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Abstract

The rapid development in the polymer-based electronic contribute a strong de-

termination for using these materials as substitute to the high-cost materials com-

monly used as medium substrate in the fabrication of Microstrip Patch Antenna (MPA).

Antenna technology can strongly gain from the utilisation of low-cost, flexible, light

weight with suitable fabrication techniques.

The uniqueness of this work is the use of variety of common but unexplored differ-

ent polymer materials such as Polyethylene (PE), Polypropylene (PP), Polyvinyl chlo-

ride, (PVC) Polystyrene (PS), Polystyrene fibre (PSF) as the substrates for the design and

fabrication of different MPAs for communication and sensing applications in millime-

tre wave (MMW)region.

Electrospinning (ES) technique is used to reconstruct PS and produced PSF

material of low dielectric constant. A co-solvent vehicle(comprising 50:50 ratio)

of Dichloromethane (DCM) and acetone was utilised with processing condition of

solution infusion flow-rate of 60µL/min and an applied voltage of 12± kV yielded

rigid PSF substrates. The PSF Produced has complex permittivity of 1.36±5% and

a loss tangent of 2.4E-04±4.8E-04 which was measured using Spilt-Post Dielectric

Resonators (SPDR) technique at National Physics Laboratory, Teddington, London.

A diamond-shaped MPAs on RT Duriod material were simulated and fabricated

using photo-lithography for different inner lengths to work in the frequencies range

from (1-10 GHz). The resonant frequency is approximated as a function of inner length

L1 in the form of a polynomial equation. The fabricated diamond-shaped MPA more

compact (physical geometry) as compared with a traditional monopole antenna. This

MPAs experimentally measured and have a good agreement with the simulated results.

The coplanar waveguide (CPW) diamond-shaped MPA working in the MMW re-

gion was designed and fabricated with polymer materials as substrates using thermal

evaporation technique and the RF measurement was carried out using Vector Network



Analyser (VNA). The resonant frequencies of the CPW diamond shaped MPAs for (PE,

PP, PVC, PS and PSF) were found to be 67.5 GHz, 72.36 GHz, 62.41 GHz, 63.25 GHz and

80.58 GHz, respectively. The antenna fabricated on PSF were resonating at higher fre-

quency when compared to the other polymers materials. In adding an air-bridge to the

CPW diamond-shaped MPA the resonating frequency increased from ≈ 55 GHz to≈ 62

GHz.

Three different shaped nano-patch antennas (Diamond shaped, diamond shaped

array and T-shaped) have been designed, simulated and fabricated on Silicon substrate

with DLC deposition using focused Ion Beam (FIB) technique, these antennas were

found to resonate at 1.42 THz with (-19 dB return loss), 2.42 THz with (-14 dB return

loss) and 1.3 THz with (-45 dB return loss) respectively.
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Chapter 1

INTRODUCTION

There has been an enormous increase in recent years in the usage of personal elec-

tronic systems, with growth in smart phone and tablet usage increasing by 79% and

104% respectively [1]. This has inevitably led to a drastic increase in the levels of data

being transmitted around the globe. In 2017, 1.4 zettabytes of data have been shared

across the world[2]. Around 3.6 billions of people connect to the internet every day,

with the number of connections having increased to 19 billion compared to 12 billion

in 2016)[1].

All these factors have led to huge increases in connectivity and data sharing. Nev-

ertheless, increasing data rates beyond current limits could have negative effects on

energy efficiency due to bandwidth limitations. However, on the optical spectrum,

data rates up to 20 Gbps have been illustrated[3]. Nonetheless, their performance is in

general affected by the huge laser power as well as the devices sensitivity to the temper-

ature. The present wireless such as 4G LTE (30 Mbps for uplink and 100 Mbps for peak

data rate) as well as LTE-Advanced (500 Mbps – uplink and peak data rate of 1 Gbps for

download link) are standard supporting data rates for smart phones[4][5]. Therefore,

the growth in data transfer expected in the future necessitates high bandwidth devices

for high communication system connections[6]. The millimetre wave (sub-terahertz)

and terahertz region of spectrum offers potential to accomplish this goal due to the

availability of many gigahertz of spectrum in the this band (figure (1.1)).

The millimeter wave band spectrum is defined from 30 GHz to 300 GHz (corre-

sponding to wavelengths between 1 cm to 1 mm), with the terahertz band spectrum

is between 300 GHz to 3 THz (corresponding to wavelengths from 1mm to 0.1mm)

[2]. Most of the electronic devices are operating in the low frequencies band of this

spectrum (Radio and Microwave) and their performance reduces as their cut-off fre-
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Figure 1.1: Electromagnetic spectrum demonstrating the millimeter wave and tera-
hertz region[2]

quencies are approached. An important region of the electromagnetic spectrum that

has been the focus of recent research starts from 50 GHz to 3 THz, which is well-known

as the terahertz gap. Investigations have focused on a number of different frequen-

cies within this band including the 60 GHz band for high data rate communication

in both indoor and outdoor networks and 94 GHz, 140 GHz and 220 GHz for imaging

applications[7]. Molecular spectroscopy or terahertz chemical imaging is another ris-

ing field of application where specific substances can be detected depending on their

high degree of absorption at these particular frequencies. This can be utilised to dis-

cover harmful gases e.g carbon monoxide (which is responding at 230 GHz) or phos-

phine (which is responding at 266 GHz) [8].

1.1 Communication in The millimeter wave (sub-

terahertz) and terahertz region

In the V-band (50-75 GHz), 60 GHz is famous for commercial products and there

are availability of unlicensed band spectrum between 57 and 64 GHz. [9]. This gives

opportunity to utililse very high data rate communications in different applications

including media sharing in Personal Area Networks (PANs) and wireless backhauls as

shown in figure (1.2). The WiGig standard (IEEE 802.11ad)[10], which is a section of

the Wi-Fi alliance which is a non-profit organisation that certifies Wi-Fi products. This

organisation grants the entire band to be utilised in Time Division Duplexing (TDD)

mode which is facilitates high data rates and can be used for high-definition video

streaming and files transfer. Currently, technology with the 802.11ac Wireless LAN

standard supports a maximum of 2.5 Gbps with three 160 MHz channels. On the con-

trary, 60 GHz has the ability to provide throughputs of up to 10 Gbps with higher effi-
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ciencies. Moreover, the V-band can be utilised for supporting backhaul networks[11].

The millimeter wave link system is basically for short-to medium-range broadband

wireless data transmission[12]. They are expected to manage a major part of data

transfer with the average backhaul data rate scaling up to 1 Gbits/cell in the next five

years[5].This could work towards targets of the Federal Communication Commission

(FCC) with aim being to achieve maximum transmission power of 82 dBm with an-

tenna gain of 51 dBi for outdoor communication applications over a mile in term of

distance [5]. In this regard, it is the planar antenna structure that is most often utilised

for such applications due to their low-cost fabrication and ability to (currently) scale

their dimensions; this consequently allows for them to be operated in the millimetre

waves range. Whilst the V-band is suitable for high speed applications, the terahertz

(a) (b)

Figure 1.2: Millimeter-wave and terahertz networks for personal area networks (a) and
wireless backhauls (b)[2]

regime offers even higher data rates. Smart phones and tablets integrate many wire-

less antennas (Bluetooth, GPS, 4G LTE and so on) and signal processing units (CPU,

multi-standard baseband and graphics) on one single board. The high density combi-

nation of these devices in physical size and shape is becoming a significant problem

from integration prospective[13]. One potential solution would be to employ short-

range wireless communication systems which can complement or replace wires buses,

as a result of that extra space can be utilised for different features such as high capacity

battery[14].

The rapid developments in the polymer based electronic contribute a strong deter-

mination for using these materials as substitutes to the high cost materials in terms of

design and fabrication of the Antenna. Antenna technology can strongly gain from the

utilisation of low-cost, flexible, light-weight with suitable fabrication techniques[15].
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In using polymer-based materials, antenna of small size, mechanical ruggedness, light

weight and physical comfort in terms of flexibility can be design with omni-directional

radiation pattern, wide bandwidth and stable gain[16][17][18]. Inclusion of an an-

tenna into the flexible electronics, make such electronic systems received a huge atten-

tion recently due to their different applications which include flexible displays, wear-

able products and smart tags[17]. Such antenna must be flexible or stretchable and

it requires flexible substrates of low permittivity which makes polymer materials falls

into these categories. Polymers such as Liquid Crystal Polymers (LCP), Polyetherim-

ide (PEI) or Polyethylene terephthalate (PET)) and polydimethylsiloxane (PDMS) are

among widely accepted substrates for microwave system[17][19].

The uniqueness of this work is to use variety of common but unexplored different

polymer materials such as polyethylene (PE), polypropylene (PP), polyvinyl chloride

(PVC), polystyrene (PS) and polystyrene fibre (PSF) as the substrates for the design and

fabrication of different Micro-strip Patch Antenna (MPA) for communication and sens-

ing applications in millimetre wave region. These substrates of low cost, possess low

permittivity and can be easily fabricate in case if need arise for such. For terahertz

region, nano-antennas of different shapes are going to be fabricated using different

polymer substrates and a proposed RF testing method for the devices.

1.2 Important Outcomes of the Research

• Investigation, characterisation and assessment of different polymer materials

(PE, PP, PVC, PS and PSF) as dielectric substrates for their suitability to be utilised

as dielectric medium substrates for different patch antennas working in millime-

tre wave frequency.

• Fabrication and optimisation of PSF as this polymer material is not available in

the market. The fabrication and optimisation is done with 6% PS concentration

using DCM and acetone solvent only at ratio 1:1, (a solution infusion flow-rate of

60µl/min), (12.6±2)kv using electrospinning technique.

• The successful design, fabrication and characterisation of different MPAs work-

ing in MMW frequency using different polymer materials as a dielectric medium.

• Proposed design of a nano-patch antenna working in Terahertz frequency using

DLC material as a dielectric medium. This data will be presented in chapter (6).
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1.3 Thesis structure

Chapter 1: Introduction The chapter provides information about the nature of the

research, a summary of important outcomes and thesis structure.

Chapter 2: Antenna Background Covers and explains antenna fundamentals, fun-

damentals of MPA and their applications.

Chapter 3: Polymeric Dielectric Materials The chapter gives a background for poly-

meric dielectric materials, their applications and relevance to this work.

Chapter 4: Fabrication And Characterisation Techniques The chapter gives

an overview of the device fabrication techniques and characterisation methods

employed in this research.

Chapter 5: Polymer Characterisation This chapter details the synthesis and optimi-

sation of the polymeric materials using electrospinning methods. These include PE,

PP, PVC, PS and PSF; their characterisation and an analysis of their suitability as a di-

electric medium for MPA.

Chapter 6: Design And Characterisation Of Polymers Patch Antennas And DLC

Nano-Patch Antennas The chapter covers the design, simulation, fabrication and

investigation of different diamond-shaped antennas which have been fabricated using

polymer substrates with resonant frequencies ranging from 4.5 GHz to 110 GHz. Also,

it covers the design, simulation and fabrication of a diamond shaped nano-patch

antennas and a novel T-shaped nano-patch antenna fabricated using DLC as dielectric

medium which working in the terahertz band.

Chapter 7: Conclusions and future work This chapter describes the main findings of

the work, the limitations encountered and suggested future avenues of investigation.

F
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Chapter 2

ANTENNA BACKGROUND

2.1 History

The origin for the development of wireless systems can be traced back to two Eu-

ropean scientists in particular, James Clerk Maxwell (1831-1879) and Heinrich Rudolf

Hertz (1857–1894). In 1864, Maxwell derived equations by integrating the works of

Gauss, Ampere, Faraday and Lorentz. He postulated that electromagnetic waves prop-

agate at the speed of light in free space and assumed that light is an electromagnetic

physical phenomena of a specific wavelength; and that different types of radiation

could be correlated with different wavelengths. His theoretical work was first explored

experimentally later by Hertz who created a system illustrated in figure 2.2 to initiate

and receive radio waves; the main objective being to demonstrate the existence of elec-

tromagnetic waves.

The transmitter consisted of a variable voltage source attached to a dipole ended

with two conducting spheres. The space between the two spheres was adjustable for

circuit resonance in order to generate sparks. Consequently, when voltage was accu-

mulated to a certain amount, a spark was generated. The receiver consisted of a simple

wire loop ended with two conducting spheres whose separation could again be modi-

fied. The space between the spheres was painstakingly adjusted in order to effectively

received the spark. This was placed in a darkened box so as clearly view the sparks.

As the spark was generated at the transmitter so also at the same time the spark was

observed at the receiver. This demonstrated that the information from location A was

transmitted to location B in a wireless mode.

Hertz validated radio frequency (RF) production, propagation and reception in

the laboratory.In fact, the information used in this research was really in binary form,
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which is represented by tuning the spark either on or off. This can be considered as a

first digital wireless system[20]. For this research work, Hertz is known as the father

of radio and the frequency unit (Hz) in International standard (SI) is named after him

[20][21].

Hertz’s work stayed as a laboratory activity without any practical applications for

almost two decades, when a young Italian inventor, Guglielmo Marconi (1874–1937),

developed and commercialised a method for a wireless communication system using

electromagnetic waves to transfer information from one continent to another; he did

this by introducing the radiotelegraph system.

The most well-known experiment that he conducted was in 1901, when he val-

idated transatlantic communication from Poldhu in UK to St Johns, Newfoundland

in Canada, utilising untuned systems. In 1909, he shared with Karl Ferdinand Braun

the Nobel prize for physics for their contributions and efforts to develop the teleg-

raphy wireless system. Monopole antennas (vertical and alomst quarter-wavelength)

which were commonly utilised in Marconi’s experiments; are named Marconi anten-

nas. [21][20]

In 1920s Detroit, police cars were first equipped with a one-way broadcasting

system[22]. Subsequently, the use of wireless broadcasting systems was improved

and allowed for the communications between mobile and fixed stations. Therefore,

these systems was exceptionally increased in public applications including land

transportations, maritime services and public safety systems and so on[22][23].

During World War II, wireless systems became essential for military and army unit

manoeuvres with early detection of enemy combatants playing a vital role. For this

reason, American and British scientists developed radar technology (Radio Detection

And Ranging)[24]. As the resolution of these systems were proportional to wavelength,

higher frequencies - i.e. microwave frequencies and higher - were needed to discover

small targets such as military aircraft at distance.

After the war, relay systems and tropospheric scattering were used for long dis-

tance telecommunication communications systems. In 1955, John R. Pierce and

Rudolf Kompfner visualized overseas communications by satellites and this was the

cornerstone for the development of global satellite communications[25][26]. Satellite

systems have operating frequencies in gigahertz use broadband high-frequency

systems which can support many data links, hundreds of TV channels and thousands

of telephone calls simultaneously[27].

In the present time, mobile phone technology with the aid of wireless communica-

tion system provides all-in-one services including calling, messaging and data service.
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Other applications related to wireless communication services include global position-

ing systems (GPS), remote sensing, Radio Frequency Identification (RFID) systems and

surveillance systems[28]. Figure (2.1) summarises the history of these wireless systems.

Figure 2.1: History of wireless systems

Figure 2.2: Hertzs Experiment[20]

2.2 Introduction

An antenna is the fundamental component of all the wireless system[20][29][30][31][32][33][34][35][36][37].

It is a device which is utilised to radiate and receive an electromagnetic wave in
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space[38]. Each type of antenna is designed to work in a specific frequency, any others

than the operating band will be rejected. Therefore, an antenna can be considered as

a combination of a transducer and a band pass filter. Antennas can be classified into

nine forms which are[39]

1. Wire Antennas(e.g. loops and dipoles).

2. Active Integrated Antennas.

3. Antenna Arrays(considering smart antennas).

4. Dielectric Antennas.

5. MPA.

6. Lens Antennas(sphere).

7. Aperture Antennas (e.g. pyramidal horns).

8. Reflector Antennas (e.g. parabolic dish antennas).

9. Leaky wave antennas.

The first form of antenna ever used was the dipole antenna, also it is the simplest

type of antenna to interpret. It is formed from straight wire fed from the centre. The

length of the dipole antenna should be half the wavelength of the operating frequency.

An example for a dipole antenna is to use 0.5 meter antenna for a frequency of 300 MHz

which has 1 meter wavelength[40].

In order to understand the working mechanism of an antenna, it should be con-

sidered as it was enclosed by surface volume and radiates in free space (homogeneous

space) also it can be replaced by equivalent of electric current density (J) and magnetic

current density (M) of an electromagnetic source[40]

J =−→n ×H (2.1)

M =−−→n ×H (2.2)

where,

H = Magnetic field intensity (A/m).

E = Electric field density (V/m).
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Eθ =
√
µ0

ε0
Hφ (2.3)

Hφ =
√
ε0

µ0
Hφ (2.4)

Z0 = ε0

µ0
free space impedence. (2.5)

where,

ε0 is the permittivity of free space.

µ0 is the permeability of free space.

r = distance to observation point.

S = E ∗H = k2
0

√
ε0

µ0

I d z

16π2

si n2θ

r 2
−→r (2.6)

Isotropic antennas are used to measure the designed antennas and it is usually ra-

diates equally in every direction in space. This antenna is considered as a radiation

reference for other antennas. The parameters [which will be discussed later in this

chapter] of an antenna is measured with reference to this isotropic radiator and are

rated in decibels with respect to an isotropic radiator (dB)[39].These parameters are

necessary to perform design and analysis of any antennas.

2.3 Antennas Parameters

Each antenna has its own set of parameters which distinguish it from other types

of antennas. These parameters describe the performance of an antenna, which can

then help to highlight its relative suitability for particular applications. Some of these

properties are interconnected. Therefore, for a complete description of antenna per-

formance, not all properties need to be detailed. Consequently, a description for the

relevant antenna parameters for this work will be explained below.

2.3.1 Polarisation

Polarisation can be defined as the direction of wave propagated (radiated) by the

antenna. It is a characteristic of an electromagnetic wave which describes the time

changing direction and magnitude of the electric field vector. There are three types of

polarisation which are shown on figure (2.3)
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1. Linear Polarisation

2. Circular Polarisation

3. Elliptical Polarisation

Figure 2.3: Three types of Polarisation

Figure (2.3) illustrates the polarisation and orientation of the electric field vector

component. When transmitting and receiving a signal in line-of-sight communication,

the polarisation should be the same (horizontal, vertical or circular), while in non-line-

of-sight communication the wave changes indiscriminately since the received signal

can go through multiple reflections.

The polarisation has been expressed by Maxwell’s Equations:

∇×E =− jωµH (2.7)

∇×E = (σ+ jωε)E (2.8)

∇•E = ρ

ε
(2.9)

∇·H = 0 (2.10)

Famous solution of these equations is as following[20][29][31][32][34][37]

∇2E −γ2E =∇(ρ/ε) (2.11)

While in free space (ρ = 0)
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∇2E −γ2E = 0 (2.12)

E = E0e jωt+γZ X̂ (2.13)

E = E0e jωt+γZ Ŷ (2.14)

E = E0e jωt+γZ Ẑ (2.15)

2.3.2 Radiation Characteristics

The radiation characteristics also known as radiation patterns, antenna patterns

or far field patterns are defined as by either graphical illustration or mathematical

relation, which describe the antennas’ radiation properties as a function of space

coordinates[29]. Radiation characteristics include field strength, power flux density,

radiation intensity and polarisation or directivity phase. Radiation characteristics give

information that explains how an antenna directs the energy it emits and it is observed

in the far field region. The radiation characteristics can be illustrated in 2D as a form

of a polar plot for vertical and horizontal (azimuth) as shown in figure (2.4) or can be

illustrated in 3D as shown in figure (2.5)[41].

Figure 2.4: Polar radiation pattern (2D)[41]

The Radiation characteristics consist of the following:

1. Main lobes

The main lobe is the radiation of the major lobe which represents the path of the

maximum radiation.
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Figure 2.5: Radiation pattern (3D)[41]

2. Side lobes

The side lobes are the minors lobes which surrounding the main lobe. In an ideal

situation, there are no side lobes for a perfect antenna. Furthermore, the exis-

tence of the side lobes causes electromagnetic interference which is undesirable

in the receiving antenna system.

3. Back Lobes

The back lobe is a minor lobe which is in the opposite direction to the main lobe.

Antennas can be classified in three types of radiations patterns:

1. Omnidirectional Antennas

Omnidirectional antenna is an antenna which has uniform radiation patterns

and they are equally propagating in one plane usually the horizontal plane.

Many applications such as cellular phones, cordless phones, wireless computer

network, GPS and FM radios needed antennas that can emitting evenly in a

plane. The radiation patterns of omnidirectional antenna’s have the doughnut

shaped. Examples of omnidirectional antennas includes discone antenna,

dipole antenna and slot antenna[42].

2. Directional Antennas

Directional Antennas also known as beam antennas are antennas which focused

their radiations in a specific direction. They are used in point to point communi-

cation such as satellite communications or can be used in base station antenna

for transmitting energy for a special purpose or sector[42].
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3. Isotropic Antenna

An Isotropic antenna is an antenna which radiates all the feed power equally in

all the directions. It is an imaginary antenna which is practically not available. It

is used as a reference for all others antennas[42].

2.3.3 Half Power Beam Width (HPBW)

Half Power Beam Width (HPBW) is the angle in which the radiation drops 3dB (one

half of it’s maximum). The 3dB beam width is shown in figure (2.6). The antenna’s

beam width is a figure of merit in antenna performance and there is usually a trade-off

between it and the side lobe level. The gain of the antenna can also be manipulated

by controlling the beam width i.e. the gain can be increased by narrowing the beam

width[39].

Figure 2.6: 3dB Beam Width[43]

2.3.4 Directivity

Directivity is the capability of an antenna for focusing energy in a specific direction.

It is a essential demand if the antenna is functioning as a receiver. According to IEEE

standard 145-1983 the definition of the directivity “is the ratio of the radiation intensity

in a given direction from the antenna to the radiation intensity averaged over all direc-

tions”. In fact, radiation intensity is equal to the entire power emitted by the antenna

divided by 4π[29][35][36].

The directivity of an antenna is equal 1 if the antenna emits equally in every direc-

tion, or equal 0dB if it is measured with respect to isotropic antenna. Directivity can
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be represented by an easy form which is the ratio of maximum radiation intensity to

average radiation intensity as follows[42]:

Di r ect i vi t y = maxi mum r adi ati on i ntensi t y

aver ag e r adi ati on i ntensi t y
(2.16)

2.3.5 Antenna Gain

The antenna gain which is also known as power gain or plainly gain is defined (with

respect to IEEE Std 145-1983) “as the ratio of the radiation intensity, in a given direction

to the radiation intensity that would be obtained if the power accepted by the antenna

were radiated isotropically”[36]. Antenna gain (unit dB) is a measure of efficiency and

the directivity characteristics of an antenna.

The gain for a transmitting antenna represents the efficient ability of an antenna

in order to emit the input power into space in a specific path. On the other hand,

for receiving antenna it states the performance of antenna in converting the received

electromagnetic waves to electrical power.

The efficiency (e) is considered in the gain and this is what it makes it differ from the

directivity. Furthermore, the antennas’ gain can be explained as how far the signal can

travel. The gain is proportional with propagated wave’s area (not with the power) [38].

The gain can be obtained from the directivity if the efficiency is known (the gain and

the directivity of an antenna will have the same value if the efficiency of the antenna is

100%).

G = eD (2.17)

If the directivity with a specific direction is presented, then it is called directive

Gain.

Di r ect i ve G(Θ,π) = eD(Θ,π) (2.18)

There are two different antennas which can be used as a reference to the antenna

gain; the first is the isotropic antenna in which the gain is measured in dB and the

second is the half wave dipole antenna in which the gain is measured in dB. Gain can

be calculated by the following equation[38][44]:

G = pt

pr
/4πr 2 (2.19)
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where,

Pt is the total power transmitted by the antenna (watts per square meter).

Pr is the total power received by the antenna (watts).

It should be notied that the microstrip antenna directivity is directly proportional

with substrate thickness (h) and patch width (W). Conversely the beamwidth is in-

versely proportional with h & W [35].

2.3.6 Voltage Standing Wave Ratio (VSWR)

Voltage Standing Wave Ratio (VSWR) is the ratio of the amplitude voltage at antin-

ode (maximum) to the amplitude at the next node (minimum) on the feeding line on

the antenna[45]. The phenomenon of standing wave occurs as a result of two waves

moving in opposite directions. In antenna systems, that can happen when the input

power is reflected which causes forward loss or return loss of energy. In the ideally

matched systems VSWR is 1:1

V SW R =VM AX /VM I N (2.20)

VSWR is one of the most important measurements at microwave frequencies. The

impedance at any point in a microwave system can be calculated using VSWR as fol-

lows:

V SW R = Z0

RL
or V SW R = RL

Z0
(2.21)

2.3.7 Return Loss

The return loss can be characterised as the ratio of the incident power of the an-

tenna to the reflected power returned back from the source. So it the loss of power in

the reflected signal by discontinuity in a transmission line, it is generated when not

all the power is transferred to the load (the load is mismatched). Return loss can be

calculated as a ratio using the formula[46]:

RL = 10log10
Pi

Pr
(2.22)

where,
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RL is the return loss in db.

