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Abstract

Carbon nanotubes (CNT) and their applications is a field which has attract a lot of
interest in the past two decades. Since the first invention of CNTs in 1991, and in
view of utilising nanoantennas, the focus in many laboratories around the world has
shifted to trying to lengthen nanotubes longer from nanometers to few centimeters.
Eventually this could lead to CNTs’ use in sub-millimeter, millimiter wave and

microwave antenna applications.

In this thesis, fundamental properties of carbon nanotube films are investigated, and
some applications such as the use of CNTs as absorbers or CNT doped liquid crystals
are considered. The concept of frequency tunable patch antennas is also presented.
Simulation and measurement results of the liquid crystal based antenna show that
frequency tuning is possible, through the use of a liquid crystal cell as a substrate.
Additionally, greater tuning can be achieved using liquid crystals with higher
dielectric anisotropy at microwave frequencies. This can be achieved by using CNT

doped liquid crystals.

As mentioned, microwave and terahertz measurements of vertically aligned carbon
nanotube arrays placed on the top surface of a rectangular silicon substrate are
presented. The S-parameters are calculated allowing the extraction of the complex
permittivity, permeability and conductivity of the samples. Theoretical models are
being introduced delineating the behaviour of the multi-walled nanotube (MWNT)
samples. The material properties of this film provide useful data for potential

microwave and terahertz applications such as absorbers.

Finally, finite-difference time-domain (FDTD) modelling of CNTs is introduced,
verifying the measurements that have been performed, confirming that CNT arrays
can be highly absorptive. A novel estimation of the permittivity and permeability of
an individual carbon nanotube is presented and a periodic structure is simulated,
under periodic boundary conditions, consisting of solid anisotropic cylinders. In
addition, the optical properties of vertically aligned carbon nanotube (VACNT)
arrays, when the periodicity is both within the sub-wavelength and wavelength



regime are calculated. The effect of geometrical parameters of the tube such as
length, diameter and inter-tube distance between two consecutive tubes are also

examined.
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Chapter 1:

Introduction

Carbon nanostructures -such as fullerenes [1] and nanotubes [2]- and their
applications is a field which has attracted a lot of interest in the past two decades due
to their excellent mechanical properties [3], low mass density [4], high electron
mobility [5], large current-carrying capability [6], high thermal conductivity [7], and
large aspect ratio. These exceptional mechanical and electrical properties and
particularly those of carbon nanotubes (CNTSs) are the subject of intensive studies [8,
9]. Interest in their physical and chemical properties has also borne the study of
several promising applications including field emission displays [10], hydrogen-
powered vehicles, artificial muscles, fuel cells and batteries [2, 11, 12]. Additionally
microwave applications including nanosized antennas and nano-interconnects [13,
14] have been suggested. Since the first invention of CNTs in 1991, and in view of
utilising nanoantennas, the focus in many laboratories around the world has shifted to
trying to lengthen nanotubes longer from nanometers to few centimeters. Eventually
this could lead to CNTs’ use in sub-millimeter, millimiter and centimeter wave

antenna applications.

Single-wall carbon nanotubes owe their remarkable electrical properties to the
unconventional electronic structure of graphene. Graphene's structure consists of a
two-dimensional adjoining honeycomb cells consisting of carbon atoms. Electronic
states close to Fermi energy, which is the energy of the highest occupied electronic
state at zero temperature, determine the conducting properties of graphene. Due to
this graphene partly resembles semiconductors and metals in band structure,
depending on the direction of electron movement in this 2-D structure, thus graphene

can be seen as a semimetal.



Carbon nanotubes can be either single-wall (SWNT) or multi-wall (MWNT). In its
simplest form, single - walled nanotubes (SWNTs) can be viewed as seamless
cylinders rolled from a graphene sheet. The manner in which this graphene layer is
rolled, leads to a metal or semi-conducting carbon nanotube. That has been
theoretically explained and experimentally applied, using scanning tunnelling
microscopy from Dekker [15] and Lieber [9]. On the other hand, multi-walled carbon
nanotubes, consist of multiple concentric tubes, creating a Russian doll-like model. In
general, SWNTs can either be metallic or semiconducting, whereas MWNTs are

always metallic (zero band-gap structure).

Since the first aligned CNT array was reported by Thess [16] in 1996, a variety of
techniques have been investigated to grow high-quality and super-aligned CNTs [17].
Vertically aligned carbon nanotubes (VACNTS) are CNTs with high aspect ratio [18]
and uniform tube length [19] that are aligned perpendicular to a substrate [20]. Both
SWNT and MWNT can be grown individually, in bundles or forming an array.
VACNT films are grown on different substrates, such as mesoporous silica [21],
planar silicon substrates [22] and quartz glass plate [23] and each CNT is able to
grow, placing a nano-particle of a catalyst -usually Fe, Co or Ni- on the substrate
facilitating the growth of a long and highly pure nanotube [24]. Aligned CNTSs can be
potentially used in a large number of applications because of their large surface area
and high electrical conductivity, such as DNA biosensor [25], glucose [26], pH [27]
and NO; [28] sensors.

In this study fundamental properties of carbon nanotube films are investigated, and
some applications such as the use of CNTSs as absorbers or CNT doped liquid crystals
are considered. The concept of frequency tunable patch antennas is also presented.
Simulation and measurement results of the liquid crystal based antenna show that
frequency tuning is possible, through the use of a liquid crystal cell as a substrate.
Additionally, greater tuning can be achieved using liquid crystals with higher
dielectric anisotropy at microwave frequencies. This can be achieved by using CNT

doped liquid crystals.

As mentioned, microwave and terahertz measurements of vertically aligned carbon

nanotube arrays placed on the top surface of a rectangular silicon substrate are

2



presented. The S-parameters are calculated allowing the extraction of the complex
permittivity, permeability and conductivity of the samples. Theoretical models are
being introduced delineating the behaviour of the MWNT samples. The material
properties of this film provide useful data for potential microwave and terahertz

applications such as absorbers.

Finally, finite-difference time-domain (FDTD) modelling of CNTSs is introduced,
verifying the measurements that have been performed, confirming that CNT arrays
can be highly absorptive. A novel estimation of the permittivity and permeability of
an individual carbon nanotube is presented and a periodic structure is simulated,
under periodic boundary conditions, consisting of solid anisotropic cylinders. In
addition, the optical properties of VACNT arrays, when the periodicity is both within
the sub-wavelength and wavelength regime are calculated. The effect of geometrical
parameters of the tube such as length, diameter and inter-tube distance between two

consecutive tubes are also examined.

The structure of this thesis is shown as follows:

Chapter 2 provides an overview of the history, the basic concepts and fundamental
properties of carbon nanotubes, therein exploring the structural and electrical
properties of CNTs. A concept extensively studied in this chapter is that of the
transmitting dipole, made by carbon nanotube antenna via a Hallen’s-type integral
equation. Interesting properties such as that of input impedance, current distribution,
and radiation pattern are discussed. The prototype CNT antenna is compared to the
conventional dipole antenna made of copper with the same dimensions and the
different properties are discussed. Finally, the limitation of using nanotube antennas

in antenna applications is discussed.

Chapter 3 presents the characterization of vertically aligned multi-walled carbon
nanotube (VACNT) films from microwave to terahertz. The samples are placed on
the top surface of a rectangular silicon substrate allowing the extraction of the
effective complex permittivity and permeability of the VACNT films in the
microwave region. All extracted parameters are verified by full wave simulations and

good agreement is obtained. Systematic error analysis is also presented as well as the
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errors calculated. Finally, theoretical models are introduced to quantify material
properties, which are essential for them to be used for microwave and terahertz
applications such as absorbers. In both X- and Ku- bands, the proposed VACNT films
exhibit 90% reduction in size compared to conventional materials without losing in

absorption.

In Chapter 4, the dynamic properties of single-walled carbon nanotubes are
considered from a circuit point of view and an effective RF equivalent circuit is
presented. An introduction to modelling techniques, such as the FDTD algorithm, is
also given, based on solving the Maxwell's equations for VACNTSs. Simulation results

are compared with measurement data to validate the model.

Chapter 5 presents a new effective medium model characterized by the general
permittivity (GEF) and general permeability functions (GMF). This allows the
prediction of the microwave properties of any similarly dense VACNT film,
independent of its thickness. A novel estimation of the permittivity and permeability
of an individual carbon nanotube is presented. The complex permittivity and
permeability of both vertical and parallel components are calculated and fitted using
the lossy medium approach for the effective permittivity, and the Lorentz-model for
the effective permeability. In addition, the optical properties of VACNT arrays,
which the periodicity is both within the sub-wavelength and wavelength regime are
calculated. The effect of geometrical parameters of the tube such as length, diameter
and inter-tube distance between two consecutive tubes are also examined. Results
from the aforementioned simulations show that VACNT films are highly absorptive

in optical range.

In Chapter 6, a potential application of MWNTSs in antennas is presented. CNT-doped
liquid crystals are characterized for the design of an optically transparent and tunable
antenna. A planar circular disc monopole antenna for ultra-wideband applications is
designed based on the AgHT-4 transparent film. Radiation patterns of the proposed
UWB antenna are omni-directional and monopole-like at low frequencies in H-plane
and E-plane respectively, and they are compared to those of an identical aluminium
UWB antenna. In addition, fundamental ideas on frequency tunable rectangular

printed patch antennas using liquid crystal are presented. Simulation and
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measurement results show that frequency tuning is possible, using liquid crystal as a

substrate. Additionally, it is ascertained that greater tuning can be achieved using

liquid crystals with higher dielectric anisotropy at microwave frequencies whilst

doping them with carbon nanotubes. Frequency tunable antennas, using carbon

nanotubes doped liquid crystals, are simulated. Radiation patterns, directivity and

efficiency are presented. The tuning performance using the above technique, is almost

two times better, than a patch antenna utilising pure E7-liquid crystal as a substrate.

Finally, in Chapter 7 a summary of the main conclusions and discussion points for

further research are presented.

The major contributions presented during this work can be summarised as follows:

Vertically aligned multi-walled carbon nanotube (VACNT) films are being
characterized for the first time up to 2.5 THz. In addition, all the S-parameters
(amplitude and phase) were measured, thus allowing both permittivity and
permeability to be extracted when treating VACNT films as an effective

medium.

Transmission THz-TDS technique and theoretical models are applied to the
VACNT films showing that plasma frequency varies exponentially with the

thickness of the sample.

Theoretical models, such as the Drude model, are expanded over an entire
frequency spectrum of interest (8 GHz to 2.5 THz) with the assumption that
VACNT films have no magnetic properties («=1). Using that effective

medium model, the theoretical absorption is calculated thus confirming the

measurements obtained.

Characterization of the anisotropic permittivity and permeability of an
individual carbon nanotube is presented, for the first time, based on
measurement results. Both vertical and parallel components of the complex

permittivity and complex permeability are calculated and fitted with the lossy



medium approach and the Lorentz-model respectively. This model achieved

good agreement when compared with theoretical models from literature.

An optically transparent antenna for ultra-wideband applications is proposed.
Radiation patterns of the proposed UWB antenna are omni-directional and
monopole-like in low frequencies in H-plane and E-plane respectively, and
they are compared to those of an identical aluminium UWB antenna.

A tunable patch antenna using liquid crystal as a substrate is demonstrated. It
is known that greater tuning can be achieved using doped liquid crystals with
carbon nanotubes thus obtaining higher dielectric anisotropy. Simulation
results show that almost two times better frequency tuning of a patch antenna
Is attained.



Chapter 2:

Introduction to Carbon

Nanotubes

2.1 Introduction

Carbon is a versatile element able to form a variety of chemical compounds, many of
which are fundamental compounds found in nature. Carbon atoms can form single,
double and triple bonds, as well as chains, branched chains, and rings when
connected to other carbon atoms, giving rise to allotropes. The best known allotropes
of carbon are graphite (Figure 1a) and diamond (Figure 1b). Both allotropes have
very distinct optical and electrical properties, because of the different geometry of the
carbon atoms themselves within the crystal lattice. In diamond, the carbon atoms are
bonded together in a tetrahedral lattice arrangement, where in graphite the carbon
atoms are bonded together in sheets of a hexagonal lattice. In terms of differing
properties, diamond is highly transparent and physically hard, while graphite
is opaque and soft. Moreover, diamond has very low electrical conductivity, while

graphite is a good conductor.
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Figure 1: Carbon allotropes. a) graphite and b) diamond [2].
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With the development of microscopes in later years, it has been possible to probe
nanometer scale structures, thus more interesting allotropes of carbon have been
discovered. In 1985 for the first time, the C-60 buckyball (Figure 2) has been
prepared by Harold Kroto [1] at Rice University. In 1996, Kroto shared the Nobel
Prize in Chemistry with Robert Curl and Richard Smalley for their roles in the
discovery of buckyball and the related class of molecules; fullerenes. This discovery

was followed by that of the carbon nanotubes (CNTS) - Figure 2 in 1991.

(@) (b)
Figure 2: Carbon allotropes. a) C-60 buckyball and b) Carbon nanotube [2].

These structures, combine a unique set of characteristic properties of carbon
allotropes with lower dimensionality. Both zero dimensional buckyballs and one-
dimensional carbon nanotubes have emerged as a revolutionary and fast growing
science. It is believed that carbon nanotubes may be the key component of future
carbon based nano-electronic devices such as nano-scale field-effect transistors [29,
30] and field emission flat-panel displays [31-33]. They can also help to realize many
fascinating applications such as hydrogen-powered vehicles [34], artificial muscles
[35] and scanning probe microscopy with stronger and thinner cables [36, 37]. Many
scientists believe that CNT technology will spearhead the boundaries of
radio/wireless communications in the next two decades. One possible and promising
application uses the unique electrical properties of carbon nanotubes to make them
work as nano-sized antennas. If a CNT could be electromagnetically excited, then it
may possibly radiate as a small dipole antenna according to its resonant length (few

microns) at frequencies in the terahertz and in the optical range.
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2.2 History

Carbon fibers can be regarded the macroscopic analogue of carbon nanotubes. At the
beginning of the 19" century, the need for materials with special properties led to the
development of carbon fibers. Many scientists at that period were trying to provide a
filament for an early model of an electric light bulb. The first ever carbon fiber was
produced by Thomas A. Edison using high quality natural fibers, such as bast, jute,
manila and hemp, amongst others. After a simple procedure using carbonizable
liquids (such as sugar), he managed to produce a high resistance homogeneous
filament [38], a structure which could be regarded as a very early model of a modern
light bulb filament. After that initial work, many other researchers tried to build upon
Edison's work using some more efficient and sturdy filaments, such as those

composed of tungsten [39].

Another application using carbon fibers came in the 1950s, in an effort to cover the
needs of the space and aircraft industry. In the search of a material with extraordinary
mechanical properties which could be used for fabricating lightweight composite
materials, carbon fibers emerged as the ideal because of its strength, stiffness and
lightweight. This technique, in the following 10 years, became very popular and
many laboratories worldwide developed that material further into other important
structures [40, 41].

In the next decade, scientists explored various parameters of carbon fiber's
applications. One of these was to improve the quality of the products that the existing
technology could generate, by reducing the defects of the carbon fiber. Improving
carbon fiber structure, following its generation presented a problem to which a
solution was the employment of a distinct fabrication technique, using more easily
controlled conditions. This led to the catalytic Chemical Vapor Deposition (CVD)
process [42-44].

As a result of the expansion in research on CVD technology, the production of very
thin filaments have been reported [45, 46]. Endo [45] reports the growth of the
thinnest filament yet, with a diameter of less than 10 nm, a result which has attracted

much attention in the field. In addition to the discovery of fullerenes, by Kroto and
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Smalley [1], research on carbon filaments of very small diameters became more

systematic.

In December 1990 at a carbon-carbon composite workshop, Smalley gave an update
for his research on fullerenes [47]. Following that, two more important papers were
presented, one from Huffman [48] discussing about a new efficient method for
fullerene production, and one from M. S. Dresselhaus [49] reviewing carbon fiber
research. This workshop, was the inception of Smalley's concept of carbon nanotubes
with dimensions comparable to those of C-60. In August 1991, at a fullerene
workshop in Philadelphia, M. S. Dresselhaus [50] gave an oral presentation on the
symmetry proposed for carbon nanotubes capped at either end by fullerene
hemispheres. However, a breakthrough in carbon nanotube research came with
lijima's report [2] in work which received the highest acclaim of other nanotube
findings [51] of the same period. lijima reported nanotubes with length in the order of
1 um compared to the 10-30 nm [51]. An experimental observation of carbon
nanotubes using high-resolution transmission electron microscopy (HRTEM) was
given by lijima's work to investigate these new allotropes of carbon. That work was
the one which verified all the previous theoretical works by others [52]. Shortly after
lijima's findings, in July 1992, Ebbesen and Ajayan reported a new method for
producing gram quantities of carbon nanotubes [53]. A new era for the Carbon

Nanotube research had started.

2.3  Structure

The structure of CNTs originates from that of graphite. One can imagine taking the
structure of graphite and removing one of the two-dimensional graphene sheets as
depicted in Figure 3. In its simplest form, single - walled nanotubes (SWNTSs) can be
viewed as seamless cylinders rolled from a piece of graphene sheet. Usually, these
structures have a diameter of about 0.7nm- 2nm and length reaching up to 1Imm
[54]. Calculations have shown that collapsing the single wall tube into a flattened
two-layer ribbon is energetically more favourable than maintaining the tubular

morphology beyond a diameter value of about 2.5nm [55].
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graphene sheet

Figure 3: Single-Walled Nanotubes (SWNTSs) can be viewed as seamless cylinders

rolled up from a graphene sheet [56].

If we neglect the two hemispherical ends of a CNT, which are usually called caps, the

large aspect ratio (length/diameter) of the cylinder is found to be between 10* —10".
These nanotubes can be considered as one-dimensional nanostructures. Each cap
contains six pentagons and an appropriate number and placement of hexagons that are

selected to fit perfectly to the long cylindrical section.

Another very similar structure to the above, multi - walled nanotubes (MWNTS), is
composed of concentric single-walled nanotubes. It is very easy to distinguish
SWNTs from MWNTSs using Transmission Electron Microscope (TEM) images. In
Figure 4 we can see a MWNT which is several times larger than SWNT. The
interlayer spacing in a MWNT is 0.34nm as confirmed by HRTEM [2] and STM
[57]. Typically, MWNTs have diameters on the order of 10nm- 20nm. In this

chapter we will only discuss the structural properties of SWNTSs.

R .
! ’
0l W d WA St

Figure 4: a) a Single-Walled Carbon Nanotube (SWNT) and b) a Multi-Walled
Carbon Nanotube (MWNT). The pictures were taken by an Atomic Force Microscope
(AFM) and a Transmission Electron Microscope (TEM) respectively [58].
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SWNTs can be produced either by a physical process (arc discharge [2] and laser
ablation [59]) or by a chemical reaction (chemical vapor deposition [60]). As a
quantum system can be fully described by a set of quantum numbers, an individual
carbon nanotube can be characterized using only three quantities: diameter, chirality
and number of walls. The meaning of these quantities will be explained below.
During the growth process it is very hard to control the geometry of individual carbon
nanotubes, due to the infinite ways a SWNT can be formed. This gives rise to
discrepancies between SWNTSs, as well as defects and impurities. MWNTs may be
produced without using catalytic particles, thus rendering them, in general, purer than
SWNTs.

Figure 5 shows a graphene sheet with a coordinate system, lattice basis vectors and
position vector. In this representation, small circles denote the location of carbon
atoms and the lines depict carbon - carbon bonds [58]. Due to hybridization carbon

atoms will form three bonds instead of four, as depicted in Figure 5.

Figure 5: A graphene sheet. A coordinate system, lattice basis vectors and position
vector are also presented. The small circles denote the position of carbon atoms and

the lines represent carbon - carbon bonds [61].

In quantum mechanics, the so called quantum numbers are a set of four numbers that
can describe each electron completely. Therefore, the properties of an atom's electron
configuration is described by these four quantities n, I, m and s which are called:
energy quantum number, angular quantum number, magnetic quantum number and
spin quantum number, respectively. Two of these electrons, can create an orbital.
Depending on the value of the quantum number |, the orbitals have different shape

and name: s-orbital, p-orbital, d-orbital and f-orbital for 1 =0,1,2 and 3, respectively.
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These names are given due to the characteristics of their spectroscopic lines: sharp,

principal, diffuse and fundamental.

Because of the Pauli exclusion principle, the ground state configuration for carbon is

1s°2s°2p,2p; . The first stage in hybridization is the excitation of an electron from
the 2s orbital to the empty 2p, orbital. Then, the excited carbon, symbolized by C*
attains an electron configuration of 1s*2s'2p,2p;2p;. The one electron in the 2s
orbital combines together with the two of the 2p orbitals (which have different

directions) to form three new orbitals called sp”. Note that one 2p orbital is left

without any combination with other orbitals.

L
1s 2s 2p, 2p, 2p.

(@)

L T 1T
12 22,
(b)

oo W1 T 11T

15 sp? sp?sp’ p
(c)

Figure 6: Hybridization at the Carbon atom. Vectors represent the electrons and two

1
2p.

different directions of the vectors correspond to the spins, according to Pauli

exclusion principle [62].

It is also worth noting, that the three sp® orbitals form bonds with the three nearest
neighbouring carbons, giving rise to the so called ¢ bond, in a manner similar to
graphene. The fourth electron belongs to a © orbital which is perpendicular with the
cylindrical surface of the CNT. This orbital is the one which helps several layers of
graphene to assemble and produce the graphite structure, and for similar reason to
assemble MWNTSs.
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If we go back to Figure 5 we can assign lattice basis vector as ¢, and «, . The relative

position vector is R=me, +na,, where m,n are integers. This vector R is called a

chiral vector. As explained before, a SWNT can only be viewed by wrapping a
graphene sheet into a seamless cylinder. This of course is a simplification in order to
understand the structure of CNTSs. In reality, rolling a graphene sheet to a cylinder is

unattainable.

This cylinder can be formed by rolling the graphene sheet along different directions.
If rolled about & axis (Figure 5) the tube formed is called a zigzag CNT. If the n axis
is used for the cylinder axis, the tube is called an armchair CNT. If the cylinder axis is

neither the & nor the n axis, the resulting nanotube is called a chiral CNT. Another

parameter used to describe nanotubes is the dual index (m,n). This dual index is

(m,0) for zigzag CNTs, (m,m) for armchair CNTs and (m,n) for chiral CNTSs.

These different CNTs are shown in Figure 7. The cross sectional radius r for a CNT is

given by the following equation [13, 58]:

r=2—\5bx/m2+mn+n2 (2.1)
T

where b =0.142nm is the distance between atoms in graphene.

