sheets on a glass substrate

Figure 65 shows the relationship between the order parameter, DOP and ER. We observed that the
increase in order parameter also on the DOP and ER indicating the key importance of a good CNT
alignment. We believe this is due to the improvement in anisotropy. However, this experiment was
done in single layer CNT sheet to prove the hypothesis. We assume that a thicker CNT sheets

sample with higher order parameter would improve the performance.
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Figure 65 : DOP and ER as a function of the order parameter of single layer CNT sheets.
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4.7 CNT sheets as a multifunctional layer for liquid crystal cell

Aligned CNT sheets can be used as a multifunctional layer in the liquid crystal display cell. The
idea is transferring the alignment in the CNTSs to the liquid crystals. If CNTs are uniformly aligned,
then LC can be aligned along the CNTs alignment direction. Additionally, CNTs are highly
electrically conductive, thus, can be used as an electrode layer to allow modulation of LC.
Furthermore, in section 4.1, we reported the transmission of aligned CNTs. Our aligned CNT
sheets can transmit over 85% of light. In a conventional LC display, there are two separate layers
used for alignment and transparent electrode layer. Indium tin oxide (ITO) and polyimide (PI)
were used as electrode layer and alignment layer respectively. We proposed aligned CNT sheets
not only as an alignment layer but also as a transparent electrode layer for LC display devices.

As discussed in section 4.3, the adhesion of CNTs on the glass substrate was an issue. Even though
ADES treatment was not enough to push down all the tubes on the surface. Therefore, when the
two-glass substrates (with CNT sheets) were sandwiched to make a LC cell, there was a connection
of CNTs between the top and the bottom substrate. Due to the connection of the CNTSs, there was
a short circuit in the cell, thus, applying an electric field for switching LC was not possible.
Therefore, we coated a thin transparent dielectric layer on top of CNT sheets to address this issue.
Initially, we used SiO,, as a coating layer later Al, 05 used to compare and improve the performance

of the cell.

4.7.1 Si0, as an insulation layer

In order to increase the adhesion, the substrates were treated with a hexamethyldisilazane (HMDS).
HMDS is hydrophobic and we believe it will help the nanotubes to lie on the surface. To induce
further flattening of the nanotubes we used ADES treatment. In order to ensure electrical
insulation, a layer of SiO, was deposited by atomic layer deposition covering the CNT surface.
The thickness of the SiO, layer was optimized and one with 100nm thickness provided the best
results. Finally, two substrates sandwiched and filled with 4-Cyano-4'-pentylbiphenyl (5CB)
nematic liquid crystal in capillary action. The schematic of the preparation and configuration of

the cell are discussed in chapter three, section 3.1.5.
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We studied the alignment of the LC using a polarizing optical microscope with crossed polarizers.
Figure 66 shows the alignment of the LC at 45° between crossed polarizers. We compared the
alignment of our CNT-based LC cell with commercial LC cell which is typically a rubbed polymer
layer. Compared to commercial cells, our CNT-based cell has uniform planar alignment of LC
over the sample as shown in the Figure 66 (a). We believe the origin of the unidirectional alignment

is from the grooves formed by the CNT sheets.

Figure 66 : POM image of 5CB LC in (a) cell made with substrates CNT sheets and SiO, with
CNT orientation at 45° with respect to the crossed polarizers and (b) in a commercial cell with

rubbed polymer from EHC.

4.7.2 Al,05 as an insulation layer

The CNT cell with Al,05 has the same configuration as CNT-SiO,LC cell discussed earlier. The
Si0, layer was replaced by Al,05. However, we optimized the thickness of Al,05 at 60 nm which
is 40 nm less than SiO,. A uniform and homogeneous planar LC alignment was also achieved with

CNT-AlL, 05 cell. The POM image demonstrates the alignment of the cell represented in the Figure
67.
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Figure 67 : POM image of alignment of the LC in a CNT-Al, 05 cell under crossed polarizers

4.8 Switching of the liquid crystal in CNT sheets based LC cell

We studied the switching behaviour of our proposed CNT based LC cell. The POM image in
Figure 68 shows the switching behaviour of the cell. Left image without an electric field and the
right image with an electric field. At application of 20 V, 1 kHz alternating current the cell becomes
dark and there is no leakage (transmittance) present after the complete switching of LC. This means
the electric field is uniform all over the sample. This process is reversible. After removing the

electric field, the original alignment of LC was recovered.