Pr is the reflected power.

Pi is the incident power.

For more explanation, if the return loss is 0 dB that means all the power has been

reflected; which means the matching is very bad. On the other hand, -10dB return loss

means that 10% of incident power is reflected and 90% of the power is accepted by the

antenna. In another words, having -10dB as a return loss is an assumption that 10% of

the energy is lost[47].

The return loss can be described as the difference in dB among the power trans-

mitted towards the antenna and reflected power from it. So, it will be negative if the

antenna is active and positive if the antenna is passive.

2.3.8 S-Parameters

S-Parameters are those which describe the relationship between input and output

terminals (or ports) in an electrical system. In general, S-parameters are a function of

frequency (i.e. alter with frequency). S12 correspond to the power transferred from Port

2 to Port 1. S21 correspond to the power transferred from Port 1 to Port 2 (S12 and S21

are the reverse and forward transmission gains). In general, SNM illustrates the power

transferred from Port M to Port N in a multi-port network. Furthermore, S11 represents

the reflected power from the antenna and it is the most quoted parameter in respect to

antenna for that reason it is known as the reflection coefficient (some times written as

Γ). Return loss is related to the reflection coefficient Γ and standing wave ratio (SWR)

as explained in the following formulas:

RL =−20log |Γ| dB (2.23)

Γ= V −
o

V +
o

= Z1 −Z0

Z1 +Z0
(2.24)

where,

Γ is the reflection coefficient.

V −
o is the reflected voltage.

V −
o is the incident voltage.

Z1 is the load impedance.

39 Ahmad Ali Bahar



CHAPTER 2. ANTENNA BACKGROUND

Z0 is the characteristics impedance.

Return loss is a measure which indicates how good lines and devices are matched;

if the return loss is high then the match is good, higher return loss means lower SWR.

The modern practice prefers return loss to SWR since it has better resolution in the

small values of reflected waves [46].

2.3.9 Bandwidth

The antenna’s bandwidth is the range of frequencies in which the antenna fulfil

some required properties. In fact, there is no unique definition of bandwidth [48] it

can be represented due to Impedance, gain, or VSWR. i.e the bandwidth on basis of

impedance is the scope of frequencies where the antenna’s input impedance is per-

fectly matching the impedance of the feeding transmission line, this impedance band-

width can be described as follows:

B and wi d th = V SW R −1

Q
p

V SW R
; (2.25)

where,

Q is the Quality factor.

But in general, fractional bandwidth is utilised widely in Microstrip antennas. It

is specified as a percentage of the difference among the upper frequency to the lower

frequency or the ratio of upper frequency to the lower frequency as follows:

BW = fu − fl

fr
(2.26)

Where,

fr is the resonant frequency.

fu is the upper frequency.

fl is the lower frequency.

2.3.10 Field Region

The waves radiation from antennas is changing over distance. The field regieon can

be classified as Near Field Region (Fresnel) and Far Field Region (Fraunhofer) which is

the region where the radiation pattern does not change over distance, far field region is
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Figure 2.7: Bandwidth[42]

proportional to the antenna diemension and can be determined by the equation[42]:

R = 2D2

λ
(2.27)

Where,

R is distance from antenna.

D is the larger dimension of antenna.

λ is the wavelength in free space.

2.3.11 Dielectric Medium

The dielectric constant is the ratio of the permittivity of a material ε to the permit-

tivity of free space εo

Di el ectr i c Const ant εr = ε

ε0
(2.28)

where,

ε0 = 8.854.1012[F /m].
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2.4 Microstrip Patch Antennas (MPA)

Microstrip patch antennas are the most popular kind of printed antennas[49]. The

major factor for the current progression on MPA is the recent revolution in miniatur-

ization of electronic circuts[29].

A patch antenna consists of a metallic patch, a dielectric substrate that has per-

mittivity εr and a ground plane. It has many advantages compared to other kinds of

antennas such as wire and aperture antennas[29][50]. These include low fabrication

cost, small size, light weight and low profile configuration. Currently, MPAs are widely

used in the area of the Global Positioning System (GPS), the Direct Broadcast Satellite

(DBS) and mobile satellite Communications. Moreover, they are used in medical

applications such as hyperthermia application and remote sensing, aviation and

defence[51].

2.4.1 MPA History

During the 19th century, twin parallel wires and coaxial cables were used as trans-

mission lines in microwave circuits. By the mid 20th century, printed circuit board tech-

nology facilitated the fabrication of transmission lines in a repeatble and economically

useful way. These printed transmission lines were known as microstrip lines, where

there was a metallisation layer at the bottom of the board representing the ground

plane and coaxial line cable acting as the stripline. The idea of using this microstrip

structure as an antenna was first proposed by Deschamps in 1953 and was known as a

microstrip radiator as shown on figure (2.8)[52][53].

Subsequently two years after, a patent on microstrip was recorded in France by

both Gutton and Baissinot[53][54][55]. In view of this achievement, much was not

done on microstrip for another 15 years except an unpublished work produced by Kaloi

in the United States. This device was tested in part by U.S Navy in the Missile range

in California as the non-availability of good substrates that can work at microwave

region[51]. During that period, much interest was developed on stripline circuits as

well as antennas which lead to thinner, lower cost as an alternative to waveguide com-

ponents. The rapid development of thin conformal microstrip started in early 1970s

for missile and spacecraft applications in[29][51][56][57][58].

An extension of microstrip transmission line is a microstrip antenna. It was first

proposed by Grieg and Englemann in 1952[58]. This antenna was initially outweighed
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Figure 2.8: Primary conformal array fed with microstrip transmission line which has
been designed by Deschamps [52].

by the uses of stripline antenna on printed circuit media for microwave components

application. The support of stripline by transverse wave made the design and analysis

of this antenna easier. The sandwich structure of stripline antenna is passive in nature

but not suitable for any application that requires space for bonding wires. In the ad-

vents of microwave transistors and other active devices, the popularity of microstrip

antenna increases as it make complete circuits in amplifiers, mixers and phase shifter

for hybrid system[51].

2.4.2 Advantages and Disadvantages

The significance of Microstrip patch antennas cannot be overlooked any more due

to some of the possessed characteristics usually link to several advantages as compared

to the conventional microwaves antennas in terms of applications. They are widely

used in the broad region of microwave frequency (100 MHz – 100 GHz) due to their

simplicity and compatibility with the technology of Printed Circuit Board (PCB), this is

usually makes the device to be easy to fabricate either as a stand-alone elements or as

arrays of elements[35][59].

In fact, although MPA suffering from some disadvantages but recent researches

shows that there are different methods works to defeat these limitations. For exam-

ple, MPA have a high quality factor (Q) which represents the losses within the antenna

where a high Q causes low efficiency and narrow bandwidth. However, the quality fac-
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tor can be reduced by increasing the height or thickness of the dielectric medium. Nev-

ertheless, the increasing of the thickness will increase the fraction of the overall power

delivered by the source and converted to a form of surface wave. This surface wave

effect is considered as discarded power because at long last it is scattered at the dielec-

tric bends and leads to degradation of the antennas properties. Bandwidth of MPA can

be increased by utilizing various method such as defected ground plane strategy, slot-

ted patches, stacked patches and parasitic patch[42][60]. Other disadvantages such as

lower power and lower gain can be defeated by configuring an array of antennas[61].

Advantages Disadvantages

Small mass and light weight High quality factor

Low profile planar shape Narrow bandwidth

Low fabrication cost (can be
fabricated in big quantity )

Low gain

Can be fabricated easily Low power handling capability

Can be fixed easily on any surface Extraneous radiation
from feeds and junctions

Their characteristics are reconfigurable low RF power due to the small sep-
aration between the radiation patch
and the ground plane(not suitable
for high-power applications)[40]

Supports linear and
circular polarisation

Suffers from Surface wave when
high dielectric constant material
is used (Surface wave excitation )

Integrable with Microwave
Integrated Circuits (MICs)

Sensitive to environment condi-
tions like temperature and humidity

Capable of dual and mul-
tiple frequency resonance

Mechanically robust if affixed on rigid
surfaces. Resist vibration and shock

Table 2.1: Advantages and disadvantages for MPAs [29][35][38][54]

44 Ahmad Ali Bahar



CHAPTER 2. ANTENNA BACKGROUND

2.4.3 Types of MPAs

There are many different form of MPAs, each shape has been designed to have spe-

cific properties in order to work in particular application. Figure (2.9) shows some well

known types of MPA, the most famous kinds in millimetre waves frequencies are rect-

angular and circular patches.

Figure 2.9: Well known types of MPA

Determining the substrate material is an essential part in designing MPAs as it

is necessary to consider the temperature, humidity and the atmospheric conditions

of anticipated operations. Moreover, the substrate’s thickness (h) has an impact on

the resonant frequency fr and bandwidth BW. The bandwidth of MPA is proportional

to the substrate thickness h but with cut-off point, otherwise the antenna will not

resonate[40].

2.4.4 MPA structure

The basic form of a MPA is a dielectric medium sandwiched between two conduct-

ing layers. The upper layer is called a patch or metallisation layer and the bottom is

named a ground plane. The patch shape determines the nomenclature with its size

being proportional to the wavelength of the operation frequency fr as illustrated in
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figure (2.10).

Figure 2.10: Micro-strip antenna structure

Conducting Layers and the ground plane

The patch or conducting layer is a very thin (t << λ0, where λ0 is the free space

wavelength) metallic strip (or array of strips) placed on one side of a dielectric

substrate[40]. It should be fabricated with a material that has a high conductivity

and there are many materials that have been used for the conducting layer such as

copper and aluminum [20][62]. Moreover, the ground plane is fabricated with the

same material properties of the patch on the other side of the dielectric substrate.

There are different techniques used to fabricate this layer such as photo-

lithography, conductive ink printing and thermal evaporation[63][64]. Each of

these techniques has its own advantages and disadvantages which make designers

prefer one technique rather than others[20].

A photo-lithographic technique is the most common process to form the patch

shape. This process is an etching method (subtractive process) since the metal is re-

moved.

Similar to the metal layer is a conductive ink which has many advantages; it can be

printed easily in different designs without having to use lithography methods which

reduces cost significantly. Moreover, potential oxidation issues can be overcomed by

using an ink that has high resistance to oxidation[62][65].

As a part of the antenna, the ground plane should be infinite in size as for a

monopole antenna[20], the length of ground plane should be at least one wavelength,

meaning that the length of the patch is equal or less than one half wavelength (L

≤λ0/2), thus the ground plane will extend λ/4 from the edge of the patch.
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Dielectric Substrate

The most important dielectric material properties that affect the performance of

these devices are the relative permittivity, which is represented by the dielectric con-

stant εr , the loss tangent δ and their variation with respect to temperature and fre-

quency.

Also it should be taken into consideration that the dielectric substrate should be

able to withstand a temperature in the atmosphere in which it is intended to be of use;

and be sufficiently robust to withstand chemical processes during fabrication. More-

over, the surface roughness of the substrate should be minimised to reduce losses and

to increase the ability to adhere to the conducting layers. The relative permittivity εr of

the substrate is usually in the range from 2 to 12[51]. It should noted that the substrate

layer thickness is of the order of 0.01–0.05 of free-space wavelength (λ0)[51], conse-

quently by using a thicker dielectric substrate will increase the bandwidth. However,

a surface wave propagation will emerge which can be solved by using materials of low

dielectric constants[51]. Low dielectric constant substrates are generally preferred for

maximum radiation[66].

There are a number of materials utilised in the commercial fabrication of MPAs.

Some of these materials are high loss materials or are very difficult to fabricate with

thicknesses of less than 4 mm, expensive and non-flexible[67]. A list of the most com-

mon materials and their advantages and disadvantages are summarised in table 2.2. In

the proposed work, common but unexploited polymer substrates of low permittivity,

low loss tangent, flexible, and relatively cheaper will be investigated and used for this

research.
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Materials Dielectric
Constant

Loss Tna-
genat

Advantages Disadvantages

Ceramic -
Alumina

9.5 0.0003 1-low loss
2-Good

resisantce
versus

chemical
and heat

Brittle

Synthetic
materials-

Teflon

2.08 0.0004 Have good
electric

characteristics

1-Low melting
point 2-Poor

stickiness

Composite
materials
– Duroid

2.2 /6.0/ 10.8 0.0017 Good
electrical

and physical
characteristics

Expensive

Ferromagnetic
- Ferrite

9 - 16 0.001 This kind
of dielectric
materials is
biased by an
electric field.

High loss

Semiconductor
- Silicon

11.9 0.0004 Cheap and
available

High loss

Fibreglass
- Woven

fibreglass

4.882 0.002 Relatively
low in cost

for such low
loss tangent.

Tend to be
anisotropic

which is
unwanted in

many designs

Table 2.2: Six categories of dielectric materials used for patch antennas[51][66][67]
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To sum up, for optimal MPA performance, a thick dielectric medium substrate with

a low dielectric constant is desired since this gives better efficiency, wider bandwidth

and movable free fields for radiation into space[68]. However, such configurations lead

to antennas of on-ideal, larger dimensions[68]. In order to design a compact MPA how-

ever, dielectric substrates with high dielectric constants lead to less efficient and a nar-

row bandwidth, therefore a trade-off must be considered between the antenna geom-

etry and antenna performance[68] .

2.4.5 Applications

The various simple and cost-effective fabrication techniques, planar or flat con-

figuration, lightweight and high-class portability, simple of conformal, convenient for

arrays and simple integration with other devices has made micro patch antennas to

found its applications in various fields as discussed below[59][69]:

• Mobile communications

Most mobile communications use small devices such as UHF pagers, walkie

talkie, cellular phones and so on. Due to their small size, they need smaller

size and light weight antennas. For these reasons, MPAs are the suitable

type of antennas for these type of applications because they own all of these

properties[35][70]. It is good to mention that the communication and the

telemetry antennas on missiles are usually MPAs[51].

• Radio Frequency Identification (RFID)

RFID is a method where data stored on a chip or in an integrated circuit (IC),

which can be read remotely without physical contact. Generally, an RFID tech-

nology consists of a tag and a reader. MPA is perfect choice to be used in RFID ap-

plications due to their characteristics including low cost fabrication, conforma-

bility and versatility. Moreover, their suitability of integration with planar struc-

tures make them more attracted to be used in this field [71][72].

• Radar and remote sensing Communications

Another area where MPAs have been used is the radar applications in transport

e.g. cars, planes and ships. Different kinds of MPA which designed from de-

sired gain and bandwidth are successfully utilised for radar applications includ-

ing surveillance radar, marine radar and for remote sensing e.g. sensing of the

direction of the ocean wave and its speed[35]. MPA arrays have been utilised
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on satellite imaging systems including SEASAT and SIR-A, due to their size and

efficiency requirements[51].

• WiMax

The IEEE 802.16 standard which is called as WiMax (worldwide interoperability

for microwave access). It can cover up to 30 mile (48km) radius area with data

rate of 70 Mbps. One advantage of MPAs they can resonate at more than one

frequency. Hence, they are used in WiMax-based communication[73][74].

• Satellite Communication

One of the major advantage of MPA is that it can be designed for a desired po-

larisation by using dual feed networks and since the polarisation for the satellite

applications antennas should be circular. In other words, MPA is perfect anten-

nas for that purposes. Moreover, in the satellite communication a parabolic dish

antenna is used for broadcasting while a flat MPA array is used in the parabolic

reflector[35][51].

• Global Positioning System

At the beginning the satellite based GPS system was used only in military

purposes. However, GPS nowadays used commercially in many applica-

tions(automobile navigation, vehicle tracking, airport surveillance, digital

network timing and synchronization etc.)[75]. GPS satellites transmit signals

in L-band which are received by huge numbers of receivers antennas on earth,

these receivers have to be circularly polarised. MPA can be well designed to

operate as GPS antenna receiver[35][51][76].

• Direct Broadcast Satellite System (DBS)

Many countries around the world are using DBS to broadcast the television ser-

vices. For this system an antenna with high gain (≈33db) should be used at the

ground in the user side, a huge parabolic reflector antennas are usually used

which cover a big space and affected by the weather conditions e.g. rain and

snow. However, an array of circularly polarised MPA can be used DBS reception,

which are cheaper, smaller, easy to install and has less effect from the weather

conditions[35].
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Figure 2.11: Cross section of a patch antenna in its basic form[77]

2.4.6 Basic principle of MPAs operation

Figure (2.11) shows the cross-section of an MPA. The top layer is the patch, while

the bottom layer is the ground plane and the material in between is the dielectric

medium substrate. The probe is used to feed electromagnetic energy to the patch

which generates an electric field basically equal to zero at the centre with a minimum

value (negative) at one side and the maximum value (positive) on the other side of the

patch[66].

The conductive patch creates a resonant cavity at the boundaries of which are

determined by geometry of the patch itself. The patch edges act as an open-circuit

boundary (a cavity) which is surrounded by a perfect electric conductor from the top

and the bottom, as well as a perfect “magnetic conductor” from the edges[61].

The electric field does not stop suddenly at the patch’s boundary, as it extends

the outer boundary for some value and these expansions are known as fringing fields

which lead the patch to emit energy. This concept is known as a leaky-cavity and many

popular analytic modeling techniques for MPA are based on its theory[66][77].

The cavity modes are represented by a double index (m,n). For a rectangular patch

the (m,n) cavity mode is represented by the form[61]

Ez(x, y) = AmnCos(
mnx

L
)Cos(

mny

W
) (2.29)

Where,

L is the length of the patch.

W is the width of the patch.

Consequently, the basic mode of a rectangular MPA is usually denoted adopting

cavity theory as the TM10 mode, where TM is the transversal magnetic field distribu-
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tion.

In this mode, the electric field is in the z direction and the magnetic field elements

are in x and y directions thus adopting a Cartesian coordinate system, where the x and

y axes are parallel with the patch and the z-axis is perpendicular[66][77]. The surface

current of the patch is x directed and the patch length, L, is one-half wavelength in the

dielectric.

The modes are TMnmz , as TM represents distribution of magnetic field between the

patch and the ground plane.

Where,

n and m denotes the field changing in x and y directions.

While,

z value is ignored because the electric field alteration in the z-axis is negligible.

In the y direction, the electric field alteration (impedance width direction) is ne-

glected therefore m = 0. While in x direction, the field has one minimum to maximum

variation (resonance length direction (L)).The maximum current will be at the cen-

tre of the patch (x = L/2) and the maximum electric field will be at the two radiating

sides (x = 0 and x = L); therefor n = 1 and the notation is TM10 in case of fundamental

form[66][77].

At first glance, it may be seems that MPA is not effective if its substrate is thin (due

to the probability of short circuit happening between the patch and the ground plane).

However, if the amplitude (A10) is constant, then the radiated field strength is propor-

tional to thickness (h), and since h is inversely proportional to the radiation Q, then the

cavity (Q) will be increased as h decreased. Therefore, the amplitude A10 of the modal

field is inversely proportional to h. However, if the losses are ignored, then the radiated

field strength from the patch is basically independent of h. Similarly, the input resis-

tance is approximately independent of h. This explains the reason why MPAs can be

an effective antenna even if very thin substrates are used[61].

2.4.7 Efficiency and Quality Factor of MPAs

Efficiency can be characterised as the ratio of total power transmitted or radiated

(Pr ) to the total power received or accepted (Pi n) by an antenna from the transmitter

as connected. Linearly-polarised microstrip patch antenna under consideration where

fringe effect is been neglected as shown in figure (2.12)[78].

with the condition h < < a < b, as the electric field of the resonant mode TMmn
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Figure 2.12: Geometry of antenna equivelent cavity[78]

moved inside the cavity is given by

Ez = Vmn

h
cos

(mπx

a

)(nπy

b

)
(2.30)

Where Vmn/h stand for the intensity of electric field on the magnetic walls. If this

antenna consider in the fundamental mode (TM10), the dielectric power losses (Pd )

and metallic losses will be calculated as expressed in both equation (2.31) and (2.32).

pd = σd

2

∫
V

|Ez |2 dV = V 2
10abσd

4h
(2.31)

pm = Rs

2

∫
S

∣∣∣−→J s

∣∣∣2
dS = V 2

10Rs abε0εr

2h2µ0
(2.32)

Where,

εr is the relative permittivity of the substrate.

σd is the electric conductivity of the substrate.

Rs is the surface resistance.
−→
J s is the current density of the surface on the metallic walls.

ε0 is the electric permittivity.

ε0 is the magnetic permeability of free space.

The power obtained by radiation obtained as shown

pr =
2π∫

0

π/2∫
0

1

2η0

(|EΘ|2 +|EΦ|2
)

r 2senΘdΘdΦ (2.33)

Where,

η0 indicate intrinsic impedance of free space.
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EΘ and EΦ represent the components of electric field radiated by the antenna.

When the surface wave losses of the antennae is been neglected, in which the di-

electric is truncated, the efficiency of this antenna can be expressed as

η= Pr

Pd +Pm +Pr
(2.34)

Quality factor The quality (Q) factor of an antenna is characterised as the compu-

tation between the power stored in the reactive field of an antenna and the radiated

power. It is usually considered as a frequent and simple way to estimate the efficiency

of an antenna. There are several approaches to express the Q factor in the impedance

circuit of the antenna. However, in term of efficiency there is a dielectric loss, surface

wave loss, radiation loss and conduction loss as expressed[29][32][35][40]:

e = 1/Qr ad

1/Qt
= Qt

Qr ad
(2.35)

1

Qt
= 1

Qr ad
+ 1

Qc
+ 1

Qd
+ 1

Qsw
(2.36)

where,

Qt = total quality factor.

Qr ad = quality factor due to radiation (space wave) losses.

Qc = quality factor due to conduction losses (ohmic).

Qd = quality factor due to dielectric losses.

Qsw = quality factor due to surface waves.

There are approximative mathematical statement to figure the quality factor[29]:

Qc = h
√
π f σµ (2.37)

Qd = 1

t anδ
(2.38)

Qr ad = 2ωεr

hGt/l
K (2.39)

where,

t anδ = the loss tangent of the dielectric medium.

σ = the conductivity of the conductors.
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Gt/l = the entire conductance per unit length.

2.4.8 Feeding Techniques

There are many methods of feeding techniques that can be use to feed MPA. Each

technique has its own advantages and disadvantages. Therefore, there are a number of

elements which must be considered in choosing the suitable technique for a designed

antenna[40][42][66][79].

Transferring the maximum power is the most important factor that should be

considered in the feed techniques, which can be reached by matching the input

impedance of the MPA with the feed technique in question[40].

Techniques such as impedance transformers and stubs can be used for impedance

matching. Simplicity of fabrication is also considered[42]. Also the side effect of spu-

rious feed radiation and surface waves created by the feeding method are major fac-

tors which affect the characteristics of the MPA; the efficiency of an MPA is decreased

by surface waves and the undesired radiation created by the spurious feed emission

which will increase both the level of the side lobe and the level of cross polarisation.

Another primary characteristic is that the feed method utilised should be applicable

for use with an array[42].

The feeding methods can be categorised into two classifications: contacting or

non-contacting. In the contacting scheme, the RF power is directly fed the radiation

patch by using a connection component which is contacting the patch. The most pop-

ular contacting feed techniques are micro-strip transmission line and coaxial probe.

However, in the non-contacting category, the power is transferred to the radiation

patch by using electromagnetic field coupling. The most popular non-contacting feed

techniques are aperture coupling and proximity coupling[66][79].

The main disadvantage of contacting feeding techniques is that it demonstrates

inherent asymmetry which creates higher order modes leading to increase the cross

polarisation. For this reason, non-contacting feeding techniques are used to minimise

these effect[42].

Contacting Feeding Techniques

Microstrip Line Feed In this technique, a small conducting strip is attached directly

to the edge of the patch as shown on figure (2.13). The main advantages of this method

is that it is easy to fabricate - the feed element can be fabricated on the same substrate

to give planar construction, and the impedance of the feed line can be matched to
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the patch without any extra matching element, providing simplicity in modeling. On

the other hand, spurious feed emission and surface wave creation is proportional to

the thickness of the substrate, which affects the bandwidth of the MPA. Moreover,

the radiation occurs because the feed line can leads to unwanted cross polarised

emission[29][79].