2.4  Electrical Properties

SWNTs can be either metallic or semiconducting. This depends on the geometry of
the specific nanotube. In general, a CNT is metallic when m—n is a multiple of 3. In
all other situations, the CNT is characterized as semiconducting. For example, all
armchair CNTs are metallic, because as we explained before m=n. Zigzag CNTs
with m=3q, where q is an integer are also metallic. The rest of the zigzag CNTs and
all chiral CNTs are semiconducting. It has been shown that the bandgap of
semiconducting nanotubes decreases inversely with an increase in diameter [64, 65].
In contrast with SWNTSs, Multi-Walled Nanotubes (MWNTSs) are always metallic.
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(m.n)=(10.5)

Figure 7: The three different possible structures of a Carbon Nanotube. Zigzag,

armchair and chiral respectively [63].

The electronic band structure of a CNT was briefly explained above. We have seen
that after hybridization, three sp® electrons form a bond with three carbons to
produce a graphene sheet. One p orbital left unconnected which is perpendicular to
that planar sheet and thus the nanotube surface. This p orbital is responsible for the

electronic properties of a CNT because that forms a delocalized 7 -network across the

nanotube.

A useful starting point to understanding the electronic structure and properties of a
nanotube, is to assume two carbon atom hexagonal unit cell of graphite. Using the
real space coordinate system of Figure 5 and defining the reciprocal lattice vectors in

terms of the real space vectors as, @,-a, =27 and b, -b/ =27, we arrive at the

Brillouin zone in reciprocal space shown in Figure 8.
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Figure 8: a) The real space unit vectors and the hexagonal lattice unit cell. Distance

between two carbon atoms is a. . =0.1421nm. b) The corresponding reciprocal

space, showing the reciprocal lattice vectors [66].

Considering only one orbital per atom and neglecting overlap, we find the graphite

dispersion relation by solving the eigenvalue equation [66]:
0 h(k
E[@lj: o o( ) .[(/’1] 2.2)
?, h, (k) 0 2

h, (K)=7, (1+6**+€<"). (2.3)

where

The general dispersion relation is derived through the tight-binding approximation for

two dimensional graphite [67, 68]:

E (kX , ky) =ty J1+ 4c0s (@ kxaj -C0S (% kyaj +4-cos? (% kyaj (2.4)

where y =2.9eV is the value of the overlap integral and « :\/§-ac_c. This is an

approximation, the Slater-Koster scheme, and it is used as a simple approximation for

the structure of graphene.

Figure 9 shows the bandstructure for graphene, according to the solution above as a

function of k, and k, . Graphene has the peculiar property of the valence and
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conduction band only meeting each other in six points. These points are in the corner

of Brillouin zone: Ki :’"E,o)j (+ 2w 2w

too T ;)] Such behaviour, makes graphene a

so called semi-metal. The band structure of the single wall carbon nanotubes is found
by imposing the following periodic boundary condition in the circumference of the
tube:

k-R=27-N (2.5)

where N=0,12,...

For a zigzag nanotube, the boundary condition (2.5) reduces to a condition on k ,

k-R;, =nak, =27z-N (2.6)

where where N =0,12,...n.

Thus, from (2.4), we find the zigzag energy dispersion relation,

EX (k) =27, J1+ 4cos (? anJ -C0S (ﬂj +4-cos? (ﬂj 2.7)
, n

n

For an armchair nanotube, the boundary condition (2.5) becomes:
k-R, =n3ak =27-N (2.8)

where where N =0,1,2,...n.

Replacing that into (2.4), it gives the armchair dispersion relation for a nanotube,

E (k) =147, \/1+ 4. cos(%) -C0S (% kyaj +4.c0s° (% kyaj (2.9)
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Figure 9: Electronic structure of graphene according to equation (2.4). This is

calculated within a tight-binding model [69].

In Figure 10a, one can find the band structure of a (5,5) armchair nanotube. This

nanotube, as every armchair nanotube, is metallic and has two bands crossing at the
energy of the highest occupied electronic state at zero temperature, which is called
Fermi energy. The corners of the hexagons in the reciprocal lattice are the so-called
K-points and this is where the conduction and the valence band of graphene touch
each other. If one of the quantization lines pass through two K-points, then the
nanotube is considered to be metallic. On the other hand, Figure 10b shows the

bandstructure of a (9,0) armchair zigzag nanotube. This tube, as has been explained

earlier and can also be seen in the graph, is considered to be metallic, due to the band
crossing the Fermi level. Figure 10c shows the bandstructure of a (8,0) armchair
zigzag nanotube. For this structure the quantization lines do not cross the K-points,

therefore the nanotube is considered to be semiconducting with a bandgap of the

order of 1ev [11]. As aforementioned, a zigzag nanotube is either metallic or
semiconducting, depending on its chirality. Only when m=23q and q is an integer,

the nanotube is metallic, whereas all other combinations result in a semiconducting
tube.
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Figure 10: a) band structure of a (5,5) armchair nanotube. b) Band structure of a (9,0)
zigzag nanotube. ¢) Band structure of the semi-conducting zigzag tube (8,0) [66].

Tight-binding model is also useful to understand the Density of States (DOS) of

CNTs. The electronic DOS for an one dimensional material is:

1 1dE
R T G ™

(2.10)

where v(E) is the group velocity for electrons moving in the +x direction. The DOS

of a (10,10) armchair nanotube and a (10,0) zigzag one are shown in Figure 11 and

Figure 12, respectively. The metallic nanotube, has a finite DOS at the Fermi energy

E; =0, and the semiconducting tube has zero DOS at E_ .
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Figure 11: Band structure and Density of States for the (10,10) armchair nanotube. At
Fermi level the DOS is finite [66].
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Figure 12: Band structure and Density of States (DOS) for the (10,0) zigzag
nanotube. At Fermi level the DOS is equal to zero [66].

As noted above, all the metallic nanotubes have energy bands crossing the Fermi

energy. An ideal nanotube contacted by two contact pads would have quasi-Fermi
levels of x4 and g, = —€V,,. With this applied bias, the current only flows
through one level between x and g, which are the bands crossing the Fermi energy

of the nanotube. A prediction that has been reported in literature [70, 71] for carbon
nanotubes is that transport in the metallic bands may be ballistic. During ballistic

transport, there is no electron scattering over the length of the medium and electrons
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remain in local equilibrium as they enter and exit from the contact pads. This

phenomenon literally takes place when the phase breaking length, 1, of the electron
states in the nanotube is larger than the momentum relaxation length, |, which is

much greater than the length of the nanotube, L. Thus the condition for ballistic

conduction is L <1 <I . Further restrictions apply, where the diameter, D, of the

nanotube is comparable to the electron wavelength at the Fermi energy A. and D is

much less than L .

2.5 Carbon nanotubes on antenna applications

Previous sections dealt with investigating the electronic properties of carbon
nanotubes. The major difference between carbon nanotubes and conventional
nanoscale wires, is that CNTs can exhibit ballistic transport over at least nanometer
lengths [58]. During ballistic transport in a four-channel system, such as CNT, the
resistance of the tube is independent of length and is, theoretically, around 6.45kQ

(two parallel propagation channels, 12.9k<2 each).

In [14], we realized that CNT-transmission lines act differently from ordinary
metallic transmission lines. Kinetic inductance dominates, over the usual magnetic
one, and both electrostatic and quantum capacitance must be taken into account. The

result is that wave velocity on a CNT-transmission line is on the order of the Fermi

velocity rather than the speed of light. Considering u, ~6.2u. ~0.02c, wavelengths

are much shorter on a carbon nanotube, compared to a typical macroscopic metallic
tube.

In this section, fundamental properties of finite-length dipole CNT antennas are
investigated using a Hallen's-type integral equation. Input impedance, current profile
and efficiency are presented and compared to ordinary metallic antennas of the same

size and shape.
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2.6  Solving the Hallen's type integral equation for a CNT dipole

antenna

We will consider a CNT similar in structure to that depicted in Figure 13. The

cylinder is placed along the z direction, the radius of the cylinder is a and it is said to

O

Figure 13: Carbon Nanotube geometry.

be infinitely thin.

2.6.1 Conductivity

The conductivity of the CNT derived starting with Boltzmann's equation [72]. We
should note here that the relaxation-time approximation is given by equation (2.11)

where it is restricted in the case of a z-directed electric field E,, where current flows

only in z direction:

of of of
E+eEz£+u25:v[fo(p)—f(p,z,t)] (2.11)

z

where f is the electron's distribution function, U, is the electron's velocity, €is the
electron's charge, V is the relaxation frequency, p is the two-dimensional electron

momentum and f; is the Fermi-Dirac distribution which is described by the equation

(2.12):
E(p)-Eg -1
fo(p)=[1+e ko J (2.12)

where E; is the Fermi energy, E(p) is the electron’s energy, K; is the Boltzmann's

constant and T is the temperature.

Following the derivation as Maksimenko [73, 74] suggested, we find that the
conductivity is given by the general equation:

d’p (2.13)

o :j 2e? J-J-ﬁfo u,
: (27zh)2 ap, w— Jv
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For generally small radius CNTs (where m<50), equation (2.13) can be
approximated as
2e’u,

- m*ha(w— jv) (2.14)

O (@) =0, (@)=

where U. is the Fermi velocity for CNTs. The units for conductivity in equation

(2.14) are S (Siemens), rather than S/m (Siemens per meter) as the carbon nanotube

is modelled as an infinitely thin tube, thus supporting a not surface current density.

At this point, it is interesting to compare the conductivity of a CNT which is given by
equation (2.14) with the conductivity of a two-dimensional (infinitely thin) metal
cylinder, using the Fermi-gas model [75]:

e’E,

i o) (2.15)

Oy () =0, (0)=-

where o,, denotes the two-dimensional conductivity for a Fermi-gas metal such as

2d 2
copper. By replacing the Fermi energy in equation (2.15) with E. = N, 77 [75] we
have:
eZNZd
= — 2.16
7= o ) 0

where N:d is the number of electrons per square meter and m, is the mass of an

electron. For a three dimensional conductor, the equation (2.16) leads to:

e2N3d
—_j—— e 2.17
O-Sd (Cl)) me (a)_ JV) ( )
2.6.2 Input Impedance
The integral equation for current density can be obtained from Ohm's law:
J,(z.0)=0(w)E,(z,0) (2.18)

where for all z along the tube, o denotes either the carbon nanotube conductivity
(2.14) or the conductivity for the metal tube (2.16).
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Following the standard antenna analysis, starting with [76]:

E(r) :j—;(kz <V g (r, ) (r)av’ (2.19)

o IR
where g(r,r')=4 =
T

and R=|r—r’

Taking J(r)=2J,(z)6(p—a), we obtain:

2 62 L ' ’r ’
E, = 1 (k +?JJ'_LK(2—Z)I(Z)dz (2.20)

JjArwe

where L is the half-length of the antenna and the standard thin-wire kernel, which is

appropriate for a radius in nanometer scale [77]:

' e—jk (2-2)+a?
Considering 1(z)=1J,(z)2za Ohm's Law from equation (2.18) becomes:
ﬂ=0(Ef(z)+ E.(z)) (2.22)

2o

where E;(z) is the incident field and E;(z) is the scattered field. Writing the

scattered field as (2.20) we have the Pocklington integral equation:

2 62 L , , , . i
(k +¥JJ‘LK(Z—Z )1 (z')dz’" = J47m)g(zil (z)—EZ(z)) (2.23)
where
1
S — (2.24)

is the antenna impedance per unit length. Moreover, we can define the antenna
impedance for the infinitely thin tube, if the metal tube's wall thickness is d :

1
= 2.25
4 270t (04d) (2.29)
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if d is small compared to the skin depth, &, = / 2 . Now if d is much bigger
WGy

than the skin depth, then:

1+

= — 2.26
) 2710 (0446, (2.26)

We can now plot the conductivity o, (for armchair tubes) as a function of frequency
for various m (Figure 14). For a carbon nanotube the relaxation frequency is taken as

-1

v=rt= (3.10*12) [73] and here we use U, =9.71-10°m/sec.
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Figure 14: Conductivity o, as a function for carbon nanotubes, for various m=n

values. Solid and dashed lines represent Re(o) and Im(o) respectively [13].

We now compare the CNT results with the metal dipole of the same size and shape.

In contrary to the case of a macroscopic metal dipole, the value of conductivity plays

an important role for nanometer radius antennas. Considering o, is in the order of

107, it is clear from (2.25) and (2.26) that if a becomes very small, |z,| will be

relatively large, significantly changing the antenna's properties from the perfectly

conducting case, where |z,|=0.

At this point, we consider a solid copper dipole antenna working at 160GHz with a

length of 0.474. We can calculate the input impedance assuming a perfect conductor,

Zr, and the input impedance assuming bulk copper, Z7, in the following table.

In?
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Table 1: Input impedance and efficiency for a solid cylindrical metal wire (0.471)

for different radius values [13].

Ricrl];us Input Impedance (ohms) e, =P /P,
. 7 =69.84— j7.36 1.00
' Z° =72.24— j5.76 0.97
. 7P =62.78— j76.96 1.00
20x10 . _ 5
Z7 =1960.13—- j1917.14 5.53:10
.. 7" =62.08— j106.85 1.00
X
Z7 =19788.96 — j19539.85 4.82.10°

We propose that for very small radius values, |zi| becomes very large, such that Z°
and Z; have very different values. The efficiency is also shown in the above table,

where P, is the radiated power and P, is the input power:

r

P, :%Re(zm) 12 (2.27)

where |, is the current at the feed point.

In Figure 15 the conductivity is plotted as a function of frequency for armchair tubes
with m=n=40 and for an infinitely thin two-dimensional bulk approximation

(TDBA) copper tube with the same radius.

At 10GHz , we found that o,, =0.0512—-j0.00964 S and

0,y =0.0134 - j0.000021 S, where the material described by o,, has the same

parameters as the defined TBDA copper. At this frequency, the real part of the carbon

nanotube conductivity, is in the same order of magnitude as the TBDA copper sheet

conductivity, although o, is quite dispersive compared to o, .
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Figure 15: Conductivity o, as a function of frequency for carbon nanotubes with
m=40 and a=2.712nm, and o,, for an infinitely thin two-dimensional bulk

approximation (TDBA) copper tube having the same radius. Solid lines are Re (o)

and dashed lines are Im(o) [13].

2.6.3 Final form of the Hallen's type integral equation

Converting the Pocklington equation (2.23) into a Hallen's integral equation [78]:

82 L ' ’ ’ ’ H i
(kZ +¥]J‘_L(K(z—z )+a(z-z )) 1 (z')dz' = j4nwsE,(2) (2.28)
leads to the function q as
we e M|
z2-7")=— 2.29
9(z-2)=——— (229)

Assuming a slice-gap source of unit voltage at z,, the final integral equation to solve
is

A7,

j_LL(K(z—z’)+q(z—z')) | (z')dz’ =c;sin(kz)+c, cos(kz)— j Zkgsin(k|z—zo|) (2.30)

where ¢, and c, are constants to be determined from | (z + L) =0.
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2.7 Further Discussion

In this section, the resonance frequency of a carbon nanotube dipole antenna will be
investigated and the relationship with the TDBA copper dipole, which proposed
above. At the end, the relaxation frequency damping effect will be discussed.

2.7.1 Resonance frequency of carbon nanotube antennas

Assuming a Carbon Nanotube dipole antenna with half-length of L=10um, Figure

16 shows the input impedance of this antenna (m=40, so a=radius =2.712nm).
That antenna resonates at 150GHz as the square box shows. On this graph the input
impedance of a TDBA copper tube (of the same dimensions) is shown. As expected,

the copper dipole will not resonate at those frequencies but resonates at

8
:%:4:;'11%_6 =7.5THz. We can easily find the ratio between the resonance

frequency of the CNT and the resonance frequency of an identical, in size, metallic

tube. This is given by:
f
r=—""=0.02 (2.31)
TDBA
This means carbon nanotubes exhibit relatively sharp resonances according to the
velocity factor:

u, ~0.02¢ (2.32)

Carbon nanotube dipole resonances, can be associated with plasmons by the
transmission line model developed in [14]. The transmission line model, predicts that

u, =u. =0.01c. Therefore the wavelength of the antenna should be approximately

A, =0.014,, where A, is called the plasmon wavelength and A, is the free space

wavelength.
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Figure 16: Input impedance for a carbon nanotube dipole antenna (m=40) and for
TDBA copper tube dipole having the same radius and length, L =10um. Solid lines
are Re(Z,,/R,) and dashed lines are Im(Z; /R;). Square boxes denote resonance

frequencies and R, is the channel resistance (quantum resistance, =12.9 kQ) [13].

The difference between the velocity reduction obtained here u, =0.02c and the
transmission line prediction u, =0.01c is most likely due to the approximate nature

of the transmission line method, since the L and C values of the two-wire
transmission line will only approximately hold for the corresponding dipole antenna.
Furthermore, the transmission line model does not account for radiation, and does not
fully account for tube resistance. Thus, the transmission-line model is expected to

give valuable yet fairly approximate the actual antenna performance.

For the validation of the above statements, the same procedure has been followed for

a carbon nanotube antenna with half-length of L=1um. Figure 17 shows the input

impedance of the above antenna, comparing again with a similar one, using the

TDBA copper tube with the same radius and length.
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Figure 17: Input impedance for a carbon nanotube dipole antenna (m=40) and for

TDBA copper tube dipole having the same radius and length, L =1um. Solid lines

are Re(Z,,/R,) and dashed lines are Im(Z,,/R;) [13].

As can be seen in the above figure, the resonance frequency for that carbon nanotube
dipole antenna is around 2300GHz . The expected resonance for the TDBA is 75THz

so the ratio is r =0.03.

2.7.2 The relaxation frequency damping effect

In general, resonances occur approximately in the frequency range of

u
L<f< f

27 - 2na

(2.33)

which corresponds to 0.053< f <56THz when v =3ps and a=2.712nm. Outside

of this frequency range, current is fully attenuated.

In Figure 18 the input impedance as a function of frequency for different lengths is
shown. The effect of relaxation frequency damping on antenna resonances is also

shown. We can observe that for an antenna which has half-length L=10umit
resonates around 150GHz . For a L =20um antenna, it resonates at around 85GHz,

which is approximately the predicted value (u, =0.02c). The L=40um antenna is

expected to resonate at around 40GHz, but as figure 18 shows, that doesn't occur

until a much higher frequency, which is 140GHz. This is a result of all the
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resonances below the relaxation frequency being suppressed due to

frequency damping.
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Figure 18: Input impedance versus frequency, for three different carbon nanotube

dipole antennas. The effect of relaxation frequency damping on antenna resonances is

clearly presented [13].

The following Figure 19, shows the current distribution on the L =10xm carbon

nanotube dipole antenna at various frequencies. At very low frequencies, away from

the resonance, the current distribution is approximately triangular, as for an ordinary

short dipole. For frequencies close to the first resonance (160 GHz), it can be seen

that the current is approximately half sinusoid. The current distribution is also shown

at frequencies close to the first and second anti-resonance frequencies (292 GHz and

578 GHz).
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Figure 19: Current distribution on a carbon nanotube antenna with m=40,

radius = 2.712nm and L =10xm. Frequencies are shown on the graphs [13].

2.8 Summary

The fundamental properties of dipole transmitting antennas formed by carbon
nanotubes have been investigated via a Hallén’s-type integral equation. The equation
is based on semiclassical conductivity, equivalent to a more rigorous quantum
mechanical conductivity at the frequencies of interest. Input impedance and current
distribution have been discussed, and comparisons have been made to a copper
antenna of the same dimensions. It was shown that, due to the properties of the
carbon nanotube conductivity function and its relationship to plasmon effects, some
properties of the carbon nanotube antennas are quite different from the case of an
infinitely thin copper antenna of the same size and shape. Important conclusions are
that carbon nanotube antennas exhibit plasmon resonances above a sufficient
frequency, with high input impedances which is probably beneficial for connecting to

nanoelectronic circuits and very low efficiencies.
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Chapter 3:

Characterization of
Vertically-Aligned

Carbon Nanotube Films

3.1 Introduction

At the moment, two are the main available approaches that result to perfectly aligned
carbon nanotubes: (a) the application of several post-synthesis techniques such as
dispersing CNTs in solutions, followed by aligning them using spin-coating,
Langmuir—Blodgett assembly, or blown bubble films technique, and then fixed the
aligned CNT structures/patterns by solvent evaporation or resin solidification [79];
and (b) the in-situ growth approaches by growing aligned CNTs by controlled

chemical vapor deposition (CVD) and arc discharge techniques [79].

The first work that initiated the further investigation of the in-situ growth of aligned
CNTs was the fabrication of a very dense, forest-like aligned MWCNT array [80].
Since then several studies have been reported the growth of both SWCNT and
MWCNT forests [81-87]. The most important innovation on this type of growth
technique, was the water-assisted CVD growth which led to a very dense vertically
aligned carbon nanotube (VACNT) forest [82]. Up to date, researchers tried to make
very long CNT forests reaching eventually SWNT forest as long as 1 cm tall [82].
Other groups focused on the enlargement of the area that nanotubes occupying,
obtaining SWNT forest with area up to A4 size (210 x 297 mm) [88].
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In this study, vertically aligned multiwalled carbon nanotube (VACNT) films have
been grown and characterized by rectangular waveguide measurements in X-band,
Ku-band and low terahertz frequencies performing transmission terahertz time-
domain spectroscopy technique (THz - TDS) [89, 90]. The complex scattering
parameters (S-parameters) were measured in all frequency bands, via a vector
network analyzer at X-band and Ku-band. The effective complex permittivity of the
VACNT films have been extracted from 8 GHz to 2.5 THz and the effective complex
permeability was extracted only in the microwave region as the reflection
measurement was unable to be performed with the THz-TDS. The extracted
parameters were verified by full wave simulations and very good agreement was

obtained.

In the microwave region, the results of the systematic error analysis were presented
and the errors were within the acceptable range. The performance of VACNT films as
an absorber was examined, and comparison with the conventional carbon loaded
materials showed a 90% size reduction is possible whilst maintaining the same

absorption level.

Moreover, in the THz-TDS, six films with different CNT lengths were prepared and
measured thus a time domain signal was obtained. The thickness of the samples
varied, ranging from 21 um to 252 um. To find the frequency dependent complex
permittivity of the above films, an FFT was performed on each signal thus the
frequency dependent magnitudes and phases of the received signal were obtained.
These transmission spectra were used to investigate the frequency dependent complex
permittivity and conductivity, on the assumption that permeability pu=1, of several
samples. Finally, it was shown that the samples measured demonstrated Drude

behaviour for lossy metals.

3.2  Carbon nanotube film geometry and fabrication process

Plasma Enhanced Chemical Vapor Deposition (PECVD) is an excellent alternative
for depositing a variety of thin films at lower temperatures compared to those of CVD

reactors. For example, high quality silicon dioxide films can be deposited at 300°C to
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350°C compared to CVD which requires temperatures in the range of 650 to 850

degrees centigrade to produce similar quality films.