Figure 68 : POM image of the LC in a CNT-AI, 05 cell under crossed polarizers. (a) without
electric field (b) the cell under the AC electric field
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Figure 69 shows the voltage vs transmittance of the LC cell. The cell was placed between crossed
polarizers at 45° (highest transmission). The AC field with 1 kHz frequency (square wave)
increases amplitude with the resolution of 0.25 V from 0 V until 12 V. As the voltage increases
the transmittance decreases and gets stable at zero transmission, indicating that all the LC in the
cell align homeotropically. Then we decrease the voltage with the resolution of 0.25 V from 12 V
until 0 V and recorded the transmittance. Transmittance vs both increasing (Figure 69 (a)) and
decreasing (Figure 69 (b)) voltage is plotted in Figure 69. The decreasing and increasing curves of

transmittance with change in voltage coincide with each other; thus, no hysteresis is presence.
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Figure 69 : Transmittance of CNT-Al, 05 LC cell as a function of voltage.

4.8.1 Rise and Decay time

The response time was characterized by studying the rise time and decay time of the LC by
applying and removing the electric field respectively. We calculated the time needed to switch the
LC (from bright to dark) represent as rise time and time needed for LC going back to initial
alignment represent as decay time. For this, we used a voltage above threshold with 1 kHz square
wave AC field and recorded the transmission. The duration of the AC voltage (both ON and OFF)
was 500 ms was chosen for ensuring saturation of orientation. The Figure 70 shows the
transmittance during the voltage on and off in Y-axis and time in X-axis. When the voltage was
switched ON, the transmittance changes from bright to dark. We then calculated how much time
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was needed for the transmittance to change from bright to dark. We did the same after removing

the voltage.
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Figure 70 : Applied waveform and optical transmission of the LC cell. Time needed to change is
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transmittance when the electric field switch ON and OFF.

To compare the performance of our CNT based LC cell we choose a commercial planar LC cell.
The commercial LC cell has 10 um cell gap including planar alignment with polyimide. We
characterize the commercial cell in the same way as the CNT based LC cell. The calculated rise
and decay times for both cells are represented in the following Table 6. Compared to the
commercial LC cell, the rise time is longer in our CNT base LC cell. However, the decay time is
lower than a commercial cell. We believe this is due to the anchoring energy of the LC on the
Al, 05 surface. We assume that the Al, 05 surface has strong anchoring energy; therefore, it takes
a longer time to switch the liquid crystal parallel to the electric field. Additionally, due to the strong
anchoring between LCs and Al, 05, as soon as the applied electric field is removed, the LCs are
restored to original alignment. This means that one could consider an effective increase of the
elastic constant in equation 8: this might be produced through an increase in anchoring strength,
although it is not obvious how this can be implemented in the response time. However, we cannot
exclude other origin of the decrease of the decay time not clear at the moment.
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Table 6: Rise and decay time of commercial and CNT-Al, 05 LC cell

) Voltage OFF (decay)
Cell name Voltage ON (rise) (ms)
(ms)
10 um commercial LC
5.12 81.94
cell
11pm Al, 04 11.74 39.34

4.9 Heating Effect from CNT sheets

We have observed there are small heating effects generated by the CNT sheets when the external
voltage is applied in the typical configuration of LC cells as the one used before. We have
established this noticing that the application of electric fields on CNT electrodes can induce a
phase transition in 5CB LC depending on the temperature of the LC. Fields above the Fredericks
threshold results in homeotropic alignment of the LC but this observed effect is not field induced.
An increase in electric field or frequency induced a nematic to isotropic transition, which we
assume as Joule heating from CNT sheets. Indeed, the external applied voltage difference is across
the sample and there is no physical connection between the top and the bottom substrate (see Figure
71 for the electric connections). The Joule heating is, therefore, expected as being induced from

the same CNT plane assumed at the same potential.

Figure 71 : Schematic of CNT-Si0, LC cell with the electrical wire connection

The heating from CNT sheets was confirmed by POM image, see the Figure 72. For example,
application of 15 V and 1 kHz, 100 kHz and 10 kHz, tend to align LC normal to the substrate

however bringing the LC close to the phase transition after increasing frequency 10 times which
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is 100 kHz instead of the realignment of LC, phase transition occurs as shown in Figure 72 (a).
After removing voltage, isotropic to nematic transition was observed, which is shown in Figure 72

(b) which confirms the heating generation from CNT sheets.