Figure 2.13: Microstrip Line Feed[29]

Coaxial Feed Another technique which is very common in feeding MPA is the coaxial

feed (probe feed). Figure (2.14) illustrates its configuration where the coaxial connector

is connected to the dielectric via the inner conductor. However, the outer conductor is

attached to the ground plane. The major advantages of this kind of feeding is the flex-

ibility of locating it in any required place in order to match the input impedance. It is

easy to fabricate and has reduced spurious radiation[79]. However, the main disadvan-

tages is that it results in narrow bandwidth, is challenging to model as a hole is needed

in the substrate and the connector out the ground plane, which reduces planarity of

the substrate. Moreover, a longer probe length which is needed for thicker substrates

makes the input impedance more inductive causing matching problems[79][80]

Figure 2.14: Coaxial Feed[79]
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Non-Contacting Feeding Techniques

It is seen from above that for a thick dielectric substrate, which provides broad

bandwidth, the microstrip line feed and the coaxial feed suffer (Contacting Feeding

Techniques) from numerous disadvantages. The non-contacting feed techniques

which have been discussed below, solve these problems[79].

Aperture Coupled Feed In the aperture coupled feed, the patch and the microstrip

feed line are isolated by the ground plane as shown in figure (2.15). Coupling among

the radiation patch and feed line is made by an aperture or a slot in the ground plane.

The coupling aperture is normally centred below the patch, directing to lower cross-

polarisation due to the symmetry of the configuration. The shape, size and the location

of the aperture are determining the amount of coupling from the patch to the feed line.

Hence, spurious radiation is minimized because the ground plane isolates the patch

and the feed line[29].

In general, in order to optimise the radiation from the patch, a thick and low di-

electric constant material is used for the upper substrate and a high dielectric constant

material is used for the lower substrate[29]. The main disadvantages of this technique

is the difficulty in fabricating since it contains multiple layers which is lead to an in-

crease on the antenna thickness and narrow bandwidth.

Proximity Coupled Feed This kind of feed scheme is called the electromagnetic cou-

pling scheme. In this technique as illustrated in figure (2.16) two dielectric substrates

are used and the feed line is located between them as the radiation patch is on the up-

per part of the top substrate[29]. The major benefit of this technique is that it gets rid

of spurious feed radiation and gives higher bandwidth comparing to the other feeding

schemes (as high as 13%) , which is due to overall increase in the thickness of MPA [29].

Matching in this scheme can be achieved by manipulating the length of the feed line

and the width-to-line ratio of the patch[79].

The main drawbacks of this feed technique is that it is challenging to construct

because of the two dielectric layers which demand proper alignment and an increase

in the total thickness of the antenna.

Figure (2.17) demonstrates the equivalent electrical circuit of the four kinds of feed

techniques[29] while Table (2.3) summarise the different between them.
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Figure 2.15: Aperture Coupled Feed[29]

Figure 2.16: Proximity Coupled Feed[79]
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Figure 2.17: Equivalent Circuit of Feed Techniques[29][79]

Characteristics Microstrip
Line Feed

Coaxial Feed Aperture
Coupled Feed

Proximity
Coupled Feed

Spurious feed
radiation

Much Much Less Minimal

Reliability Amended Poor due to
soldering

Good Good

Simplicity of
fabrication

Easy Drilling and
soldering
needed

Alignment
needed

Alignment
needed

Impedance
matching

Easy Easy Easy Easy

Bandwidth
(achieved

with
impedance
matching)

2-5% 2-5% 2-5% 13%

Table 2.3: Comparison between the different feed techniques used for MPA[81]
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2.4.9 Methods of Analysis for Patch Antennas

There are many models used for MPA analysis including: transmission line model,

cavity model and the full-wave model, which includes primarily integral equations and

moment method[29]. However, the most preferred model and the simplest to imple-

ment is the transmission line model in which the patch is assumed as a transmission

line or a part of it.Conversely, the cavity model (in which the patch is assumed as a di-

electric – loaded cavity) is more accurate in this regard and it gives improved physical

insight, but is more complex in nature[40][79][82]. The full wave methods are exceed-

ingly accurate, versatile and can deal with single element, finite and infinite arrays,

stacked elements, arbitrary shaped elements and coupling. However, it is complex in

nature which leads less visualisation as compared to the previous two models[79][82].

Briefly, an explanation of these model will be given as follows:

Transmission Line Model

In this model, the MPA is represented by two slots separated by a transmittion line.

Generally, the microstrip is consider as a non-homogeneous line of two dielectric ma-

terials, the substrate and the air. A symbolic microstrip line is illustarted in figure (2.18)

and the electric field lines related to it are shown in figure (2.19).

Figure 2.18: Microstrip line[29]

Figure 2.19: Electric field lines[29]
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As observed from figure (2.19) most of the electric field lines are located in the sub-

strate although a few field lines can be found in the air. Correspondingly, this transmis-

sion line cannot assist pure Transverse Electric Magnetic (TEM) mode of transmission

due to the different of the phase velocities in the substrate and the air. Alternatively,

the effective mode of propagation would be the quasi-TEM mode. Therefore, obtain-

ing an effective dielectric constant (εr e f f ) is essential in order to explain the fringing

and the wave propagation in the line.

The εr e f f has less value than εr , since the fringing fields surrounding the boundary

of the patch are not confining in the dielectric substrate but are also spreading in the

air as illustrated in figure (2.19) above. εr e f f can be calculated by using the expression

given by Balanis [32] as:

εr e f f =
εr +1

2
+ εr −1

2

[
1+12

h

w

]− 1
2

(2.40)

where,

εr e f f represents effective dielectric constant.

εr denotes for dielectric constant of substrate.

h stands for the height of dielectric substrate.

W refers to the width of the patch.

Figure (2.20) demonstrates the transmission line model for patch antenna, where

figure (2.20a) is the top view and figure (2.20b) is the side view of the antenna.

For the operation in the fundamental TM10 mode,the patch length must be

marginally less than λ/2 , where λ is the wavelength in the dielectric substrate which

(a) Top view of antenna (b) Side view of antenna

Figure 2.20: Transmission line model for patch antenna[29]
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is equal to λ0/εr e f f (λ0/ is the free space wavelength). The TM10 model signify that

the field change one λ/2 cycle along the length of the patch. However, there is no

alteration along the width.

In figure (2.20a) it is shown that, the MPA is represented by two slots which are

isolated by a transmission line of length L and open circuited at the both ends. Onward

the width of the patch, the current is minimum and the voltage is maximum as a result

of the open ends. The fields at the borders can be resolved into normal and tangential

components with respect to the ground plane.

It can be seen from figure (2.20b) that the electric field at the two sides along the

width are contradictory directions and this out of phase because the patch is λ/2 long

as they cancel each other in the edge-side direction. The tangential elements (seen in

figure (2.20b)), which are in phase, means that the consequent fields combine to afford

maximum radiated field normal to the surface of the structure.

Therefore, the borders along the width can be depicted as two radiating slots, which

are λ/2 apart, stimulated in phase and radiating in the half space above the ground

plane. Moreover, the fringing fields on the width can be represented as radiating slots

and electrically the patch of the MPA appears larger than its physical dimensions.The

patch dimensions onward its length have now been protracted on each end by a dis-

tance ∆L [79],which is given practically by Hammerstad [83] as:

∆L = 0.412h

(
εr e f f +0.3

)(
W
h +0.264

)
(
εr e f f −0.258

)(
W
h +0.8

) (2.41)

The patch effective length Le f f is given by

Le f f = L+2∆L (2.42)

For a resonance frequency fr , the effective length becomes[80] as

Le f f =
c

2 fr
p
εr e f f

(2.43)

For a rectangular MPA, the resonance frequency for any TMnm mode is presented

by James and Hall [48] as

fr = c

2
p
εr e f f

[(m

L

)2
(

n

W

)2] 1
2

(2.44)
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where m and n are modes along L and W, respectively.

The width W For efficient radiation is given by Bahl and Bhartia[84] as:

W = c

2 f0

√
(εr e f f +1)

2

(2.45)

Planar Transmission Line One of the elementary principles of the transmission line

structure is that if the structure is planar in configuration, then it is suitable to be used

as a circuit component in Microwave Integrated Circuits (MICs). A planar design is

used to determines the properties of the component in a single plane. For instance the

microstrip line width can be adjusted to have the desired impedance for the matching

circuits[85]. There are many transmission line structures which can fullfil the require-

ment of begin planar. The most common designs are as follows[86]:

Microstrip - which has metallisation side on the bottom as aground plane.

Coplanar Waveguide (CPW) - which is consists of conductor that separated by a slot

of two ground plane.

Slotline - it is the opposite of Microstrip.

Coplanar Strips - it s the opposite of the CPW.

Figure 2.21: Planar transmission lines (a) Microstrip (b) Parallel Plate line (c) Slotline
(d) coplanar waveguide[29]

Figure (2.21) displays the various kinds of planar transmission lines which are

utilised in monolithic microwave integrated circuits (MMICs)[87]. Microstrip line and
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coplanar waveguide are the most favourite from these structures as a result of the

mode propagation in them as well as transfer electromagnetic (TEM), which allows

simple approximation analysis and produce wide band circuits.

Figure 2.22: Coplanar waveguide[29]

Cavity Model

Despite the fact that the transmission line model reviewed earlier is easy to use, it

suffers from inherent drawbacks. Generally, it is useful for the design of rectangular

patches only and it disregards the field radiation onward from the radiation borders.

These disadvantages can be defeated by using the cavity model. In the cavity model,

the internal part of the dielectric substrate is modeled as a cavity surrounded by elec-

tric walls from top and bottom. The following observations for thin substrates (h«λ) is

the foundation of this hypothesis[35]:

• The fields in the internal part do not change to any large degree in the z direction,

i.e. normal to the patch due to the thin substrate.

• the electric field is on z direction only, however, the magnetic field has only trans-

verse elements Hx and Hy in the area surrounded by the metallisation patch and

the ground plane.

By considering figure (2.23) when the patch is supplied with power, a charge dis-

tribution is occurred on the top and bottom surfaces of the patch and at the ground

plane. Two mechanisms are responsible for distribution, which are an attractive and

repulsive mechanism which discussed by Richards[88]. The attraction mechanism oc-

curs between the opposite charges located on the bottom of the patch and the charges

on the ground plane, thus the charge concentration kept intact at the lower surface of

the patch. On the other hand, the repulsion mechanism is among the same charges on

the bottom of the patch which forcing some charges to travel to the top of the patch.
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Figure 2.23: Charge distribution and current density creation on MPA[38][79]

Corresponding to this charge movement , a current flow occurs on the top and on the

bottom of the patch.

The height to width ratio (I.e. height of substrate and width of the metallisation

patch) considered on the cavity model is too small, thus the attractive mechanism take

the control and leads most of the charge concentration as well as the current to be

under the patch surface. Less current would travel on the upper surface of the patch

and as height to the width ratio more decreases, the current flow on the upper sur-

face would be nearly equal to zero(in practice, the height to width ratio never be zero),

which prevent any creation of tangential magnetic field elements on the patch bor-

ders. Therefore, the four sidewalls can be considered as perfect magnetic conducting

surfaces. This means that the electric and the magnetic fields under the patch will not

be disturbed[29].

Since the materials are cavity walls are lossless, the cavity will not radiate with

purely reactive input impedance. Therefore, a radiation resistance Rr and loss resis-

tance RL should be introduced in order to account for radiation and a loss execution. A

lossy cavity can represents an antenna with taken in to consideration the effective loss

tangent δe f f which is given by:

δe f f =
1

QT
(2.46)

where,

QT represents the total quality factor of the antenna which can be also calculated

by the following formula:
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1

QT
= 1

Qd
+ 1

Qc
+ 1

Qr
(2.47)

where,

Qd is denotes the quality factor of the dielectric and given by the formula

Qd = ωr WT

Pd
= 1

t anδ
(2.48)

where,

ωr represents the angular resonant frequency.

WT denotes for the total energy stored in the patch at resonance.

Pd stands for the dielectric loss.

t anδ is the loss tangent of the dielectric.

However, Qc denotes the quality factor of radiation and calculated by the formula:

Qc = ωr WT

Pc
= h

∆
(2.49)

where,

Pc is the conductor loss.

∆ is the skin depth of the conductor.

h is the height of the substrate.

Qr represents the quality factor for radiation and expressed by the following equa-

tions:

Qr = ωr WT

Pr
(2.50)

where,

Pr is the power radiated from the patch.

Substituting Equations 2.47, 2.48, 2.49, 2.50, into Equation (2.46), we get :

δe f f = t anδ+ ∆
h
+ Pr

ωr WT
(2.51)

Thus, Equation (2.51) describes the total effective loss tangent for the MPA[79].
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Full Wave Solution – Method of Moments (MOM)

One of the ways that supply the full wave analysis for the MPA is the Method of

Moments (MOM). In this method, the surface currents are utilised to model the patch

and the volume polarisation currents are used to model the fields in the dielectric slab.

It has been illustrated by Newman and Tulyathan[89] how an integral equation is

derived for these unknown currents and using the Method of Moments. These electric

field integral equations are converted into matrix equations which can be solved by

several algebraic methods to give the result.

A brief summary of the(MOM) explained by Balanis[29] and Harrington[90] will be

discussed here. The basic structure of the equation to be solved by the (MOM) is

F (g ) = h (2.52)

where,

F is a known linear operator.

g is an unknown function.

h is the source or excitation function.

The purpose here is to find g , since F and h are known.

The unknown mathematical function g can be expanded as a linear sequence of N

terms and can be expressed as:

g =
N∑

n=1
an gn = a1g1 +a2g2 +a3g3 + .....+an gn (2.53)

where,

an is an unknown constant.

gn is a known function normally known as a basis or expansion function.

Substituting equation (2.53) into equation (2.52) and by utilising the linearity char-

acteristics of operator F , it can be written:

N∑
n=1

anF (gn) = h (2.54)

The basis functions gn must be chosen in such a way that all F (gn) in the previous

equation can be calculated. The unknown constants an could not be observed directly

because N is unknowns.

One way to determine these constants is by using the method of weighted residuals.
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In this approach, a set of trial solutions is established with one variable parameter or

more. The residuals are a measurement of the difference among the trial and the true

solution. The variable parameters are then chosen in such a way that gives the best

fit of the trail functions depends on the minimisation of the residuals. This is through

defining a set of N testing (or weighting) functions {wm}=w1, w2, w3...... wN in the do-

main of the operator F , by taking the inner product of these functions, equation (2.54)

becomes:

N∑
n=1

an
〈

Wm ,F (gn)
〉= 〈

Wm,h
〉

(2.55)

where,

m = 1,2,3...... N.

paraphrase it in matrix form, it will be[29]:

[Fmn] [an] = [hm] (2.56)

where,

[Fmn] =



〈
w1,F (g1)

〉〈
w1,F (g2)

〉
......〈

w2,F (g1)
〉〈

w2,F (g2)
〉

......

.

.

.

.

.


, [an] =



a1

a2

a3

.

.

.

aN


, and [hm] =



〈w1,h〉
〈w2,h〉
〈w3,h〉

.

.

.

〈wN ,h〉


(2.57)

an which is the unknown constant can be found now using algebraic schemes e.g.

Gaussian elimination. It should be taken into consideration that the weighting func-

tions have to be chosen suitably so that elements of {wn} are linearly independent and

they minimise the computations needed to evaluate the inner product. One selection

of the weighting functions is to make them equal to the basis functions (Wn = gn) and

this was described by Kantorovich and Akilov as the Galerkin’s procedure[91].

From antenna theory perspective, the Electric Field Integral Equation (EFIE) can

be written as :

E = fe (J ) (2.58)
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where,

E is the known incident electric field.

J is the unknown induced current.

fe is the linear operator.

The solution process in the MOM starts with expanding J as a finite sum of basis func-

tions as

J =
M∑

i=1
Ji bi (2.59)

where,

bi is the i th basis function.

Ji is unknown coefficient.

The next step is to determine a set of M linearly independent weighting functions

(W j ), then, taking the inner production on both sides and substitute equation (2.59)

into equation (2.58) which ended up with the formula:

〈
wi ,E

〉= M∑
i=1

〈
w j , fe (Ji ,bi )

〉
(2.60)

where,

j = 1 , 2 ,...... M .

Paraphrase it in matrix form:

[
Zi j

][
J
]= [

E j
]

(2.61)

where,

Zi j =
〈

w j , fe (bi )
〉

E j =
〈

w j , H
〉

J is the current vector containing the unknown quantities.

The vector E includes the known incident field quantities while the phrases of the

Z matrix are functions of geometry. The unknown coefficients of the induced cur-

rent are the phrases of the J vector. These equations can be solved by utilising any of

the algebraic method cited earlier, in order to determine the current and then another

elements including the scattered electric and magnetic fields which can be counted

directly from the induced currents[79].
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2.5 Antenna Arrays

MPA can be used as a single device or in arrays[35][38][92]. MPA array is used to

enhance the performance of MPA including directivity, increasing gain and other pa-

rameters which are challenging to do with the single antenna[35][38][92]. MPA array

feeding can be series feed network as illustrated in figure (2.24a), or corporate feed

network as shown in figure (2.24b).

(a) Series feed

(b) Corporate feed

Figure 2.24: Antenna Array[40]

2.5.1 Simple Array Theory

A single MPA can supply desirable, however a group of them combined in an array

can improve the MPA characteristics including directivity, increasing gain and other

parameters which are challenging to do with the single antenna. Arrays of MPA nor-

mally consist of repeating multiple radiation patchs in a specific design. The radiating

elements can be identical or different also their constructions can be designed as lin-

ear, planar or volume. In order to create the desired radiation pattern, the distance

between the elements should be well calculated since it causes addition or subtrac-

tion in the entire far fields[38]. Each patch element is analysed as an isotropic source

in the simple array theory. However, their contributions which is derived in the far
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field called the array factor (AF). The AF depends on the array geometry and the phase

among each component. Then, the far field radiation pattern is determined by pattern

multiplying the AF with the pattern of the patch. Nevertheless, mutual coupling is ne-

glected in the operation because all the patches are treated individually as well as their

effect on each other are not considered. Moreover, the simple array theory does not

consider the existence of the other components such as obstructions and the feeding

techniques[35][38][40][92].

71 Ahmad Ali Bahar



CHAPTER 2. ANTENNA BACKGROUND

Several physical properties such as optical, mechanical, electrical change as the di-

mensions of a material is reduced from micro to nanoscale. The statistical and quan-

tum mechanical effects become significant or notice at this scale. The increase in sur-

face area to volume ratio is another phenomenon that altered the catalytic, heat as well

as mechanical properties of the material at the nanoscale. At this scale, the reaction

and diffusion of nanomaterials will be fast enough to give leverage for the transporta-

tion of ions which is important in the fabrication of nano-antenna[93][94].

2.6 Summary

The history about the evolution of antennas were discussed extensively in this

chapter. General parameters which include polarisation,radiation characteristics,

directivity and return loss were all considered. The S-parameter, bandwidth and field

region, which formed the basis for the antenna performances were mentioned in this

discussion. Further brief on the history of MPAs, it’s operation principle, structural

types, and it’s applications were provided. Basics explanation about the efficiency ,

quality factor and feeding techniques and the antennas arrays were also discussed.
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POLYMERIC DIELECTRIC MATERIALS

3.1 Introduction

As mentioned in chapter 2, the basic form of MPA consists of a metallisation layer,

ground plane and a dielectric substrate. This chapter is going to give an overview of the

polymeric dielectric materials fundamentals which is going to be used in this research.

3.1.1 Background

The term permittivity (ε) refers to the ability of the material to undergo polarisa-

tion when applying an electric field. It is presented as the ratio between dielectric per-

mittivity of a material related to the vacuum. The physical implication of the state-

ment means the greater dielectric constant the greater polarisation that is developed

by a material in an applied field of given strength. Conventionally, inorganic sub-

stances such as silicon dioxide, silicon nitride and mica were employed for the man-

ufacturing of dielectric materials. Recently, the use of polymers as dielectric materi-

als is expensive, which can be attributed to the properties such as flexibility, specific

use customization, easier processing and better resistance to chemical attack[95]. In

capacitors, the use of polyvinyl fluoride[95] and aromatic-containing polymers[96] is

evident since as early as mid-60’s, as dielectric materials. In addition, the US Patent

4153925[97] revealed the establishment of further improvement in organic film fabri-

cation. There are several methods, which can be used to fabricate polymers into a thin

film; which include (i) solution casting and spin coating, (ii) electron or UV radiation,

(iii) glow discharge methods and (iv) immersion in the organic substrate[98]. The pri-

mary reasons for considering these materials are, lower thermal properties, including

melting temperature and glass transition, which in turn added to a lower temperature
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processing windows. It has controllable solubility without any disturbance to the in-

trinsic properties of the material[98].

Inorganic and ceramic materials present relatively higher thermal properties and

this can be linked to extremely high processing temperatures. However, polymers are

susceptible to significantly high temperatures, present large thermal expansion coeffi-

cient while ceramic materials are due to atmospheric and hydrolytic degradation. Ta-

ble 3.1 presents dielectric values of several polymers in concurrent comparisons with

several inorganic materials.

It has been observed that as against polymers, inorganic/ceramics materials

present a higher dielectric constant, for example, water constitutes relatively high

dielectric constant[98]. In turn, this is concerning as the desired dielectric properties

are altered with any moisture traces.

It is also observed that in comparison to polymeric materials, inorganic materials

generally present higher dielectric constant compared, owing to their intrinsic ions

and polar groups. Herein, with a 1.02 dielectric constant air is considered as reference

dielectric.

Materials Dielectric
constant (ε)

Materials Dielectric
constant (ε)

Air 1.02 Polyimide 2.8 – 3.2

Teflon AF 2.1 Fluorosilicate
glass

3.2 – 4.0

Polyethylene 2.3 – 2.7 SiO2 3.9 – 4.5

Fluorinated
polyimide

2.5 – 2.9 PVDF 6.0

Polystyrene 2.5 – 2.9 neoprene 9.8

Methylsilsesquioxane 2.6 – 2.8 H2O 78

Polyarelene ether 2.8 – 2.9 TiO2 100

Table 3.1: Dielectric constant of different polymers and inorganic materials [99][98]
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3.1.2 Application of polymeric dielectric materials

In electronic industries, there is a high significance use of both dielectrics mate-

rials with low and high dielectric constant. Specifically, the low dielectric constant is

commonly known as passivation materials and primarily used as an insulator. These

present wide area of applications such as:

1. Isolating signal-carrying conductors from each other.

2. Fast signal propagation.

3. Interlayer dielectric to reduce the resistance-capacitance (RC) time delays.

4. Crosstalk and power dissipation in the high density and high-speed integration[100].

This show necessary utility in very dense multi-layered IC’s, which can be

attributed to the need suppressed coupling between very close metal lines to-

wards the prevention of device performance, as this role entails packaging and

encapsulation[98]. Particularly, they provide isolated pathways and separate interlay-

ers in multilayer printed circuit boards electronic devices connection. Furthermore,

the harmful effect of stray and coupling capacitances were reduced with relative

permittivity decrease and miniaturization trends in microprocessor fabrication. For

the encapsulation of balls which bridge the die and substrate, dielectric materials

are used, which is referred to as underfill. It ensures protection against any circuitry

failures and contributes to the reduction of a thermal mismatch as seen between the

bridging layers in figure (3.1)[98]. Low dielectric materials are used for insulation

purposes in LED encapsulation at the lead frame housing.

The main focus of designing active components is oriented towards high permit-

tivity value, which attributes to its high use as polarisable media. This wide application

is seen in:

1. Capacitors - in apparatus used for the propagation or reflection of electromag-

netic waves.

2. For a variety of artefacts, such as rectifiers and semiconductor devices, piezo-

electric transducers, dielectric amplifiers and memory elements.

In these materials, which are insulators and thus non-polar, with the introduction

of small amount of impurities, it is possible to convert them into polar materials. In

this mixed stage, the material presents with properties of a large amount of charges
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Figure 3.1: Application of dielectric polymers in IC packaging

storage at the small applied electrical field, for example, polyvinylidene fluoride with

chlorotrifluoroethylene impurities introduction[101]. However, polymers showed an

improved dielectric constant in polyimides with introduced Al2O3, B aT iO3 and Z r O3

‘impurities’[102][103][104]. A large charge storage allows for ready on-demand release,

as evident in a capacitor, in a rectifier, to be useful in smoothening off direct pulsating

current[102][103][104].

3.2 Theory of dielectric properties in polymer

3.2.1 Mechanism of interaction with electric field

The Clausius-Mossotti equation can be used to summarize the quantitative treat-

ment of a dielectric in an electric field (equation3.1.)

P = εr −1

εr +2
.
M

ρ
= NAα

3ε0
(3.1)

For clarity,

• εr is the relative dielectric constant of a material.

• ε0 is the permittivity of a vacuum.

• M is the molar mass of the material(molecular weight).
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• ρ is the density.

• NA is the Avogadro’s number.

• α is the polarisability.