All the samples of the vertically aligned multi-walled carbon nanotube films were
fabricated at the Center for Advance Photonics and Electronics at Cambridge
University (CAPE). They are based on an n-type doped single crystal silicon wafer,
with dimensions of 42mm x 50mm. Fe catalyst and Al diffusion barrier thin films
were deposited onto silicon substrates by sputter coating, to prevent the formation of
FeSiy. The thickness of the silicon wafer is 510um and the resistivity is expected to be
0.015-0.025 Ohm-cm. Upon annealing with H, for 3mins, the Fe thin film breaks up

into nanoparticles which seed the further growth of the nanotubes.

PECVD uses electrical energy to generate plasma to which the energy is transferred
into a gas mixture. This transforms the gas mixture into reactive radicals, ions, neutral
atoms and molecules, and other highly excited species. These atomic and molecular
fragments interact with the silicon substrate and depending on the nature of these
interactions, two processes, either etching or deposition processes, occur at the
substrate. Since the formation of the reactive and energetic species in the gas phase
occurs by collision, the substrate can be maintained at a low temperature. Hence, film
formation can occur on substrates at a lower temperature than that possible in the

conventional CVD process. This is a major advantage of PECVD.

The nanotubes were grown in a bell jar vacuum chamber with a residual pressure of
10 mbar. Growth was initiated immediately by introducing C,H, into the chamber
and applying direct current (DC) glow discharge. By applying different growth times
20s, 40s, 60s, 90s, 2mins and 5mins, six different nanotube samples with lengths of

21pum, 30pum, 35um, 70um, 121um and 252um respectively, were obtained.

3.3 X-band measurement

As mentioned previously, the scientific applications involving the use of CNTs, in
theory, provide a range of solutions to existing problems. Examples are field emission

displays, hydrogen-powered vehicles, artificial muscles, fuel cells and batteries [2,
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11, 12]. Recently, many microwave applications have been suggested, including

nano-sized antennas and nano-interconnects [13, 14].

Although extensive studies have been conducted on CNTs at DC and low
frequencies, the electrical properties of CNTSs, particularly of MWNTS have yet to be
the subject of a comprehensive study at microwave frequencies. In this current study,
vertically aligned MWNT films (VACNT) were characterized at X-band by
rectangular waveguide measurements [89]. This method enables the accurate
extraction of the effective material parameters from the measured S-parameters. The
main difference of the current study versus previous studies is the use of highly
vertically aligned nanotubes to the substrate (Figure 20). In addition, all the S-
parameters (amplitude and phase) were measured, thus allowing both permittivity and
permeability to be extracted. It was also shown that VACNT films are superior
absorbers in the X-band frequency range, compared to conventional materials.

HV mag B

WD curr | det | tilt > 100 1110 D—

| 2.00 kV 1000){‘101 mm| 133 pA|ETD |46 °

Figure 20: SEM image from the vertically aligned CNT film [89].

3.3.1 Experimental setup and method of extraction

The transmission/reflection line technique was used to obtain the properties of the
VACNT films (Figure 21). The samples, which were treated as an effective medium

with a known thickness, were placed in a section of a waveguide following
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calibration. The VNA was used to measure both complex S-parameters, thus allowing

both & and u to be solved in terms of the S-parameters.

Waveguide 2 Waveguide 1
MUT

Figure 21: Measurement using Transmission/Reflection method with a waveguide
[63].

The samples that have been measured were varying in thickness from 30 um to 252
um. The three samples have been measured several times to demonstrate good
repeatability. To extract the effective complex permittivity and permeability of the
VACNT films, the Nicolson—-Ross—Weir approach [91-93] was applied to the
measured S-parameters for a given thickness. An algorithm was developed based on

that approach.

For a VACNT film with a thickness d, the transmission and reflection coefficients at
the air-film interfaces can be obtained from the S-parameters. The S-parameters
through the material, referenced to the air-film interfaces, are described by [94]

(1—1“2)2

Su=T 157 3.1)
1-2°)r

S11 = (l_rzzz (32)
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where z and ' are the transmission and reflection coefficients at the interface,

respectively. According to the theory, the transmission coefficient inside the slab is

given by
z=e7" (3.3)
and the reflection coefficient
r=fe_’ (3.4)
My, t)

where y, =.Jk?—k? and y=./k?—usk? are the propagation constants in the two

waveguides filled with free space and the sample respectively. The cut off wave

number is given by k. =z/a where o =22.86mm is the longer dimension of the

rectangular waveguide cross-section at X-band.

There is an ambiguity that needs to be clarified once the propagation constant y is
solved in terms of the transmission coefficient, caused by the function In(1/z) which

has infinite number of solutions when z is complex. The propagation constant can be

Ji[[)ome
Inj={+ j|arg| = |+2mx
z z

y= r (3.5)

written as [94]

where m is any integer. Equation (3.5) is a continuous function, thus a different

value of the branch index m may be required. Once y is derived, then (3.4) gives the

permeability of the VACNT sample

7(F+l)

AR 3.6
7,(1-T) (39

7

and substituting that into the propagation constant, the permittivity of the sample is

calculated

(3.7)
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3.3.2 Parameter extraction

The extracted material parameters for all the VACNT films are presented below. To
verify the algorithm that has been implemented based on the NRW approach, a CST
model was set up comprising of a slab with the thickness of each sample and the
complex parameters were extracted from the above material. The slab is placed
between two waveguides. A systematic error analysis was also performed. Finally,
the absorbing performance of VACNT films were examined and compared to

conventional materials.
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Figure 22: Effective medium extracted parameters of the VACNT film. a-b) 30 um c-
d) 95 pum e-f) 252 um.

The extracted complex permittivity (& =&'— je") and permeability (u=u'— ju") of

each sample are plotted in Figure 22.

A rigorous error analysis [95] based on the uncertainties that have been introduced by

the VNA is performed. The uncertainties of the magnitudes and phases of both S,

and S,, are presented in Table 2. The systematic errors of &' are calculated by:

ae'= (0.457) +(9,057°) + (9,485 +(g,a82° ) (3.8)

where g,,9,,0d,,9, are the partial derivatives calculated numerically by:

o0 o(Sm o) -2 (s)

%= agm T 5 (3.9)
- PS5 +0)-¢ (5 610
%" agg A +55)_8'(S£ag) (3.11)
g - 05 _ £ (S50 +5)-£'(S3°) (312)

o83 5
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where & represents a very small change in S7*, here chosen to be 0.0001. Similarly,

the above procedure is repeated for the calculation of Ag", Ax' and Ay" after

appropriate re-writing (3.8)-(3.12).

Table 2: VNA uncertainties.

Thickness S S5 Smes Sor
pm deg deg
30 0.037 0.49 0.012 0.08
95 0.035 0.45 0.015 0.09
252 0.026 0.29 0.028 0.14

Table 3, shows the mean values of the errors for the four material parameters.

Table 3: Average systematic errors of material parameters.

Thl:il:r?ess o o o u"
30 3.8 4.76 4.36 7.95
95 1.55 4.26 0.41 2.9
52 2.73 8.88 0.18 1.08

The calculated error for the &', ¢" and g is in the region of 15%, 10% and 15%
respectively. The error introduced in the " is relatively high and it is due to the

sensitivity of the phase measurement. The uncertainties introduced by the VNA
(Table 2) are well above the safe margin, thus the average systematic error is the

maximum possible.

The extracted parameters plotted in Figure 22 are summarised in the figure below.
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Figure 23: Effective medium extracted relative permittivity of all the VACNT films.
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Figure 24: Effective medium extracted relative permeability of all the VACNT films.

It is expected that the corresponding permittivity and permeability of any

homogeneous medium, such as the VACNT films, is independent of the thickness.
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The three different samples of VACNT films have been grown in a similar fashion
but they are not identical to each other. It appears that they exhibit discrepancies
arising from non-controlled, geometrical uncertainties in parameters such as air-gaps
with neighboring nanotubes, concentrations of CNTs and concentrations of the Fe
catalyst, resulting in moderately distinct effective media in all three samples. It is also
understood that lengthening nanotubes, create entanglements with adjacent ones,
directly proportional to the resulting length. The aforementioned in addition to the
measurement uncertainties of the S-parameters and thickness, lead to a much different
value of effective permittivity and permeability in each sample as demonstrated in
Figure 23 and Figure 24.

Moreover, the real part of permeability function, in all the three cases, takes negative
values. The samples that have been measured with the method explained in Figure 21
are very thin in respect to the wavelength. Therefore, the phase measurement of the
scattering parameters becomes very sensitive and only the amplitude is considered to
be accurate. That appears to affect the real part of the permeability function, resulting
in negative values. The average systematic error shown in Table 3 is relatively large,
implying the conclusion given above.

The conductivity has been calculated from the imaginary part of the permittivity

using the equation o = &"¢ e and it is plotted in Figure 25.

To verify the algorithm implemented based on the NRW approach, a CST-
Microwave Studio model was set up comprising of a slab with the corresponding
thickness of the sample and the complex parameters extracted from the above
material. The slab was placed between two waveguides. The simulation results are

plotted alongside the experimental in Figure 26.
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Figure 26: Simulated and measured reflection and transmission coefficients of the
VACNT films. a-b) 30 um c-d) 95 pum e-f) 252 pum.

Recently it has been reported that CNT films can be highly absorbent of visible light
[96] and apart from visible range, enhanced absorption can be observed over a
broadband frequency [97]. The absorbing performance of the VACNT films in X-
band is examined below. Figure 27 shows the absorption coefficient across the
frequency band. The absorption of the VACNT films does not increase as the
thickness increases, instead it appears to be a maximum of absorption at 95 um. The
number of samples presented here is not sufficient to identify the optimum thickness
of the VACNT film where maximum absorption can be achieved, but they reveal the
trend of the absorption curve against the thickness. Rozanov [98] has shown that if a
metal-backed absorber is illuminated under normal incident, the thickness of that

absorber in X-band frequencies has to be:

J, m[R(2)[d2

27°

d> (3.13)

where R(4) is the distribution of the reflection coefficient.

Equation (3.13) provides a very useful dependence of the minimum thickness of a
conventional non-magnetic absorber with the frequency response (or wavelength). An
approximation, similar to the Bode plots used in filter theory, of that frequency
response, is considered to be correct and can be applied here, with the only difference
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that frequency is not in logarithmic scale. Therefore, the reflection coefficient, can be

expressed as a function of frequency (or wavelength) as:

—&(f‘nj f<f<H,

fz - 1:1

-R, f,<f <A,

R, r-f, f,<f<f,
f,—f,

0 otherwise

(3.14)

where for X-band the frequencies are set as: f, =6GHz, f,=8GHz, f,=12GHz

and f, =16GHz .

Solving equation (3.13) for the frequencies over which the measurement has been

performed and for the sample that maximum absorption has been measured, 95 pum,

the minimum possible thickness of a conventional absorber is d =1.1mm. Therefore,

a 90% reduction in size has been achieved compared to conventional absorbers,

maintaining the absorption shown in Figure 27.
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Figure 27: Measured absorption of the VACNT films.
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3.4 Ku-band measurement

As it was mentioned before, the electrical properties of CNTs, particularly of
MWNTs have yet to be the subject of a comprehensive study at microwave
frequencies. In this section, the measurement results of the Ku-band (12.4 GHz - 18
GHz) of the vertically aligned multiwalled carbon nanotube films are presented and

the samples are characterized over the whole band.

The method used in this instance, is the same as the one used for the X-band
extraction. It enables the accurate extraction of the effective material parameters from
the measured S-parameters. Again, all the S-parameters (amplitude and phase) were
measured, thus allowing both permittivity and permeability to be extracted. It was
also shown that VACNT films are superior absorbers in the Ku-band frequency

range, as well as X-band, compared to conventional materials.

The samples were treated as an effective medium with a known thickness and placed
in a section of a waveguide following calibration. The VNA was used to measure

both complex S-parameters, thus allowing both permittivity & and permeability u

to be solved in terms of the S-parameters.

The samples measured in this frequency band varied in thickness from 30 um to 252
um. Four different samples with CNT length of 30 um, 70 um, 95 pm and 252 pum,
and they were all measured several times to demonstrate good repeatability. To
extract the effective complex permittivity and permeability of the VACNT films, the
Nicolson—Ross—Weir approach [91-93] was applied to the measured S-parameters for
a given thickness. The algorithm used previously incorporating equations (3.1)-(3.7),
has now been modified enabling the accurate extraction of the parameters in that
frequency band. Specifically, the change made to the procedure described above, was

in equation (3.4) involving the propagation constants in the two waveguides, filled

with free space and the sample, given by y, =\k?—k? and y=k?—uek?

respectively. The cut off wave number is given by k. =7/« where o is now equal

with a =15.8mm which is the longest dimension of the rectangular waveguide cross-

section at Ku-band.
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The extracted material parameters are presented below for all the four different
VACNT films. To verify the algorithm implemented based on the NRW approach, a
similar CST model with the X-band case has set up, which comprises of a slab with
the thickness of each sample and the complex parameters extracted from the above
material. The slab was placed between two waveguides. A systematic error analysis
was also performed. Finally, the absorbing performance of VACNT films was

examined and compared to conventional materials.

The extracted complex permittivity (& =¢&'— je") and permeability (u= '~ ju") of

each sample are plotted in Figure 28.
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Figure 28: Effective medium extracted parameters of the VACNT film. a-b) 30 um c-

d) 70 um e-f) 95 um g-h) 252 pum.

A rigorous error analysis based on the uncertainties that have been introduced by the

VNA [95] has performed as explained in equations (3.8)-(3.12). The uncertainties of

the magnitudes and phases of both S,, and S,, are presented in Table 4.

Table 4: VNA uncertainties.

Thickness gmag 577 gmag P
71 21

pm deg deg

30 0.035 0.47 0.018 0.06

70 0.033 0.46 0.019 0.08

95 0.033 0.42 0.018 0.12

952 0.027 0.29 0.027 0.14
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Table 5, shows the mean values of the errors for the four material parameters.

Table 5: Average systematic errors of material parameters.

Thl;lr(r?ess o o i "
30 1.91 3.9 2 5.33
70 1.05 5.58 0.32 2.42
95 0.82 3.15 0.23 1.76
252 0.79 4.96 0.09 0.68

The calculated error for the &', &" and ' is approximately 12%, 9% and 14%
respectively. The error introduced in the #" is relatively high and it is also attributed
to the sensitivity of the phase measurement. The real part of the permeability, ', in
most of the cases, takes negative values. That happens, for the same reason as
explained in the previous section, in the X-band case, where the very thin size of the
samples, affect the phase measurement of the S-parameters and therefore the
permeability function. The uncertainties introduced by the VNA (Table 4) are well

above the safe margin, thus the average systematic error is the maximum possible.
The extracted parameters plotted in Figure 28 are summarized in the figure below.

For reasons of clarity, real and imaginary part of the permeability are plotted

separately.
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Figure 31: Effective medium extracted imaginary permeability of all the VACNT

films.

The conductivity was calculated from the imaginary part of the permittivity using the
equation o =¢&"¢, @, plotted in Figure 32. As it is explained before, although the
samples have been grown in a similar way, they are not identical to each other. Some
parameters, such as the density of the CNT forest, is not possible to be controlled,
therefore, the 70um thick sample, may have smaller inter-tube distance and exhibit
higher conductivity.
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Figure 32: Effective medium extracted conductivity of all the VACNT films.

To verify the algorithm implemented based on the NRW approach, a CST-

Microwave Studio model was set up similarly to the one for X-band frequencies. The

model was made up of a slab with the thickness of the sample and the complex

parameters extracted from the above material. The slab was placed between two

waveguides. The simulation results are plotted together with the experimental ones

Figure 33.
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Figure 33: Simulated and measured reflection and transmission coefficients of the
VACNT films. a-b) 30 pm c-d) 70 um e-f) 95 um g-h) 252 um.

Again it appears that the absorption of the VACNT films does not increase as the
thickness increases, instead, it appears to have a maximum of absorption at 70 pum.
The number of samples presented here is not sufficient to identify the optimum
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thickness needed for the VACNT film to achieve maximum absorption but the trend
of the absorption curve is revealed against the thickness. From Rozanov's equation
[98], (3.15), a metal-backed absorber when illuminated under normal incident, has to

have a thickness in Ku-band frequencies of

J, m[R(2)e]

27°

d> (3.15)

where R(/l) is the distribution of the reflection coefficient.

Solving (3.15) for the frequencies over which the measurement was performed and
for the maximum absorption achieved, the minimum possible thickness of a
conventional absorber is d =640um. However, using the VACNT film, 70 um can
absorb exactly the same amount of electromagnetic waves. Therefore, again a 90%
reduction in size was achieved compared to conventional absorbers, maintaining the

absorption shown in Figure 34.
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Figure 34: Measured absorption of the VACNT films.
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Figure 35: Extracted permittivity and permeability of the samples across the whole

measured frequency band. a-b) 30 um c-d) 95 um e-f) 252 um.
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The results presented in Figure 22 and Figure 28 appear to have very good continuity.
The final extracted dielectric parameters across the whole frequency bands, from 8

GHz to 18 GHz are presented in the figures above.

Similarly, the absorption is plotted across the combined X- and Ku- frequency band.
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Figure 36: Measured absorption of the three samples across the X- and Ku- frequency

bands.

3.5 Terahertz time-domain spectroscopy technique

In this section transmission terahertz time-domain spectroscopy measurements of
carbon nanotube arrays is presented. A number of samples with vertically aligned
multi - walled carbon nanotube (VACNT) films were prepared and measured using
the relatively new technique of THz - Time Domain Spectroscopy (THz - TDS) [99].

The thickness of the samples varied, ranging from 21 um to 252 um.

From this measurement, a time domain signal was obtained. To find the frequency
dependent complex permittivity of the above films, an FFT was performed on each
signal thus obtaining the frequency dependent magnitudes and phases of the received
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signal. These transmission spectra were used to investigate the dielectric properties of

the samples (on the assumption that permeability u=1).

Experimental results were obtained from 80GHz to 2.5THz for the VACNT samples
plus a reference. Conductivity of CNTs was calculated from the imaginary part of the

extracted permittivity.

3.5.1 Experimental Setup

THz - time domain spectroscopy technique (THz-TDS) is one of the best for material
characterization in THz regime, and especially for MWNT films, because of the high
signal to noise ratio at that frequency range [100]. There are two kinds of possible

configurations: Transmission THz-TDS and Reflection THz-TDS.

For transmission measurements, there is a limit on the thickness of the sample.
Samples which consist of low resistivity semiconducting materials, should be
extremely thin (few pm thicknesses) in order to detect the output signal. These
materials strongly absorb THz radiation, when thickness is relatively big, rendering
transmission measurements impossible. However, reflection THz-TDS has no such

limitations and it is suitable for thick samples or extremely low resistivity materials.

Femtosecond Collimating Mirrors

Laser

v

Data Acquisition
Beam Splitter THz Emitter System

Sample

THz Detector

Collimating Mirrors

Optical Delay Stage

Figure 37: Schematic Diagram of terahertz time-domain spectroscopy (THz-TDS)
transmission characterization setup [101].
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The experimental setup is described to provide an overview of the system (Figure
37). A very short pulse of terahertz radiation was generated by excitation with a
femtosecond laser. The most common method for THz wave generation involves
using a biased photoconducting gallium arsenide (GaAS) [102]. The pulsed laser
beam was split into two parts, in the ratio 1:4. The main beam was used to generate a
THz pulse from the GaAs emitter, which was then passed through the material, either
by transmission or reflection, and on to the detector. The secondary laser beam was
the probe, which was passed through an optical delay line interacting with the THz
beam in the detector. The length of the delay line was scanned so that the probe pulse
swept the much longer THz pulse, yielding its amplitude and phase at all points. The
time domain data obtained were transformed to frequency domain by applying the

Fourier Transform.

3.5.2 Data Analysis

The data recorded from the setup, as described above, are in time-domain containing

the reference pulse and the pulse transmitted through the sample (Figure 38).
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Figure 38: Reference and sample time-domain signal.

A total of N =2660 data points were recorded using At=0.025ps time steps
resulting in a 66.5ps trace. The frequency spectrum was obtained with a Fast Fourier

Transform (FFT) of the two signals E (t) and Egp (t):
Eref (60) = Aef (0)) : eXpI:i * Dt (a)):l (316)
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E sarmple (a)) = Aple (a)) . exp[i  Deample (a))] (3.17)

The amplitudes Ay (@) and A, (@) and the unwrapped phases ¢, (@) and

Dermple (a)) of an exemplary sample and reference spectra are displayed in Figure 39.

Note, that in the engineering community the imaginary unit is usually defined as j,

whereas in physics is kept as i. That happens because i is commonly used to denote

electric current. Therefore, in the current study, we define i=—j.
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Figure 39: Reference and sample frequency-domain signal.

The amplitude A(a)) and phase ¢(®) of the ratio of the two spectra,
sample / Eref , were calculated and analyzed to obtain the frequency dependent

absorption coefficient (@) and refraction index n(w):

n(w)=1-—— ¢ (o) (3.18)

w-d

a(a))—aln{ [”4n(;)1} } (3.19)

As explained above, the carbon nanotubes are vertically aligned on an n-type doped

single crystal silicon wafer, with a resistivity of 0.015-0.025 Ohm-cm. Transmission

measurement in that case is not possible as the beam cannot pass through the low
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resistive substrate and it completely reflects the beam. To enable transmission
measurement, a sticky tape has been used to lift and attach the carbon nanotubes on
the tape (Figure 40). The reference spectrum was obtained by placing a bare sticky
tape at the position shown in Figure 37. The sample spectrum was then placed at the
same position and was normalized with respect to the referenced, thus collecting all

the information needed for the parameter extraction of the CNT film.

(a) (b)

Figure 40: a) vertically aligned carbon nanotubes grown on doped-silicon substrate b)

CNTs attached on a sticky tape.

The refractive index and power absorption were determined using (3.18) and (3.19).
The frequency dependent complex dielectric constant ¢ is equal to the square of the

complex refractive index Ai=n,_+i-n,. The imaginary part of the refractive index was

determined from the power absorption coefficient n, =a—'/1. The dielectric constant

A
for the CNT film is described by the following relation:

£= 6oy +i wf‘g (3.20)

o

where &, is the dielectric constant of CNTSs, o is the complex conductivity and ¢,

is the free-space permittivity (s, =8.854-107 F/m).