15V/100 Hz',»

N

(0)

Figure 72 : (a) POM images under application of electric fields (b)Transition | =» N obtained
switching OFF the electric field at a T=35.7°C
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To investigate the heating effect, the LC was heated first to a temperature 0.3°C lower than the
measured nematic-isotropic transition temperature (36°C) and then electric field was applied
obtaining a field-induced phase transition. This experiment was then repeated by decreasing the
temperature in 0.3°C steps from 36°C to 35°C. It was identified that heat generation is voltage-
and frequency-dependent; therefore, voltages of 0 to 50 V (amplitude) at four different frequencies
(100 Hz, 1 kHz, 10 kHz and 100 kHz) were applied to the cell. The time needed for inducing the

transition was also measured in our study.

4.9.1 Heat Induced by Voltage

At high frequency (100 kHz), a minimum voltage of 10 V was required to induce the N-Iso
transition occurring in 7.5 s. On the other hand, at a lower frequency (100 Hz), a voltage of 20 V
was required to induce the same effect, but the transition needed a slightly longer period (11 s).
The time needed for inducing the transition appears to be connected to the heat transferred to or
from the LC. The graphs shown in the Figure 73, demonstrate the time needed for inducing the
transition at different voltages for different frequencies (100 Hz, 1 kHz, 10 kHz and 100 kHz). The
LC temperature here referred to as background temperature (BT) which was controlled by the
external temperature controller for the heating stage. The minimum voltage to induce the N-Iso
transition clearly changes with BT. For example, at a frequency of 10 kHz, the minimum voltage
needed for the phase transition shifted by at least 5 V for every 0.3°C change in BT, which is not
the case for 100 Hz and 1 kHz. In case of 10 /100 kHz, the N-Iso. transition was induced at every

investigated BT, meaning that, with these parameters, more than 1°C was produced.
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Figure 73 : CNT heat generation as a function of voltage.

4.9.2 Role of Frequency

In the case of BT= 35.7°C phase transition, thus, heat generation started from 20 V at low
frequencies (100 Hz) but only 10 V were needed at higher frequencies (100 kHz). At a frequency
of 100 kHz, lower voltage and shorter time are needed to induce N-Iso transition compared to other
frequencies. The effect from 100 Hz to 10 kHz is similar in terms of voltage and time. The heating
effect was also found in a commercial ITO-coated cell (from EHC Co.), but only at high
frequencies (100 kHz) and starting from 10 V. The times for obtaining the transition both in heating
and cooling were measured and showed here in two different graphs in Figure 74. From cooling,
in case of BT= 35°C, the phase transition Iso to nematic takes ~23s upon application of 25Vv/100

kHz, which indicates the temperature induced by CNT in this configuration is more than 2°C.
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Figure 74 : CNT sheets heat generation as a function of frequency.
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Chapter Five
Conclusions

Anisotropic absorption of aligned CNT sheets

We have performed optical investigations at visible wavelength of layers formed by sheets of
aligned MWCNTSs. Moreover, the optical absorption of CNT sheets along the transmission and
absorption directions of aligned CNTs was investigated. The anisotropic transmittance for a single
layer CNT sheets was found ~16%. The highest anisotropy found for three layers ~32%. Despite
being a very thin layer (in nanometer scale) with some orientational misalignment, an anisotropic
response in absorption is clearly visible. In addition, the optical features are quite reproducible
indicating that the degree of order is not only fairly similar in all the samples, but also similar for

different length scales.

Orientational order parameter and adhesion of CNT sheets on a substrate

The drawing of aligned CNT sheets from vertically aligned CNT forest is simple, yet a stable and
good deposition on a substrate presents problems due to lack of uniform and strong adhesion of
the CNT sheets. We have investigated polymer-nanotube substrates to improve the adhesion and
stability. Slightly lower orientational order was found on polymer films compared to bare glass
substrate. CNT sheets either on glass substrate or on polymer surface, all showed lack of perfect
flatness and adhesion which could be overcome by using a solvent treatment with ethanol refereed
as ADES treatment, as mentioned earlier. Indeed, the ADES treatment increases the flatness and
improves the adhesion; however, it decreases the orientational order. The highest order parameter
was found for free standing CNT sheets (as pulled from the forest) and the orientational order
decreases as deposited on a substrate and decreases further with the ADES treatment. For a single
layer of free-standing CNT sheets, the order parameter was calculated S = ~0.6. The order
parameter in values further decreases to S = ~0.5 after transferring it to a glass substrate. Finally,

our ADES treatment reduces the order parameter to S = ~0.4.
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Even if the alignment generally decreased on polymer surface, there is a detectable difference
between the types of polymer. We can assess that, among the polymers, PMMA gives better results
in terms of order parameter compared to PVA and PVP after the ADES treatment. Despite the
reduction in order parameter after ADES treatment, the CNT sheets on the polymer were able to
align the liquid crystal as visible in the Figure 75 below for LC (5CB) filled into a sandwiched cell
prepared with two PMMA-CNT sheets-coated substrates. In the regions where just polymer is
present no unidirectional alignment is observed (no change in the brightness while rotating the
cell) confirming the alignment of LCs in only due to the nanotube sheets. Even if the nanotubes
were not perfectly ordered, the overall CNT sheets were able to align homogenously the nematic
LC. Nevertheless, efforts need to be addressed for improving the adhesion while keeping the

orientational order as high as possible.