According to this equation, the factors of the free volume of the constituents

and polarisability of the element present in the materials governed the dielectric

constant[105]. The term, polarisability, specifically pertains to the proportionality

constant for the dipole formation under the electric field influence, such that for each

different type of atom or molecule, it presents a typical value[105]. The following

Equation(3.2), presents the intersect between dielectric material permittivity and

polarisability:

εr = 1+ NAα

ε0
(3.2)

Then, the equation presents that relative permittivity is the ratio of the total per-

mittivity of one mole of material with that in a vacuum. Therefore, the origin of free

volume dependency of relative permittivity is in the one mole of the material volume.

Furthermore, each molecule or atom presents a distinctive characteristic molar vol-

ume. Hence, the introduction of molar volume into these derivations is referred to as

molar polarisation, which in turn leads to Clausius–Mossotti equation[106].

The application of electric field induces polarisability, while in its absence there

is an even distribution of the electrons around the nuclei. When the electric field is

applied the electron cloud is displaced from the nuclei in the direction opposite to

the applied field. This result in separation of positive and negative charges and the

molecules behave like an electric dipole. There are three mode of polarisations[106]:

i. Electronic polarisation – this refers to the slight displacement of electrons as re-

gards the nucleus.

ii. Atomic polarisation – this refers to the distortion of atomic position in a molecule

or lattice

iii. Orientational polarisation – this refers to the tendency for permanent dipole to-

wards electric field alignment to yield a net polarisation in that direction with

respect to polar molecules.

Thus, the dipoles present a permanent polarisation, with the application of a static

electric field to these materials and give a dielectric constant as εst ati c . Although, the
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field change induced with the application of alternating electric current and conse-

quently impact oscillation of the polarisation. It is observed that the oscillating electric

field frequency will govern the three modes of polarisation, which underpin the overall

dielectric constant. Naturally, the in-phase polarisation with the changing electric field

makes it instantaneous as against atomic polarisation. Consequently, atomic polarisa-

tion presents a better adherence to the oscillating electric field than the orientational

polarisation. As compared to the others, a higher polarisibility is seen in certain struc-

tures and elements, like bromine, sulphur, iodine and aromatic rings. Correspond-

ingly, the dielectric constant increase was induced by the presence of these groups.

It is found easily polarised with the sigma bond presenting stronger aromatic ring at-

tachment that the π bond. It is seen that in bromine and iodine with large size atoms

show large electron cloud which is distant from electrostatic attraction influence of

the positive nucleus and thus they show an increased probability of a high polarisibil-

ity. Conversely, fluorine with a small atomic radius as well as concentrated negative

charge, allow a tighter electron cloud, thereby resulting in low polarisability, towards a

lower dielectric constant.

Towards the determination of dielectric constant, free volume constitutes also an

imperative factor, which specifically pertains to the volume that the polymeric material

does not occupy. Thus, to compute the free volume evident through one mole of repeat

units of the polymer.

M/ρ (3.3)

This figure may be estimated by subtracting the occupied molar volume of a repeat

unit, Vo , from the total molar volume, where M is the molar mass of the repeat unit and

ρ is the density. The fractional free volume Vn is given by Equation(3.4)[106]

Vn = M/ρ− v0

M/ρ
(3.4)

For the free volume enhancement, factors that contribute to the limiting of chain

packing density include flexible bridging units, pendant groups’ addition and bulky

groups[107]. Similarly, free volume presence through pores leads to dielectric constant

decrease with the presence of air with about one relative permittivity. Thus, a lower

density material is expected with a higher fractional free volume, which in turn pro-

vides a lower polarisable group per unit volume-outcome. The high fluorine volume

dielectric constant shows a decrease attributed to fluorine replacement of hydrogen.

Therefore, fluorine introduction, in addition to low polarisability results in a signifi-
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cant dielectric constant decrease through an increase in free volume.

3.2.2 Effect of chain polarity

The polymers can be of two types: (i) polar and (ii) non-polar. The dielectric prop-

erties are significantly affected by these characteristics. Some of the polar polymers

examples include PVC, PMMA, PC and PA (Nylon) while non-polar polymer examples

include, PE, PS, PP and PTFE (and many other fluoropolymers). For the alignment

of the dipoles, the particular time is required by the polar polymers, under the alter-

nating electric field. Correspondingly, the dipoles, at very low frequencies, prior to

changing direction, have suitable time for field alignment. Sufficient time is not avail-

able with the dipoles to align before the change in the field direction. The dipoles do

present movement at intermediate frequencies, however, before the field changes di-

rection, they are unable to complete their movement and thus essentially realign with

the changed field.

For both polar and non-polar polymers, the electronic polarisation and to some

extent atomic polarisation at both high and low frequency is instantaneous. Thus, be-

tween 3 and 9 dielectric constants are presented at low frequencies (e.g. 60 Hz) by

polar polymers and between 3 and 5 are presented at high frequencies (e.g. 100 Hz).

It is observed that the dielectric constant is not dependent on the alternating current

frequency for non-polar polymer due to the effective instantaneous polarisation and

thus presenting consistently less than 3 dielectric constant. Furthermore, the polar or

non-polar quality of the polymer is determined by the chain geometry.

In the case of fix confirmation status of polymer, the dipole moments reinforce-

ment or cancellation governs the resulting dipole. In the extended PTFE configuration,

at each alternating carbon backbone, the high dipole moment of –CF2−units cancelled

each other, as the vectors are presented in opposite directions. Thus, presents a low

(2.1) dielectric constant. The dipole moment of the PVC are directed parallel to each

other and this leads to the dipole reinforcement, wherein figure (3.2) shows the corre-

sponding 4.5 dielectric constant.

As regards dielectric material designing with the aim of desired dielectric proper-

ties achievement, requires imperative accounting of net polarity of the structure. This

can be demonstrated through the extensive substitution into a polyimide chain of flu-

orine atom which subsequently lead to increase in otherwise low dielectric constant

material[108]. For non-polar polymers, no dipole polarisation contribution is found as

seen in polar polymers. This diverse mechanism mode, in the electronic polarisation
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(a)

(b)

Figure 3.2: PTFE (a) and PVC (b) with arrow showing the net dipole moment[98]

case, to cause the resonance spectra that occurs at the specified frequency beyond 1012

Hz. The experimental work shows the constant status of relaxation spectra, below this

frequency, which can be associated with the dipole polarisation behaviour. Figure (3.3,

) summarizes this observation:

Figure 3.3: Dielectric constant and loss dispersion of dielectric materials against
frequency[98]
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Relaxation and dielectric loss

The concept of relative permittivity, as presented in Equation (3.5), can be

expressed in a complex form:

ε∗ = ε′ − jε
′′

(3.5)

The equation comprises the real part, i.e. dielectric constant and the imaginary

part, i.e. dielectric loss. Subsequently, the dielectric loss and the dielectric constant

ratio is quantified as tan δ i.e:

tan δ= ε
′′

ε
′ (3.6)

In a molecule, the polarisation process unable to follow change rate of the oscillat-

ing applied electric field results in a dielectric loss. Similarly, in a polymer, the relax-

ation time (τ) leads to this process, wherein the time required for the dipoles to return

to its original random orientation is entailed. This process does not present an instan-

taneous occurrence but an exponential diminishing of polarisation Also, in case the

relaxation time is smaller or can be compared with the oscillating electric field rate,

the process does not show any or only a minimum loss. Although, in the situations,

wherein the electric field oscillates rate is higher compared to the relaxation time, po-

larisation fails to follow the oscillating frequency and this results in absorption and dis-

sipation of energy as heat. Correspondingly, equation (3.7) presents the dependency

of dipole polarisability on the frequency.

αd = α0

1+ jωt
(3.7)

where αd is the dipole polarisability and α0 is the low frequency (static) polaris-

ability and are typically evident in the microwave region. Accordingly, Figure (3.3),

presents the disparity between real dielectric constant and imaginary dielectric loss.

The experimental study showed for dielectric constant ε an unexpected dipole polar-

isation region drop (< 1012 Hz), with the supplementation of maximum dielectric loss

ε
′′
. The complete failure for the dipole is presented by this maximum and thus fol-

lows the oscillating electric field and external to this, the dipole becomes intact and

does not present any effective dielectric constant contribution. It has been observed

that higher frequency evidence the electronic and atomic polarisation mechanism, i.e.

at a shorter wavelength, for example, infra-red region. The concept of resonance be-

haviour is evidenced by this region, with quantized energy level due to excitation of
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electrons. Also, about a certain frequency dielectric constant reaches a maximal value,

prior to a symmetrical drop. Correspondingly, with the oscillating frequency, the opti-

mum polarisation in phase is represented by these maximum and minimum. Natural

frequencyωo is the term accorded to the frequency which evidences the turning point.

This point presents the natural frequency’s corroboration with the frequency of applied

electric field, thus showing maximum absorption, which as a result causes maximum

dielectric loss ε
′
.

3.2.3 Effect of temperature

The dielectric properties are affected by temperature and an increase in the tem-

perature, results in augmented thermal agitation, with the breaking of the bond of in-

termolecular forces between polymer chains. Thus, this relatively frees the polar group,

which now permits its analogous movement with the alternating electric field. Corre-

spondingly, with a decrease in temperature, the dielectric constant is reduced with the

chain’s segmental motion becoming intact. However, the dielectric constant presents

a further reduction, at suitably higher temperature, which can be attributed to robust

thermal motion causing dipoles’ disorientation. A minimal dielectric constant is effec-

tively resulted by the polarisation at this later stage. In addition to the attained kinetic

energy, for the induction of segmental movement, the requirement of free space in the

polymer matrix is imperative. There is an evident spontaneity in electronic and atomic

polarisation all through the measured frequency and temperature. Alternatively, the

dipole polarisation, during heat treatment, present a substantial impact by the effec-

tive reduction of the relaxation time (τ) and this is due to the reduction in polymer

chain τ, with the temperature increase. Thus, within the oscillating electric field, the

polymer segment presents a better phase integration. The polymers show important

chain and segmental motions, as identified in the following section,[109]:

i. α relaxation: This refers to the micro-Brownian motion involving the whole chain

and was previously known as glass transition.

ii. β relaxation: This refers to the polar groups’ rotation about the C-C bond. For

example conformational flip of the cyclic unit, CH2Cl and –COOC2H5.

iii. γ relaxation: This refers to the phenyl ring libration as well as limited C-H seg-

mental chain movement.

Moreover, with the increase in temperature, at respective relaxation mechanisms,

the dielectric loss shows a maximum. Congruently, Figure (3.4) presents the schematic

representation of the dielectric loss.
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Figure 3.4: Schematic dielectric loss curve for polymer as temperature is increased[98]

Hence, apparently, the involvement of small entities of phenyl rings and C-H units

leads to the occurrence of γ relaxation at a lower temperature, attributing to low ther-

mal energy induced readily perturbed motion of the same. Subsequently, β relaxation

and then α relaxation follow and these steps are aligned with the longer scale segmen-

tal motion. Relaxation time dispersion is identified through the broadness for each

peak, which is an outcome of the diverse local environment of polarisable groups.

3.2.4 Effect of a cross-link between chains

To achieve an improvement in properties, oftentimes, polymers are cross-linked

with the curing or commonly referred to as the crosslinking process, which presents

a convenient monitoring of reaction progress with a change in relaxation time. The

curing or crosslinking process of diglycidyl ether bisphenol A (DGEBA) with diethylte-

tramine (DETA), optimally exemplifies this process, wherein the covalent bonding of

chains occurs, resulting in chain rigidity[110].

Also, the rigidity is in direct proportion with the cross-link density, subsequently

impacting the relaxation time alteration, as demonstrated in Figure (3.6).

According to Figure (3.6), an increase in α and β relaxation time is seen concur-
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Figure 3.5: Affect of crosslink network on rigidity of polymer chains[98]

Figure 3.6: Effect of degree of reaction on the α and β relaxation time of DGEBA-DETA
system[98]
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rent to cross-linking reaction amount increase. It is observed that the polymer chains

present an augmented tighter bond with cross-link density increase and thus towards

original equilibrium configuration achievement longer time is required. Comparison

between α and β relaxation, the former shows a higher rate of increase than the lat-

ter, on nearing the glassy state. This can be attributed to larger α relaxation segmental

chain motion than β relaxation. Correspondingly, Figure (3.7), presents the dielec-

tric constant ε and loss, while Figure (3.7(a)) presents a substantial dielectric con-

stant drop, aligned with the Figure (3.7(b)) illustration of dielectric loss’s maximum

frequency. In fact, in the corresponding oscillating electric field, this shift manifests

the complete out of phase dipole polarisation frequency value. Herein, to achieve the

α relaxation time, maximum frequency ωmax (dielectric loss) was computed for use in

equation τ= 1/ωmax . A shift of the maximum dielectric loss towards lower frequency is

seen with an increase in curing level and conversely, at αst ati c with αi n f i ny ti t y dielec-

tric constant change is significantly absent. Thus, this process represents the change of

the polymer from the rubbery state to glassy state due to increased density of crosslink-

ing.

(a) (b)

Figure 3.7: (a) Effect of cross-link density on dielectric constant (ε
′

above) (b) dielectric
loss (ε

′′
below) for DGEBA-DETA system[98]

Figure 3.8: Repeat unit of the polyimde[111]
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Polarisability and free volume

The Clausius–Mossotti equation presents the two significant factors of polarisabil-

ity and free volume to impact the dielectric properties. The fluorine introduction into

polymer chains, optimally exemplify these impacts[111]. In the experimental works, a

vacuum chamber was used to conduct polyimide film fluorination through a gaseous

phase. Subsequently, XPS analysis was used to establish the impregnated fluorine con-

tent and Table3.2 correspondingly, presents the consequent dielectric constant.

Sample F1s/C1s(%) Dielectric constant (ε)

102(H z) 106(H z)

F0 0 2.93 2.90

F2 57.8 2.64 2.60

F3 67.7 2.42 2.41

F4 78.6 2.28 2.27

F5 87.4 2.37 2.26

Table 3.2: The effect of Fluorine content on the dielectric constant of a polyimide[98]

A polyimides series which was generated from the use of starting monomers with a

fluorine content of variable percentage, the comparison result was achieved[107]. Cor-

respondingly, fluorine’s low polarisability underpins the dielectric constant decrease,

concurrent to fluorine content increase. As the fluorine electrons are bonded tightly

near to the nucleus. The displacement of a C–F bond’s lower electronic polarisability

compared to C–H bond causes decrease in fluorinated polyimides’ polarisability, con-

current to increase in fluorine atoms[112] [113]. In addition, the polarisable groups

per unit volume present a decrease in number, as a result of concomitant free volume

increase, owing to large fluorine volume than hydrogen.

The introduction of adamantane into a polyimide chain also evidences the free vol-

ume impact[114], due to the bulky nature of Adamantane, which in turn impact free

volume increase. At 1 kHz, 2.7 dielectric constant was achieved, which is significantly

less than the commercial Kapton H film (25.4 µm), at 1 kHz approximately 3.5 dielec-
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tric constant and at 10 MHz, 3.3 electric constant. In addition, with the reduction of hy-

drophobicity, moisture absorption was prevented, indicating the significance of low di-

electric loss in the context of good capacitors and insulation. The commercial AvatrelTM

dielectric polymer furthermore exemplifies the bulky substituents introduction strat-

egy and for passivation applications, it constitutes of polynorbornene. Specifically, it

presents 2.55 dielectric constant and less than 0.002 loss tangent. Also, up to above 1

GHz, it was observed that these electrical properties were intact.

Figure 3.9: (a) Adamantane structure incorporated into polyimide chain[115] (b) the
generic structure for polynorbonene[98]

3.3 Structure-properties relationship

3.3.1 Dielectric relaxation

Originally the Debye relaxation model[115] provides the earliest relaxation be-

haviour model. Correspondingly, Figure (3.10), presents the dielectric constant’s real

and imaginary parts in this model

where,

ε
′ = ε∞+ εo −ε∞

1+ω2τ2
(3.8)

ε
′′ = εo −ε∞

1+ω2τ2
ωτ (3.9)

Thus, the equation presents the relation of the relaxation time with the dielectric

properties in the model. Furthermore, the elimination of parameter (ωτ), results in

the formulation of relationship between ε
′

and ε
′′
, thereby leading to Equation (3.10)
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Figure 3.10: Debye dielectric dispersion curve[115]

(
ε
′ − εs +ε∞

2

)2

+ε′′2 =
(
εs −ε∞

2

)2

(3.10)

The equation as presented above demonstrates Cole-Cole plot, which is a form of

a semispherical plot, as presented in Figure (3.11).

The plot shows that no loss is evidenced at a dielectric constant of infinite fre-

quency, ε∞ and static dielectric constant, εs . The maximum loss is seen to occur be-

tween the two dielectric values at the midpoint. Thus, the loss is directly proportional

to the difference between the static and infinite dielectric constant.

Correspondingly, with polar small molecular liquids, this model presents an ideal

fit. Although, bigger six polymeric materials, present higher viscosity in conjunction

with in-between chain entanglement. This further adds to the visco-elastic properties

that need certain modifications specific to the original model. Notably, only one spe-

cific relaxation time was involved in the above relationship. However, this process is to

converse in the polymeric system, wherein the relaxation time presents a dependency

on dipoles mobility having diverse behaviour in variable local environments. Thus, the

outcomes are evident through distribution in relaxation time. The works of Cole and

Cole semispherical equation[116] Davidson and Cole[117] Williams and Watt[118] and
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Figure 3.11: Cole-Cole Plot showing the relationship between dielectric constant and
dielectric loss[98]

Navriliak and Nagami [119], impacted the modification, thereby leading to the devel-

opment of the new equation :

ε
′ = ε∞+ εo −ε∞

(1+ (ω2τ2)α)β
(3.11)

where α and β is in the range 0 and 1 and yet it is not possible to assign a physical

value to these parameters [120].

Furthermore, a broader peak and smaller loss value are resulted by this modi-

fication result with asymmetrical features. Figure (3.12), demonstrates, as regards

polyvinylchloride the dielectric constant and loss behaviour at variable temperatures

and frequencies.

Evidently, in figure (3.12(a)), the polyvinylchloride region of glass transition (85◦C)

presents the ε
′

and ε variation. It is observed that initially, within the measured fre-

quency range, the PVC, during glass transition presented a value of 4.1 to 3.2 dielectric

constant, which is relatively low. Subsequently, temperature increase impacted an in-

crease in chain mobility and consequent relaxation time reduction. With the changing

frequency, the polymer chain dipole polarisation presents an improved alignment in

phase, thereby explaining the dielectric constant increase concurrent to increase in
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(a) (b)

Figure 3.12: Plot of (a) dielectric constant and (b) dielectric loss with the change in
frequency and temperature for polyvinylchloride[121].

temperature. Although, increase in frequency resulted in a gradual failure of the align-

ment within the applied oscillating field. The dielectric constant shows an optimal

decrease rate, at a higher frequency, with an increase in temperature.

Correspondingly, Figure (3.12(b)), shows the maximum dielectric loss. Moreover,

aligned with the Cole-Cole plot, a correspondingly large dielectric loss is seen dur-

ing high thermal treatment, which has a significant difference between the static and

infinite dielectric constant. A large dielectric loss results at 128◦C temperature than

lower temperatures at a higher frequency. Due to the significant impact on the di-

electric properties, during polymers use, it is imperative to consider the glass transi-

tion of the polymer. For example, in the substitution of fluorine into polyimide, only

the electronic polarisation is affected. This could be attributed to the primarily low-

temperature use of PI, when its Tg (<260◦C), which it is observed that from this mecha-

nism there is an evident lack of effective polar orientation at this temperature towards

the reduction of any intrusion effect possibility into the dielectric properties. As re-

gards the commercially used polymers, Table 6.1 shows the dielectric constant and

loss.

3.3.2 Dielectric breakdown

It has been observed that on exceeding the maximum electric field which is appli-

cable on the dielectric material, commonly referred to as dielectric strength, results in

the electrical breakdown and leads to a blown fuse or short circuit, which is a serious
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Materials Dielectric
constant (ε

′
)

Loss tan-
gent (tan δ)

Frequency (Hz)

HDPE 1.0 – 5.0 0.00004 – 0.001 –

Teflon (PTFE) 2.0 – 2.1 0.0005
0.00028

100 Hz
3 GHz

ABS (plastic) 2.0 – 3.5 0.005 – 0.0190 –

Polypropylene 2.2 – –

Butyl rubber 2.35 0.001
0.0009

1 MHz
3 GHz

Polyamide 2.5 – 2.6 – –

Polystyrene 2.5 – 2.6 0.0001
0.00033

100 MHz
3 GHz

Gutta percha 2.6 – –

Polycarbonate 2.8 – 3.4 0.00066 – 0.01 –

Kapton (Type 100)
(Type 200)

3.9
2.9

– –

PVC 3 – –

Nylon 3.2- 5 – –

Silicone (RTV) 3.6 – –

Neoprene rubber 6.26
4.0

0.038
0.34

1 MHz
3 GHz

Table 3.3: Dielectric parameters for some polymers at various frequencies[98]

91 Ahmad Ali Bahar



CHAPTER 3. POLYMERIC DIELECTRIC MATERIALS

failure.

Usually, this is evident, high heat is generated from losses in comparison to dissipa-

tion, at a specific voltage. The application of this specific voltage, for a long duration,

the internal thermal equilibrium is not achieved by the dielectric. The breakdown is

typical in the following situations:

i. Dielectric with a large thickness.

ii. The dielectric and the surrounding, both displaying high temperature.

iii. Large dielectric loss (high tan δ).

iv. Continuous high voltage application.

Specifically, in the case of large dielectric loss, the failure occurs at high frequency.

Also, it can be affected by high humidity in air through an electrolytic process.

3.4 Designing of polymer dielectric materials

Several approaches can be adopted as regards polymer dielectric materials design-

ing, in accordance with the previous discussions. In the following section, two such

approaches will be discussed, i.e. (i) free volume; and (ii) copolymerization.

3.4.1 Free volume

The composite presents a substantial decrease in dielectric constant in the second

phase as evidenced in Maxwell-Garnet theory[122] In this concept, the foam structure

was generated using this concept through air-filled pores introduction, wherein the

experiment used the two methods of (i) synthesizing block copolymer with diverse dif-

ferent thermal liability[123]and (ii) solution etching (soluble component in a compos-

ite matrix)[124]. In the first method, high temperature and high Tg polymer composed

block copolymer was used, with a second component shown in the figure (3.13), with

the potential of thermal decomposition due to lower thermal property.

The components of thermally stable polyimide, as well as thermally labile phos-

phate ester, constituted this triblock. In the experiment, the thermally stable block is

left intact with thermal treatment being given to this copolymer at a specific tempera-

ture which disintegrated the thermally labile block. This is followed by the generation

of microphase separation (small size scale), with a discontinuous, monodispersed size
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Figure 3.13: Triblock polyimide structure illustrating the thermally labile and stable
segments[98]

spherical pore morphology. Moreover, the presence of air in nanopores (ε = 1.0) re-

sults in a dielectric constant decrease. Also, polymethylmethacrylate, polypropylene

oxide and poly methylstyrene constitute the thermally labile oligomers. Furthermore,

with a 16% triblock (PPO/ /4BDAF/PMDA) void volume system, the experimental work

could achieve a 2.3 dielectric constant of nanofoam and this relationship is illustrated

in Figure (3.14)[125].

Figure 3.14: Relation between the dielectric constant with the void fractional volume
in PMDA/3FDA/PPO triblock system [125]

To achieve porosity in the method of solution etching the soluble component in

nanocomposites were subjected to solution etching, which in turn left the chemically

stable matrix integrated. The polyimide prepolymer of polyamic acid was used in the

process, as the sol-gel method was employed in the inorganic TEOS incorporation in

the matrix. The complete homogenous distribution of the inorganic phase, the ther-

mal curing of the composite followed, which subsequently led to hydrofluoride etch-
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ing. Thus, nanosize closed cell pore density was achieved uniformly, which occurred

due to the dissolution of acid labile inorganic phase. Figure (3.15) presents the fabri-

cation steps as described, in an illustration:

Figure 3.15: Preparation of porous Polyimide using sol-gel method[98]

It is observed that the TEOS content, which is added to the polymer matrix decides

the porosity level. Correspondingly, this dependency of the dielectric constant on two

factors of : (i) fluorine content and (ii) porosity level is presented in Table 3.4.

F(Wt%) 0% TEO 10% TEOS % TEOS

0 2.71 2.84 3.41

15 2.45 2.71 3.25

17 2.61 2.69 3.18

33 2.50 2.62 3.98

Table 3.4: Dielectric constant of a series of polyimides at varying TEOS content[98]

Hence, according to the above results a general trend demonstrating a dielectric
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constant decrease is evident, with the sol-gel technique using high TEOS concentra-

tion. This could be attributed to the void structure increase and a subsequent dielec-

tric constant reduction owing to air. In addition, with the increase of fluorine weight

percent in the structures the dielectric constant showed a linear decrease with the de-

crease rate being constant for different TEOS content. Correspondingly, due to lack

of fluorine, BAPP-BPDA amongst the four synthesized polyimides presented the high-

est dielectric constant. Figure (3.16) depicts the SEM picture specific to the fracture

surface morphology.