The measured complex permittivity, power absorption and conductivity of the CNT
film, were obtained by the procedure described above. As expected, different samples

of the same material, gave exactly the same permittivity values in high frequencies
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Real Permittivity

Real Permittivity

Real Permittivity

and slightly different for microwave frequencies, where THz-TDS

is

not

advantageous. Another reason for this variance in lower frequencies is the small

thickness of the CNT film, such that a small error in the measured phase, causes

significant difference in the extracted complex permittivity. The extracted real and

imaginary parts of the permittivity of the CNT film sample are plotted from 80 GHz
to 2.5THz in Figure 41 for three of the samples (21 pm - 121 um and 252 pm).
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Figure 41: Retrieved real and imaginary permittivity for 3 of the samples.
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The Drude model was introduced to fit both real and imaginary part of the
permittivity:

2

@y

€ (a)) = EpanT —m

(3.21)

where g7, is the permittivity of the MWNT network, «, is the plasma frequency

and I is the electron relaxation rate. The unknown parameters for the fitting were

sqr and I'. The plasma frequency w, was calculated for each sample from the

real part. The fitting parameters are given in the following table:

Table 6: Fitting parameters for the measurements presented in Figure 41.

Thickness w, /21 e r/2m
pm THz THz
21 0.475 0.657 8.33
191 0.205 1.3488 2.39
252 0.148 1.1874 1.99

Figure 42 shows the extracted values of conductivity for the same 3 samples.
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Figure 42: Extracted conductivity of the three nanotube films.

Using the Drude model for fitting of the imaginary part of the permittivity did not
produce a suitable result as shown in Figure 41. That is because the carbon nanotube
film is not highly conductive (Figure 42) thus another model was introduced to
compensate for that effect. A combination of the Drude term with the localized

Lorentzian absorption is given by:

2
a

— % _ p Pl
&n (@)= w2+iFa)+;(a)f—a)2)—iFja) (3.22)

where gy, is the permittivity of the MWNT network, «, is the plasma frequency,
' is the electron relaxation rate, , is the phonon frequency, I'; is the spectral
width and «; is the oscillator strength of the Lorentz oscillators. Similar figure with

Figure 41 is presented below, taking into account the combination of the Drude term
with the localized Lorentzial absorption.
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Figure 43: Fitting curves of the complex permittivity of the three samples, fitted with

the combination of Drude-localized Lorentzian absorption.
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real permittivity

The fitting parameters are given in the following table:

Table 7: Fitting parameters for the Drude - Lorentzian model.

Thickness | w,/2m e r/2mw w,/2m  w;/2m  T,/2m
pm THz THz THz THz THz
21 0.658 131 0.046 56.06 22.546 3016
121 0.364 1.313 0.034 99.87 42.122 11775
252 0.239 111 0.033 69.61 33.06 9362

The combined Drude - Lorentz model, gives accurate fitting curves but physically
meaningless parameters. An improved Drude model was introduced, adding an

imaginary term equal to the conductance. This model is described by:

2 .
a)p I'O-
+

&n (w):g;AoWNT - (3.23)

o’ +iFo o,

where &y, is the permittivity of the MWNT network, «, is the plasma frequency,

" is the electron relaxation rate, o is the conductivity and &, is the permittivity of

free space. Figure 46 shows both measured data and the fitting from the theoretical

model given by 5.8.
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Figure 44: Fitting curves of the complex permittivity of the three samples, fitted with

the improved Drude model that is expressed with (3.23).

The extracted real and imaginary permittivity for all the samples fitted with the Drude

model introduced in (3.23) are plotted below.
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Figure 45: Extracted complex permittivity, for all the six samples that have been

measured with THz-TDS. Fitted curves are also present.

The fitting parameters for all the samples are given in the following table:

Table 8: Fitting parameters for the improved Drude model.

Thickness w,/2m e r/2m s

pm THz THz

21 0.48 1.36 0.013 55.47
30 0.41 1.32 0.005 47.69
35 0.4 187 001 60.72
70 0.29 2.08 0.026 62.32
121 0.23 141 0.026 41.87
252 0.16 116  0.032 26.34
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The plasma frequency varies exponentially with the thickness of the sample (Figure
46), although one may have expected that it would be constant, since different slab
thicknesses of the same material are being measured. However, considering the
retrieval of the permittivity, the dependence of the transmission coefficient with
exp(ikd) was neglected. Therefore, this exponential dependence appears as a small

variation to the values of the plasma frequency.
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Figure 46: Plasma frequency versus thickness for VACNT films.

3.6  Drude model versus measurement results

In this section, the improved Drude model presented earlier, will be expanded over
the entire frequency spectrum measured. In the whole procedure, it was assumed that
the VACNT films have no magnetic properties and therefore x=1. Measurements
were performed in X- and Ku- bands and thus have to be recalculated taking into
consideration. THz-TDS results were kept the same. Finally, the effective medium
absorption was calculated using the Drude model and compared with the

measurements.

The samples presented here are those of the 30 um and 252 pm films. These two
samples were the only ones for which measurements were performed across the entire
frequency band, from 8 GHz to 2.5 THz. In Figure 47 we observe the real and

imaginary permittivity as well as the fitting of the model presented in (3.23).
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c-d) 252 um samples fitted with the improved Drude model.

The fitting parameters are given in the following table:

Table 9: Fitting parameters of the two samples that measurements have been

performed across the 8 GHz - 2.5 THz frequency band.

Thickness w,/2m e r/2m
pm THz THz
30 02901 132  0.007 161.29
252 0098 116  0.004 35.78
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absorption

Figure 47 has been plotted in logarithmic scale for reasons of clarity. The improved
Drude model has been fitted to the measurements, keeping the &~ parameter fixed at
the value that has been reported in Table 8. The remaining parameters have been

adjusted, however plasma frequency, «,, relaxation frequency, I', and conductivity

o, are in good agreement with the previously reported values in Table 8.

The improved Drude model, presented above, was constrained in the low microwave
band, 8-18 GHz, where the absorption information of the VACNT films is available.
Figure 48 shows that the absorption calculated using the Drude model, is relatively

close to the measured results that have been presented in Figure 36.
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Figure 48: Comparison of measured absorption with the one extracted from improved
Drude model. a) 30 pum b) 252 pm.

Using the effective medium Drude model, the theoretical absorption for each
frequency point was calculated. Considering that this theoretical model is not very
accurate in low frequencies compared to higher ones, the following table was
extracted, where the absorption is calculated in different single frequencies, for all the
available VACNT samples.
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Table 10: Absorption level of VACNT films for different frequencies and thickness.

Thickness Frequency (GHz)
nm 10 20 50 100 200 500 1000
21 0.26 0.32 0.68 0.68 0.49 0.33 0.3
30 0.3 041 0.34 0.34 0.34 0.34 0.36
35 0.24 0.33 0.53 0.57 0.68 0.42 0.48
70 041 0.35 0.43 0.53 0.53 0.58 0.88
191 025 033 045 052 054 07 092
252 0.28 0.39 0.44 0.52 0.67 0.94 0.94

Therefore, Figure 49 can be developed
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Figure 49: Absorption versus thickness of VACNT films for different frequencies.

For the majority of the frequencies, the absorption of the VACNT films does not
increase as the thickness increases, instead it appears to have a maximum of
absorption in different positions for each frequency. One can also observe that as the

frequency increases, i.e. 10 GHz - 100 GHz - 200 GHz, the maximum absorption is
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achieved in lower thicknesses, 70um (4/430) - 50um (4/60) - 40um (4/38). These
maxima are not a constant fraction of the wavelength and they are not related to the
frequency. As previously explained, all the samples of VACNT films were grown
similarly but are not identical to each other. They exhibit discrepancies arising from
geometrical uncertainties and most importantly concentrations of the Fe catalyst. This

resulted in moderately distinct effective media in all three samples.

Moreover, the absorbing behaviour of the VACNT films in X-band frequency was
verified. In Figure 27, it appears that between the three samples measured, 30 um, 95
um and 252 pum, the maximum absorption is achieved at 95 um thickness. Similar
behaviour is presented by Figure 49, in the center frequency of the X-band, at 10
GHz.

3.7 DC resistance of the vertically-aligned CNT array film

In this section, certain circuit models of the vertically aligned CNT array were
studied. The effective circuit models indicated which parameters affected the
conductivity of the CNT film. The sheet resistivity for each of the samples was also

measured.

A single CNT dipole exhibits significantly slow wave velocities, around 2%

compared with the speed of light (u, =0.02c[14], where c is the speed of light)

above the relaxation frequency of around 53 GHz [13, 14]. Reported antennas [13,
14] have very low radiation efficiencies due to large resistance along the single CNT,

which is in the order of 6.45kQ)/ um.

Following Ohm’s Law, the resistance of a wire should be proportional to the length of
the wire. However, in this case, the electron transport mechanism changes from
diffusive to ballistic [103, 104], as the length of the wire is reduced to the mean free
path of electrons, as shown in Figure 50. Moreover, when the width of the wire is

reduced to the Fermi wavelength scale (around 0.74 nm), the resistance is quantized
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in steps of %:12.9k§2, where h=6.626-10*J-s is the Planck constant and
e

e=1.602-10"°C is the elementary charge.

o

LN 2 Ve = I .
v > D> /g
> v ~tvy v

(b)
Figure 50: a) Diffusive and b) Ballistic transport of electrons in 1-D wires.

Therefore, a single carbon nanotube has large resistance along the CNT as the
diameter is close to Fermi wavelength. The resistance is independent on the length of
the CNT. Instead, the resistance can be theoretically calculated by the Landauer
formula [103, 104]:

R V() (3.24)

2T

where T; is the electron transmission probability for the j-th conductance channel.
Since T; = 1 for ballistic transport, the resistance of a single CNT is therefore:
h/(2¢*) 129k0

R= = 6.45kQ2 (3.25)
N 2

where N =2 is the number of conduction channels of a single CNT. Although this
resistance appears to be very high, the conductivity of a single metallic CNT is
extremely high considering its small diameter. As shown in [14], given the typical
CNT length of 1 pm and diameter of 1.5 nm, the effective conductivity calculated

according to Ohm’s Law is:
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1 10°

o= _ ~8.78-10' S/m (3.26)
R-7D?/4 6.45-10°7-(1.5-10°)’ /4

which is even higher than the conductivity of copper which is 5.96-10" S/m.

Since electrons are transported along the nanotube ballistically, the electric current
can flow perpendicular to the nanotube stems only when there are entanglements
among CNTs as shown in Figure 51. This entanglement, is the key to high
conductivity of the vertically-aligned CNT sheet [105].

The equivalent circuit model of the vertically-aligned CNT array is shown in Figure

52, where N, N, and N, are the number of touching per unit length along the
length, width and thickness direction of the CNT array, respectively. R, and R. are

the per-unit-length resistance of single CNT and the contact resistance between two

touching CNTSs, respectively [105].

nanotubes entanglement

\

(a) (b)
Figure 51: a) SEM image of the vertically aligned CNT array and b) simplified model

showing the entaglements of the nanotubes [105].

L-N; (in series)

R, TR,

W-Ny, (in paralle/l?/

t-N, layer (# of touching
points along nanotubes)

Figure 52: Equivalent circuit model of the vertically aligned CNT array [105].
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According to this model the vertically-aligned CNT array has a resistance given by
the following equation:

L-N,

AL - 3.27
W-N,, -t-N, (3.27)

R=(R +R:)
The above equation has been validated, with regards to the length (L) and the
thickness (t) of the CNT lines, measuring the DC resistance of different samples.
Figure 53 and Figure 54 show the two sets of measurements taken. The lines are the
curves fit into the measurement points. As expected, the DC resistance is proportional
to the CNT line length (L) and inversely proportional to the CNT thickness (t).
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Figure 53: Measured DC resistance of the vertically-aligned CNT array showing the

length effect.

The resistance of the CNT sheet can be written in terms of the sheet resistance by:

L
R=R,— 3.28
o (3:28)

From equations (3.27) and (3.28) we can obtain the sheet resistance of the vertically-

aligned CNT array in Q/sq:
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R = _thL Re (3.29)
t

This equation shows that in order to decrease the sheet resistance of the CNT array,
keeping the same thickness of the film, we must increase the number of
entanglements along the thickness direction (Nt). That means, the density of the

CNTs must be increased or the spacing between them in the array must be reduced.
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Figure 54: Measured DC resistance of the vertically aligned CNT array showing the

thickness effect.

3.8 Summary

In this chapter, several samples with vertically aligned multi - walled carbon
nanotube films were fabricated and measured in several frequency bands. Firstly,
VACNT films were characterized at X-band frequencies. The relative permittivity
and permeability of the VACNT films were extracted from 8 GHz to 12 GHz using
the Nicolson—Ross—Weir approach and good agreement with full wave simulations
(CST-Microwave Studio) was obtained. A systematic error analysis was presented

and the errors calculated were within the acceptable range of errors. The absorbing
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performance of VACNT films were examined and compared to conventional

materials.

Additionally, Ku-band measurements were performed. The complex relative
permittivity and permeability were extracted from the waveguide measurement,
similar to the one performed in X-band. Systematic error analysis was applied and the
errors were within the acceptable range. The absorbing performance of the VACNT
films was examined, and a 90% size reduction was achieved compared to the

conventional carbon loaded materials.

Finally, THz-TDS measurements of carbon nanotube arrays placed on the top surface
of a rectangular silicon substrate were presented. Several samples with vertically
aligned multi - walled carbon nanotube films were fabricated and characterized. From
this measurement, a time domain signal was obtained. The frequency dependent
complex permittivity was found, applying an FFT on each signal. These transmission
spectra were used to investigate the complex permittivity of the films versus the
frequency (on the assumption that permeability pu=1), and conductivity of the
samples. By introducing the Drude model for lossy metals the behaviour of the
VACNT samples was delineated by fitting to the measured complex permittivity. The
material properties of this film provide useful information for potential microwave

and terahertz applications.
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Chapter 4.

Modeling Techniques of

Carbon Nanotubes

4.1 Introduction

Two unsolved questions in condensed matter physics are that of the nature of low-
lying excitations and that of the ground state of interacting electrons. The most
successful theoretical approach to answering the problem of interaction, is given by
Landau's theory and the model of Fermi liquids. In Fermi liquids, low-lying
excitations are considered to be non-interacting quasi-particles instead of electrons.
The inverse quantum lifetime of a quasi-particle is generally less than its energy. This
concept, of an independent quasi-particle, is well defined allowing quasi-particles to
be treated as non-interacting. Although Landau's Fermi liquid theory describes two
and three dimensional systems well, the theory breaks down for one dimensional

systems such as Carbon Nanotubes [106].

Tomonaga [107] and Luttinger [108] attempted to establish a model for interacting
electrons in one dimension. Gogolin [109] introduced a new method called
"bosonization” which will be later used by Luttinger to describe his model. The boson
variables describe collective excitations in the electron gas, 1-D plasmons. Haldane
[110] claimed that the bosonization description was valid for the low energy
excitations of 1-D systems of interacting electrons, thus introducing the term

"Luttinger Liquid".
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Recent work on 2-D plasmons [111, 112] proposed a transmission line effective
circuit model to relate electrical impedance measurement to the properties of the 2-D
collective excitation, by measuring the kinetic inductance of a 2-D electron gas and
its distributed electrostatic capacitance. Similar techniques will be performed here
where 1-D plasmons will be directly excited by setting up standing-wave resonances
in finite length SWNTSs.

In the first part of this chapter, the kinetic inductance, electrostatic capacitance,
quantum capacitance and characteristic impedance for a spinless 1-D quantum wire
[113] will be calculated. Following the parameters mentioned above, will be
discussed again, in the context of the associated spin of the electrons. Four coupled
equations for the voltages on each of the four quantum channels, in a SWNT [114]

will be calculated.

In the second part of this chapter, another method for CNT modelling will be
presented. Numerical simulation technigues have become the most useful part of
mathematical modeling of many natural systems in sciences such as physics and
engineering. Additionally computational models, have helped achieve an in-depth
understanding of electromagnetic phenomena. In 1873, the now well known
Maxwell's equations, described precisely the electromagnetic theory. Subsequently,
K. S. Yee [115], in 1966, introduced the first numerical time-domain method to

describe Maxwell's equations that has been established almost a century ago.

The rapid development of computer processing power and the simplicity of the
implementation of the available method, helped FDTD to quickly become the main
simulation technique for electromagnetic problems and general engineering
applications, e.g. antenna and communication problems. FDTD is able to accurately
compute all the electromagnetic interactions such as propagation, reflection,
scattering, diffraction and many more. As it is also a time-domain method, it
produces results in the time domain, thus a Fast Fourier Transform (FFT) is needed to
transform these results in frequency domain. The main benefit of the time domain
techniques, is that they can obtain the whole frequency spectrum of an

electromagnetic signal in a single simulation.
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Other well known simulation methods are the Finite Element Method (FEM) and the
Method of Moments (MoM). They are both frequency domain methods, allowing the

computation of the signal for one frequency in one simulation.

4.2 Circuit model for spinless electrons in a one-channel quantum

wire

As we have seen in chapter 2, CNTs can be either metallic or semiconducting

depending on their geometry. SWNTs are 1D systems and DC conductance can be

calculated from Landauer - Buttiker formalism: G =N %T , where N is the number
of channels in parallel, e is the electron charge, h the Planck's constant and T the
transmission coefficient. For a SWNT there are two propagation channels in a
qguantum wire, which can also be derived from their band structure. Because of the
two possible directions of spin; up and down, 4 parallel propagation channels in total
are considered. For now, we will assume that the electron has no spin, so only 1

channel is present and then, N =1.

If the contact is perfect (T =1), and the CNT is scatter-free, the charge carriers travel

2
through the nanotube ballistically. The conductance then is Gz% hence,

R=R. =£—25.8kQ. Usually, R>R

min 2 =

o because T <1 (due to reflections at the

min

imperfect metal/CNT interface).

For ac, the equivalent model is theoretically thought to be similar to a transmission
line with a distributed quantum capacitance and kinetic inductance per unit length. It
is also believed that the electron-electron interactions can be included in the
transmission line circuit analogy as an electrostatic capacitance alongside a magnetic
inductance. This circuit model described in Figure 55, has yet to be established

experimentally.
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Figure 55: Circuit diagram for 1-D system of spinless electrons [116, 117].

In the following paragraphs all the four parameters, magnetic and kinetic inductance,
and electrostatic and quantum capacitance, that appear in Figure 55 will be discussed.
This model is based on a CNT over a ground plane (Figure 56). This distance appears
in the functions as h. If no ground is present then, this h has to be replaced with the

length of the nanotube.

Figure 56: A Carbon Nanotube placed over a ground plane [116, 117].

4.2.1 Magnetic Inductance

When a ground plane is present underneath the 1-D wire (in this situation is a CNT),

the magnetic inductance is described by [116]:
L, =ﬁcoshl[2—h ~ I h (4.1)
2r d 2r \d

where d is the diameter of the nanotube and h the distance from the ground plane;
Figure 56. This equation was derived by setting the inductive energy equal to the
stored magnetic energy [116]:

e [B(x)dix 4.2)
2 2u
Depending on the geometry of interest, we can use the relation between | and B, to
find the final equation. For example, where a nanotube is placed over a ground plane,

we use the relation of a wire on top of a ground plane.
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For nanotubes the magnetic inductance is logarithmically sensitive to the ratio h/d

and for average numbers the numerical value is L, =1pH /xm [116]. That value is
given in microns instead of nanometres because modern growing techniques can

produce nanotubes with micrometer lengths expanding to some millimetres, in some

Cases.

4.2.2 Kinetic Inductance

In order to calculate the kinetic inductance per unit length, we first need to calculate
the Kinetic energy per unit length. That is described, for a 1-D wire, as the sum of the
kinetic energies of the left movers and right movers. Generally, if there are i.e. more
left movers than right movers, we have a net current which flows through the wire. If
the Fermi level of the left movers is raised by eAu/2and the Fermi level of the right

2

movers is decreased by eAu/ 2, then the current in the 1-D wire is | = [116].
. i i eAu
The net increase in energy of the system is the excess number of electrons, N = 25

in the left against right moving states, multiplied by the energy added per electron

eAul?2, where s is the single particle energy level spacing, related to the Fermi

hu. 27 2

velocity, 0 = [116]. Thus, the excess kinetic energy is given as [116].

2
E

1
If we equate this kinetic energy with the energy of the kinetic inductance: > L1%, we

derive the following expression for the kinetic inductance per unit length [116]:

h

L, =
“ 2e%u,

(4.3)

where U, is the Fermi velocity which is taken as u. =8-10°m/sec, so the numerical

value for kinetic inductance is L, =16nH / um [116].

We can now compare the magnitude of the magnetic inductance to the kinetic
inductance for the nanotube. That is [118]:

L—Mzagu—FIn(gj (4.4)

L, T C
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which is approximately 10*. In equation (4.4), a stands for the fine structure
constant and it is az—7. Thus, in 1-D systems the kinetic inductance will always

dominate over the magnetic. This is an important point for nanoelectronics as it
allows approximation of the difference between macroscopic circuits with long thin
wires, between the cases where they are considered to have large magnetic

inductance, and the case of nanowires where the kinetic inductance dominates.

4.2.3 Electrostatic Capacitance

For the system depicted in figure 10, the electrostatic capacitance is given by [118]:

2re N 2re
cosh™ (Zh) In (hj
d d

Equation (4.5) can be numerically approximated as C. =50aF / um [116]. This has

Ce= (4.5)

been calculated in a similar way to the magnetic inductance, setting the capacitive
energy equal to the stored electrostatic energy [117]:

1Q2_f 2 13
e 2IE(X) d°®x (4.6)

Again, depending on the geometry of interest, we can use the relation between E and

Q, to find the final equation.

4.2.4 Quantum Capacitance

In a classical electron gas, where it can either be 1-D, 2-D or 3-D, there is no energy
cost to add an extra electron. This means that we can add an electron with any
arbitrary energy to the system. In a quantum electron gas, due to the Pauli exclusion
principle, it is only possible to add an electron with energy more than the Fermi

energy, and that energy corresponds to an available quantum state.

For nanotubes, which are 1-D systems with length L, the distance between quantum
states is described as:

oE :d—E5k = hu. 2z

dk L @7)
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By equating this energy cost with an effective quantum capacitance [119, 120] with

energy given by:

eZ

—=0E 4.8
c (4.8)

we can derive the quantum capacitance per unit length:

_2¢?

C. =
° hug

(4.9)

which numerically gives C, =100aF / zm [116, 117].

If we compare, similarly with inductances, the electrostatic capacitance with the
guantum capacitance we can realize that [116]:

Ces _ 27D |n(ﬂj:13“in(ﬁj~1 (4.10)
C, ewmu \d) arc d

Thus, both electrostatic and quantum capacitance must be considered when

investigating the capacitance behaviour of nano-electronic circuit elements.

4.2.5 Wave Velocity

The wave velocity for any transmission line with distributed inductance and

capacitance is given by:

U=—— (4.11)

It is interesting to note here that if we assume that the magnetic inductance dominates
over the kinetic inductance and the electrostatic capacitance dominates over the
guantum capacitance, then the wave velocity will be equal to the speed of light, as to

a conventional metallic wire [116]:

Uyire = L = i =C (412)
\} L Ces \! He

In contrast to the previous calculation, a full solution to the collective mode of a

carbon nanotube should include both kinetic and magnetic inductance. The

summation of these two is given by:
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L[otal = LK + LM (413)

As it was mentioned before, we can approximate the equation: L, =Ly .