CNT Sheets

Figure 75: Polarizing optical microscopy images for two angular positions a) 0° and b) 45° with
respect to the crossed polarizers. 5CB LC aligns planarly and unidirectionally in the areas with
CNTs revealed by the dark and bright appearance of the LC at the two angular positions, while

no preferential direction is observed on the bare polymer (PMMA) as expected.

In a separate investigation of CNT sheets coated with transparent insulating layer ( SiO,) showed
a higher value in order parameter ~0.66 compared to previous experiment on other bare samples.
The origin of higher order parameter is not clear to us yet. Although this indicates that deposited

CNTs can have indeed higher order than we typically measured. Nevertheless, at the present stage,
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we cannot control the best condition to acquire the high level of alignment. Further experiments
are needed to improve the CNT alignment monitoring the order parameter before and after the
deposition of SiO, and other coating films. This study is needed to investigate the origin and

mechanism of improvement in orientational order of aligned CNT sheets.

Rotation of polarization of linearly polarized light from aligned CNT sheets

We have presented experimentally the rotation of polarization induced by the aligned MWCNT
sheets. Additionally, our theoretical approach based on anisotropic absorption showed that the
rotation of polarization is likely due to the anisotropic absorption of CNT sheets. The rotation of
polarization from aligned MWCNT sheets is indeed an interesting, meaningful and one of the main
findings of this thesis. The maximum rotation of polarization observed when the angle between
CNT sheets and input polarization of light is 45°. No rotation of polarization was observed when
CNT sheets are either parallel or perpendicular to the input polarization of the light. For a single
layer of aligned CNT sheets, we found experimentally a maximum of ~4° and from our model ~3°
of rotation of polarization. An increase in rotation of polarization by aligned CNT sheets was also
observed by increasing the thickness of the film by depositing a layer on top of another layer. The
highest rotation of polarization found for seven layers is ~32°. We also established the direction
of the rotated light. From our experimental results, the rotation occurs towards the CNT
transmission axis. We believe that this study will help to integrate and design more efficiently and
accurately CNTs in optical devices such as alignment layer and transparent electrodes for LC

displays.

Aligned CNT sheets as multifunctional layer for liquid crystal displays

The uniform unidirectional orientation of carbon nanotubes and their density in sheets are capable
of aligning liquid crystals. Despite the good alignment of the nanotubes, it is possible to observe
by e.g. SEM that several tubes or bundles curl and deviate from the straight direction either in the
plane, horizontally as well vertically, resulting in tubes out of the plane that can further deteriorate
the alignment or create problems in electro-optic operation of LC cell. We have improved these
aspects by enhancing the adhesion of the nanotubes with the substrates and an ethanol treatment
that greatly improved the flatness of the sheets. The tubes that still stayed dangling were
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immobilized by coating of SiO, or Al,05 or polymer. Despite the decent alignment of LC, several
defects in LC can be observed by POM associated to particularly bad alignment of CNTs and
aggregates from the organic coatings. The CNT sheets are attractive as aligning layer, nevertheless,
the quality of the alignment has to be enhanced to limiting the effect of out-of-plane nanotubes,
thus, reducing or eliminating the need of covering layers. We could then better explore the other

functionalities useful for LC displays.

A single-layer CNT sheet, which was integrated into a nematic LC display cell, not only functions
as an aligning layer but also as a transparent electrode layer, simultaneously. We experimentally
demonstrated that the unidirectional alignment feature of a CNT sheet passivated by an alumina
or SiO, thin film could induce LC switching. The electro optic performance was dependent on the
type of coating. Alumina showed good performance with successful electro-optical operation, and
with fast decay time at room temperature under the application of AC electric fields. We also found
that undesirably CNT sheets produce heat establishing the frequency and voltage dependence. The
effect, however, was estimated to a couple of degrees, thus, small enough not to influence
negatively the LCD performance. These results suggest a bright avenue for the future development
of high performance LC display devices and different new types of flexible and stretchable LC

displays in particular.
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