Figure 3.16: SEM scan of fracture surface of pure (a) PI/SiO 2 10% (b) and PI/SiO 2 20%
porosity (c)[98]

According to Simpsons et al[107] fluorine affects specific developments including

free volume increase; lower electronic polarisation; symmetric or asymmetric atoms

substitution oriented dielectric constant increase or decrease.

3.4.2 Copolymerisation

For the production of materials with customized dielectric properties, the mech-

anism in which two or more polymers are copolymerized together offers a signifi-

cantly useful strategy. Specifically, the process of copolymerization involves the co-

valent bonding of two or more different monomer units, which in turn, from the re-

spective constituents produces a synergistic effect. Correspondingly, polyimide and

polysiloxane present complementary mechanical and chemical properties, attributing

to their popular Copolymerisation. It has been observed that despite the superior me-

chanical and thermal properties, the polyimide is found to be too intractable, particu-

larly as regards the normal processing methods. This is evident through the polyimides
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modulus values, which are projected to lie in the range of 109 to 1012Pa. However, the

value of their Tg is evidenced to be above 260◦C. Conversely, the polysiloxane present

improved flexibility and processibility, in addition to thermal degradation, which is

relatively stable (> 400◦C). Correspondingly, within the specific context of electronic

packaging, an optimized dielectric material is produced by the copolymers offering

practical applications. Within the following structures, the study attempted the exper-

imental works[126].

Figure 3.17: Series of PI-polysiloxane copolymers[126]
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Their dielectric constant are shown in the following Table

Sample Dielectric constant
at 1 kHz 293◦C

n (Si-O repeat unit)

S1 2.90 0

S2 2.57 1

S3 2.43 34

Table 3.5: Effect of silicone content in silicon-polyimide copolymers on dielectric
constant[126]

As presented in Table 3.5, the siloxane units increase impacts a direct decrease in

dielectric constant. Specifically, the atomic size of silicon is larger than carbon and

as compared to C-C bond, the Si-O bond presents more flexibility and hence the mo-

bility of bulky silicone units is less[127]. Thus, the presence of bulky silicone units

impacts the whole polyimide network’s movement, thereby reducing the dipole effi-

ciency towards polarity change reaction during alternating frequency treatment[127].

In addition, free volume increase results in a significant decrease in molar polarisa-

tion. In addition, the latest relevant research illustrates an analogous trend highlight-

ing a decrease in dielectric constant concurrently with an increase of siloxane content,

particularly into polyimide structures[127][128].

3.5 Summary

It has been thus observed that with reference to the conventional ceramic and in-

organic materials, polymer presents as an alternative dielectric material. This can be

attributed to the unique property of high flexibility, manageable and complaint pro-

cessing, robust chemical stability and prompt tunable properties. However, polymers

present the primary disadvantage of thermal stability which is relatively low and this

property confines the expensive applications of the compound. In addition, typically

polymers present a lower dielectric constant when compared with non-polymeric ma-

terials. Particularly, the polymers’ dielectric properties can be contributed to the spe-

cific mechanism of electric field’s interaction with atomic, electronic and dipole po-

larisation. Correspondingly, the Clausius-Mossotti equation provides the construct for
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the formulation of free volume and constituent structure’s polarisability, which govern

these polarisation mechanisms. Furthermore, throughout the measurable frequencies

range; electronic as well as atomic to some extent present an instantaneous polarisa-

tion. Although, dipole polarisation entails relaxation time, which towards the return

to equilibrium state permits an exponential motion decay. Such diverse behaviour is

observed to add an imperative contribution to the dielectric constant as well as loss

values. Furthermore, for the detection of segmental as well as local motion during fre-

quency change and temperature treatment, specifically, these properties can be very

useful. Particularly, with the processes of the introduction of polarisable groups into

polymer chain as well as free volume increase (which can be achieved through copoly-

merization and porosity promotion); can lead to the designing of dielectric properties.

In addition, to increase the dielectric constant, nanocomposites can be produced with

inorganic fillers, which present high dielectric constant.

This chapter further gives a brief background about the polymeric dielectric mate-

rials and their applications, then the theory of dielectric characteristics in the polymer

was discussed. After that, the structure-characteristics relationship was explained. Fi-

nally, two approaches used for dielectric materials designing was discussed (free vol-

ume and copolymerization)
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Chapter 4

CLEANING, FABRICATION AND

CHARACTERISATION

There are many fabrication and characterisation techniques which can be used to

fabricate semiconductors devices in different designs and scales. This chapter will give

an overview of the techniques that are relevant to this work. The practical side of the

research will take a linear format as both the fabrication and testing devices will grad-

ually be scaled down to the nanometre range. The purpose of which is to enable the

author to develop the relevant skills and experience to a point at which nanoscale de-

vices can be reliably fabricated and tested.

4.1 Plasma Cleaning

This is a vacuum cleaning technique used to remove some suspected impurities

on the surface of a substrate by creating a plasma with the help of argon or oxygen

gas. The excitation and ionisation of gas atoms take place at the higher energy state in

the plasma. The relaxation of the atoms and molecules at lower energy state leads to

the evolution of glow light linked with plasma. The colours of the light depend on the

different gases used during the plasma process. For argon gas, light purple observed

while oxygen gives light blue colour during the plasma process. The energetic plasma

activated species include electrons, ions, photons (Ultra-violet range), metastable and

radicals. These energetic species bombard the surface in contact such that energy is

transferred on to the solid. The energy transferred by these species releases within the

solid by variety of both physical and chemical processes leads to surface modification

and cleaning.
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In this work, Bio-Rad PT7100 barrel etcher is used as the pressure in the chamber of

this equipment is pumped down to 10−2 torr as the oxygen gas is been introduced until

the pressure inside the chamber is 10−1 torr. The substrate was placed in the cham-

ber horizontally as the radio frequency generator was regulated by tuning of the input

power and reflecting power in order to achieve a gas pressure that will aid the clean-

ing. The glow purple colour appeared on the chamber of the etcher confirming the

presence of plasma for the cleaning. The substrate was left in the chamber for twenty

minutes for the cleaning and as the temperature of the etcher reduces, the substrate

was removed and ready for deposition.

4.2 Thermal Evaporation

Thermal evaporation is a Physical Vapour Deposition (PVD) technique which is

used commonly in the semiconductor industry, and it can be defined as the process

used for depositing materials in thin films formed on a suitable substrate in the gas

phase. This process is taken place in a chamber where sufficient vacuum should be

obtained (≈ 1∗10−6Tor r ). This process is in a vacuum for two main reasons: to clear

the contamination, dust particles, and other gases e.g Nitrogen and oxygen which can

affect the purity of the deposition. Also, to ensure that the distance between the source

and the target is less than the Mean Free Path(MFP).

Figure 4.1: Internal structure of thermal evaporator
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Thermal evaporation can be obtained by heating materials, often a metal by using a

filament or boat which depend on the melting point of the material to be deposited. By

applying a current through the filament or boat resistive heating melts the material to

be deposited ( With consideration of the vapour pressure of each material which plays

a significant role in the deposition process), it evaporates then condenses on a pre-

pared substrate. The thickness of the deposition is measured using a quartz thickness

monitor.

Thermal evaporation can offer a controlled deposition rate, low impurity, and di-

rectionality. On the other hand, the film uniformity across a large substrate is not as

high as other deposition techniques such as sputtering. It is also very challenging to

deposit less than the 5nm thin film by using this technique. This is one of the tech-

niques used in the fabrication antennas which will be discussed in chapter 6 of this

thesis.

4.3 PLASMA – ENHANCED CHEMICAL VAPOUR DEPO-

SITION (PECVD)

Deposition of thin film materials from a gaseous state to solid state at low tem-

perature with the help of plasma can be done by using Plasma Enhanced Chemical

Vapour Deposition Technique. PECVD consists of two parallel electrodes which often

arranged in horizontal direction inside reactor chamber which in most cases cylindri-

cal in shape and made of stainless steel as a material, the samples were placed horizon-

tally on the bottom of the down electrode which is grounded and various pipes were

connected to the chamber for the supply of gases in order to produce plasma for the

deposition as depicted in figure (4.2)[129][130] In this technique, the requirement of

external heat energy to excite or to ionize the atoms or molecules of gases leads to the

creation of the plasma in the PECVD reactor. The external electrical energy can also

be created at a various audio frequency of 10 or 20 KHz, the radio frequency of 13.56

MHz, and a microwave frequency of 2.45 GHz respectively with the presence of carrier

gases such as argon, silane, hydrogen, oxygen or nitrogen at low pressure [130][131].

When precursors in form liquids or gases introduced into the chamber PECVD reac-

tor in the presence of plasma, these precursors undergo dissociation and activation

at low temperature. As soon as the plasma is in contact with the surface of a particu-

lar substrate, the precursors in the plasma stream are deposited at a low temperature

as compared to an ordinary chemical vapour deposition. It is a low-temperature de-
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position technique with a flexible substrate, precursors can be organic and inorganic,

the rate of deposition is high, it is thermally and chemically stable, the deposited films

have some uniqueness of chemical properties, high solvent and corrosion resistance

[131]. Though this technique has some limitations such as high cost of equipment, the

presence of some toxic and explosive gases in the plasma stream, it is time-consuming,

the presence of residual and compressive stresses on thin films deposited and the films

may be unstable against humidity and aging[131]. At the EMTERC, the deposition was

done in the plasma - enhanced chemical vapour deposition system for 10 minutes with

100 sccm Argon (Ar) and 10 sccm methane (CH4) gases with a total pressure of 100

mTorr and DC radio frequency power of 100 W.

Figure 4.2: The block diagram of Plasma – Enhanced Chemical Vapour Deposition[129]
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4.4 Lithography

Lithography is a fabrication technique where the etching operation is used to pro-

duce the desired structure from a bulk material. The etching process is done by using

a mask to expose and shadow the material from a specific energy source. The perfect

control for all the process and for the structure parameters is the most advantage of

this technique, however, in an industrial process and very slow to be utilised. There

are many different types of lithography such as:

Photolithography is a process used to pattern parts of a thin film or the bulk of

a substrate in micro-fabrication. It utilises the light to transfer a specific geomet-

ric structure from a photomask to a photoresist (light-sensitive chemical) on the

substrate[132].

Reactive-ion etching (RIE) is an etching technology which used chemical reactive

plasma to etch material deposited on wafers. In this process, high energy ions from

the plasma (which is generated under low pressure) react with the wafer surface. RIE

which is also used in micro-fabrication to fabricate devices such as diodes and MPA.

Electron-beam lithography (EBL) is an act of scanning a focused beam of electrons

to transfer geometric pattern on a surface covered with an electron sensitive film called

a resist[132]. EBL has the advantage it can transfer custom shapes (direct-write) with

sub-10 nm resolution which make it suitable technique to fabricate nano-antennas.

4.4.1 Photolithography

In this work, the track layers design was imaged as photo onto the panel, as this is

carried out in a clean room to ensure that no dust gets on to the surface of the sample

which can cause a short or open circuit on the prepared sample. The panel is first

coated with a layer of photosensitive film, the photoresist, which is hot-rolled onto the

copper using a cut-sheet laminator as this is carried under the yellow light in a dark

room due to the sensitivity of the photoresist to the UV light. The bed of the printer

has registration pins matching the holes in the photo tools and the panel. The first

track film was loaded onto the pins, then on to the laminated panel and finally to the

second track film. The pins ensure that the top and bottom layers are precisely aligned.

The printer uses powerful UV lamps to harden the photoresist. The photomask is clear

where we want the resist to harden and black where there is no presence of resist. The

Mylar film which protected the photoresist is removed and put through a developer

which removes the unhardened resist. The unwanted copper was removed using a
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powerful alkaline solution to etch away the exposed copper. The process is carefully

controlled to ensure that as etch down, sideways will not etch as well. This means that

the finished conductor widths are as designed.

4.5 Electrospinning (ES)

Electrospinning technique is an efficient method to fabricate polymeric nanome-

ter scaled fibres in terms of a normally surrounded atmosphere [133][134]. This has led

to an improvement of ultra-fine structure in micro and nanometer scale which can en-

hance the materials characterisations in terms of electrical and mechanical properties

such as conductivity, hardness, and so on. These Electro-spun structure materials are

promised material for different types of applications, for example, it has been used to

fabricate field-effect transistor (FET), chemical and Biological sensors[135][136]. In the

first instance, this technique regarded as a very simple and easily controlled where the

polymer material is critically examine to the production of fibre materials but fully un-

derstand the process reveal it complexity. The basic set up of electrospinning as shown

in figure (4.4) consists of syringe pump, metal connecting tube, metal capillary needle

(i.e. spinneret), high voltage power supply, Taylor cone and a grounded conductor or

collector. The high voltage power supplies usually direct current (DC) potential though

alternating current (AC) also practicable. The Taylor cone (with diameter of about 100

µm) connected to the tip of conducting capillary tube, where the syringe play a host to

the polymer solution and connected to the metal tube. In view of using syringe pump,

the polymer solution feed into the system at a controllable and constant rate for the

achievement of fibre materials. The Taylor cone concurrently serves as an electrode

where high electric field in the range of 100 to 500 kV/m applied and maintain distance

to the collector of about 10 to 25 cm.

The operation process (as shown in figure (4.4)) begins when an adequate voltage

is utilized to an electrically conducting solvent, which is streaming in a metallic nozzle,

the formulaic hemispherical fluid drop (at the nozzle exit) distorts into a Taylor cone

and creates a liquid jet. Following this, the electrified jet undergoes fast expansion

and hardening process. The jet becomes stable close to the edge of the nozzle exit.

However, while it moves away from the capillary it turns to be elongated and unstable

due to whipping movements originating from deflection instabilities. This whipping

process occurs in the ES technique caused the uniform fibres to be fabricated.

Theoretically, the drop from the nozzle will experience two electrostatic forces,

which include the Coulombic force exerted by the external electric field applied and
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the electrostatic repulsion between the charges at the surface of the drop. These elec-

trostatic forces need to be overcome the surface tension of the liquid polymer material

and leads to the ejection of the liquid drop from the nozzle. The formation of fibres ma-

terials in terms of dimension and shape depend on the properties of the polymer ma-

terial that include solubility, molecular weight and glass transition temperature. The

properties of the solution made from polymer such as electrical conductivity, surface

tension, humidity, viscosity, concentration and visco-elasticity will have significant im-

pact on the fibre materials. The properties of the collector, the field strength and geom-

etry of the electrodes as well as the feed rate of the solution also play important role in

the formation of fibre materials. In this work, the syringe used was (5ml NORM-JECT),

the pump was (Harvard-APPARATUS Pump II) and the metal connection tube made in

the laboratory

Figure 4.3: Electrospinning set-up
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4.6 Focused Ion Beam (FIB)

This is a microscopy technique uses for both the imaging and sputtering of

materials[137]. It offers both high-resolution and flexible or robust micromachining

in a particular platform[138]. The principle of operation similar to scanning electron

microscope (SEM) but uses a beam of positively charged particles to scan across a

sample as the resultant signal at each of the scan position are plotted to form an

image. The Ga-based blunt needle source is used as the source of positively charged

ions due to low melting temperature, low vapour pressure and high stability[137].

Figure 4.4: Focused Ion Beam set-up

From the reservoir, Ga flows to the tip of the needle and extracted by the field emis-

sion. An electric field of magnitude 1010 the V/m generated at the tip of the needle

between an extraction electrode and the needle[137]. From the needle tip, a beam of

an ion travelled through the columns of condenser and objective lens in order to se-

lect beam diameter of about 5 nm and current of approximately 2µA[137]. A highly

focused beam of an ions incident on the sample, scan over the sample surface sever-

ally in order to generate signals for the imaging. One of the major advantages of this

technique is that the actual shapes and sizes of the sample grains are viewed in the

three-dimensional format. For this work, a dual beam FIB that comprises Energy Dis-
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persive Spectroscopy (EDS) detectors and electron backscatter diffraction (EBSD) was

used and the characterisation was carried out at Loughborough Materials Characteri-

sation Centre situated at the University of Loughborough.

4.7 Profilometer

This is one of the techniques used to measure or determine the thickness of the thin

film deposited on a substrate by using surface profiling and the instrument using for

this purpose is called profilometer. There are two types of this instrument, the optical-

based and the stylus-based profilometer. The most important parts of this instrument

are the stage that holds the sample and a detector which determine the points on the

sample. Moving the probe physically across the surface of the sample in order to ob-

tain the surface height, in which mechanical feedback provided which monitor the

force from the sample by exerting the force against the probe as it scans across the

surface of the sample, this feedback is used to position the arm of the probe with a

specific amount of force as the set point is determined and this process is called stylus-

based profilometry. This technique has two major problems: It requires surface con-

tact which can lead to damage to the sample and sample contamination is inevitable.

At the EMTERC, a Tecnor Alpha – Step 200 is used in this work to measure the thick-

ness of the sample deposited on the substrate, aside from the thickness measurement,

it can also measure the micro-roughness and etch depth.
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4.8 Scanning Electron Microscopy (SEM)

SEM is a method which gives the opportunity to investigate the topography and

composition of samples in down to a few nanometres (nm). SEM uses a focused elec-

tron beam for scanning and producing images of the sample. The beam (generated in a

vacuum)produced by an electron gun moves through different lenses which focus it to

a very precise point. (As illustrated in figure (4.5)). After that, when the electron beam

touches the surface of the sample, secondary electrons will be produced and emitted

as a result of a complex interaction between the beam electrons and the atoms of the

specimen. Finally, these secondary electrons will be detected and magnified to pro-

duce the final image of the sample. In this work, SEM will be used to verify the geo-

metric space of the nano-antennas. (The impurity can collide and scatter the electron

beam for this reason the vacuum is essential in this process) [139] [140] [141]

Figure 4.5: Scanning Electron Microscope (SEM)
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4.9 Fourier Transform Infra-red Spectroscopy (FTIR)

This a non-destructive and ambient temperature operation technique used to re-

veal information about the rotation and vibration of some chemical bonding presence

in the sample of a material. FTIR is further used to identify unknown materials, deter-

mine the amount or quantity of components in a mixture and determine the standard

or stability of a sample in both organic and inorganic forms[142]. This technique has

some advantages such as universality (i.e. some molecules have strong absorbance

in the near infrared, mid-infrared and near-infrared regions of electromagnetic ra-

diation), provide rich information about the spectra (i.e. the peak positions provide

the structures of the molecules, the intensities provide the concentration of molecules

and the peak width provide chemical matrix of the sample), fast and easy to use (i.e.

many samples can be analysed in 5 to 10 minutes), inexpensive (unlike many spec-

troscopy equipment is relative to low cost) and sensitive in nature (usable amount of

spectra is provided by this equipment). Some of the advantages include the inabil-

ity to detect some molecules, water and inability to measure the mixtures of some

molecules[142][143]. For every FTIR spectrometer comprises of source, interferometer

(Michelson interferometer), beam splitter, mirrors (stationary and moving) and detec-

tor. When a beam of light from the infrared source travels through an aperture which

controls the quantity of light to the sample enters or incident on the interferometer

from a particular part of the equipment as shown in figure (4.6)

The interferometer causes the beam to split into two light beams and travel in two

different paths at right angles, as one of the beam incidents on the stationary mirror

and back to the beam splitter and another beam incident on the moving mirror. The

movement of the moving mirror makes the path length varies with respect to the sta-

tionary or fixed mirror as the beam incident back on to the beam splitter and recom-

bined. The recombined beam allowed travelling through the sample, as the sample

absorb, reflect and transmit some of the beam incidents on the sample as the specific

wavelengths or a frequency that determines the characteristic of the sample and finally

to the detector where the final measurement takes place[143]. In this work, Bruker Al-

pha compact spectrometer is used to measure the wave-number vs transmittance or

absorbance was recorded accordingly.
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Figure 4.6: FTIR spectrometer set up[144]

4.10 S-Parameter

In order to get introduced into the measurement techniques, it is important to

understand the importance of S-parameters in the active and passive device. The S-

parameters matrices are useful at low frequency to prove the general analytical results.

However, it is very difficult at high-frequency measurements device as it requires open

and short circuits termination for evaluating this device and also it is not practical to

measure the discrete voltage and currents at high frequency. By using a directional

coupler it is easier to measure the travelling wave of a device[145]. To understand the

behaviour of a two-port network is to use the incident wave as excitation at each port

and to make sure the resulting exiting waves. The exiting waves are called reflected

waves [146]. In actual scenario, the wave which is excited in an input port may result

in an incident wave in another port and therefore this wave is called an incident wave

and the wave which exists from that port is called reflected waves. For a better under-

standing a block diagram is representing an incident and reflected wave and referred

to as S-parameter as shown in figure (4.7)

In this block diagram, ai represents the incident wave and bi represents the re-

flected wave, where i represent the number of port. In S-Parameters both a and b waves
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Figure 4.7: Block Diagram of S-Parameters[147]

have both magnitude and phase at each frequency of the input signal. The wave direc-

tion and reference planes are shown in the figure (4.7) for a two-port network. How-

ever, the same principle can be applied to any number of the ports and the ports need

not be of the same type, for example, coaxial port and wave-guide port.

Characteristics impedance of the device is represented as Z. In figure (4.7) Z01 & Z02

represents the input and output impedance of device from port 1 & port 2. For each

port, the characteristics impedance can be defined in terms of incident and reflected

waves of the transmission line which is connected to the port. By using a and b waves,

a set of the linear network can be characterized by describing the reflected waves from

each port in terms of incident waves at all the other ports by using this constant net-

work which is called S-parameters.

For example, for a two port b wave will be leaving the port 1 with respect to the

reflected wave from the input port which is S11a1, in addition to that a wave that passes

through the two-port network from the port 2 is represented as S12a2.

b1 = S11a1 +S12a2 (4.1)

Similarly

b2 = S21a1 +S22a2 (4.2)

The same approach can be applied to ‘n’ number of the network which connected

the transmission line to the ports. For the above equation, the S parameter can be ex-

pressed in matrix form which leads to the n X n matrix, where n represents the number

of ports. For the two ports network s parameters matrix can be represented as
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(
b1

b2

)
=

(
S11 S12

S21 S22

)(
a1

a2

)
(4.3)

From the above matrix S11 represents the forward reflection coefficient or input

match and S11 is otherwise called the input return loss. S22 represents the reverse re-

flection coefficient or output match. S21 forward transmission coefficient otherwise

called forward gain or if it is negative then it represents a loss. S12 represents the re-

verse transmission coefficient from the output to the input port which is called isola-

tion. Often S parameters are expressed in a log-magnitude format for example dB. The

individual S parameters are evaluated by using these relationships.

S11 = b1

a1

∣∣∣∣
a2=0

S12 = b1

a2

∣∣∣∣
a1=0

S21 = b2

a1

∣∣∣∣
a2=0

S22 = b2

a2

∣∣∣∣
a1=0

(4.4)

In microwave application, especially transistor characterization, S parameter are

particularly desirable because of their evaluation does not require short or open circuit

termination. Instead, it requires the matched loads are placed at the input or output

port and either the transmission or reflection coefficient is measured[145]. Suppose if

the network is reciprocal [148] then

Si j = S j i (4.5)

S parameters are complex quantities, which consists of phase angles that corre-

spond to the respective network port with reference to the planes used in the mea-

surement. Another advantage of the S parameter is that a change of reference planes

farther away from them by the network by an electrical distance θ degree results in

negative argument changes in S-parameter. This features of S parameters allows con-

venient network de-embedding[149] in which S parameters of the network can be eas-

ily inferred, even when the measurements are made using the reference planes. For

example, when a device measured by using a test reference planes, the S-parameters

can be easily calculated by adjusting the only the S parameter phase angles. This is an

option which is available in most of the network analyser which will be discussed later

in this chapter.

There are many advantages of S parameters, unlike other parameters for exam-

ple characteristics impedance Z, characteristics admittance Y, and ABCD parameters

whose values are independent of the measurement system whereas S parameters de-
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pendent on the impedance of the transmission line connected to the ports. The S

parameters are only valid when it is associated with the reference planes of the sys-

tem which is impedance used in their measurements. Usually, 50 ohms is used for the

measurements[150].

4.11 Vector Network Analyser (VNA)

Vector Network Analyser (VNA) is the key instrument used for making a variety of

measurements on passive as well as active microwaves components and networks. A

network analyser measures both amplitude and phase of a single over a wide frequency

range within a reasonable time. The basic measurements involve an accurate refer-

ence signal which must be generated with respect to which the test signal amplitude

and phase are measured. A schematic block diagram of a complex network analyser is

shown on figure (4.8) and a picture of VNA is shown in figure (4.9).