The same happens for the capacitance, where both electrostatic and quantum
capacitance must be considered, resulting in total capacitance of:

1 1 1
= (4.14)
Ctotal CQ CES

If we now neglect the Coulomb interaction, thus neglect the electrostatic capacitance

we can calculate the wave velocity for non-interacting tubes, which is [116]:

’ 1
unon-interacting ~ TCQ = UF (415)

Including in our calculation the electrostatic capacitance, would give a different value

for the wave velocity, described as [116]:

1 1 1
uinteracting ~ = + > l-‘||: (4 16)
LK Ctotal LK CQ LK C ES

Obviously, this results in a larger value than Fermi velocity.

The ratio of these two wave velocities, which have been calculated in (4.15) and
(4.16), gives the 'g' parameter which is very significant in the theory of Luttinger
liquids [116]:

g=— Ve 1 1 (4.17)

2
uinteracting 14 CQ 1+a££ 1
Ces 2 u. In(h/d)

4.2.6 Characteristic Impedance

The characteristic impedance of the transmission line is defined as the ratio of the
ACvoltage to ACcurrent. In the circuit model presented above, the characteristic

impedance is independent of position and is given by:

L
Z=.— 4.18
C ( )
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As we did for the wave velocity, if we only consider the magnetic inductance and the

electrostatic capacitance, the equation (4.18) gives the characteristic impedance of

Z e = | 2 = \/Z —7 -3770 (4.19)
Cgs &

If we now consider the quantum capacitance and neglect the electrostatic capacitance,

free space:

and at the same time replace magnetic inductance with the kinetic inductance (as

kinetic inductance dominates in 1-D wires), the equation (4.18) gives the quantum

resistance [116, 117]:
L h
Znon-interactin = == a2 =12.5kQ2 (420)
‘ \/ C, 2e

With both capacitances considered, the equation (4.18) gives [116]:

total

Zinteracting:\/i: £+i: L_K 1+a££# :gillg (421)
C Ces Co {/Cq 2 ug In(hj 2e

To be complete, we must include the magnetic inductance as well, finding the full

solution for the characteristic impedance [116]:

L Ll 1]

Zineracin === (L +L ) Tt |=

e Ctotal “ ) CES CQ
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4.3  Circuit Model for metallic single-wall carbon nanotube

As previously explained, a carbon nanotube has two propagating channels because of
its band structure. In each channel, the electrons can have spin up or spin down,
hence, there are four propagating channels in the Landauer - Buttiker formalism. In
the rest of this section, we will discuss an effective circuit model which includes the

contributions of all four channels.

4.3.1 Spin - charge separation at DC

It is well known that current is carried by electrons with spin up or spin down through
a propagating channel. If we try to measure the conductance of such a wire, the
electrical contacts are simultaneously found on both spin up and spin down channel in
either end of the wire. This means that only two quantum channels are found in
parallel. If we could inject current to the one channel, i.e. the spin up channel and at
the same time extract current from the spin down channel, then the net charge current
would be zero, but not the spin current. This illustrates the separation between spin

and charge current in a 1-D wire at DC.

In the following sections we will generalize the above concept to the AC case where
two modes for each channel will be considered, exactly as it occurs in a carbon
nanotube. We will also neglect the magnetic inductance, as it is negligible compared

to the kinetic inductance.

4.3.2 Non-interacting circuit model for metallic single-wall Carbon

Nanotube

For the following model, we will assume that there is no electrostatic capacitance in
our model, meaning that there is no electron-electron interaction. The ACequivalent
circuit model for a carbon nanotube, can be represented simply with four channels in
parallel each with its own kinetic inductance and quantum capacitance. Of course, the
numerical value of these four kinetic inductances for each channel will be exactly the
same. The same happens to the quantum capacitance. All the derivation for these
parameters were done in the same manner, written separately for each of the four

channels. The equivalent circuit is depicted in Figure 57.
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Figure 57: Circuit model for non-interacting electrons in a single-wall carbon
nanotube. Two propagating channels, each one with spin up and spin down channel.

There is no relation between these four channels [116].

4.3.3 Interacting circuit model for metallic single-wall Carbon

Nanotube

At this point the electrostatic capacitance is introduced to present the equivalent

circuit model for a carbon nanotube (Figure 58).

Ly

Channel A

Spindown =—-—

Spin up

Channel B

Spin down ==

T Chs T Cps T Cps T Cps
Figure 58: Circuit model for interacting electrons in a single-wall carbon nanotube.

We can clearly visualize that the channels are not independent now [116].
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Similarly to the DC case, if AC voltage applies to the nanotube, all four channels can
be simultaneously excited. At one end of the nanotube, the grounded end, all four
channels have zero voltage. At the other end, of the nanotube, called the hot end, all
four channels have exactly the same voltage. The voltage along the nanotube will also
be the same for all four channels. In that case, all the channels are excited equally and
this mode is called normal mode. However, there is no spin current, despite the three
normal modes which do not carry net charge current, thus called neutral modes.

These however do carry spin currents.

In summary, a carbon nanotube when excited with AC voltage (Figure 58), has three
spin modes (differential modes) and one current mode (common mode). We can also

note here that the wave velocity for the charge mode is given by [116]:

4C
Ucommon = i[i—l_iJ =U, l+_Q =U_F (423)
LK CQ CES CES g
and the wave velocity for the three spin modes [116]:
udif‘ferential = uF (424)

Thus, the charge and spin modes have different velocities.

4.3.4 Spin - charge separation at AC

As discussed previously, the charge mode corresponds to AC currents which flow
simultaneously through spin up and spin down channels in the same direction. This
means that we will have a local charging-discharging of the nanotube and both
guantum and electrostatic capacitance to the ground plane are involved. If we
consider the kinetic inductance as well, assuming magnetic inductance is equal to

zero, we can calculate the wave velocity. The result is given by (4.23).

The spin mode corresponds to AC currents with spin up electrons flowing in one
direction and spin down electrons flowing in the opposite direction. Since these
currents are always equal in magnitude to each other, there is never a net (spin)
charge at any position along the nanotube. Therefore, the electrostatic capacitance is
totally independent from the spin mode, rendering the wave velocity different from
the charge mode. The distributed capacitance per unit length for the charge mode
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consists of both the quantum and electrostatic capacitance, whereas for the spin mode

it consists of only the quantum capacitance. The spin mode velocity is equal to Fermi
velocity (4.24), in contrast with the charge mode velocity which is g™ multiplied by

the Fermi velocity.

4.4  Maxwell Equations

Maxwell's equations are a set of four equations which can explain every
electromagnetic behaviour throughout all media at all times. The equations are based
on previous theoretical and practical work by Ampere, Faraday and Gauss. The
electromagnetic waves, that are fully characterized by Maxwell's equations, are
supposed to propagate in continuous space and time. On the other hand the
electromagnetic fields can be maintained when the source is absent, can be in the

form of electric or magnetic charges or currents, and can be either static or dynamic.

In an isotropic, homogeneous, linear medium the electric and magnetic fields, E and
H respectively, are related to the electric and magnetic flux densities, D and B, and

the electric and magnetic current densities J and M as described below:

vxE=-8 M (4.25)
ot

vxH =L, (4.26)
ot

V-D=p (4.27)

V.B=0 (4.28)

where:

E (V /m) is the electric field
H (A/m) is the magnetic field
D (C/m?) is the electric flux density

B (Wb/m?®) is the magnetic flux density
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M (V /m?) is the fictitious magnetic current density
J (A/ mz) is the conduction electric current density

e, (C / m3) is the electric charge density

The constitutive equations which relate the fields to the properties of the medium are

given by:
D=¢,E (4.29)
B =, H (4.30)
J=0cE (4.31)
M=cH (4.32)
where:

¢, 1s the relative electric permittivity

4, is the relative magnetic permeability

g, (F/m) is the free-space permittivity = 8.854x10™
t, (H/m) is the free-space permeability = A %107
o (S/m) is the electric conductivity

o (€2/m) is the electric conductivity

The electric permittivity measures the medium's ability to transmit and store
electromagnetic waves whereas the magnetic permeability expresses how easily a
medium can be magnetised, when a magnetic field is applied. Finally, the

conductivity measures the material's strength to conduct electric current.

In general, materials can either be good conductors or dielectrics. The relative
permittivity of conventional materials is derived from equations (4.26), (4.29) and
(4.31):
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VxH =%+J :%H;E :(5r50§+0]E =(o+ jwe, &) E =
(4.33)
. o ., 0g&'E D
= Jog,| & +— E=Jws'E = =—
Joe, ot ot

In the above equation, a harmonic dependence of the source exp(ja)t) IS assumed

hence the phasor form of the partial time derivative is used %: jo.

From (4.33) one can derive the complex relative permittivity:

g;:€r+_0 :8r—ji (4.34)

Joe, we,
All conductive material found in nature, have losses. Therefore, it is impossible to
have a perfect electric conductor (PEC), due to the imaginary part of the relative
permittivity in equation (4.34). The loss, according to (4.34), is strongly dependent on

the frequency w=2xf and is higher in lower frequencies. The ratio of the imaginary

to real part of relative permittivity, is the loss tangent tanod = , Which

WE,E,

represents the loss rate of the medium.

4.5 Fundamentals of the Finite-Difference Time-Domain Method

In 1910s, L. E. Richardson [121, 122] used the finite difference method (FDM) to
solve differential equations for weather forecasting. Ten years later, in 1920s, A.
Thom [123] has also used FDM to solve nonlinear hydrodynamic equations. All finite
difference techniques, such as FDM and FDTD, substitute differential equations with
finite difference approximations. Space and time dimensions are discretised, and they
finite difference approximations are calculated in every discrete point. The value of
each point is related to the values from some neighboring points, where

computational power is needed.
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Considering a domain which is lossless and source-free, and every single field vector

in Maxwell's equations (4.26)-(4.28) are functions of space and time (x, Y, z) and t

respectively, then these equations can be transformed to (4.35)-(4.38):

vxE=_8 (4.35)
ot

vxH =P (4.36)
ot

V.-D=0 (4.37)

V.-B=0 (4.38)

We can re-write (4.35) into its vectorial form

oF OF
WE:(&@E;_ yjéx+(8Ex_8EZ]éy+( y_aExjéZ:_@:

oz oz ox X oy ot
(4.39)
oB, . B, 0B, .
=— € + € +—L¢,
ot o v ot
and from (4.39) we can deduce the following equations:
oE
ok, &, B (4.40)
oy oz ot
oB
OE, OE, _ B, (4.41)
oz  0Ox ot
oE
OB 3B (4.42)
ox oy ot
In the same manner, the (4.36) can be written in the vectorial form
oH oH
o (-
z z X X
(4.43)
oD, . db, oD, .
= € + € + €,
ot ot 7 ot
and from (4.39) we can write the following equations:
oH
oH, Ty Db, (4.44)
oy oz ot
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oz OX ot
8Hy 3 oH, _ oD,
OX oy ot

(4.45)

(4.46)

The discretised (in space and time) equations (4.40)-(4.42) and (4.44)-(4.46) with the
constitutive equations (4.29)-(4.30) are the core of the finite difference concept [115]:

At

H (L §, k) =HI (i, k) + W[E (i,j,k)-E
At ..
W[E (i, J.K)=E7 (i, j-1k) ]
HI (i, 5, k)= H (i, k) + ,Uo,u(l K AX[E
At

—+[E:(i, jk)-

top (i, j, k) Az

Ey (i, j.k-1)]

HM (i, j, k) =HI (i, j.k)+ [E

#oﬂ(' J, k
_,Uo,u(lAJ k AX[E (i.3.K) - B} (-1 j.K)
n+l o At Nl
Ex"(i,j.k)=E (I,j,k)+m[Hz (i, j+1k)-
_m[H;(i, Jk+1)—HI (i, 1.k)]
E (i, j,k)=E (i,j,k)+m[HQ(i,j,k+l)—
_W[H;(HL i, k)—H! (i, k)]
Er(i,j.k)=E (i,j,k)+m[H;(i+Lj,k)—
_—(IAJ ” [H i, j+1Lk)—H (i,j,k)}

In (4.47)-(4.52), the indices i, j,k and nare calculated from:

p(i j.k=1)]-
(4.47)
-1, k)]
(4.48)
i j l,k)]—
(4.49)
Hy (i, j.k) |-
(4.50)
CHSASIE
(4.51)
Hy (i, J.k) |-
(4.52)
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i- X 453
~ (4.53)
.y
-y 4.54
] Ay (4.54)
Z
k=2 4.55
o (4.55)
n=_ (4.56)
At '

A brief description of the FDTD algorithm is given below. The first step, before
setting up the source, is to initialize all the field components to zero. Next, the source,
which can be an electromagnetic wave, electric/magnetic wave or current/voltage

distribution. Then, the first part of the base equations of FDTD (4.47)-(4.49) are used

to calculate the magnetic field H,,H ,H, from the electric field values that have

been calculated from the previous time step. Afterwards, the equations (4.50)-(4.52)

update the values of electric field E,,E ,E, using the magnetic field values which

have been computed from the previous step and is going to be used to the next step to
update the values of the magnetic field. Finally, the boundary conditions should be
also checked. At this stage, the algorithm is repeated for the next time step value,
creating a loop, where the source signal and the values of the magnetic field are being
updated. The algorithm stops when either the number of time steps reaches the

termination point or a stability criterion has been met.

The use of boundary conditions is usually compulsory. The memory in computers is
limited therefore, periodic boundary conditions are applied, so the simulation space
becomes smaller. In the case of the unwanted reflected waves, back to the simulation
space, it is necessary to apply a set of absorbing boundary conditions (ABC) [124,
125] or perfect matched layers (PML) [126]. The most accurate and widely used
approach of the above concept is the PML introduced by Berenger [126].

As it is presented above, the concept of the FDTD algorithm is simple and therefore
can be simulated in a programming language such as MATLAB or C. The main

96



disadvantages of this algorithm are the huge computational power that is needed for
execution and the numerical errors that are introduced which can lead to numerical
instabilities and consequently incorrect results. These numerical instabilities are
introduced due to the finite Taylor series (only first and second order) that is used to
transform the partial derivatives of the Maxwell's equations (4.35)-(4.38) to finite

difference approximations.

FDTD can be applied in many different areas in science. A feature that is very useful
is that each grid point, can be assigned with a unique value of permittivity of
permeability. That gives the opportunity to simulate many different types of
geometries and structures, using complex media without any computational effort.
Antennas [127], microwave circuit designs [128], carbon nanotubes [129] and liquid
crystals [130] can be simulated using FDTD. Some examples of the above
applications are given in this thesis.

In [129] an FDTD method is used to model thermal radiative properties of VACNTSs.
Each CNT is treated as a solid cylinder with an effective dielectric tensor. Results are
compared with Maxwell-Garnett theory and generally confirm that VACNT arrays
are highly absorptive. It is also proven that low volume fraction and long tubes are
more favorable to achieve high absorbance. The effect of incident angle is also
investigated which reveals an optimum incident angle at which the absorption can be

maximized.

In general, when the permittivity or permeability of a material is a function of
frequency, the material is said to be dispersive. In many cases, these material
parameters can be assumed to be constant, therefore the results are considered to be
slightly inaccurate. Such materials cannot be found in nature because they violate
causality [131]. For a material behaving causally, a dispersive model has to be
introduced to characterize its behaviour. The most famous frequency dispersive
models are Drude [132] and Lorentz [133] model.

Moreover, the noble metals have negative permittivity values at infrared (IR), visible
and ultra-violet (UV) frequencies [134] and their electromagnetic response can be

accurately described with the Drude model [135]. Note that if relative permittivity
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and permeability are less than one (&, <1), and are directly substituted to the

conventional FDTD equations (4.47) to (4.52), then the electromagnetic energy does

not anymore obey the second law of thermodynamics, the causality is violated [131],

and the FDTD simulation becomes unstable and inaccurate [135].

Equations (4.47) to (4.52) must include the dispersive properties of the medium. The

Lorentz dispersive model [133] was used to discretise time in (4.29) and (4.30),

where the relative permittivity and permeability of the material are given by:

& = Hy =1-

o’ — joy -’

(4.57)

where @, is the plasma frequency, @, the resonant frequency and y the collision

frequency.

Following the procedure explained in [135], the updating equations of the dispersive

FDTD technique, which are otherwise known as the (E, D, H,B) scheme are given

by:

81" (1, .K) = B (1 1K)+ [ 7 (i 1K)~ E5 (i .k -1)] -

_i_;[Ez" (i, 5.k)—EJ (i, j-1k) ]

_E[E;(i, J.K)—Ey (i-1, k)]

D (i, j,k) = D! (i, j,k)+2—;[H?(i,j+1,k)—H?(i, k)]

—%[H;(i, k1) = HY (i, 1K)

(4.58)

(4.59)

(4.60)

(4.61)
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At
D] (WASE D) (i, J'k)+E[HX (i, j.k+1)—H; (I,j,k)}—

At (4.62)
—— | HM(i+1 j,k)-H"(i, j,k
[ HI (41 k)= (i)
n+l - - n - - At n - - n - -
D (i, j.k)=D. (i, J'k)+E[Hy(I+1’ j,k)—Hy(I,j,k)]—
(4.63)
At . ..
—— | Hi, j+Lk)-H"(i, j,k
Ay[ F (i, j+1K)—HP (i, .K)]
- 1 7, ’ .
En+l ’ ,k — e oe Dn+1 , ’k _
v (1 1:K) {(goAt2+250At+4goj v (1 3.K)
2 > ..
- —— D’ k
g, At? 28oj X’y'Z(I’J, )+
(4.64)
1 Y a)z n-1 (s = 2 a)oze_'_a)ie n HEE
- = = D ) !k - E ) !k -
" & At 250At+4goj (1] )J{Atz 2 (14 3:K)
B iz_ Ve +a)§e+a)§e E)?ilz(i,j,k) iz_'_ Ve +6002e+a)ﬁe
At 2At 4 i At 2At 4
. 1 7, @’ .
Hn+l ’ ’k — m om Bn+1 ’ ,k _
R P A
2 @* .
- —— Bn ' !k
s ZﬂJ el HR
) 5 (4.65)

1 AL - 2u At Ay ) A 2 oy

o

o’ + o’ o’ + o’
— iz_ 7/m + om pm H:‘;/l'z(ll_l)k) iz_i_ 7/m + om pm
At° 2At 4 At° 2At 4

2
+ 1 7/m +a)oijnl (I’J’k)_i_{ 2 a)om+a)pijn (i,j,k)—

Note that if the plasma, collision and resonant frequencies are set equal to zero:

Bpe = Oy = Ve = Vi = W, = @, =0, the equations (4.64) and (4.65) are transformed

to the free space FDTD updating algorithm.
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46 Summary

We have considered the dynamic properties of single-walled carbon nanotubes from a
circuit point of view and derived an effective RF circuit model for a single walled
carbon nanotube, including the effects of kinetic inductance as well as the
electrostatic and quantum capacitance. The nano-transmission line model is a circuit
description of a 1-D plasmon, and as such is directly related to the long postulated
Lattinger liquid properties of 1-D systems. The RF circuit models we have presented
here provide the foundation for further research on nanotube devices such as

semiconducting nanotube transistors.

Finally, an introduction to the FDTD algorithm is given, using Maxwell's equations.
Using the discretised (in both space and time) version of these equations the
behaviour of electromagnetic waves in a variety of complex media can be accurately
calculated. Hence, the concept of FDTD algorithm is presented and simulations of
electromagnetic waves can be constructed and thoroughly studied using a

programming language.
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Chapter 5:

Further Investigation of
Carbon Nanotube

Properties

5.1 Introduction

The measurements of the VACNT films presented earlier, have shown that the
uncertainties of complex permittivity and complex permeability are large, therefore it
IS necessary to introduce a function for both permittivity and permeability enabling
the characterization of all the VACNT films. As expected, the equivalent permittivity
and permeability of the CNT slabs are independent of their thickness. The thickness
should affect the transmission and reflection parameters because of the change in the
geometry of the slab. Therefore, it is necessary to introduce here the general
permittivity and general permeability function that is independent of the thickness of
the VACNT films.

The results presented in chapter 3, as well as the general permittivity and
permeability functions, treat the carbon nanotube array as a homogeneous medium.
However, theoretical models such as the Drude model for lossy metals applied to the
VACNT films, and generally the effective medium approach, neglects phenomena
such as field enhancement and multiple scattering [136]. Assuming that the S-

parameter results are accurate enough, we applied optimization techniques to a unit
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cell of a periodic structure, consisting of solid anisotropic cylinders with unknown
complex permittivity and permeability. As a result, both complex permittivity and

permeability were calculated for each frequency point.

Finally, an individual multi-walled carbon nanotube is treated as a solid anisotropic
cylinder with an effective permittivity and permeability tensor. HFSS simulations
were set up to calculate the behaviour (transmission, reflection and absorption) in
optical frequencies (400 THz - 750 THz). The effect of some geometric parameters of
the tube such as length, diameter and inter-tube distance between two consecutive

tubes was also examined.

5.2  General permittivity and permeability functions in X-band and
Ku-band

In this study, we validate the material parameter extraction presented in chapter 3 by
using the in-house dispersive FDTD model on the effective medium of VACNT
films. Measurements performed in low microwave frequencies in X-band (8-12 GHz)
and Ku-band (12.4-18 GHz) are compared with the numerical results from the FDTD
code. The model comprises a slab with the thickness of the sample in each case (30
um, 95 pum, 252 um). The complex permittivity of the slab was equivalent to the

effective medium parameters extracted in chapter 3.

In general, when the permittivity or permeability of a material is a function of
frequency, the material is said to be dispersive. In many cases, these material
parameters can be assumed to be constant, therefore the results are considered to be
slightly inaccurate. Such materials cannot be found in nature because they violate
causality [131]. For a material behaving causally, a dispersive model has to be
introduced to characterize its behaviour. The most famous frequency dispersive
models are Drude [132] and Lorentz [133] model.

The main difference between the full wave simulations using CST and the FDTD
presented here is the use of boundary conditions. The use of boundary conditions is

usually compulsory. The memory in computers is limited therefore, periodic
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boundary conditions are applied, so the simulation space becomes smaller. A brief
description of the FDTD simulation setup, is given below. The source, which is an
electromagnetic plane wave is placed on the left hand side of the simulation domain,
Figure 59. The generated wave passes through a probe before it interacts with the slab
with thickness d, which represents the effective medium of the VACNT films. After
the slab, on the right hand side of the simulation domain, another probe is placed to
monitor the transmitted wave which has been just penetrated the slab. It is interesting
to note, that the air-slab interfaces make the wave to reflect back, therefore, the first

probe is being able to monitor the reflected waves from the effective medium.

The use of a set of absorbing boundary conditions (ABC) [124, 125] is necessary as
periodicity is crucial on x-direction, whereas, all the reflected waves touching the
boundaries on y-direction are unwanted, therefore, perfect matched layers (PML)
[126] are needed.

Periodic Boundary Condition

lane Wave Source

P
r'g

o

-

o

SIOART PAYINBIA AJ102119]

4—d—b~

Perfectly Matched Lavers

Periodic Boundary Condition

e

Figure 59: FDTD computation domain of the effective medium VACNT films for the

case of plane wave excitation.

The S-parameters were calculated and plotted in the X-band with the measured

results.
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Similar behaviour of the FDTD code was observed in Ku-band as well.
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The extracted parameters were verified by full wave simulations (CST) and numerical
methods (FDTD) and very good agreement was obtained. The FDTD and CST

simulation S-parameters and absorption were plotted with measurements for every

different sample measured in both frequency bands. It should be noted that inserting

the extracted complex permittivity and complex permeability into CST dispersive

model, 1st order fitting is applied to the data automatically by the software, therefore

the ripples cannot be predicted (Figure 62).
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Figure 62: Comparison of numerical simulations (FDTD), full-wave simulations

(CST) and measurements of the VACNT films. Magnitude of S-parameters and

absorption are plotted. a-b) 30 um c-d) 95 um e-f) 252 um.

As discussed above, the expected corresponding permittivity and permeability of any

homogeneous medium, such as the VACNT films, is independent of the thickness.

The different thickness of the three samples of VACNT films was a result of different

S-parameters, but the material properties should remain unchanged. The samples

have been grown similarly, however were not identical to each other. They appeared

to have discrepancies arising from non-controlled, geometrical uncertainties in

parameters such as air-gaps with neighboring nanotubes, concentrations of CNTs and

concentrations of the Fe catalyst, resulting in moderately distinct effective media in

all three samples. It is also understood that lengthening nanotubes, create

entanglements with adjacent ones, directly proportional to the resulting length. The

aforementioned, in addition to the measurement uncertainties of the S-parameters and

106



thickness, lead to a much different value of effective permittivity and permeability in

each sample.

Creating an assumption that all the samples are exactly identical, and therefore none
of the uncertainties explained in the above paragraph exist, it is only reasonable in
attempting to find the general permittivity (GEF) and general permeability function
(GMF) of the vertically aligned carbon nanotube films presented here. The mean
values of the relative permittivity and permeability in each frequency point, was
taken, for the three films under test and the general VACNT permittivity (Figure 63)
and permeability (Figure 64) functions were calculated.

-20 -
> !
= ™ W
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(0] -60 —
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-100
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0 imag: 30um =— G5 M =—252m —— GEF
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8 10 12 14 16 18

frequency (GHz)

Figure 63: Relative permittivity of the three VACNT films. The general permittivity
function (GEF) is calculated by taking the mean value on each frequency point.
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Figure 64: Relative permeability of the three VACNT films. The general permeability
function (GMF) is calculated.

In the following Figure 65, the GEF of the VACNT films is plotted. The real part of
the GEF shows values of 8 to 17 whereas the imaginary of -75 to -33. The complex

general permittivity function (e =&'— j-&") was approximated by fitting the real and

the imaginary parts with linear and 2nd order polynomial fits according to the
following equations:
£'=12.012+0.134- f (5.1)

&"=155-13.16- f +0.363- f° (5.2)

where f is the frequency in GHz.

Similarly, the complex general permeability function (u=4—j-4") was
approximated by linear fit of the real and the imaginary parts:
i =-14.165+0.248- f (5.3)

1" =6.866—0.278- f (5.4)
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Figure 66: General permeability function

In the following Figure 67, the GEF and GMF assigned to the material parameters of
a frequency dispersive material and then CST simulations were performed across the
measured frequency bands. Analysis of the results shows that simulated magnitude
and phase of the S-parameters follow the trend of the measured results and that they

are in a very good agreement. The difference between Figure 67 and Figure 26 (X-
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magnitude of S-parameters (dB) magnitude of S-parameters (dB)

magnitude of S-parameters (dB)

band) and Figure 33 (Ku-band), is negligible, therefore, the GEF and GMF were

verified as an approximation of the permittivity and permeability function for
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Figure 67: Measured and simulated magnitude and phase S-parameters. The
simulations have been performed using the general permittivity (GEF) and
permeability function (GMF). a-b) 30 um c-d) 95 um e-f) 252 um.
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5.3 Permittivity and permeability function for an individual

carbon nanotube

The results presented treat the carbon nanotube array as a homogeneous medium. The
complex permittivity and permeability were extracted, the general permittivity and
permeability functions were calculated and the absorption performance of the films
were examined. However, theoretical models, such as the Drude model for lossy
metals applied to the VACNT films, and generally the effective medium approach,
oversimplifies the problem. Some phenomena, such as field enhancement and

multiple scattering [136] have therefore been neglected.

Recently individual carbon nanotubes have been numerically analyzed using the
FDTD technique. Lidorikis et al. [137] simulated infinitely long multi-walled carbon
nanotube arrays with irradiation incident from the one side of the array. In that study
[137], it has been shown that CNT arrays are very good absorbers in the visible
frequency range. Another work [129] examines the optical properties of vertical
multi-walled carbon nanotubes, using the FDTD method as well, also comparing the

predicted FDTD results with the effective medium Maxwell-Garnett theory.

The general permittivity (5.1)-(5.2) and permeability (5.3)-(5.4) functions show the
effective medium characteristics of the VACNT films. That medium can be
transformed into another, more complicated, but more realistic structure with aligned
compact cylinders (Figure 68). The cylinder was placed in the center of the
rectangular 3D unit cell. The cylinder which has a radius of r=40nm and length

d =30um, whereas the periodicity is a=90nm was placed in the center of the

periodic boundary conditions of the rectangular unit cell (Figure 69). This is an
approximation of the geometry of the nanotubes assembled one of the VACNT film

presented at the previous stage.
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(a) (b)
Figure 68: a) Multi-walled carbon nanotubes with dielectric constant &, b) effective

medium.

S
v
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Figure 69: a) cross-section of the unit cell b) 3D-view.

The S-parameters of the 30 um effective medium sample were calculated, using the
GEF and GMF. Setting these parameters as a target, optimization techniques were
applied to the unit cell presented in Figure 69 with a large number of iterations, until
the S-parameters of the two structures were matched (goal).

The optimization method used is that of Sequential Non-Linear Programming
(SNLP). In Ansoft HFSS optimization analyses, five different methods are available
including SNLP. The other four are Sequential Mixed Integer Non-Linear
Programming (SMINLP), Quasi Newton, Pattern Search and Genetic Algorithm
[138]. In the problem specified above, the SNLP was selected as the preferable
method, as it is the only one that combines linear or non-linear relationships between
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the parameters and the result, and not quantized values for the optimization
parameters. Hence, the SNLP method assumes that the optimization variables span a
continuous space and therefore, no minimum step size is needed to be specified. The
variables may take any value within the allowable constraints and within the

numerical precision limits of the simulator.

A 3D model of a unit cell in Ansoft HFSS full wave electromagnetic field simulation
was set up, as illustrated in Figure 69. Eight different parameters characterizing the
anisotropic compact cylinder of the unit cell, were representative of the carbon
nanotube of the 30 um film presented in chapter 3. Considering that the cylinder was
placed along the z direction (propagation direction), it was therefore symmetric along
the z-axis. Permittivity, permeability, dielectric and magnetic loss tangents for the x-
and y- components were identical. The necessary parameters were:

&

&, €,. relative permittivity

X! x?! ¥z

tang, , tang, , tang, :  dielectric loss tangent
U, W, i, relative permeability

tano

Ay !

tans, , tano, :  magnetic loss tangent
where &, =¢, and ¢, =¢,.

The frequency step was set at 0.5 GHz where one simulation for each frequency point
was needed. The optimized complex relative permittivity and permeability in each
frequency step are presented in Figure 70-Figure 73. The relative permittivity of the
individual carbon nanotube, followed the trend of the conventional lossy medium
[139] and therefore Figure 70 and Figure 71 are fitted with (5.5):

=& tig" =& +i-2- (5.5)
wE

o

where &' is the real part of the relative permittivity, and &” =7 sthe imaginary.
&

o

The conductivity, o, was considered to be constant and ¢, =8.854-10* F/m was

the permittivity of free space. Table 11 shows the fitted parameters of both
components of the relative permittivity.
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Table 11: Fitting parameters of the relative permittivity of a single CNT.

Parameter Value Standard Error
& 39.21 2.18
g 31.87 1.44
o, 69.54 2.67
o 178.65 1.77
&
250

m  optimized real
® optimized imaginary
fitted real
= fitted imaginary

N
o
o
1
@

s

(o)}

o
|

vertical component of permittivity
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Figure 70: Vertical component of the permittivity, ¢ , of a single CNT. The results

were fitted with the conventional lossy medium.

114



450

1 m  optimized real
400 ® optimized imaginary
2> i PY fitted real
= 3507 = fitted imaginary
€ 300+
o
8 -
S 250
b= -
2 200 1 o
o
g_ -
5 150 4
¥ _
2 100
o |
& s0
7] PR R —— -, 3
. R =W - - — — —
O I | | | | |
8 10 12 14 16 18

frequency (GHz)

Figure 71: Parallel component of the permittivity, ¢ , of a single CNT. The results

were fitted with the conventional lossy medium.

It is clear from Figure 70 and Figure 71, that the conventional lossy medium explains
the behaviour of the carbon nanotube when that is part of an infinite array as
explained in Figure 68. Carbon, which is the base element of the nanotube, is not a
Perfect Electric Conductor (PEC), thus the sample is significantly lossy across the

frequency band, due to the interband exchange of electrons in Carbon atoms.

The relative permeability of the individual carbon nanotube, shows one resonance
within the frequency band examined. Therefore, it was fitted with the Lorentz model
(5.6) [133, 140-143]:

Aw?

P >0

M=o+

where A is the amplitude factor and is restricted to 0< A<1, @, is the undamped

angular frequency of the zeroth pole pair (the resonant frequency of the array), and T’
is the loss factor. Table 12 shows the fitted parameters of both components of the

relative permeability.
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Table 12: Fitting parameters of the relative permeability of a single CNT.

Parameter Value Standard Error
Ho 0.66 0.33
A 1 0.32
@, 15.08 0.53
r 5.47 2.03
Ho -0.03 3.93
A 1 1.07
@, | 17.09 0.42
r, 1.02 1.37
10

m  optimized real

® optimized imaginary
81 fitted real

= fitted imaginary

vertical component of permeability

frequency (GHz)

Figure 72: Vertical component of the permeability, x, , of a single CNT. The results

were fitted with the Lorentz model.
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Figure 73: Vertical component of the permeability, 4 , of a single CNT. The results

were fitted with the Lorentz model.

This model, (5.6), is only applicable in the quasi-static regime since, in the limit

@ — o0, the permeability does not tend to p,. At extremely high frequencies,

materials cannot be polarized due to the inertia of electrons, thus, this model cannot
be used to describe the magnetic behaviour of the nanotube. It is interesting that both
vertical and parallel components of relative permeability gave a resonance of
approximately 15 GHz and 17 GHz respectively. The amplitude factor, A, was
restricted to 0< A<1, and in both cases takes the maximum possible value, A=1.
That restriction, mathematically, makes the fit inaccurate especially in the parallel
component. Despite this inaccuracy of the fit being large, it is obvious from Figure 74
and Figure 75 that the magnetic properties of the nanotubes, are not dominant and do

not cause much of a difference in the S-parameters.

It is also interesting to note, that the optimization technique used, is only accurate in
the dominant parameters of the compact cylinder. A small change of the complex
permittivity, affects the S-parameters more severely than the complex permeability.
Therefore, multiple solutions were observed, where the permittivity is relatively

constant and fluctuating around the value reported in Table 11. On the other hand,
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complex permeability had large errors between these solutions and does not affect the

S-parameters, therefore the inaccuracy on the actual value was large.

Finally, to verify the optimization procedure, the optimum values of the eight

different parameters, were used to characterize a compact cylinder with periodic

boundary conditions as it was explained in Figure 69. The complex S-parameters

(magnitude and phase) of the periodic structure were compared with the S-parameters
of the effective medium model extracted for the VACNT film of 30 um.

magnitude of S-parameters
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Figure 74: Comparison of the magnitude of S-parameters of the effective medium

presented in section 5.2 and the periodic structure of CNTSs.
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Figure 75: Comparison of the phase of S-parameters of the effective medium

presented in section 5.2 and the periodic structure of CNTSs.

5.4 Carbon nanotube for a dipole nano-antenna

In this section, we will compare the theoretical electrical properties of a nanotube
dipole antenna described in chapter 2 with the model that proposed in the previous
section. Table 1 showed the input impedance and efficiency of a solid cylindrical
metal wire for radius of 375 um, 20 nm and 2 nm. The table below presents the input
impedance and efficiency of a carbon nanotube with fixed length L=10um and
radius « =2.712nm at various frequencies such as 10 GHz, 160 GHz, 292 GHz and
460 GHz.

It is worth noting that the above radiation efficiency, and therefore gain, obtained

with the carbon nanotube dipole antenna are very low compared to a typical

efficiency, of a macro-sized copper made antenna.

119



Table 13: Normalized input impedance and efficiency of a carbon nanotube dipole

antenna for several frequencies [13].

Fregllilezncy z /Ro e =P /P,
10 0.527—j-31.24 1.2x10°®
160 0.876—j-0.014 3.3x10°°
292 10.46—j-1.48 1.1x10°°
460 0.83- j-0.0058 2.6x10°°

With regards of the input impedance in a macro conventional dipole antenna, the
impedance is at 50Q, whereas for the nanotube antenna, this input impedance is
equivalent to the quantum resistance of the carbon nano-tube, which is around
12.6kQ. This basic characteristic impedance refers to all nano-sized transmitting
devices based on carbon, such as a transmission line or an antenna. That, introduces a
fundamental matching problem between the nano-device with the macro-size world.
Therefore, in order to make the carbon nanotube antenna a reality, perfect impedance
matching must be considered, which will lead to much higher values of efficiency
than Table 13.

The model proposed in (5.5) and (5.6) will be used to compare a similar size dipole
antenna with efficiencies of Table 13. A CST-Microwave Studio model of a nano-
sized dipole antenna with a radius of 2.5 nm and length of 10 um was set up. The
permittivity and permeability that have been used for that dipole are the ones
introduced by (5.5) and (5.6). Table 14 compares the model introduced here with the
theoretical work of [13] and very good agreement is observed.
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Table 14: Efficiency comparison between [13] and model proposed by (5.5) and (5.6).

Fregllilezncy Theoretical efficiency Experimental efficiency
10 1.2x10°8 5.3x10°°
160 3.3x10°° 1.2x10°°
292 1.1x10° 1.14x107°
460 2.6x10°° 6.1x107°

5.5 Geometrical effect of vertically aligned carbon nanotube

arrays at optical frequencies

In this part of the thesis, an individual multi-walled carbon nanotube was treated as a
solid anisotropic cylinder with an effective permittivity and permeability tensor.
Periodic boundary conditions were applied, creating an infinite size of VACNTSs.
HFSS simulations were set up to calculate the transmission, reflection as well as
absorption at optical frequencies (400 THz - 750 THz). The effect of geometrical
parameters of the tube such as length, diameter and the distance between two

consecutive tubes was also examined.

It was observed that VACNT films have many interesting applications and properties
at optical frequencies, such as photonic crystals [137, 144, 145] and high absorption
[96, 146]. These optical properties of VACNT arrays strongly depend on the
individual structure of each CNT, in the atomic level, as well as on their arrangement
(periodicity of the array). It is well known that properties of single-walled carbon
nanotubes (SWNTSs) exhibit strong dependence on their chirality (atomic structure)
[147-149]. It is worthy to remind here, that control of chirality, during fabrication is
still impossible. On the other hand, multi-walled carbon nanotubes (MWNTS), due to
their multiple layers and generally large size, have more uniform optical properties
[150].
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Carbon nanotube arrays, and especially vertically aligned carbon nanotube arrays
have attracted much attention in photonic crystal [151], nanoantenna [152] and solar
applications [153-156]. In all of these applications, the arrangement of the nanowires,
including the pattern and the distance between the tubes, strongly affect their
properties.

In this section, the MWNTSs are treated as solid anisotropic cylinders with an effective
permittivity given by [129]. It is also assumed that the nanotubes have no magnetic
properties at optical frequencies. The dielectric properties of graphite from [157] were
used and, therefore, it was possible to calculate the dielectric tensor of an individual
CNT using:

(5.7)

where ¢ and &, are the components of the dielectric tensor parallel and

perpendicular to the CNT axis, respectively (Figure 76). The final results for the two
dielectric components with the losses are shown in Figure 77 [129].

EII
L—* €,

Figure 76: A sketch of a CNT with the two permittivity components and single layer

graphite with the anisotropic dielectric tensor.

122



—@—real €

—8—imag €,
real g
—8—imag
——0——(
6 -

>

=

2

E

£

o 4

o

24 Tt ———0—0—0—0—0—0—0—1

400 450 500 550 600 650 700 750
frequency (THz)
Figure 77: Effective permittivity function of an individual CNT at optical frequencies

[129].

The radius of a typical multi-walled carbon nanotube, is between 30 nm and 120 nm,
the intertube distance of the two-dimensional square lattice varying from 80 nm to
500 nm, and the tube lengths from 500 nm to 5 um. It is important to note here, that
when the array of nanotubes is perfectly periodic, the length of the CNTs cannot
exceed 5 um during the fabrication. On the contrary, when the array is extremely
dense (forest of CNTs), the length can reach several hundreds of microns. In the
following sections, the transmission, reflection and absorption properties of the CNT
arrays were observed, while the above three parameters changed. As it is very
difficult to track the changes when these parameters are changing simultaneously,

two of them were set fixed while the third changed.

5.5.1 Volume fraction

In the case of the nanotube, the volume fraction was exactly the same as the area ratio
of a cross section of the unit cell. That happened because the length of the nanotube
and the length of the unit cell were identical. According to the nominal values of
periodicity suggested before, when the radius is fixed at 30 nm, the maximum

possible volume fraction of a typical CNT is 0.442, whereas the minimum one is
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0.011. The calculated results of transmission, reflection and absorption are presented

in Figure 78 and Figure 79 for an 1um long CNT.

— (442 - transmission
— 0442 - reflection
= (.283 - transmission
— ().283 - reflection
0.126 - transmission
— (.126 - reflection
0.01 4 0.071 - transmission
] ——0.071 - reflection
—0.011 - transmission
— (.011 - reflection
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frequency (THz)
Figure 78: Transmission and reflection of the CNT array from HFSS simulations for

different volume fractions.
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Figure 79: Absorption of the CNT array from HFSS simulations for different volume

fractions.
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As indicated in Figure 78, the reflection is generally small, and it is always in lower
levels than transmission, apart from the dense array, when the volume fraction is
0.442 (radius is 30 nm and periodicity 80 nm). In these calculations it was shown that
transmission moves higher and reflection lower, as periodicity increases, indicating
that when the array is sparse, the light enters easily into the array. It was also shown
that absorption increases with larger volume fractions, which is reasonable as the only
absorber materials in the array are the CNTSs, therefore more area in the array covered
by CNTs lead to higher absorption values. Absorption also increases as frequency
increases, indicating that CNT arrays absorb more violet and blue colour than red.

Generally speaking, the absorption « of an individual CNT is related with
wavelength 4 and the imaginary part of the refractive index x by [158]

A
a=— 5.8
7 (5.8)

where x can be calculated from the complex dielectric function

ygIZ +g”2 _gr
K= B —

2

(5.9)

where ¢ and &" are the real and imaginary part of the dielectric function,
respectively. That makes the observation reasonable as (5.8) shows that lower

wavelengths A, result in higher absorption levels.

5.5.2 Length effect

In this section, the changes in the properties of CNTs with different lengths were
investigated. As mentioned previously, typical lengths of a CNT is 500 nm to 5 um.
To analyze the properties of these tubes, HFSS simulations were set up with compact
anisotropic cylinders of 500 nm, 1 um, 2 um and 5 pm in length. The simulated
transmission, reflection and absorption of the CNT array for different tube lengths
and fixed radius and intertube distances of 40 nm and 200 nm respectively, are shown

in Figure 80 and Figure 81.
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Figure 80: Transmission and reflection of the CNT array from HFSS simulations for

different lengths.
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Figure 81: Absorption of the CNT array from HFSS simulations for different lengths.

The results indicate that longer tubes have less transmission which also reduces when
frequency increases. For the longer CNT, 5 pum, transmission becomes 30-times less
across the optical frequency band, whereas for the shortest one, 500 nm, the reduction
is only 30%. The simulated reflection for all the thicknesses exhibit oscillations with
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the frequency. These oscillations are smaller when the tube is long but it seems that
they are approximately at same level, regardless of the length. Hence, reflection is
independent of length in optical frequencies and it is around 0.08 (-22dB). Absorption
data in Figure 81 indicate that there is a strong relationship between absorption and
nanotube length, and more specifically, longer nanotubes absorb light better. That can
explain recent reports [96, 159] that CNTs appear dark, as only the upper part of each
nanotube can reflect light slightly.

5.5.3 Radius and periodicity

One could assume that regardless of radius and periodicity, if the ratio of these two is
constant, then they should exhibit exactly the same properties, such as transmission,
reflection and absorption. Because this is not the case, in this section the volume
fraction was fixed at 0.126, and the effect of radius and periodicity was investigated.
The carbon nanotube radii varied from 30 nm to 250 nm and therefore, keeping the
volume fraction constant, periodicity varied from 150 nm to 600 nm. The nanotube

length was fixed at 1 pum.

It is interesting to note here, as the periodicity reached 600 nm, that this value is
larger than some of the incident wavelengths in optical spectrum. More specifically,
in that example, the combinations of radius-periodicity used were the following: 30
nm -150 nm, 50 nm - 150 nm, 75 nm - 300 nm, 100 nm - 500 nm and 125 nm - 600
nm. In all of these combinations, the incident wavelength was outside the optical
spectrum (sub-wavelength regime) apart from the last two cases where the equivalent
frequencies are 600 THz and 500 THz, respectively. It is important to investigate the
relationship between incident wavelength and periodicity. The results shown in
Figure 82 and Figure 83 for transmission and reflection respectively, indicate that
perfect CNT arrays exhibit different performance in wavelength and sub-wavelength

regime.
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Figure 82: Transmission of the CNT array for different sets of radius - periodicity,

obtained by HFSS simulations.
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Figure 83: Reflection of the CNT array for different sets of radius - periodicity,

obtained by HFSS simulations.
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Figure 84: Absorption of the CNT array for different sets of radius - periodicity
obtained by HFSS simulations.