The microwave signal from a sweep generator is first divided by means of a signal

splitter into test signal and a reference signal. The test signal is transmitted through

the Device Under Test (DUT), while the reference signal passes through a phase equal-

ising the length of the line. Since processing of microwave frequencies is not practical

both the test and the reference signal are converted to a fixed intermediate frequency

by means of a harmonic frequency converter. The output signal from the harmonic

frequency converter is compared to determine the amplitude and the phase of the test

signal, the harmonic frequency converter uses a phase-locked loop which helps the

local oscillator to track the reference channel frequency. This allows swept frequency

measurements. The frequency conversion takes place in two steps. The first mixer

converts RF to the fixed if in the MHz range and then after amplification, they are fur-

ther converted to another fixed RF in the kHz range by means of the second mixer for

the final amplitude and phase comparison.

Figure 4.8: A schematic block diagram of a Vector Network Analyser (VNA)
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The Vector Network Analyser as shown on figure (4.9) is a test device which is used

to measure the network parameters of the electrical network. VNA usually measure S-

parameters at high frequencies since the transmission and the reflection of electrical

networks are easy to measure there.

Figure 4.9: Vector Network Analyser (VNA)

4.11.1 Networks measuring using VNA

The fundamental 1 and 2 port method used for VNAs calibration can be utilised

to measure the active network from DC to 325 GHz. Nottingham University has three

different VNA test set-ups to cover this range of the frequency spectrum. Figure (4.10)

illustrates the (Test Bench 1) which demonstrates the s-parameters set-up measure-

ment using Agilent E8364B VNA with a cascade probe station to test active elements

from DC to 110 GHz. However, figure (4.11) represents (Test Bench-2 and 3) which dis-

plays the s-parameters setup measurement with the frequency extenders to measure

the s-parameters in two frequency ranges (140 to 220 GHz) and (220 to 325 GHz).

Step 1: Determine the correct VNA for various applications. It is essential to select

the right VNA setup to measure the S-parameter of the elements under test. There is

a number of parameters should be considered such as availability, operating frequen-

cies, Coplanar waveguide (CPW) probe station and external source.
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Figure 4.10: S-Parameter measurement setup using Agilent E8364B VNA up to 110GHz

Figure 4.11: Two S-parameter measurement setup using Agilent VNA up to 325GHz
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Step 2: VNA Set-up. Setting the VNA to make the experimental measurements needs

some parameters to be considered; the start and the ending frequency (frequency

span), the amount of frequency measurement points are determined, intermediate

frequency bandwidth (IF) and input power level. The IF bandwidth has to be deter-

mined carefully, smaller IF bandwidth for normal S-parameter measurements give

more accurate measurements but it should be taken into consideration that smaller IF

bandwidth takes more time on the measurements. The IF bandwidth is set to 50 kHz

for the measurements of the MPA. Moreover, The input RF power level has to be well

set, since further high RF power can damage the CPW probe and the DUT. It should

be acknowledged that the input power has to be established before the calibration, as

an alteration of the input signal level will need the RF attenuator to be reset causing

changing the RF match and therefore the calibration conditions.

Step 3: System calibration for S-parameter measurements. It is essential to cali-

brate a VNA to give accurate measurements if it is going to be used for S-parameters

measurements. So, in order to get more accurate and repeatable s-parameters, the fre-

quency response for all the external circuit elements such as cables, waveguide, probes

which are connected externally to the VNA should be calibrated. One systematic error

is to remove the imperfect elements or mismatch connectors during calibration. There

are numbers of calibration options which have been described in table4.1. In general,

the calibration is a process which is carried out by measuring a best-known standard

elements such as a short, an open, matched load, and various line length depending

on the calibration technique used. Almost all the calibration method mentioned are

implemented internally in the VNA.

One Port Calibration Procedure

The Short Open Load (SOL) calibration method was utilised In order to calibrate

one port network to measure input reflection S-parameters of the antennas from DC

to 110 GHz. This technique was introduced first by Eric-Stridin in 1986[151]. It utilised

three known standard (i) An Open probe which is set in the air, (ii) A short (a line) and

(iii) 50 ohm matched load as illustrated in figure (4.12). Using this method, the VNA was

calibrated to the CPW probe tip as the reference plane (as shown in figure (4.13)) and

therefore the antenna input was connected to the CPW probe as the reference plane.

After that, the calibration results were verified using the Smith chart results using the

SOL method for one port calibration for the frequency range from DC to 110 GHz as

illustrated in figure (4.14). It is noticeable from the figure that on the open circuit, the

116 Ahmad Ali Bahar



CHAPTER 4. CLEANING, FABRICATION AND CHARACTERISATION

reflected voltage and the incident voltage are equal and in phase. Whereas, at the short

circuit the voltage of the reflected wave has to cancel the incident wave. So that zero

potential. Moreover, with the load, the reflection coefficient is equal to 1.

Figure 4.12: Schematic view of the SOL calibration substarte

Figure 4.13: set-up of the VNA with the antenna

Two Port Calibration Procedure

The SLOT technique was utilised to calibrate the two-port network on account of

its reliability and the other advantages which are mentioned in the table (4.1). An-

other reason for selecting this method is the absence of suitable calibration parts in
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Figure 4.14: One port calibration Smith chart

CPW format on the other calibration techniques i.e. TRL, SSST and SOLR. A schematic

presentation of the SOLT method calibration substrate for a CPW probe system is illus-

trated in figure (4.15). In this method, a measurement sequence is needed in which is

represented as a block diagram in figure (4.16). basically, the reference plane of port

1 of the VNA is connected to a calibrated short circuit, then is connected to an open

circuit and finally to a matched load (this will covering the whole range of possible re-

flection coefficients). However, the reference planes of port 1 and port 2 are connected

to calibrate out the transmission losses. Again the sequence is repeated at the refer-

ence plane of port 2. Finally, the results were verified after calibration. Figure (4.17)

illustrated the measured results of the SLOT calibration technique of a two-port net-

work plotted on the Smith chart. It is noticeable form results represented on the Smith

chart that the VNA was well calibrated to the CPW probe tip from DC to 110 GHz to

measure the S-parameter of the antennas.

Step 4: Verification and Validation. After the process of VNA calibration, it needs

to be verified. The verification process started by having a well know standard refer-

ence (the ω matched load on the calibration wafer), then measure its S-parameter and
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Figure 4.15: Schematic view of the SLOT calibration substrate[147]

Figure 4.16: Block diagram of two-port network calibration

Figure 4.17: Two port calibration Smith chart[147]
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compare it with the calibration measurement using (WINCAL) software. This valida-

tion procedure was used to proof that the measurements have been conducted without

glitches and no resonance.

Step 5: Measurements. After completing the VNA calibration and verification, the

probe station is aligned with the test wafer. In order to do this, an alignment marker is

attached to the deceive wafer (as seen in figure (4.18)) and used to align the wafer on

the right way, so the probes will step automatically from the device to the other device.

Figure 4.18: Alignment marker on the wafer
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Calibration
Algorithm

Description Advantage Disadvantage

SOLT (short-
open-load-thru)

Common coaxially Simple, redundant
standards; not
band limited

Requires very well
defined standards,
poor on the wafer,
lower accuracy at
high-frequency

SSLT (short-short-
load-thru) Short

with different
offset length

Common in
waveguide

Same as SOLT Same as SOLT but
with band limited

SSST (short-
short-short-

thru) All sorts
with different
offset lengths

Common in
the waveg-

uide or high-
frequency coax

Same as SOLT but
better accuracy

at high frequency

Requires very well
defined standards,
poor on the wafer,

band limited

SOLR/SSLR/SSSR
Like as above but

with reciprocal
instead of thru

Like the above
but when the
good thru is
not available

Does not require
well defined thru

Some accuracy
degradation,

but slightly less
definition, another

disadvantage of
parent calibration

LRL (Line-
Reflect-Line)

Also called TRL

High-performance
coax, waveg-
uide on wafer

Highest accuracy,
minimal standard

definition

Requires very
good transmission

lines, less
redundancy
so more care
is required,

band limited

LRM (Line-
Reflect-Match)

Also called TRM

Relatively high
performance

High accuracy,
only one line

length so easier
to fixture/on the
wafer, not band
limited usually

Requires load
definition. Reflect

standard set-up
may require care

depending on
load model used

Table 4.1: Different kinds of calibration techniques[147][151][152][153][154][155][156]
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4.12 Non-Contact THz Probe Measurement

Testing and characterisation of devices working at sub-millimetre wave frequencies

and above are very challenging at their intended operation frequencies[157]. A present

instrument like contact probes at the THz frequencies are suffering from availability,

high costs, fragility issues and the least the difficulty of physical contact (especially

with the smaller devices) which is required to conduct the measurements. Caglayan et

al[158] presented a novel technique which can be used to test THz frequencies devices

with non-contact probes as illustrated in figure (4.19), Device Under Test (DUT) is in-

tegrated which is incorporated with planar THz antennas, in which the non-contact

probes and connected to VNA test ports through with a quasi-optical coupling setup.

This simple configuration is anticipated to cover the THz frequency band (0.3 – 3 THz)

Figure 4.19: Illustration of Non Contact Probes Set-up[158]
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4.12.1 Analysis Of The Non-Contact THz Probe

The key characteristic of proposed non-contact probes is the effective coupling of

power in and out of DUT. In order to reach an efficient coupling exploitation integrated

planar antennas, an extended hemispherical lens is used to devise the quasi-optical

set-up. As represented in figure (4.20), the incident beam established from horn an-

tenna connected to THz VNA module is focused upon on-hip antennas by the lens and

fed to the device under test through the coplanar situation. The angle among optical

axis and transmitting/receiving beam axis is really small, hence allowing effective cou-

pling to planar antennas at broadside. The Butterfly shaped broadband slot antennas

proposed in[159], are utilised as non-contact probes. MoM based full-wave simula-

tions are used for the analysis of Coupling performance of non-contact probes. Figure

(4.20) shows the radiation pattern of non-contact probe pair under plane wave illumi-

nation for a through the connection between the two antennas (no device). This fig-

ure illustrated coupling which is achieved over a bandwidth of 400 GHz just about 700

GHz. Half of the incident power is coupled to another antenna at 500 GHz, in contrast

at 700 GHz and 900 GHz almost all of the power is coupled. The operation frequency

can be extended more by easily scaling and arranging quasi-optical set-up parameters

(extension length, lens diameter and so on) proportionately as needed.

4.12.2 Calibration Of Non-Contact Probes

Generally, because of one of the THz ports having only received capability, there-

fore conventional 2-port calibration techniques are not practicable to be utilised in this

system. Hence, only S11 and S21 can be measured.

In this process, only forward error model of conventional 12-term error model can

be utilised[160]. These terms can be extracted by means of 1-port calibration meth-

ods and one through measurement. In figure (4.21) functionality of various termina-

tions for calibration purposes is analysed by comparison of scattered fields. Compar-

ing to optimal coupling scenario, scattered fields from an open or short terminated

non-contact probe is higher (7-8 dB) on the receiving antenna part, while the situa-

tion is reversed at the transmitting antenna. Consequently, short and open standards

with various lengths with respect to reference plane can be utilised as the standards for

calibration. Non-repeatable errors are anticipated to have a serious impact on calibra-

tion accuracy given the nature of the overall setup. So to increase the accuracy of the

calibration, an over-determined calibration can be achieved using the least-squares

method, as represented by in[161].
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Figure 4.20: Radiation Patterns of Thru Connected Non-Contact Probes[158]
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Figure 4.21: Scattering for different terminations of non-contact probes[158]

4.13 Thermal Gravimetric Analysis (TGA)

This is a method used for thermal analysis of a sample or material in which the

change in weight or mass of a sample will be measured as a function of the change in

temperature over the period of time in the presence of helium gas nitrogen gas, oxy-

gen gas or air atmosphere. This method will assist in determine some of the follow-

ing profiles of a sample such as thermal stability of a sample, composition of multi-

component, decomposition kinetics of samples, oxidative stability of a sample, mois-

ture and volatile contents of a sample, the effect of corrosive or reactive atmosphere

on a sample and estimated lifetime of a product[162]. Thermogravimetric analysers

or thermo-balance consist of a sample holder within a furnace, the furnace temper-

ature is control by a thermocouple and purge gas system, the photodiode is working

with a permanent magnet to provide mass change value and the data is recorded and

process within the computer. The sample holder located within the furnace, it is usu-

ally made up of platinum due to its inertness and ease cleaning or some time made up

of Aluminium or Alumina. It can hold anywhere from 40 to 500µL of a given sample

or substance. The sensor is placed close to the sample to ensure that recorded tem-

peratures are virtually the same as the sample’s temperature. Also located within the
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furnace is a connection to a purge gas system. Nitrogen, argon gas is sometimes re-

leased within the furnace to prevent the sample from oxidizing as the thermal analysis

is taking place. The furnace may have a heating rate from 0.1◦C per minute to 100◦C

or more per minute ranging from room temperature up to 1000◦C. The sample holder

in the furnace linked to a microbalance apparatus that monitors changes in mass. All

fluctuations are detected and put through a data processor. Since a computer controls

the furnace, the mass information can be combined in accordance with the tempera-

ture change. A sample is placed in the sample holder, as the furnace heats, the sample

mass changes and moves the balance beam. This introduces an abnormal flicker be-

tween one of the two photodiodes and the lamp. The imbalance supplies the magnetic

coil with an amplified current. The magnetic field formed by the coil rebalances the

beam. Current produced by the photodiodes is a signal that is turned into mass change

data by the computer software where thermogram can then be generated[163].

Figure 4.22: Thermal Gravimetric Analysis block diagram[163]

4.14 Differential Scanning Calorimetry (DSC)

This is a technique used for the determination of the rate of heat change in a sam-

ple to the heat change in reference sample as a function of temperature in a controlled

atmosphere. This method is used to measure the following specific heat capacity, la-

tent heat of fusion, glass and crystalline phase transition temperature, melting tem-

perature, denaturation temperature, enthalpies and melting point of polymeric ma-

terials or samples e.t.c [164][165]. DSC consists of two crucibles the sample crucible
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which is used for the prepared sample and has a lid with a hole(s) that allow an ex-

change of heat within the surrounding atmosphere and also the reference crucible as

depicted in figure (4.23) It also consists of a thermocouple, the heating resistor and

purged gas connector[165]. Once the oven is purged with a sample gas such as nitro-

gen, oxygen, an environment needed for transition and chemical reactions are created

and observed. Furthermore, some of the spaces around the oven are been purged with

nitrogen gas in order to avoid freezing at low temperature. The heat is supplied to the

sample and the reference crucibles through the heat sink such that the temperature

difference between the sample and reference were kept constant and the amount of

heat energy is recorded[165][166].

Figure 4.23: Schematic set up of differential scanning calorimetry

4.15 C-V measurements

This is a non-destructive electric measurement technique used in order to deter-

mine the response of the fabricated device to the sweep voltage at various frequencies

as the capacitance is also been determined. In semiconductor and fabricated poly-
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meric devices, some of the quantitative information such as doping concentration, the

thickness of oxide layer, interface trapped charge density, electric charge distribution,

built-in-voltage, dielectric constant, dielectric charge, dielectric capacitance, and sur-

face density. These parameters can be determined at both low and high frequencies as

the voltage applied varied across the device. In this work, HP4192A impedance anal-

yser shown in figure (4.24) is used as the voltage applied is swept between -5V to +5v

as the frequencies range between 1 KHz to 1000 KHz and data obtained for this mea-

surement were reported in the results section. This technique is not sufficient enough

to reveal the properties of polymeric materials antennae as the higher frequencies are

required.

Figure 4.24: CV measurements set-up

4.16 Dielectric Measurements

There are no specific, suitable and accurate single techniques that can be used for

the measurement of dielectric constant of materials after fabrication of the devices
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over the entire band of frequency [167]. The criteria need to be considered in selecting

any methods for the dielectric measurement depend on the frequency, temperature,

nature of the material, size or thickness of the sample, required accuracy, destructive

or non–destructive, contact or non–contact and cost of the device. In view of the afore-

mentioned factors or criteria, the suitable technique for any dielectric measurement

of a material will depend on the frequency needed and type of the materials involved.

There are many techniques which can be used for the measurement which can be sum-

merised in table 4.2.

Figure 4.25: Different dielectric measurements methods[167]
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Method Dielectric

proper-

ties

Materials S-parameters Advantages Drawbacks

Coaxial

probe

εr Liquids,

biological

specimen,

semi-

solids

S11 Broadband fre-

quency, simple

and convenient,

non-destructive,

Isotropic and

homogeneous

and high accu-

racy for high-loss

materials

Air gaps causes

errors and repet-

itive calibration

Free space εr , µ High tem-

perature

material,

large flat

solid, gas,

hot liquids

S11, S21 Wide frequency

range support,

non-contacting,

easy sample

preparation,

moderate accu-

racy for high-loss

and low-loss

materials

Diffraction prob-

lem and low end

limited by practi-

cal sample size

Parallel plate εr Thin,

flat solid

surface

S11, S21 Higher accuracy,

relatively easier

measurement

and suitable

for high-loss

materials

Support for low

frequency and

electrode polari-

sation effect

Planar trans-

mission

εr High tem-

perature

material,

solid/liquid

sample

S11 Simple, cost-

effective and

rapid, no special

sample handling

Low quality

factor , air gap

causes error
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Transmission

line

εr , µ Coaxial

line,

waveg-

uides

S11, S21 High frequency,

anisotropic

materials, and

support for both

solid and liquid

materials

Sample prepara-

tion is difficult,

unsuitable below

a few GHz due to

practical sample

length limitation

Resonant

cavity

εr , µ Rod

shaped

solid ma-

terials,

waveg-

uides,

liquids

Frequencies,

Q-factor

Most accu-

rate method,

suitable for low-

loss materials,

no repetitive

calibration pro-

cedure and high

temperature

capability

Measurement

at only single

or at resonant

frequency and

suitable for small

size samples

Table 4.2: Different dielectric measurements methods[167][168]

Split-Post Dielectric Resonators This is one of the easiest, convenient, most accu-

rate and reliable techniques used for the measurements upon low-loss to medium

loss solid laminar dielectric materials as compared to other techniques mentioned

earlier[167]. The real permittivity εr thermal coefficient and dielectric loss tangent tan

δ can be measured over a single fixed frequency or few ranges of frequencies (1 – 36

GHz) with this technique as developed by Krupka and his colleagues[169]. SPDR con-

sists of two identical parallel dielectric resonators with a cylindrical disc placed along

z-axis coaxially in order to create a small laminar gap for the placement of sample or

specimen for measurement in an enclosed metal as depicted in figure (4.26)

As these two discs resonate together in a particular resonant mode, a circular po-

larised evanescent electromagnetic field exists in the gap region between them. If these

discs were separated and resonate differently, the azimuthal field above and below

their plane surfaces of these discs would decay exponentially as a result of the distance

from the resonator. Since the resonators are close together with the distance between

them (1-5 mm), the electromagnetic field magnitude between them is parabolic as a

function of z with a shallow minimum in the centre of the gap[169].

As the samples placed in the specimen gap, the circularly-polarised azimuthal elec-
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Figure 4.26: A Split-Post Dielectric Resonator (SPDR) cell for dielectric
measurements[169]

tromagnetic field in a fixed frequency is continuous across the dielectric above the

sample, as the instrument is insensitive to the existence of the air gaps perpendicu-

lar to the z-axis of the unit. For the computation of resonant frequencies, unloaded

Q-factors, all other related parameters Rayleigh-Ritz method is used. The real per-

mittivity “ of the sample will be determined on the basis of the thickness of the sam-

ple and resonant frequencies measurements as an iterative solution to equation (4.6)

below[170][171]

ε
′
r =

1+ f0 − fs

h f0Ks(ε
′
r ,h)

(4.6)

Where,

h is the thickness of the sample.

f0 is the resonant frequency of SPDR without a sample.

fs is the resonant frequency of SPDR with the sample.

Ks is a function of ε
′

(specimen dielectric constant) and h.

The function Ks is computed and tabulated for every specific SPDR. The actual res-

onant frequencies and the resulting values of Ks were computed for ε
′
r and h respec-

tively. The remaining values of ε
′
r and h was determined based on the interpolation of

Ks . The initial value of Ks in the permittivity evaluation using equation (4.6) is taken to

be the same as its corresponding value for a given h and ε
′
r = 1. The subsequent values

of Ks are found for the subsequent dielectric constant values obtained in the iterative
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procedure. This equation (4.6) converges rapidly as function Ks is varying with ε
′
r and

h [170][171].

However, the loss tangent is computed using the equation

t anδ= Q−1 −Q−1
DR −Q−1

c

Pes
(4.7)

Where Q is the unloaded Q-factor of the resonant fixture containing the dielectric

sample.

Pes is the electric energy filling factor of the sample as shown in equation (4.8)

Pes = Wes

Wet
=

∫ ∫
VS

∫
εsEE∗d v∫ ∫

VS

∫
ε(v)EE∗d v

= hε
′
r K1(ε

′
r ,h) (4.8)

Qc is the Q-factor depending on metal losses for the resonant fixture containing the

sample as depicted in equation (4.9)

Qc =

∫ ∫
V

∫
µ0H H∗d v

RS
Ò
S

Ht H∗
t

=Qc0K2(ε
′
r ,h) (4.9)

Qc0 is the Q-factor depending on metal losses for the empty resonant fixture.

QDR is the Q-factor depending on dielectric losses in the dielectric resonators as

shown in the equation (4.10)

QDR =QDR0
f0

fs

PeDR0

PeDR
(4.10)

where,

Pe DR is the sample electric energy filling factor.

Pe DR0 is electric energy filling factor for the dielectric split resonator.

Similar to the function Ks , K1 and K2 are functions of ε
′
r and h are computed and

tabulated.

The interpolation of these functions is used determined the values of ε
′
r and

h[170][171].

The uncertainty of real permittivity The major source of uncertainty of the real per-

mittivity is associated with the uncertainty of the thickness of the sample being under

the measurement. The relative error of real permittivity due to thickness uncertainty

as shown in the equation (4.11)
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∆ε
′
r

ε
′
r

≤ 0.15+T
∆h

h
(4.11)

In this work, a split-post dielectric resonator that operates at ∼ 10.2 GHz with R&S

ZVB20 VNA as shown in the figure (4.28) at National Physics Laboratory, Teddington

London is used for the measurement. The sample was made to be square in shape

with a dimension of 30-mm across for the onward measurement as the tangent loss

and dielectric constant were determined respectively.

Figure 4.27: 10 GHz resonator

Broadband Dielectric Spectroscopy (BDS) This is a powerful technique used to

measure electric (conductivity and impedance) and dielectric (dielectric constant,

permittivity) properties of a material over a wide range of temperature, frequency

and relaxation behaviour mode of the material[172]. This technique based on the

interaction between an external electric field in conjunction with the electric dipole

moment and charges of the material involved at the broadband frequency between

10−6 to 1012 Hz corresponding to the wavelengths between 3×1016 and 0.03cm. This

measurement is carried out by applying a voltage across the electrodes interface such

that the amplitude and phase shift of the current can be measured. The ratio of the

output signal to the input is referred to as transfer function[173]. When current is the

input signal, then the output is the voltage and the transfer function is the impedance

of the system. Similarly, when the voltage is the input signal and the current is

the output signal, then the transfer function of the system is admittance[173]. The
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Figure 4.28: SPDR measurements process

admittance and impedance are represented by Y and Z respectively.

The facts that this technique is frequency domain dependent, the measurement of

dielectric material can be theoretically related as follows;

Consider a capacitor C, two parallel electrodes filled with a dielectric material un-

der study, the complex dielectric function is given in equation (4.12) as:

C (iω) = ε(iω).C0 = ε(iω).ε0.
A

d
(4.12)

where,

ε0 is the permittivity of vacuum (8.85 10−12).

A is the area of electrode [m].

d is the distance [m].

ω is the angular frequency (2π f ).

t =p−1

In this work, Novocontrol Broadband dielectric / Alpha impedance spectrometer

(BDS 40) and Quatro cryo-system which serves as temperature controller used for the

dielectric measurement as the schematic diagram of this equipment shown in figure

(4.29). Furthermore, this equipment consists of other components such as vacuum

pumps, gauges, dewar, gas heater and the active sample cell.