It can be seen in Figure 82, that in the sub-wavelength regime the transmission
decreases with larger periodicity and it also decreases for higher frequencies.
However, this was not the case for the 100 nm - 500 nm and 125 nm - 600 nm set of
radius - periodicity of the CNT array. Transmission had an abnormal behaviour
around the resonant frequency, where it significantly falls below 5%. On the other
hand, reflection appeared to oscillate across the frequency spectrum. Finally,
absorption had an abrupt increase, at around 600 THz and 500 THz at the two
different sets with periodicity values of 500 nm and 600 nm respectively. To
summarize, a maximum absorption (and minimum transmission) was observed when
periodicity of the CNTs was equal to the incident wavelength. Similar results have

been reported for silicon nanowire arrays and nanohole arrays in [160, 161].

5.6 Summary

In this chapter, further investigation of the carbon nanotube properties, at low

microwave frequencies, as an effective medium have been performed. A model,
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characterized by the general permittivity (GEF) and general permeability functions
(GMF) was presented. These model's functions, are independent of thickness and can
be used for any similarly dense VACNT array, to predict the transmission, reflection
and absorption of this array. It was also shown that the difference between these GEF
and GMF and the actual measurement is within the reasonable error.

The estimation of the permittivity and permeability of an individual carbon nanotube
is necessary. Effective models are usually accurate enough, but they lack flexibility.
The difference in geometry of the carbon nanotubes, results in a totally different
model. It was presented, using HFSS optimization techniques, that characterization of
individual nanotubes is possible. A periodic structure of CNTs was therefore
simulated, under periodic boundary conditions, consisting of solid anisotropic
cylinders. The complex permittivity and permeability of both components were
calculated. Effective medium models were also applied here, at a nanotube-level,
rather than to the whole dielectric slab. Both vertical and parallel components of the
complex permittivity validated the lossy medium approach. In addition, complex
permeability fitted with the Lorentz-model. The introduced model fits the permittivity
very well, whereas permeability had large errors, due to the large number of solutions

of the optimization technique.

Finally, the optical properties of VACNT arrays, when the periodicity is within the
sub-wavelength regime, were calculated. The effect of some geometrical parameters
of the tube such as length, diameter and inter-tube distance between two consecutive
tubes was also examined. All the results show that VACNT films in the optical range
are highly absorptive. Longer nanotubes, result in higher levels of absorption, usually
close to 100%. Higher volume fraction, also result in higher absorption as well as
higher reflection and lower transmission. Finally, keeping the volume fraction
constant but changing the radius and periodicity accordingly, will also result in higher
absorption when the radius is increased. The absorption performance of the VACNT
arrays was also investigated, when the periodicity is equal to the incident wavelength.
A very interesting phenomenon was observed similar to silicon nanowire arrays with
finite length [160] where the transmission is heavily depressed, resulting in

absorption level close to unity.
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Chapter 6:
Optically Transparent and
Liquid Crystal Substrate

Based Antennas

6.1 Introduction

Liquid crystals are characterized by a type of molecular ordering which either
exhibits positional or orientational order. It is known that electric or magnetic field,
make liquid crystal's molecules to change its orientational order towards the direction
of the field, thus, changing the permittivity. Modern mobile devices require
reconfigurable antennas operating at many frequency bands, therefore, the
development of tunable antennas is essential. The two main advantages over existing
tunable materials, are that liquid crystals need comparatively low applied fields for

switching the orientation of the molecules, and they demonstrate low dielectric losses.

The possibility of realizing a tunable patch antenna using liquid crystal as a substrate
Is investigated in that chapter. It is also desirable to increase the tunability of such a
structure, therefore, liquid crystal with higher dielectric anisotropy at microwave
frequencies is needed. This can be achieved by doping the liquid crystal with carbon

nanotubes with as low concentrations as 0.01%wt.

Optically transparent antennas (such as monopoles, patches and PIFAS) are becoming
more popular as several applications are possible, when exploiting their transparency

which is their main advantage. Their use for communication systems with frequencies
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of the order of a few gigahertz have been proposed. Transparent antennas can be
mounted on video displays for efficient integration in communication systems such as
tablet computers, mobile phones, and flat-panel television displays. Additionally,
antennas could provide seamless GPS navigation when integrated to automobile
windshields or building windows Figure 85. Furthermore, such antennas are suitable
for structures where lack of space provide an impairment. In addition, optically
transparent antennas are low profile, light weight and more flexible compared to

conventional antennas.

Figure 85: Optically transparent antenna for automobile applications.

It is well known that liquid crystals are transparent in optical frequencies. Adding a
very small amount of carbon nanotubes, does not affect the optical properties of the
liquid crystals, however, the tuning is strongly affected as explained earlier. It is now
clear, that optically transparent tunable antenna based on CNT-doped liquid crystal

substrate can be achieved.

6.2 Optically transparent Ultra Wide-Band antenna

The first optically transparent microstrip antenna was reported in NASA’s technical
memorandum by Simons et al. [162] operating at 2.3 GHz and 19.5 GHz. They used
an AgHT-8 optically transparent conductive coating on a clear polyester substrate.
Later, Mias et. al [163] compared dipole antennas with different conductive materials,
while more recently Guan et al. [164] focused on PIFA and monopole transparent
antennas. In the meanwhile, in 2002, the Federal Communication Commission (FCC)
authorized the unlicensed use of UWB in 3.1 GHz - 10.6 GHz [165].
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6.2.1 Introduction to Ultra Wide-Band Technology

Ultra Wideband (UWB) technology is a wireless technology which can transmit
digital data in short range communications. It uses extremely wide frequency
spectrum and the transmission is accomplished with very low power and very high
data rates. Usually, with UWB systems we can transmit signals through obstacles, an
area where technologies with narrower bandwidths and higher power would have
failed [166].

In April 2002, the Federal Communications Commission (FCC) issued a 'report on
part 15 commission's rules regarding ultra wide-band transmission systems [165]
which specifies frequencies and power limitations in order to control interference

between other technologies that are using the same frequency spectrum. UWB signals
may be transmitted in frequencies between 3.1 GHz to 10.6 GHz with maximum

power spectral density limit of 75 nW / MHz which corresponds to —41 dBm/MHz.
Also, the average effective isotropic radiated power (EIRP) should always be less
than 0.56 mW across the entire bandwidth. Efforts to achieve similar status about

this novel radio technology in Europe [167] and Asia are underway.

The bandwidth of UWB systems is either more than 25% of the centre resonant

frequency or more than 1.5GHz [165]. The percentage bandwidth is expressed as

2(f, 1)
f,+f,

BW 5 = x100% (6.1)

where f,, is the upper frequency and f, the lower frequency at the —10dB emission

point. Centre frequency is the average between the higher and the lower frequency
. . . . f, +f i L
points and it can be calculated using the equation: f, :%. This bandwidth is

much larger than any other known communication technology.

UWB technology will play a central role in the future scenarios of interactive
communications, involving both human and device communications with all its

combinations, human - human, human - device, device - human and device - device.
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Apart from the first communication link between humans, all the other links
exchange data, i.e. for navigation. Currently, transfer of information between humans
is still by voice, however, we will very soon have a rapid increase in data transfers

involving video transfer capabilities within home or office environments.

A number of practical usage scenarios which are well suited to UWB technology are
shown in Figure 86. In these scenarios system implementations based on UWB radio
technology could be beneficial and potentially welcome by industry and service

providers alike [166]:

e High-data-rate wireless personal area network (HDR-WPAN)
e Wireless Body Area Network (WBAN)

¢ Intelligent wireless area network (IWAN)

e Outdoor peer-to-peer network (OPPN)

e Sensor, positioning, and identification network (SPIN)
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Figure 86: Potential applications for UWB radio communications: the first three
scenarios (HDR-WPAN, WBAN, IWAN) assume a network of UWB devices
deployed in a residential or office environment, mainly to enable wireless video/audio
distribution for entertainment, control signals or high-rate data transfers. The fourth
scenario (OPPN) presents a deployment in outdoor peer-to-peer situations, while the

fifth (WBAN) takes industry and commercial environments into account [166].
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6.2.2 Optically transparent and conductive films

The ideal scenario of constructing antennas would be the use of certain types of
transparent films. These antennas could be used on vehicle windows or windscreens,
on building windows, on the surface of the display of an electronic device or mobile
phones and many more. To fabricate these antennas, the optically transparent
conductor would provide ideal conductivity comparable to that of copper and even

comparable to glass in terms of transparency.

Optically transparent conductive films, such as indium tin oxide (ITO) and fluorine-
doped tin oxide (FTO) films, allow the transmission of electric currents while
retaining optical transparency [164]. These two films are widely used as a transparent
electrode in optoelectronics devices including liquid crystal displays (LCDs),

photovoltaic solar cells and plasma display panels.

At room temperature, 1TO films show high transparency and electrical conductivity.

At higher temperatures, such as 300°C or higher, the electrical resistance increases
more than threefold. An explanation for this behaviour is given through the electron
suppliers of these films which are in the oxygen vacancies. When the material is
heated, oxygen from the atmosphere is trying to bond to the oxygen-vacant structures
within the ITO thin film and as a result a reduction of these vacancies leads to an

increase in the electrical resistance.

A solution to this problem for ITO is proposed by Kawashima [168] using novel
transparent conductive films formed by ITO covered FTO films (FTO/ITO films).
The reason of developing that film is that FTO has less electrical resistance in higher
temperatures than ITO films.

Another optically transparent film used for electronic applications where EMI
shielding is crucial, is the highly conductive AgHT film. As demonstrated in Figure
87, this film is outstanding in its ability to transmit visible light and reject infrared

heat. The table below, shows the main characteristics of this film, where for the
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surface resistance for AgHT-4 is 4.50hms/sqwhich corresponds to a conductivity

around 30 times less than copper's.
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Figure 87: Transmission and reflection response of the optically transparent

conductive AgHT film in the visible and infrared spectrum [169].

Table 15: Properties of AgHT and ITO optically transparent conductive films.

AgHT-4 AgHT-8 ITO
Visible Transmittance 75% 82% 75%
Infrared Reflectance 80% 75% 75%
Surface Resistance (Ohms/sq) 4.5+1.0 8.0£2.0 5-1000
Shielding Effectiveness (1 GHz - 10 GHz) 24-44dB 20-40dB

6.2.3 Proposed Antenna

In the following section an optically transparent Ultra Wide Band (UWB) disc
monopole antenna is presented [170, 171] as well as gain and radiation patterns. The
antenna is fed by a 50Q coplanar waveguide and its operational measured bandwidth
is from 1GHz up to 8.5GHz. The antenna shows omni-directional and monopole-like
radiation patterns in low frequencies for H-plane and E-plane respectively. The
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proposed antenna uses the highly conductive AgHT-4 transparent film, rendering it

more suitable for inter-vehicle communication.

6.2.3.1  Antenna Design

An optically transparent UWB monopole antenna is fabricated on a perspex substrate,

the geometry of which, is shown in Figure 88. The size of the substrate is exactly the

size of an A4 page (W =210mm,L=297mm). An identical A4 sized perspex

superstrate is used, exactly above the monopole antenna. These two layers of perspex

are 2mm thick and they have a relative permittivity of 3.3.

Figure 88: UWB transparent antenna. The University logo is placed underneath the
antenna to show the transparency. A penny is placed on the left down corner, for

scale purposes [170, 171].

The antenna is a circular disc monopole (Figure 89) with a radius of r =40mm,

which corresponds to the 2, /4 of the lower desired frequency. This monopole is fed
by a 50Q—CPW (co-planar waveguide) which is composed by a metal strip of
W, = 4mm width and a gap of g =0.25mm between the strip and the ground plane.
The dimensions of the ground plane are 37 x 25mm* (W, xL,). The feed gap between

the disc and the ground is again h =0.25mm. Several studies suggest that this gap
between the disc and the ground plane is very close to the CPW line gap. This is due
to the feed gap will have a smooth transition to the CPW fed line.
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Figure 89: Schematic Diagram of the proposed antenna.

6.2.3.2 Simulated and measured results

The performance of this CPW-fed disc monopole is very sensitive to several
parameters which would affect the performance of the antenna, such as the size of
radiation element, the size of the ground plane and the gap between the disc and the
ground. A comparison between simulated (CST Microwave Studio) and measured
return loss is presented in Figure 90.
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Figure 90: Measurement and simulated return loss of the transparent UWB antenna.
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Simulated antenna bandwidth (BW ;) is extended to an extremely wide frequency

range, from 1GHz up to 11GHz. This characteristic of the proposed optically
transparent UWB antenna is confirmed by measurements and good agreement with

simulated results.

Figure 91 shows the measured antenna gain using coaxial cable and optical fibre for
the optically transparent antenna. At 1 GHz the measured antenna gain is around
—2dB. For the optical fibre gain measurements, we used the Opto-Electric Field
Sensor System (OEFS system); the measurement performed in National Physical
Laboratory (NPL). An OEFS controller supplies with optical power the transducer,
and then it converts the returned detected optical signal into an RF electric signal
[172].
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Figure 91: Gain sweep for the optically transparent UWB antenna using both coaxial

cable and optical fibre.

Next, we fabricated an identical to the UWB transparent antenna, using conventional
conductive material, instead of the transparent conductor proposed above. Figure 92
shows the measured antenna gain for the new aluminum antenna (non-transparent),

using both coaxial cable and optical fibre.
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Figure 92: Gain sweep for the aluminum UWB antenna using both coaxial cable and

optical fibre.

Figure 93 below illustrates that the transparent antenna gain is always 5 dB lower

compared with the aluminium one. This is reasonable, as aluminum is around 30

times more conductive than the AgHT-4 film.
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Figure 93: Antenna gain comparison between optically transparent antenna and

aluminum antenna using the OEFS system. We can easily realize that the optically

transparent antenna has 5dB less gain, constantly in all frequency.
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The radiation patterns of the transparent and aluminium UWB antenna have been
measured inside an anechoic chamber. The measured co-polar and cross-polar
radiation patterns (H-plane) at 1, 2, and 6GHz are plotted in Figure 94 and Figure 95.
As shown in this figure, the H-plane patterns are omni-directional at low frequencies.
As the frequency increases, the omni-directionality is distorted by a perturbing effect

in high frequencies, caused by the feeding structure.
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(a) e .- p0] Transparent
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.20
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Figure 94: Measured radiation patterns at 1GHz, 2GHz, 3GHz and 6GHz of the
optically transparent and aluminum antenna. H-plane co-polarization and cross-

polarization are shown.
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Figure 95: Measured radiation patterns at 1GHz, 2GHz, 3GHz and 6GHz of the
optically transparent and aluminum antenna. E-plane co-polarization and cross-

polarization are shown.

6.3 Liquid Crystals

Liquid crystals are mesophases between crystalline solids and isotropic liquids [173-
176] and each various phases also called mesophases. They are characterized by a
type of molecular ordering, which exhibits a positional order, with molecules
arranged in multitude of ordered lattices, and orientational order with molecules
mostly pointing in the same direction. The molecules resemble elongated rod-like
structures typically few nanometers in length. The ratio between the length and the
diameter of the molecules or the ratio between the diameter and the thickness of the

disk-like molecules is about 5 or larger [173].
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In a nematic liquid crystal phase, molecules have no positional order but they have

orientational order.

Figure 96: Schematic of molecule alignment in a nematic phase [63].

Liquid crystals in Figure 96 belong to anisotropic materials, of which the physical
properties, and especially their dielectric constant, varies with the alignment of the
director, a dimensionless unit vector representing the direction of the preferred

orientation of molecules in the neighbourhood of a point.

The permittivity of LC can be altered by simply applying an electrostatic or
magnetostatic field, i.e. DC bias voltage ranging usually from 0 to 20V, and then the
dielectric constant may vary up to 25-30% [177, 178]. This happens because by
applying this field we rotate the director of LC molecules with respect to that field
(Figure 97). Dielectric anisotropy is given by:

Ag =&, —¢&., (6.2)

where g, and &, are the parallel and perpendicular (to the director) permittivity

rll

values for the LC, respectively.

Figure 97: Liquid crystal cell. Orientation of the liquid crystal occurs above a

threshold voltage.
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There are several other LC phases but they will not be analysed here, as nematic LC
is the most common substrate used for substrate construction. Smectic phases can be
found at lower temperatures than the nematic phase LC. The main difference with the
nematic LC is that they form well-defined layers (positional order along one
direction) that can slide over one another like soap. In Smectic A phase, the
molecules are oriented along the layer normal, while in the Smectic C phase they are
tilted away from the layer normal. Leading from this there is an extremely large
number of different smectic phases, characterized by different degrees of

orientational order (Figure 98).

Figure 98: Schematic of molecules alignment in smectic A phase and smectic C

phase, respectively [63].

As we know from antenna theory, by changing the substrate properties, such as the
permittivity, the resonance frequency of our antenna can be easily altered because the
resonance frequency is inversely proportional to the square root of the effective

permittivity: f oci.

NS

6.4 Carbon Nanotube doped liquid crystal

As it was described in the previous section, liquid crystals have attracted attention in
recent years in the antenna and propagation community, due to the low losses at
microwave frequencies and generally high anisotropy [179-181]. Low loss materials,
with high tunability of dielectric constant are required. Liquid crystals are
advantageous over other tunable materials, such as ferroelectric ceramics because of

their high anisotropy [181].
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Liquid Crystals can be loaded with various types of nanoparticles, such as metallic
micro tubules for enhanced performance. For instance, 0.2%wt metallic micro tubules
increase the birefringence by 54% at 30GHz when they are inserted in liquid crystal
[182].

The extraordinary properties of carbon nanotubes, including their large mechanical
and electrical anisotropy [58], have been previously detailed in that thesis. The
growth process generally leads to a random orientation of the nanotubes [2, 16, 183].
Moreover, the flexibility, the high aspect ratio of the tubes and the strong van der
Waals forces between individual nanotubes, usually lead to the formation of bundles
and entanglements with neighbour nanotubes. In many applications, the uniform
alignment of carbon nanotubes is essential and is desirable to be able to manipulate
the direction of alignment, in order to exploit their extraordinary properties.

There are several reports on fabricating aligned nanotubes. CNT composites inside an
epoxy matrix [184, 185], nanotubes as polymer composite systems [186] array of
parallel bundles synthesized by arc discharge [187], multiwalled nanotubes on a
patterned substrate by pyrolisis [188] have been presented. Liquid crystals can also be
used as a host of the carbon nanotubes (Figure 99). The advantage of this is that
liquid crystals exhibit orientational order themselves while they are maintaining flow
properties in nematic phase. Therefore, these properties of liquid crystals will be
used to impose alignment on disperse CNTs [189-191]. CNTs can be aligned
applying electric [192] or magnetic [193] fields with high-order parameter, up to 0.9
[192].
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Figure 99: Alignment of the CNT-doped liquid crystal when a field is applied.
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The dielectric properties of these mixtures in low-frequencies have been studied [190]
by measuring the reflection coefficient of a capacitor at the end of a transmission line

[181]. A liquid crystal sample cell with a thickness of 20um is sandwiched between

two parallel metal electrodes for the ¢, measurement. An electric field of up to 40v
AC with low frequency (1 kHz) is applied for the other direction of the doped liquid

crystal, . CNT-doped liquid crystals appear to have different electrical properties

compared to the unloaded ones [194, 195]. An increase of the anisotropy at

microwave frequencies is also observed [190].

Measurements have been performed in both low, 1-4GHz, and high frequencies at

30GHz . The parallel component of the dielectric permittivity, &, of CNT-doped

liquid crystals increases, compared to that of pure ones Figure 100. In contrast, the

perpendicular component, ¢ , does not fluctuate [190]. Figure 100 and Figure 101
show the dielectric anisotropy, As, at 1-4GHz and 30GHz respectively [190].
0.01%wt CNT-doped liquid crystals increases the dielectric anisotropy by 120%
compared with the unloaded one, across the whole frequency band 1—4GHz, and
around 165% at 30GHz [190]. The 0.005%wt shows intermediate properties between
the 0.01%wt CNT-doped and the pure liquid crystal. According to these results
compared to the metallic microtubules [182], more tunability with less concentration
of dopants has been achieved.
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Figure 100: Comparison of Ag in 1-4 GHz range, switching with 0.5V/um for pure
and CNT doped E7 liquid crystal [190].
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Figure 101: Ae of pure and CNT doped E7 liquid crystal, at 30 GHz, against
temperature [190].

In Figure 102 the actual values of the dielectric permittivity and loss tangent at 3GHz
is shown when the applied field is increased. According to [190] the loss is correlated
with the percentage of CNT concentration. The perpendicular loss component,

tano,, has been increased by 10-30% after the insertion of the CNT, where the

increase of the parallel loss component, tand,, was increased by 26% in the

0.005%wt CNT-doped liquid crystal and two to five times more in the 0.01%wt one.
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Figure 102: Sweeping from &, to ¢, and from tans, to tang, at 3 GHz for both

pure and CNT doped E7 liquid crystal [190].

147



6.5 Frequency tunable antennas

In this section, we will present a simple microstrip patch antenna placed on a liquid
crystal substrate. Patch antennas are generally very simple to design and construct,
inexpensive, low profile, conformal and light weight. Printed antennas, such as
microstrip patch antennas, are mechanically robust when mounted on rigid surfaces
[127]. Microstrip patch antennas are inherently resonant antennas characterized by
extremely low bandwidths. Some applications of patch antennas are mobile-phones,
access points, satellites and aircrafts.

Lately, improved patch antennas have been proposed and the current state of
substrates used leaves room for further improvement. For several communications it
is desirable to have miniaturized and frequency tunable antennas. Several ways to
tune an antenna are known from the literature such as the use of pin diodes, varactor
diodes and MEMs switches [196, 197] as well as varying substrate properties as with
ferrites and ferroelectrics [198]. A modern technique has been reported where a
microstrip patch antenna was made based on nematic liquid crystals (LCs) substrates
[199-201]. Our goal in the following structures is to find a way to control these
resonances and improve the tunability of the antennas using CNT doped liquid

crystals.

6.5.1 Proposed Antenna

In the following section a frequency tunable antenna operating at 3GHz is presented.
The antenna is a simple patch antenna which is fed by a 50Q microstrip line. The
operational bandwidth is around 3.6%, due to the small thickness of the substrate, and
a satisfying tunability of 4.94% is achieved. The substrate is composed of the highly
anisotropic E7 liquid crystal [202], where the permittivity changes from & =2.41 to

& =2.66 at 3GHz when maximum voltage is applied to the cell. Radiation patterns

of the microstrip patch antenna are also presented.
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6.5.2 Antenna Design

A microstrip patch antenna operating at 3GHz was designed with CST Microwave
Studio software. The E7 liquid crystal was used as a substrate and placed exactly
beneath the radiating patch. The following Figure 103 shows a top and side-view of
the antenna and substrate geometry. The substrate was mylar with 0.5 mm thickness
except for the area underneath the patch, where the liquid crystal cell was placed. The

permittivity of the mylar was 2.23. The microstrip patch, with dimensions of

31x31.5mm* was directly fed by a 50Q microstrip line.

The liquid crystal cell had a thickness of 0.5 mm and extended by 2 mm beyond the
area of the patch. The liquid crystal was used, is the high anisotropic E7 liquid crystal
(Merck) [202]. The values of the relative permittivity and loss tangent of the E7
liquid crystal was taken from Figure 102 and presented in Table 16 [190]. The
different values of the dielectric constant are achieved by applying a low frequency (1

kHz) AC voltage up to 20V across the liquid crystal cell.

Table 16: Real and imaginary dielectric permittivity with losses of the E7 liquid
crystal at 3GHz [190].

Appliezjv\)/oltage ' &" tan &
0 2.41 0.19 0.079
’ 2.47 0.17 0.07
4 2.6 0.13 0.05
10 2.66 0.11 0.042
20 266 0.11 0.041

The patch antenna was placed directly in contact with the LC to gain maximum
tuning range. The antenna has a superstrate of 1 mm thick glass with relative
permittivity of 6 to make the creation of a cavity feasible, where the liquid crystal

was inserted.
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Figure 103: Schematic diagram of the proposed microstrip patch antenna. Top view

and side view respectively.

6.5.3 Simulated Results

Figure 104 shows the simulated results of the return loss of the patch antenna
presented. The five states of liquid crystal bias, 0, 2, 4, 10 and 20V correspond to five
different permittivity values, from ¢ =241 to g =266 and loss tangent from

tans, =0.079 to tang, =0.042. For the simulated results the matched frequency

ranged from 3.07GHz at OV to 2.922GHz at 20V, giving a tuning range of 4.94%
(148MHz). The bandwidth was between 3.46% and 3.83%.
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Figure 104: Reflection parameter changing the relative permittivity of the liquid
crystal substrate. The values of permittivity correspond to a change of bias voltage
from OV up to 20V.

However, a key issue is the radiation efficiency of LC antennas at the frequencies
where the loss tangent ranges from 0.042 to 0.079. Radiation patterns were plotted for
the biased microstrip patch and the patterns were the expected patterns of a
conventional microstrip patch antenna. Figure 105a shows the 3D radiation pattern of
the tunable antenna when the applied voltage is at 0V, and Figure 105(b-f) show the
E-plane cuts for the five different frequencies when the voltage gradually increased
up to 20V. The efficiency was relatively low; 20%, due to substrate losses and the
directivity was around 7.4dB. Table 17 shows frequency versus directivity and

efficiency for all the different states.
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Figure 105: a) 3D radiation pattern of the tunable patch antenna, when the voltage is
set at OV (& =2.41). E-plane cuts for b) 0V, c) 2V, d) 4V, e) 10V and f) 20V . All

figures are at 3 GHz.
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Table 17: Resonance frequencies versus directivity and efficiency for the different

states.
Voltage epsilon Frequency BW Directivity  Efficiency
V) (GHz) (%) (dB) (%)
0 241 3.07 3.65 7.533 16.6
2 2.47 3.032 3.83 7.501 18.3
4 2.6 2.956 3.79 7.404 21.2
10 2.66 2.922 3.49 7.36 22.8
20 2.66 2.922 3.46 7.36 22.9

As observed, the shape of the radiation patterns remained unchanged for every
different state. However, the efficiency of the antenna increased as the bias voltage
increased and the loss tangent has reduced. The simulated radiation efficiencies taken
from CST Microwave Studio software for the five states were between 16.6% and
22.9%.

6.5.4 CNT-doped liquid crystal antenna

A similar microstrip patch antenna operating at 3 GHz was designed again with CST-
MS software. The E7 liquid crystal from the previous design was replaced with the
CNT-doped liquid crystal previously presented. The new substrate was placed, as
before, exactly beneath the area that covered by the radiating patch. The dimensions

of the microstrip patch were 29.8x30mm?.
The liquid crystal (E7+0.01%wt CNT) cell had the characteristics reported in Figure

102 and the thickness is 0.5 mm. The values of relative permittivity and loss tangent

of the doped liquid crystal when a field was applied as presented in Table 18 [190].
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Table 18: Real and imaginary dielectric permittivity with losses of the E7+0.01%wt
CNT liquid crystal at 3 GHz [190].

Applie?v\)/oltage ¢ g tano
0 2.51 0.22 0.088
’ 2.6 0.22 0.085
4 2.73 0.22 0.08
10 2.9 0.23 0.078
2 298 0.27 0.092

6.5.5 Simulated Results

Figure 106 shows the simulated results of the reflection parameter of the patch

antenna presented. The five states of liquid crystal bias, 0, 2, 4, 10 and 20V
correspond to five different permittivity values, from &, =2.51 to ¢ =2.98 and loss
tangent from tano, =0.088 to tano, =0.092. For the simulated results the

frequency can be tuned from 3.132GHz at OV to 2.868GHz at 20V, a tuning range of
8.8% (264MHz), almost double of that been achieved using the pure liquid crystal.
The bandwidth was between 2.02% and 3.56%.

154



S, (dB)
|

-10 4 " — 0 Volt
— 2 \/olts

12 - —4 Volts
= 10 Volts

— 20 Volts

14 -

T T T T T T T T T
25 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5

frequency (GHz)
Figure 106: Reflection parameter changing the relative permittivity of the CNT-
doped liquid crystal substrate. The values of permittivity correspond to a change of

bias voltage from OV up to 20V.

It was observed that when the new CNT-doped liquid crystal was used for antenna
design, the tunability of the antenna was almost doubled, as expected, due to the very
high anisotropy. However, the losses of the CNT-doped liquid crystal are much
higher than the pure one, therefore, the efficiency was negatively affected, and it was
as low as 15.44%. Radiation patterns are plotted again in Figure 107. Finally, Table

19 shows frequency versus directivity and efficiency for all the different states.
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Figure 107: a) 3D radiation pattern of the new tunable patch antenna, when the
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20V . All figures are at 3 GHz.
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Table 19: Resonance frequencies versus directivity and efficiency for the different

states.
Voltage epsilon Frequency BW Directivity  Efficiency
V) (GH2) (%) (dB) (%)
0 251 3.132 3.38 7.533 16.7
2 2.6 3.076 3.45 7.46 16.7
4 2.73 3 3.56 7.36 16.9
10 2.9 291 3.44 7.239 16.7
20 2.98 2.868 2.02 7.176 154

As it was expected, the shape of the radiation patterns were very similar for different
bias voltage applied on the CNT-doped liquid crystal substrate. However, the
efficiency of the antenna fluctuated around 16% and it strongly depended on the
losses on each state.

6.5.6 Measurement Results

A tunable microstrip patch antenna operating at low frequencies, i.e. 3 GHz is not
feasible to be manufactured at present. That limitation exists because of the total
volume that the liquid crystal can occupy, in order to keep the high anisotropy that
has been analyzed in a previous section. According to the alignment techniques
currently applied, the limit of the maximum volume of the cell is at 200 mm®. The
patch antenna presented in the previous section, operating at 3 GHz, needs a volume
of 488 mm°.

Therefore, a microstrip patch antenna operating at 11 GHz was designed and
fabricated on an E7 liquid crystal substrate. The liquid crystal cell was 100 um in
thickness and was directly placed between the ground plane and the conductive patch,
to achieve the maximum tuning range. The liquid crystal filled the volume of the cell,
10mm x 13mm x 0.1mm, which was slightly larger than the patch (8mm x 11mm) to
avoid any edge effects while applying the external field. The geometry is shown in

Figure 108. On the top of this 3-layer structure, a 1mm thick glass layer was placed.
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Figure 108: Schematic diagram of the fabricated microstrip patch antenna operating

at 11 GHz. Top view and side view respectively.

A DC bias voltage was then applied between the patch and the ground plane, across
the liquid crystal using a bias tee at the feed input. Calibration was not accurate in the
above configuration as the system is fragile and unstable. That explain the behaviour

of the system, where the reflection coefficient attains values above 0dB (Figure 109).

It is interesting to note that the behaviour of the antenna is more like a "switch",
rather than that of tuning as observed in the simulation results. The resonant
frequency switches in lower values for about 230 MHz (2.14%), when a DC is
applied. It appears that there is a threshold of around 2 V, allowing the molecules to
gradually rotate with respect to the field. When the voltage past the threshold, the

resonant frequency moves slightly towards lower values.

Table 20 shows the tunability of the microstrip patch antenna.
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Table 20: Antenna performance over the tuning range from no-field to 25 V.

ov 5V 10V 15V 25 \/

Res. freq 11.0875 10.875 10.875 10.8625 10.85
(GHz)

S11 (dB) -22.9 -21.7 -23.1 -22.3 -20.5

BW (%) 4.06 1.5 1.6 1.5 1.61

$,(B)

frequency (GHz)

Figure 109: Frequency tuning of the fabricated microstrip patch antenna applying DC

bias voltage.

Simulations have also been performed for the design of Figure 108. The values of the

relative permittivity, ¢ and ¢, and loss tangent, tang, and tan g, of the E7 liquid

crystal used for the measurement were taken from [177] and presented in Table 21.
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Table 21: Permittivity values of E7-liquid crystal at 11 GHz [177].

£, g tano, tan g,

2.6 2.76 0.045 0.025

Figure 110 shows the simulated versus measurement results of the microstrip patch
antenna. Good agreement is observed. Only two states of the E7-liquid crystal were
simulated as these were the only known permittivity and loss tangent values at
11GHz given in [177]. At the simulated results, the matched frequency switches from
11.1 GHz to 10.78 GHz, a tuning range of 2.88% (320 MHz). The bandwidth is
around 2.6%.
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Figure 110: Comparison between simulation and measurement of the tunable

microstrip patch antenna.
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6.6 Summary

An Ultra Wide-Band (UWB) circular disc monopole antenna has been designed using
a thin and optically transparent conductive film. The simulation results obtained by
CST show good agreement with the measured ones. The measured radiation patterns
of the proposed UWB antenna are omnidirectional and monopole-like at low
frequencies in the H-plane and E-plane, respectively. A comparison between the
performance of the antenna using the transparent conductor and aluminium is also
presented. In the final part of this chapter, liquid crystals and tunable antennas were
introduced. A method for electrical characterization of different liquid crystals was
presented. Simulated and measured results of the use of liquid crystals revealed the

advantages of using them for antenna design purposes.
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Chapter 7:

Conclusion and future

work

7.1 Conclusions

Carbon nanotubes have attracted increased research interest and public attention
recently. Many applications, using carbon nanotubes have become very popular.
These include field emission sources, transistors, nano-transmission lines and nano-
antennas because of their outstanding metallic conductivity and mobility along the
entire length. Focusing on the possibility of a structure performing as a nano-antenna,
many laboratories around the world, are trying to create longer nanotubes from
nanometer to few centimeters. This would potentially lead to a new subject area to
study, which is the use of CNTs for sub-millimeter, millimiter wave and microwave

applications.

This thesis started with an overview of the history and the basic concepts of the
carbon nanotubes. Some structural as well as electrical properties were also
presented. Fundamental properties of a dipole transmitting carbon nanotube antenna
were reviewed, via a Hallen’s-type integral equation. The equation is based on a
semiclassical conductivity, equivalent to a more rigorous quantum mechanical
conductivity at the frequencies of interest here. Interesting properties such as the
input impedance, current distribution, and radiation pattern were discussed. A
comparison was made between the prototype CNT antenna and a conventional dipole
antenna made of copper with exactly the same dimensions. It was observed that, due
to some significant properties of the CNT conductivity function, alongside the

relationship to plasmon effects, some properties of carbon nanotube antennas are
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quite different from the case of an infinitely thin copper antenna of the same size and
shape. Finally, carbon nanotube antennas were found to exhibit plasmon resonances
above a limited frequency have high input impedances (which is probably beneficial
for connecting to nanoelectronic circuits, but not the best for antenna applications),
and exhibit very low efficiencies.

In the third chapter, vertically aligned multi-walled carbon nanotube (VACNT) films
were characterized by rectangular waveguide measurement in X- and Ku- bands as
well as low terahertz frequencies, performing transmission terahertz time-domain
spectroscopy (THz-TDS) measurements. The carbon nanotube arrays were placed on
the top surface of a rectangular silicon substrate. All the samples were fabricated at
the Center for Advanced Photonics and Electronics at Cambridge University (CAPE).
The effective complex permittivity of the VACNT films were extracted in a
frequency band, starting from 8 GHz to 2.5 THz, with some few interruptions. The
effective complex permeability could only be extracted in the microwave region (8
GHz to 18GHz) because both reflection and transmission of the slab could only be
measured at these frequencies. All the extracted parameters were verified by full
wave simulations and very good agreement was obtained. In the microwave region, a
systematic error analysis was presented and the errors calculated were within the
acceptable range of errors. The absorbing performance of VACNT films was also
examined, in both X- and Ku- bands, and was compared to conventional materials,

proving that a 90% reduction in size is possible without losing in absorption.

In low terahertz frequencies, the transmission THz-TDS technique was applied. From
this measurement, a time domain signal was obtained which was then transformed to
the frequency domain. The frequency dependent complex permittivity was found,
applying a fast Fourier transform on each time-domain signal. These transmission
spectra were used to investigate the complex permittivity of the films versus
frequency (on the assumption that permeability pu=1), and conductivity of the
samples. By introducing the Drude model for lossy metals the behaviour of the
VACNT samples was explained by fitting to the measured complex permittivity. The
material properties of this film provided useful information for potential microwave

and terahertz applications.
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In the following chapter, the dynamic properties of single-walled carbon nanotubes
from a circuit point of view were considered and an effective RF equivalent circuit
was presented. An introduction to modelling techniques, such as the FDTD
algorithm, was also given, using Maxwell's equations. The procedure of constructing
simulations of electromagnetic waves was explained and thoroughly studied using a

programming language.

In order to understand material properties of carbon nanotubes in microwaves,
detailed measurements need to be conducted. For antenna and microwave designs
based on carbon nanotubes, it is very important to understand their properties at a
single tube level. Furthermore, an efficient modelling tool is needed for proposing

new antenna designs for further industrial applications.

In chapter five, further investigation of the carbon nanotube properties, at low
microwave frequencies, as an effective medium was performed. A model,
characterized by the general permittivity (GEF) and general permeability functions
(GMF) was presented, both independent of thickness and can be used for any
similarly dense VACNT array, to predict the absorption properties of the array. The
estimation of the permittivity and permeability of an individual carbon nanotube was
presented. A periodic structure was therefore simulated, under periodic boundary
conditions, consisting of solid anisotropic cylinders. The complex permittivity and
permeability of both vertical and parallel components were calculated and fitted with
the lossy medium approach for the effective permittivity, and the Lorentz-model for
the effective permeability. The number of solutions of the optimization was very
large, even though thousands of iterations were performed, leading to huge errors in
the permeability, compared to the fitted model.

Optical properties of VACNT arrays, when the periodicity is within the sub-
wavelength regime were calculated. The effect of geometrical parameters of the tube
such as length, diameter and inter-tube distance between two consecutive tubes were
also examined. All the results show that VACNT films in optical range are highly
absorptive. Longer nanotubes, result in higher levels of absorption, usually close to 1.
Higher volume fraction, will also result in higher absorption as well as higher

reflection and lower transmission. Finally, keeping the volume fraction constant but
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changing the radius and periodicity accordingly, will also result in higher absorption
when the radius is increased. The absorption performance of the VACNT arrays has
also investigated, when periodicity is equal to the incident wavelength. A very
interesting phenomenon was observed similar to the one in silicon nanowire arrays
with finite length [160], where the transmission is heavily depressed, resulting to

absorption level close to unity.

In the last chapter, a planar circular disc monopole antenna for ultra-wideband
applications was designed using thin conductive films such as AgHT-4. The
simulation results obtained by CST show good agreement with the measured ones.
The measured radiation patterns of the proposed UWB antenna are omni-directional
and monopole-like in low frequencies in H-plane and E-plane respectively. A
comparison between the performance of the antenna using the transparent conductor

and aluminium is also proposed.

Fundamental ideas on frequency tunable rectangular printed patch antenna using
liquid crystal such as were presented. Simulation and measurement results showed
that frequency tuning is possible, using a liquid crystal cell in the substrate (in the
area which is underneath the radiating patch). Additionally, we have ascertained that
we can achieve greater tuning using liquid crystals with higher dielectric anisotropy
at microwave frequencies doping them with carbon nanotubes. For instance, 0.2%wt
metallic micro tubules increase the birefringence by 54% at 30GHz when inserted in
liquid crystals. Carbon nanotubes, inserted in a host medium such as a liquid crystal,
can easily be aligned, applying electric or magnetic field across the liquid crystal cell.
Frequency tunable antennas, using carbon nanotubes doped liquid crystals, were
simulated in 3 GHz. Different values of dielectric constant were achieved by applying
a low frequency (1 kHz) AC voltage across the cell. The real permittivity changed
from 2.51 for 0 V to 2.98 for 20 V of applied field, resulting in a frequency tuning of
the proposed antenna of 8.8%. Radiation patterns were plotted, and radiation
parameters such as directivity and efficiency were calculated. This tuning
performance is almost two times better, than a patch antenna having as a substrate
pure E7-liquid crystal. The tuning range was as low as 4.94% in the same frequency
range (around 3 GHz). Finally, a measurement was performed with pure E7-liquid

crystal at 11 GHz. The behaviour of the antenna was more like a "switch", with two
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on and off state, rather than a tuning function as observed in the simulations.

Although good agreement with the simulations was observed for the two opposing

states, the measurement system was very fragile and unstable. The fabrication was

not ideal, as air bubbles were inserted in the liquid crystal cell, not allowing the

molecules to be aligned along the applied field.

7.2  Future work

Arising from the research carried out during this work, areas of potential further

research could include the following:

Further properties investigation of carbon nanotubes in microwave and
terahertz frequencies. This would involve the measurement of different
samples made by CAPE, Cambridge University. The samples would be both
transmission lines and simple patch antennas, where an array of carbon
nanotubes would be placed very close to the design. By coupling, we would
expect to excite these nanotubes at frequencies corresponding to their length.
Comparison between structures with and without carbon nanotubes would be
made and through transmission and reflection coefficients (amplitudes and
phase) further properties of the CNTs would be extracted. Simulations on
these designs would be made in the initial stage, and it is expected that the
appearance of a bandgap in a frequency would be strongly related to the
length and the spacing between the carbon nanotubes in the array.

The electrical properties of an individual carbon nanotube could be
investigated. This, would lead to the fabrication of a dipole or monopole-like
nano-antenna which operating in THz frequencies. This nanotube would
either be vertical or parallel to the substrate. In the case of a vertical standing
carbon nanotube, which preferably should be multi-walled as it is highly
conductive, there are some fabrication constraints. At the moment, with
plasma-enhanced chemical vapour deposition (PECVD), it is only possible to
have a 5 um long carbon nanotube. That would result in an operation

frequency of few terahertz, making measurement very difficult. The
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horizontal case, seems to be more realistic, where 10 um long carbon
nanotubes can be grown and then attaching in both ends a metallic electrode.
DC measurements can be easily performed, whereas in low GHz would be
impossible, being well below from the sub-wavelength regime. Co-planar
probe stations, operating in few hundreds of GHz would make this

measurement feasible, but for much longer nanotubes.

More complex optically transparent antenna designs, apart from the UWB
disc monopole, would be implemented. To begin with, a simple patch antenna
on a flexible substrate would be necessary. Then, a planar series fed
microstrip patch array could be fabricated, using metamaterial transmission
lines to manipulate the beam. Similar cylindrical antennas could be designed
for base-station applications. Partially Reflected Surfaces (PRS) would be
placed in all the designs, planar and cylindrical, to achieve improved gain and
reduced side lobe levels (SLL).

As discussed above, liquid crystals developed by CAPE have advantages on
tunability and flexibility. The structures using the mixtures of either single
wall carbon nanotubes (SWNTSs) or multi-wall carbon nanotubes (MWNTS)
with liquid crystals can be fabricated and measured. Several techniques would
have to be employed to prevent the nanotubes to make clusters. From the
measurements, the simulated results regarding the gain and efficiency of

tunable microstrip patch would have to be verified.

Other designs could also be implemented here, using the combination of
technology proposed in previous chapters, with regards to transparent
substrates, transparent conductors and carbon nanotubes in the same structure.
The final design would compromise on all these technologies resulting in a
highly bendable and frequency tunable optically transparent antenna based on

carbon nanotube enhanced liquid crystals.

The main purpose of THz investigation of Carbon Nanotube films is the
extraction of the dielectric properties of these films which would be very

useful for designing antennas, using vertically aligned Carbon Nanotubes. The
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main drawback of these films is their high resistance. One way of increasing
the sheet resistivity of a CNT film is to increase the density of the CNT array
(grow CNTs with smaller spacing distance). However, current fabrication
techniques cannot achieve highly dense arrays. At the moment, the minimum
spacing distance between CNTs can be approximately 80 nm. Another
approach to increase the entanglement of CNTs is to squash the CNT array
[105] thus possibly achieving 82% reduction in sheet resistance. Finally, as
shown in Figure 53 and Figure 54, DC resistance is proportional to the CNT
line length (L) and inversely proportional to the thickness (t) of the film. A
combination of the above methods would allow the fabrication of a very-low
resistant CNT film (below 1Q/sq - 90% reduction) so that we can use CNT

for antenna and RF systems.

Further investigation of the anisotropic properties of the effective medium of
the VACNT slabs is needed. Ellipsometry, is an optical technique for the
investigation of the complex refractive index of thin films. As carbon
nanotube films can be considered to be biaxial anisotropic materials, there are
several methods to investigate the characteristics of this anisotropy. The most
basic one, require measuring a wide range of incident angles changing the
path length, where light is travelling through the film. In this case, the light
experiences different optical properties in different directions, and therefore
the anisotropy can be characterized. A more complicated technique, is the so
called, generalized ellipsometry. That is an advanced ellipsometry
measurement that involves the complete 2x2 Jones matrix description of the
sample. The difference with normal ellipsometry is that the later ignores the
off-diagonal elements of this matrix, as they are zero for isotropic materials.
With this advanced method the CNT films can be fully characterized, as

anisotropic thin films.

Among the wide range of available nanofillers, CNTs have attracted particular
interest as reinforcing fillers because of their superb mechanical properties -
Young’s modulus 1 TPa, but they are also considered as fillers for creating
electrically conductive or semi-conductive polymer composites. These
composite are expected to have high absorption rate and the investigation of
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this property can be done. Different concentrations of CNTs would lead to

different levels of absorption.

One of the very interesting properties of carbon nanotubes at optical
frequencies that has been observed is the dramatic optical absorption
enhancement that occurs when the lattice constant is increased and it is much
higher than any other combination of radius - periodicity sets. These arrays
could be fabricated and measured. They could either stand alone on a silicon
based substrate or be embedded in polymers. Performance over different angle
of incidence could be investigated and therefore, CNT arrays could be used
for next generation solar cells with higher energy conversion efficiencies and

lower costs.
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