As mentioned earlier, the sample to be measured is placed in between two paral-

lel electrodes separated by a spacer in the active cell. From dewar, the liquid nitrogen

of temperature -195.7◦C with the pressure of 5 millibar is evaporated with the help of
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Figure 4.29: Schematic diagram of Broadband dielectric/Impedance Alpha–A-analyser

evaporator and cold gas is allowed to get into the gas heater[174]. The heated nitrogen

gas is allowed to flow into the cryostat which controls the temperature of the sample

to be measured. On the lower part of the active sample cell, the vacuum pump is con-

nected while the upper part is connected to the Alpha Analyser[174]. This equipment

is capable of measuring a sample in the frequency domain within the range of 10−5Hz

and 10 MHz. Measurement of the sample at a low frequency of 10−5 MHz take many

days and high nitrogen consumption at low temperature are the major issues. This can

be avoided by setting the equipment at a frequency between 10−3 Hz and 10MHz as

the operating temperature range within -155◦C and 400◦C[174].

The polymer samples to be measure have their diameters of 2.0 mm and thick-

nesses range between 0.031 mm to 0.75 mm, spacer capacity and the area remain 0 pF.

The voltage applied for the measurement is 1 Vr ms , frequency varies between 10−1 Hz

and 106 Hz and the dielectric losses measure with the temperature dependence -60◦C

to 30◦C respectively.
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4.17 Summary

This chapter gives an overview of the cleaning, fabrications and the measurements

techniques used in this research work. Plasma cleaning represents the cleaning

process. While the fabrication methods, which were used to fabricate the devices

were including thermal evaporation, plasma – enhanced chemical vapour deposition

(PECVD), Lithography, Electrospinning (ES) and Focused Ion Beam(FIB). Further-

more, the measurements techniques which were utilised in this work were including

profilometer, Scanning Electron Microscopy (SEM), Fourier Transform Infra-red Spec-

troscopy (FTIR), S-Parameter, Vector Network Analyser (VNA), Thermal Gravimetric

Analysis (TGA), Differential Scanning Calorimetry (DSC), C-V measurements and

Dielectric Measurements
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POLYMER CHARACTERISATION

5.1 Introduction

As discussed in chapter 2 and 3 the characteristics of the MPAs are dependent on

the properties of the dielectric medium used to fabricate them. In this research, differ-

ent polymers materials were investigated for their suitability for this mode of applica-

tion. Despite some of these polymer having been used in several electronic devices to

date[175], the need to study the dynamic thermal stability of polymer materials over

the broad range of frequencies required, where the influence of necessary parameters

(dielectric constant and loss tangent) shall be measure for the antenna application.

Until recently conventional dielectric polymers have not been utilised extensively

for microelectronic applications, therefore the majority of the information available

in the literature refers to the chemical and mechanical properties, with limited

information regarding the electrical properties relevant to bulk material insulat-

ing applications[175] of vital importance for using a dielectric substrate for patch

antennas.

The materials used in this research were dielectric polymers materials:

• Polyethylene (PE)

• Polypropylene (PP)

• Polyvinyl chloride (PVC)

• Polystyrene (PS)

All of these low-cost materials were supplied by a leading company in the petro-

chemical industry in Saudi Arabia, (Saudi Basic Industries Corporation (SABIC)).
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While there have been some reports of the use of e.g. PS in electronic memory

devices[176], there has been no systematic exploration of their utilisation as a dielectric

substrate for patch antennas. Indeed, despite having a dielectric constant that would

render them highly-suitable for high-frequency exploitation, there are no reports on

the use of these polymers in this type of application or an assessment of the material

properties of relevance. This work will address these issues directly.

5.2 Optimisation of Polystyrene fibre(PSF) Deposition

Using Electrospinning

There are a number of methods by which polymer thin and thick films can be de-

posited such as spin-coating, spray coating, dip-coating chemical vapour deposition

(CVD) techniques ink-jet printing, screen printing and slot die[177].

In this work, electrospinning technique has been used to fabricate the dielectric

media. It has the benefits of being a low-cost, room temperature process, is highly

controllable in terms of the deposited film thickness and can also be used to inject

nanoparticles into the materials in order to enhance properties[178].

5.2.1 Electrospinning and Polymer Layer Optimisation

The main parameters of relevance that were likely to impact on the quality of the

final electrospun layer were identified as:

• solvent type

• solutions concentration

• flow rate

• applied voltage

• substrate vehicle

Experiments were conducted to evaluate the effect of each of the parameters using

grease paper as a substrate to prevent sticking of the material to the collector.

Dichloromethane (DCM) was chosen as solvent because of it volatile and capable

of dissolving a large number of organic compounds. At the initial stage, a PS solu-

tion was made using 2% of raw polystyrene substance and dissolved in 100% of DCM.
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Different PS concentration was made by dissolving using 3%, 4%, 5%, 6% and 7% of

the raw PS in 100% DCM and in DCM and Acetone (1:1). The PS solution was elec-

trospuned at the flow rate of 50µL/min and 60µL/min respectively with an applied

voltage of 14.6±2 KV. For clarity purposed, those parameters used for this purpose are

presented in the table(5.1)

Parameters Values

Solution concentration 3% , 4% , 5%, 6% and 7%

Flow-rate 50µL/min and 60µL/min

Applied voltage 14.6±kV

Table 5.1: Parameters for polystyrene fibre optimisation

The re-construction of polystyrene started with 4% polystyrene concentration us-

ing DCM solvent only at 50µl/min (14.6±2)kV. The fabricated material was tested frag-

ile and the SEM image confirmed many pores of different sizes but no presence of fibre

as this linked to the vapourisation of DCM solvent.

(a) Photograph of fabricated PSF (b) SEM image of PSF

Figure 5.1: PSF produced with 4% PS concentration using DCM solvent only at 50
µl/min (14.6±2)kV

The flow rate of the polystyrene concentration was increased from 50µl/min to

60µl/min while the concentration remains 4%. It was observed that, there are no dif-

ferent in physical texture of the material but SEM image revealed more pores appeared

on the fabricated polymer material with no confirmation the presence of fibre as de-

picted in figure (5.2) .
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(a) Photograph of fabricated PSF (b) SEM image of PSF

Figure 5.2: Polystyrene fibre produced with 4% PS concentration using DCM solvent
only at 60 µl/min (14.6±2)kV

The polystyrene concentration was reduced from 4% to 3% as the flow rate was kept

at 60µl/min. The fabricated polymer material appeared homogenous with no presence

of pores and fibre as confirmed in the SEM image as presented in figure (5.3).

(a) Photograph of fabricated PSF (b) SEM image of PSF

Figure 5.3: PSF produced with 3% PS concentration using DCM solvent only at 60
µl/min (14.6±2)kV

The addition of acetone into the solution provides significant change into the for-

mation of the polystyrene fibre. Acetone is considered because it is a good solvent for

synthesising polymer fibres, miscible with other solvents in order to modify the surface

tension and viscosity of the solution[179]. The solvent combination is 3% PS concen-

tration with DCM and acetone in ratio (1:1). The material produced appeared harder

as compared to those produced earlier but still in fragile state. In the SEM image, the

material appeared more homogenous and presence fibre confirmed as depicted in fig-

ure (5.4).

The PS concentration was increased from 3% to 5% while other parameters kept

constant. The material when it was fabricated it has the dust form, it was not like a
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(a) Photograph of fabricated PSF (b) SEM image of PSF

Figure 5.4: PSF produced with 3% PS concentration using DCM and Acetone (1:1) at 60
µl/min (14.6±2)kV

film. The deposited material structure is shown in figure (5.5), confirmed the presence

of fibre, the grown fibre has a very thin diameter(within diameter range of 100 nm to

300 nm), and it is obvious that there are some clusters of polystyrene.

(a) Photograph of fabricated PSF
(b) SEM image of PSF

Figure 5.5: olystyrene fibre produced with 5% PS concentration using DCM and Ace-
tone (1:1) at 60 µl/min (14.6±2)kV

Further increase in the PS concentration from 5% to 7% using DCM and acetone

at (1:1) at the flow rate of 60 µl/min, deposited material structure illustrated in figure

(5.6) has more fibre appeared with a bigger diameter but the concentration of the fibre

is less than the previous 5% PS. Also, this structure has the dust form.

The solvent concentration was reduced to 6%, the deposited material has a thin

film form, the structure has a thicker diameter fibre than the 5% PS and they are in

mesh shapes. In fact, the deposited structures were more robust and adhered better to

the ground plane, enabling them to be used as a dielectric medium more effectively as

shown in figure (5.7). The electrospun material was heated to 100◦C for 20 minutes in

order to make the material more firm, another SEM image has been taken, the image
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(a) Photograph of fabricated PSF (b) SEM image of PSF

Figure 5.6: PSF produced with 7% PS concentration using DCM and Acetone (1:1) at 60
µl/min (14.6±2)kV

presents no effect of the fibre structure as illustrated in figure (5.8).

(a) Photograph of fabricated PSF (b) SEM image of PSF

Figure 5.7: PSF produced with 6% PS concentration using DCM and Acetone (1:1) at 60
µl/min (14.6±2)kV

The fabricated material can be confirmed as suitable dielectric material used for

the construction of any form of antennas as presented in SEM image of figure (5.8)

It has been demonstrated that the 6% PS concentration has the best results of elec-

trospinning (figure (5.7a))in terms of producing a rigid material with minimal clusters

while maintaining good thermal properties (high-temperature melting point at 108◦

and high-temperature decomposing point at 450◦). In addition, the electrospinning

route provides an on-demand film fabrication process, whereby the film thickness can

be controlled.This work as presented for the first time, provide structured PSF to be

used as a dielectric material for fabricated MMW MPAs in order to achieve optimum
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Figure 5.8: SEM image of PSF produced from PS with 6% PS concentration using DCM
and Acetone (1:1) at 60 µl/min (14.6±2)kV after heating

and good performance of the device.

144 Ahmad Ali Bahar



CHAPTER 5. POLYMER CHARACTERISATION

5.3 Characterisation of polymer materials

In order to characterise all the polymers films, analytical tests were conducted on

all the specimens including Scanning Electron Microscopy (SEM), Fourier Transform

Infra-Red Spectroscopy (FTIR), Thermal Gravimetric Analysis (TGA), Differential Scan-

ning Calorimetry (DSC), Broadband Dielectric Spectroscopy (BDS) and Split-Post Di-

electric Resonator (SPDR).

5.3.1 Fourier Transform Infra-Red Spectroscopy (FTIR)

In figure(5.9) the FTIR spectra between 400 cm−1 and 4000 cm−1 for polymeric ma-

terials such as PE, PP, PVC, PS and PFS are presented.

Vibrational bands characteristic of PE are shown in figure peaks were observed at

2916 cm−1, 2850 cm−1, 1461 cm−1 and 719 cm−1 respectively. A very strong vibration

is observed at 2916 cm−1 corresponds to C-H asymmetric stretching of the polymeric

material (Polyethylene) from CH2 groups. Another strong band of 2850 cm−1 corre-

sponds to C-H symmetric bending from the same group of CH2 is also observed. At

1461 cm−1, corresponds to the C-H bending vibration as well as deformation of CH3

(methyl) group in the polymeric material. Furthermore, 719 cm−1 represent C-H from

methyl group of rocking deformation characteristic as reported[180][181]. The peaks

in this material are within the range of those reported in the literature. Some of the

weak bands are also observed but due to the conformity of the strong bands to the

available literature, the weak bands are not considered.

PP characteristic band shown in figure (5.9b), strong bands observe at 2917 cm−1,

2868 cm−1, 1462 cm−1 and 1373 cm−1 respectively. 1168 cm−1, 974 cm−1, 836 cm−1

and 455 cm−1 represent the weak bands in the material. The peaks at 2917 cm−1 and

2868 cm−1 caused by C-H stretching vibrations occurred in the material. The peaks

at 1462 cm−1 and 1373 cm−1 allocated to both CH2 and CH3 bending vibration of

polypropylene material under investigation. The small or weak bands such as 1168

cm−1, 974 cm−1, 836 cm−1 and 455 cm−1 occurred due to symmetric deformation vi-

bration of CH3 and rocking vibration from CH2 occurred in the material as reported in

the literature[180][182].

PVC characteristic bands shown in figure (5.9c), peaks at 2936 cm−1 and 2866 cm−1

contributed C-H stretching vibrations of the C(CH3) methylene. At 1269 cm−1 and 1105

cm−1 peaks occurred due to the CH2 rocking vibrations while C-Cl stretching bands

occurred at 748 cm−1, 615 cm−1 and 953 cm−1 represent trans deformation of C-H or
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wagging vibration [180][183][184]. A sharp spectrum observe at 1717 cm−1 is probably

due to the vibration of CH2 occur in the material.

PS characteristic bands are shown in figure (5.9d), peaks at 3020 cm−1, 2931 cm−1

and 2856 cm−1 observe due to asymmetric and symmetric stretching vibrations of

C-H from CH2 groups. The presence vinyl group of C=C detect at peak 1605 cm−1

while at 1456 cm−1, vibration occurred due to the stretching deformation of both

CH2 and benzene ring of styrene molecules. The peaks at 740 cm−1, 694 cm−1 and

536 cm−1 represent the bending and rocking modes of C-H groups in the polystyrene

[180][185][186][187][188]. The peaks at 1024 cm−1 and 904 cm−1 are notice to

represent deformation vibrations occur at C-H group of the polystyrene.

PSF characteristic bands shown in figure (5.9e), feasible peaks both strong and

weak are observe at 547 cm−1, 696 cm−1, 1457 cm−1, 2916 cm−1 and 3036 cm−1 re-

spectively. The C-H stretching of benzene rings is observed at 3036 cm−1 and C-H

stretching vibration in the CH2 group at 2916 cm−1 is observe. At 1456 cm−1 and 1589

cm−1, an aromatic C=C stretching vibration is notice, 1024 cm−1 is representing the

vibrations of benzene ring, and a strong band is noticed at 696 cm−1, which represent

the bending as well as rocking modes of C-H groups in the material. All these peaks

are relatively close to those found in the literature supporting the argument for using

this technique for polymer deposition in this work[180][185][189]. In this characteri-

sation, obtained are the peaks of different functional groups or molecular structures in

the materials and were relatively close to those found in the literature as it confirmed

the high quality of these materials used for the fabrication. The performance of the

antenna depends on the quality of the materials used during the fabrication process.
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(a) (b)

(c) (d)

(e)

Figure 5.9: FTIR for different polymer materials
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5.3.2 Thermogravimetric Analysis (TGA)

Most materials demonstrate single–stage decomposition while PVC material ex-

hibit multistage decomposition thermal process according to figure (5.10) as this is

associated to the decomposition of lower molecules (HCl, benzene and vinyl chloride)

and a higher molecule of unsaturated hydrocarbon[190]. The initial, maximum and

final degradation temperature of these materials were presented in table (5.2) where it

formed the basis for the thermal analysis.

Figure 5.10: Thermogram curve Analysis

PE, PP and PS and PSF have their thermal stability range between 40◦C to 354◦C

while polyvinyl chloride is between 40◦C to 323◦C. This variation is linked to the pres-

ence of different molecules and bonds in the materials as confirmed by the FTIR. The

decomposition temperature of the individual polymeric material is presented in a dif-

ferential format for the better understanding of the thermal decomposition undergone

by these materials.

PE thermogram curve presented in the figure (5.11a), from 40◦C to 392◦C the

material is stable as no degradation is noticed suggesting the relative stability of the
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Polymeric
materials

Initial degrada-
tion temperature

(Td(1%))
◦C

Maximum
degradation tem-
perature (Tmax)◦C

Final degradation
temperature

(Td(99%))
◦C

Polyethylene 393 499 525

Polypropylene 372 488 510

Polyvinyl chloride 324 461463 790

Polystyrene 357 438 460

polystyrene fibre 355 430 464

Table 5.2: Thermal decomposition of polymer materials

material. The decomposition starts from 393◦C (Td(1%)) equivalent to 1%. There is

large inverse peak (DTG) noticed at 499◦C representing complete decomposition

oand corresponding to the maximum degradation temperature (100%) (Tmax). The

final degradation temperature of this material is noticed at 525◦C. All these values are

relatively close to those reported in the literature for low-density polyethylene (LDPE)

and pure polyethylene[191][192]. A small peak is also noticeable at 462◦C but is not

strong enough to claim the degradation of the material under investigation, as this

may be linked to the presence of an impurities.

The PP thermogram curve presents in figure (5.11b) show the thermal stability of

this material between 26◦C to 371◦C, the degradation starts at 372◦C as correspond-

ing to the decomposition of the material by 1% of weight and 99% of the material de-

composition at 510◦C. The principal peak noticed at 488◦C is the total decomposition

of the material comparable to that found in the literature[192]. The thermal decom-

position experienced by this material is as a result of thermal scissions of aliphatic

C-C backbones linked with hydrogen transfer at the scission sites in a nitrogen gas

atmosphere[193]. Some small peaks are evident in the stability region and are again

linked to an impurity during the fabrication process of the polymeric material.

The PVC thermogram curve is presented in figure (5.11c), with thermal stability of

between 40◦C to 321◦C; decomposition begins at 322◦C corresponding to the decrease

of the total weight by 1% (0.098 g,) and 99% of the total weight underwent decomposi-
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tion at 792◦C. Multistage decomposition of the PVC is clearly evident by the DTG curve

as the principal peak appears at the 324◦C while other peaks are at 463◦C and 790◦C re-

spectively. The principal peak corresponding to the dehydrochlorination of PVC is usu-

ally found between the temperature of 220◦C to 370◦C as the formation of conjugated

polyenes in the structure[194][195]. The second peak corresponding to the decompo-

sition of the conjugated polyenes structure formed earlier in the structure[194][195].

The third peak can once more be linked to the presence of impurities in the material.

PS thermogram curve is shown in figure (5.11d), with no clear degradation of the

material occurring from 50◦C to 356◦C and degradation beginning at 357◦C (Td(1%))

corresponding to 1%. The principal peak observed at 438◦C corresponds to the com-

plete degradation or decomposition (100%) (Tmax) of the polystyrene at the DTG curve

while final degradation is noticed at 464◦C equivalent to 99% (Td(99%)) of the material

decomposition. The initial gradual decrease in the weight of the material when sub-

jected to heat is due to the release or loss of crystalline water and residual organic so-

lute in the polystyrene as reported in the literature. Some of the thermogram values

obtained relatively close to those reported in the past works [196][197].

The thermogram curve for PSF is shown in figure (5.11e), this material is shown sta-

bility between 60◦C and 354◦C. The decrease in the weight of 1% and 99% are recorded

at 355◦C and 464◦C respectively. The complete decomposition or degradation is at

430◦C. The decomposition is similar to that of the polystyrene as the crystalline water

molecule is released and as well as a residual of organic solute in the material.
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(a) (b)

(c) (d)

(e)

Figure 5.11: Derivative of weight change for different polymers materials
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5.3.3 Differential Scanning Calorimetry (DSC)

The determination of thermal stability of the polymeric materials used for the

patch antenna continues by using DSC. The temperature range for each of the sample

is between 20◦C to 380◦C in which the count rate is at 20◦C per minute. The mea-

surement is carried out in a nitrogen atmosphere with a flow rate of 20ml per minute.

The initial temperature is 20◦C, the mass of each sample is known and corresponding

heat flow rate starts from 0 mW. It should be noted here that the measurement is

endothermic in nature. Figure (5.12a) shows the DSC curve for the polyethylene. The

glass transition temperature (Tg ), crystalline temperature(Tc ), specific heat capacity

and change in enthalpy can be derived from the figure (5.12a) as shown in figure

(5.12b).

At the initial stage, the polymer material is amorphous in nature, when the heat

is applied to the material, the amorphous melting temperature is reached and this is

called glass transition temperature. The glass transition temperature represents the

temperature at which the polymer material starts to lose its solid form and can be

found at approximately 75◦C relatively close to reported for both low-density polyethy-

lene (LDPE) and high-density polyethylene (HDPE)[198]. Further increases in tem-

perature lead to the crystallinity of the material observed at 162.4◦C. However, at the

glass transition, amorphous states polymer materials is confirmed. For this purpose,

PE is a semi-crystalline polymeric material due to the presence of glass transition[198].

The area under the peak is 233.15 mJ determined from the onset temperature of 101◦C

to 223.6◦C and corresponding to the total energy consumption (heat capacity) for the

crystallinity process. The enthalpy change per unit weight for this sample can be de-

termined by dividing the heat capacity by the heating rate and weight of the sample.

The weight of PE used for this process is 10.04 mg, the heat rate is 20◦C per minute and

the enthalpy change per unit weight is 1161 mW/g as this low due to the weight of the

material involved.

In figure (5.12c), there is no glass transition temperature present which implies

that polypropylene is fully crystalline and the crystallinity is at 173.2◦C relatively cor-

respond to those reported earlier[199][200][201]. The total heat consumption for the

crystallinity of this material is 553.5 mJ correspond to the area under the crystallisation

peak between 128◦C and 222◦C. Furthermore, the weight of the material used is 27.00

mg and enthalpy change is 1025 mW/g.

As presented in figure (5.12e), the glass transition temperature is approxi-

mately 87◦C and is not clearly shown but corresponds to those recorded in the
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literature[202][203]. The material is semi-crystalline in nature with the crystallinity

peak occurred at 258.1◦C as shown in the inserted graph. The area of the peak is

approximately 16 mJ as corresponding to the heat consumption for the crystallinity of

the material as the temperature range between 250◦C and 266◦C respectively. For this

material, the weight is 17.0 mg and calculated enthalpy change is 47.06 mW/g. The

low enthalpy change value obtained is as a result of the region where the area of the

peak with respect to temperature is taken.

PS is semi-crystalline and the glass transition temperature is approximately 91◦C

and the crystallisation temperature is 103.5◦C respectively in conformity to those re-

ported earlier[204]. The peak area is 4.5 mJ corresponding to the total heat consump-

tion for the crystallinity of the material as the temperature range between 92◦C and

125◦C respectively. The weight of the sample is 8.4mg and the enthalpy change is 26.8

mW/g at a heating rate of 20◦C per minute. There is another peak noticed but not

within the range of those reported in the literature.

The PSF DSC curve presented in figure (5.12f) and is similar to figure (5.12e). The

semi-crystalline nature of the material is observed when the glass transition tempera-

ture is 92◦C and crystallisation temperature is 107.8◦C and is relatively close to those

of polystyrene. The peak which is the total heat capacity for the crystallisation of this

material is 3.76 mJ as the temperature range between 97.8◦C and 122◦C respectively.

The enthalpy change for this material is approximately 38.0 m while the weight of the

sample is 5.0 mg.
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(a) (b)

(c) (d)

(e)
(f)

Figure 5.12: DSC for different polymer materials
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5.4 Broadband dielectric spectroscopy (BDS)

Broadband dielectric spectroscopy (BDS) is an appropriate technique to obtain in-

formation in terms of thermal stability about the dynamic state of polymer materials

with respect to the broad range of temperature and frequency[205]. In this work, the

dielectric loss of the polymer materials (such as PE, PP, PVC, PS and PSF) is consid-

ered as a function of frequency and temperature. Figure (5.13a), represents a three-

dimensional rendering of the dielectric measurement for the PE film. The strong di-

electric response is observed due to the presence of repeating unit carries no pure

dipole moment. The dielectric loss is linked directly to the molecular mobility of the

polymer structure or matrix as the presence of impurities and polar carbonyl groups

are noticed. The approximate magnitude of dielectric loss within the range of 10−4 to

10−2 is moderately in conformity to those values quoted in the literature.

The conductivity, α-relaxation, the dielectric active β-process at high temperature

and β-relaxation at low temperature. The presence of α-relaxation confirmed a

non-polar structure of the material as the segmental motion occurs due to the main

chain at the glass transition temperature as earlier shown in differential scanning

calorimetry[205][206]. The dielectric loss of this material at the different temperature

confirmed it the thermal stability as compared to other polymeric materials. The

dielectric loss varies at a lower temperature due to change in the matrix. The fluctu-

ation observed in the lower region is due to the low glass transition temperature as

confirmed in DSC [206].

Figure (5.13b) shows three-dimensional rendering of the PP film. The conductivity

of this material is quite small approximately (10−3) as compared to the PE and this can

be as a consequence of mobile ionic impurities present in the material. Further con-

firmation of this impurity shown in FTIR as some of the unresolved peaks appeared.

The dielectric loss of this material is approximately between 10−4 and 10−3 and this

low loss may be linked to the presence of impurities build up in the material. The

α–relaxation process is linked to the higher glass transition temperature while the β-

relaxation process is observed at a lower temperature and can be attributed to CH

orientation[207]. The fluctuations experienced at low temperature and low frequen-

cies are due to the low glass transition temperature as confirmed in the DSC curve.

The three-dimensional broadband dielectric spectroscopy is shown in figure (5.13c)for

PVC. The dielectric loss is approximately range between 0 and 10−2. The heteroge-

neous of the material is confirmed. The conductivity presents linked to the impurities

in the material.
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The secondary relaxation occurred at the temperature below the glass transition

and responsible for the main dielectric loss features in the polymer[208]. As temper-

ature increases close to the glass transition temperature, the primary relaxation be-

gins to be observed with reference to the frequency gaps and the conductivity ob-

served. The shape of this polymer shows the combination of both α– relaxation and

β-relaxation as observed[208].

Figure (5.13d) shows the three-dimensional of PS, The dielectric loss is approx-

imately range between 10−3 and 10−4 as the increase in conductivity is observed in

the material. For pure PS, dielectric relaxation behaviour is not strong due to the

stability of phenyl groups that are characterised by a high local dipole moment[209].

The α-relaxation occur at a higher temperature which is basically associated with

the glass transition temperature while β-relaxation is attributed to the frequent

head-to-head polymerisation or rotation of styrene monomers or phenyl groups at

lower temperature[209][210]. The γ-relaxation occurs at low temperature linked to the

motion of the methylene backbone chains close to head-to-head or tail-to-tail defects

occur[210].

The PSF presented in the three-dimensional diagram in figure (5.13e). The dielec-

tric loss of this material is between 10−4 and 10−5. The low conductivity of the sample

is rarely experienced at low temperature confirming the presence of some impurities in

the sample. The presence of α-relaxation, β-relaxation and γ-relaxation can be clearly

reflected in the diagram. The thermal instability of polystyrene fibre is confirmed in

figure (5.13e) and the peaks observed linked to the distortion in molecular orientation

and morphology of the material.
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(a) (b)

(c)
(d)

(e)

Figure 5.13: Different polymer Broadband dielectric spectroscopy
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5.4.1 Split-Post Dielectric Resonator (SPDR)

This technique is used for the measurement of the complex permittivity and di-

electric loss tangent at a higher frequency with respect to the thickness of the sample,

height of the sample and the number of sample stacking. In this work, the complex

permittivity, dielectric loss tangent are determined with respect to the thickness of the

polymer materials at the frequency of 10.2 GHz. Three samples for every materials

were measured. The thickness of these samples varied significantly and measurements

were taken at different locations. The average of the thicknesses, complex permittivi-

ties and loss tangents are presented in table(5.3).

SPDR data Literature

Polymer
materials

Thickness
(mm)

Complex
permit-

tivity
(εr )

Loss
tangent
(t anδ)

Complex
permit-

tivity
(εr )

Loss
tangent
(t anδ)

Reference
F(GHz)

Polyethylene 0.16 2.10± 14% 1.5E-04±
2.9E-04

2.35±
0.3%

1.4E-0.4±
23%

3.9[171]

Polypropylene 0.39 2.11± 6% 2.3E-04±
1.2E-04

Polyvinyl
chloride

0.21 2.53± 3% 5.8E-03±
2.5E-03

2.7± 0.7% 5.0E-03±
8.0E-05

10[211]

Polystyrene 0.16 2.35± 16% 3.2E-04±
2.6E-04

2.55±
0.4%

4.8E-04±
8%

3.9[171]

Polystyrene
fibre

0.15 1.36±5% 2.4E-
04±4.8E-

04

Table 5.3: SPDR- comparison of some selected polymer materials

Table(5.3), the correlation between the SPDR data obtained from the literature to

the measured data is compared. Generally, uncertainties are presented at coverage

factor k = 2 by the United Kingdom Accreditation Service (UKAS) standard M3003 on

the expression of uncertainty and confidence in the measurement. The coverage factor
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K = 2 equivalent to the 95% level of confidence in measurement and this is used by NPL

where the measurement was carried out.

The PE thickness of 0.16 mm gives a complex permittivity of 2.10±14% and

loss tangent of 1.5E-04±2.9-04 is such in a good agreement to the SPDR measure-

ment done at 3.9 GHz by Krupka et.al for the precise measurements of laminar

dielectric specimens that provides permittivity of 2.35±0.3% and loss tangent of 1.4E-

0.4±23% for high-density polyethylene. However, the thickness of the sample was not

mentioned[171]. For the PS, the thickness of 0.16 mm while the complex permittivity

is 2.35±16% and 3.2E-04±2.6E-04 for the loss tangent. The complex permittivity shows

good agreement with the SPDR measurement by Krupka et.al (2.55±0.4%) while loss

tangent of 4.8E-04±8% show more variation as this can link to the thickness of the

sample which was not mentioned in the literature[171]. The PVC of thickness 0.21mm

provides complex permittivity of 2.53±3% and loss tangent of 5.8E-03±2.5E-03. The

results are in good agreement with dielectric measurement carried out at 10 GHz

for both the complex permittivity (2.7±0.7%) and loss tangent of 5.0E-03±8.0E-05 at

unknown thickness[211].

However, the complex permittivities for both PP and PSF are 2.11±6% and 1.36±5%

while the loss tangents are 2.11±6% and 1.36±5% respectively. It should note here that,

as at the time of reporting these results, no any literature was found to be used for

corresponding data for these two materials and this can serve as the reference data for

any future work.
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5.5 Summary

The performance of the patch-antennas depends on the quality of the materials

used for the fabrication where dielectric substrates play a significant role. In this chap-

ter, the optimised PSF was achieved through variation of parameters such as flow rate,

applied voltage, substrate vehicle and loading concentration of the polymer solution

such that dielectric medium suitable for the fabrication of MPA. The co-solvent vehicle

(50:50) comprised of acetone and DCM was used where a solution infusion flow rate of

60 µL/minute with applied voltage of 12±2 kV for a rigid fibrous PS substrates.

The characterisation of PE, PP, PVC, PS and PSF in order to determine the chem-

ical, thermal and mechanical properties of these materials. In the FTIR characterisa-

tion, used for the determination of different chemical bonding which include methyl,

methylene and vinyl groups in these dielectric materials. The different strong peaks

observed in this individual material confirmed the high quality substrates required for

the MPAs fabrication. To operate MPA in high temperate region, it is important to know

the thermal stability of the substrate materials using both TGA and DSC respectively.

Thermal decomposition of the materials confirmed with the analysis using differen-

tial TG where different inverse sharp peaks observed for different polymer substrate

materials. More so, the glass transition temperature and crystallinity of the materials

were obtained at different temperature. Furthermore, SPDR confirmed the loss tan-

gent and complex permittivities which are properties required for the suitability of di-

electric substrates for MPAs. These properties were never reported in any literature for

both PP and PSF materials before this work. The BDS technique where the ionic con-

ductivity, α – relaxation and dielectric active β – process at both high low temperature

were confirmed present in the materials.
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Chapter 6

DESIGN AND CHARACTERISATION OF

POLYMERS PATCH ANTENNAS AND

DLC NANO-PATCH ANTENNAS

6.1 Design And Characterisation Of A Diamond-Shaped

Monopole Patch Antenna

6.1.1 Introduction

In regards to the rapid development of wireless communication systems, Elec-

trically Small Antennas (ESAs) have gained increasing interest in the wider area of

engineering communities. Compact physical sizes that are small with respect to

their operational wavelengths, along with exceptional and multi-functional perfor-

mance characteristics are high in demand. Over the past decades, researchers have

proposed many ESA designs, such as the right/ left-hand composite, transmission

line based antennas[212], near-field resonant parasitic antennas[213] and reactive

loaded monopole antennas[214]. However, the development of such ESAs are often

constrained not only to compact (relative to their operational wavelength) but also

have broad impedance bandwidth[215] [216][217]. It is highly desirable to realise an

ESA design that is efficient over a wide range of operational frequencies.

This chapter proposes a diamond-shaped monopole antenna to be operated at mil-

limetre wavelengths. It is designed and numerically simulated using the advanced de-

sign system ADS-2009 software and the internal package is based on the method of mo-

mentum. Method of momentum is an electromagnetic field simulator that compute S-
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parameter for general planar circuits including microstrip, slotline, stripline, coplanar

waveguide and other technologies. Vias and air-bridge connect topologies between

layer; multilayer structures, RF and microwave circuits can also be simulated using

ADS-2009. Usually, in the method of momentum, the electromagnetic field problems

are classified into two groups. The first one covers directly the electromagnetic field

and the second one covers the field source. In both cases, the equation that is to be

solved are linear operator equations in terms of unknowns (the field, via and sources).

However, in the first case, the equations are differential, whereas in the second case

they are integral. Both classes of equations belong to the general class of linear opera-

tor equations, which have the common form

L( f ) = g (6.1)

where,

L is the operator.

g is the source of excitation, which is assumed a known function.

I is the field or response, which is the unknown function to be determined.

The linearity of the operator follows from the linearity of Maxwell’s equations and

the constitutive equations, as only linear media is considered. Also, It is assumed there

exists a unique solution to above equation.

For the first group of numerical methods, L is a differential operator. It generally

involves derivatives with respect to three spatial coordinates. For the time-domain

analysis, derivatives with respect to time are also involved. Furthermore, f is a field

vector or potential (depending on the formulation), g is known as quantity, for exam-

ple, the field or potential due to an incident wave. For the second group of numerical

methods L is an integral operator and f represents the field sources. Irrespective of the

approach, the operator equation (6.1) can be solved following the numerical procedure

recognised under the generic name of the method of moments (MoM). This is a gen-

eral technique for solving linear operator equations. In this method, it was found that

the mesh size was of particular importance to obtain realistic return-losses of the an-

tennas, espeically at high frequency. The diamond shaped MPAs were then fabricated

on a standard RT duroid material [218] and then it was RF characterised over the fre-

quency range 10 MHz to 20 GHz using a network analyser (E8362B). Initial simulation

and measurements result on the high-frequency diamond shaped MPAs show better

performance than a standard monopole antenna; it was shorter in physical length and
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had a wider bandwidth and higher gain.

6.1.2 Design Of A Diamond-Shaped Monopole Antenna

Figure (6.1) shows a schematic view of the diamond-shaped monopole antenna.

The monopole antenna has a metallised thickness of ‘T’ and an inner length L1 and

a sectorial angle of ‘θ1’. The corner of the diamond shaped monopole antenna is fed

by a 50 Ω microstrip-line, which has an inner length of L1 and sectorial angle of ‘θ2’.

These structures are fabricated on a dielectric substrate with a relative permittivity of

‘ε’ and a thickness ‘H’. The structure is analysed by the method of momentum[90][89].

In the MoM simulation, to ensure a fast simulation with a good accuracy, a graded-

mesh is used with the maximum mesh parameter of λ0/25 with at least five discreti-

sations on each object. Initially, the diamond-shaped MPA are fabricated on an RT

Duroid material, which has the relative permittivity of 2.22 and thickness of 1.6 mm.

The 50 Ω microstrip line was calculated by using the line formula[219]. It is observed

that by decreasing the length L1 of the monopole antenna the resonant frequency of

the diamond-shaped monopole antenna is increased.

Figure 6.1: Diamond shaped monopole antenna
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6.1.3 Simulation Results Of A Diamond Shaped MPA and Fabrication

The resonant frequency of the monopole antenna was calculated using the quarter-

wavelength of the resonant frequency. Recently a technique has been developed to

calculate the resonant frequency of the radial stub resonators[220][221]. In this work,

a similar approach is adopted to calculate the resonant frequency of the diamond-

shaped MPA as a function of inner length at a fixed sectorial angle and is given in a

polynomial form as

f0 =−3×10−6L1
5 +5×10−4L1

4 −0.0337L1
3 +1.0827L1

2 −17.29L1 +115.89 (6.2)

The polynomial coefficients in equation (6.2) are specific to 45-degree sectorial

angle and it needs to be adopted for the different sectorial angle. Figure (6.2) shows

a comparison between the simulated diamonds shaped monopole antenna and a

monopole wire antenna. The results show that the diamond-shaped monopole an-

tenna resonates at a higher frequency when compared to the monopole wire antenna

of a comparable length. The plot shows that for a monopole wire antenna with an

inner length of 15 mm resonates at a frequency of 5.1 GHz for the diamond-shaped

monopole antenna with an inner length of 15 mm resonate at a frequency of 10.8

GHz. The diamond-shaped monopole antenna has a smaller physical length when

compared to the monopole wire antenna.

Figure 6.2: Simulated resonant frequency of a diamond-shaped MPAs for different in-
ner length L1 and by fixed sectorial angle
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The antenna has been fabricated using chemical etching process as demonstrated

in figure (6.3) and an image of fabricated antennas shown in figure (6.4).

Figure 6.3: Diamond shaped monopole antenna fabrication Process

Figure 6.4: Fabricated diamond shaped antennas
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6.1.4 Experimental Results Of A Diamond shaped MPA

A number of diamond-shaped MPAs with a sectorial angle (θ2) of 45◦ with an in-

ner length L1 of 15 to 48 mm are fabricated on a 1.6 mm thick RT Duroid material.

The thickness of the metallisation of the monopole antenna structure is 0.5µm and the

structure is fed by using a 50 Ω microstrip line which is shown in figure (6.1). The an-

tennas were characterised by using two-port S-parameter measurements from 10 MHz

to 20 GHz using a Keysight (E8362B) network analyser. The experimental resonant fre-

quency is determined by using the S11 parameter of the monopole antenna.

The measured resonant frequency of a diamond-shaped monopole antenna with

an increasing inner length L1 are compared in figure (6.5). The plot shows that the

measured resonant frequencies agree with the simulated results for inner length L1

varying from 4 mm to 44 mm.

Figure 6.5: Comparison of the resonant frequency of Diamond shaped and monopole
antennas as a function of inner length L1 (simulation and measurements)

The quality factor and bandwidth of diamond-shaped MPAs are calculated by[222]

Q = Ener g y stor ed

Ener g ydi ssi pated
= f0

∆ f
(6.3)

Where ∆ f is the 3 dB bandwidth. The 8 mm and 45◦ sectorial angle (θ2) diamond

shaped MPA had a simulated Q-factor of 48; the measured Q-factor was 42, whereas

for the monopole antenna the simulated Q-factor was 26. Higher Q-factor is been pos-
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sible by increasing the metallisation thickness. Figure (6.6) shows the comparison of

the bandwidth of a diamond-shaped monopole and a monopole antenna. It shows

that diamond shaped MPA has a higher bandwidth when compared to the monopole

antenna.

Figure 6.6: Comparison of the bandwidth of diamond-shaped MPAs and monopole
antennas for different length

6.2 Coplanar Waveguide (CPW) Diamond Shaped MPAs

High-frequency diamond shaped monopole antennas are designed using coplanar

waveguide format structure which has ground-source-ground (GSG) of (75µ 75µ 75µ)

to reduce the parasitic effects. Diamond-Shaped MPAs are designed and developed

using the software package Advanced Design systems (ADS-2009). Figure (6.7) shows

a typical structure of a CPW diamond shaped MPAs with/without air-bridge, the air-

bridge is used to equalise the potential between the ground planes. The simulation

results for a 1000µ length CPW diamond shaped MPAs is shown in figure (6.8). The

resonant frequency of the CPW diamond shaped antennas was defined when the S11

approaches to a low loss and the S12 has a high return loss or approaches to zero. From

the figure (6.8), it can be seen that CPW diamond shaped MPA with air-bridge is res-

onating at a higher frequency (≈62 GHz) with wider bandwidth when compared to the

CPW diamond shaped MPA without air-bridge (≈55 GHz). Due to some manufactur-
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ing issues, it was difficult to fabricate the air-bridge for the CPW diamond shaped MPA.

An important feature of the diamond-shaped MPA was that it took less up circuit space

when compared to the other exciting antennas at the same frequency.

Figure 6.7: Diamond Shaped antenna with and without air-bridge

Figure (6.9) shows a schematic view of the CPW diamond shaped MPA with has a

metallised thickness of (τ = 300nm) and a length (L=1000µ) with an inner angle (θ),

the apex corner of the resonator is directly fed from a CPW 50 Ω line. The diamond

shaped MPAs were fabricated by using copper material as a metallisation on a different

polymer substrate, which was mentioned in table (6.1) (more details about fabrication

process will be discussed in the following section) and RF characterised from 10 MHz

to 110 GHz using a high-frequency network analyser. The loaded diamond shaped

MPAs were fully characterised using MoM model in an electromagnetic package within

the ADS.

Like a diamond-shaped MPA at low frequency, precaution care was taken to choose

the correct meshing size (0.028∗λ/4) in order to obtain a realistic S-parameter for small

length CPW diamond shaped MPA. Figure (6.10) illustrated the simulation resonating

frequency for each MPA fabricated in different polymer materials.

On the other hand, MPA array was designed and fabricated using the same polymer

materials. These MPA arrays are designed using coplanar waveguide format structure
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Figure 6.8: Diamond Shaped antenna with and without air-bridge

Figure 6.9: Schematic of a CPW Diamond Shaped MPA
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Polymer
materials

Thickness (mm) Complex per-
mittivity (εr )

Loss tan-
gent (t anδ)

Polyethylene 0.16 2.10± 14% 1.5E-04± 2.9-04

Polypropylene 0.39 2.11± 6% 2.3E-04± 1.2E-04

Polyvinyl chloride 0.21 2.53± 3% 5.8E-03± 2.5E-03

Polystyrene 0.16 2.35± 16% 3.2E-04± 2.6E-04

Polystyrene fibre 0.15 1.36±5% 2.4E-04±4.8E-04

Table 6.1: Dielectric parameters for different polymers at various frequencies

which has (GSG) of (150µ 150µ 150µ) as shown in figure (6.11). Figure (6.12) illustrated

the simulation resonating frequency for each MPA array in different polymer materials.

Further discussion of the simulation results are compared and explained in section

(6.2.2)

Figure 6.10: Simulation results for different polymers materials (single MPA antennas)
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Figure 6.11: Schematic of a CPW Diamond Shaped MPAs

Figure 6.12: Simulation results for different polymers materials (MPA array)
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6.2.1 Fabrication process of a CPW Diamond shaped antennas

The antennas were fabricated on the different polymers substrate by using the

evaporation technique mentioned on chapter (4). First the polymer samples were

cleaned using the barrel etcher as explained also on chapter (4), then the ground

plane (Aluminium (Al) material) deposited with thickness ≈ 300 nm using the thermal

evaporator on one side of the polymer samples, after that by using the shadow mask,

the metallisation layer of the antenna deposited on the other side of the polymer

samples with thickness of ≈ 300 nm. The whole process is illustrated in figure (6.13)

Figure 6.13: High-frequency Diamond shaped antennas fabrication Process

6.2.2 Experimental Results of a CPW Diamond shaped antennas

A number of CPW diamond shaped MPA with a sectorial angle of 45 degrees was

fabricated on different material. The metallisation thickness of fabricated antennas

was around ≈ 300 nm to minimise the conductor losses and the structure was directly

fed by using the 50-Ω CPW lines which are shown in figure (6.9). The CPW diamond

shaped MPAs structures were fabricated at DE Montfort University and RF character-

isation was carried out at University of Nottingham The CPW diamond shaped MPA

were characterised using two-port S-parameter VNA measurements from 100 MHz to

110 GHz and it was calibrated by using RF calibration substrate from picoprobe(CS-5).
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(a) Polyethylene substrate (b) Polypropylene substrate (c) PVC substrate

(d) Polystyrene substrate (e) Polystyrene fibre substrate

Figure 6.14: Fabricated CPW Diamond Shaped MPAs using different polymers sub-
strates

Figure (6.17) illustrates the measurements and simulation results of diamond-

shaped MPA fabricated on a PVC material. The plot displays that the measured

resonating frequency was (≈67.2GHz with -41.02dB) while the simulated frequency

was (65.42GHz with -24.76dB), the small difference was due to the fabrication

problem.

Figure (6.16) shows the comparison between the measured frequency (≈80.58GHz

with -52.72 dB) and simulated frequency (≈ 81.67GHz with -39.57dB) of diamond-

shaped MPA fabricated on a PSF material. The plot shows a slight deviation from the

resonant frequency when compared to the simulation results, this is also due to the

fabrication problem of the diamond-shaped antennas and this can be overcome by a

controlled fabrication technology.

The different resonating frequencies illustrated in figure (6.10) and figure (6.12) as

well as the measured resonant frequency of the other CPW diamond shaped MPAs with

different dielectric materials are directly compared as presented in table (6.2).The dif-

ferent in resonating frequencies for the same antenna design was due to the different

characteristics of the different polymers materials i.e dielectric constant and loss tan-

gent.

It should be noted that the measured results for the CPW MPA arrays is not available

due to non-availability of GSG probe of (150µ 150µ 150µ)
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(a) PVC substrate

(b) Polyethylene substrate

(c) Polypropylene substrate

(d) Polystyrene substrate

Figure 6.15: Fabricated high-frequency Diamond Shaped MPAs arrays using different
polymers substrates
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Figure 6.16: Measurements and simulation results of a diamond-shaped MPA fabri-
cated on a PVC

Figure 6.17: Measurements and simulation results of a diamond-shaped MPA fabri-
cated on a PSF
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Materials Simulation
frequency

(GHz)(single
MPA)

Measured
frequency

(GHz)(single
MPA)

Simulation
frequency

(GHz)(MPA array)

Polyethylene 70.14 67.5 47.24

Polypropylene 67.40 72.36 47.81

PVC 65.42 67.2 44.38

Polystyrene 72.60 63.25 45.42

polystyrene fibre 81.67 80.58 54.84

Table 6.2: Simulation frequency VS Measured frequency for different polymers materi-
als

6.3 Design And Simulation Of Nano-Patch Antennas On

Diamond-Like Carbon Substrate

In this recent time, nano-antennas have been explored up to visible range

[223][224][225]. There is a wide range of antenna forms that are able to accommodate

the stated operating frequency or may be scaled correspondingly for recommended

operation.[226][227][228][229]. On the other hand, a greater number of designs

feature a wide surface space which may not proper for suitable applications, while a

few designs maybe undesired due to the bandwidth limitations[230]. Apparently, the

main objective for the present design is to resolve a compact nano-antenna which

can provide the recommended impedance and gain achievement over frequency [1

THz−5 THz].

The design of an antenna working at optical frequencies is not a straightforward

task, as a result of the inherent nature of the optical radiation and to the dispersive

properties of the materials in such a frequency range. Following the previous works by

Alú and Engheta [231][232][233], from an electrical engineering perspective, designing

nano-antennas can be done using the same electromagnetic concept commonly used

in radio and microwave frequencies. Such approach has been successfully employed

in the case of simple nano-antennas, for example, the nano-dipoles and nanodimers

176 Ahmad Ali Bahar



CHAPTER 6. DESIGN AND CHARACTERISATION OF POLYMERS PATCH ANTENNAS
AND DLC NANO-PATCH ANTENNAS

[231][232][233] and also applicable for more complex radiators, such as the bowtie,

the spiral and the Yagi-Uda antennas[234][235][236]. The concept of the design was to

make a radiating device which is able to generate several resonances in the operating

spectrum to obtain ultra-wideband performance.

In this section, the same design (diamond-shaped) from the previous section

which validate better efficiency, used for nano-patch antennas. Another design (T-

shaped) used for this type of antennas as well. Due to the smaller size of nano-patch

antennas, a thinner dielectric medium substrate is needed(≈100 nm). For this reason,

Diamond-like carbon(DLC) material has been used as a dielectric medium since it

can be deposited with thickness of (≈100 nm) and has dielectric constant (≈ 2.35).

It is a metastable, amorphous carbon that comprises a various mixture of sp3- and

sp2-hybridized carbon atoms[237][238]. The amorphous nature of DLC may be

hydrogenated or un-hydrogenated depending on the chemical composition used for

the deposition[237]. It possesses properties such as optical transparency, excellent

insulating material, extremely high corrosion resistance, chemical inertness and

above all, these properties are similar to those possessed by diamond[237][238][239]

. DLC found its applications in many areas such as biomedical coating, Micro-

Electromechanical devices (MEMs), Automobiles parts, optical windows, memory

disks[237][238][239][240]. It is cheaper to produce as compared to the diamond with

the following techniques; Filtered Cathodic Vacuum Arc (FCVA), Inductively Coupled

Plasma Assisted Sputtering (ICPAS), Pulsed Laser Deposition (PLD) and Plasma

Enhanced Chemical Vapour Deposition (PECVD) etc[237][238][241].

6.3.1 Design and simulation of a diamond shaped nano-patch an-

tenna

The diamond shaped nano-patch antenna has been designed using coplanar

waveguide format structure (the same method used to design the MPA in chapter 6)

which has (GSG) of (6µ-4µ-6µ) as shown in figure (6.18a). Figure (6.18b) illustrated the

simulation resonating frequency for this nano-patch antenna taking into considera-

tion of the DLC material parameters (thickness≈92.92 nm and the dielectric constant≈
2.35). The antenna was resonating at 2.42 THz with (-14 dB) return loss. This antenna

has been fabricated using FIB as shown in figure (6.19)
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(a) Diamond shaped nano-patch an-
tenna dimensions (b) S11

Figure 6.18: Diamond shaped nano-patch antenna

Figure 6.19: FIB fabricated diamond shaped nano-patch antenna on DLC with Si sub-
strate
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6.3.2 Design and simulation of a diamond shaped nano-patch an-

tenna array

In order to enhance the gain of the antenna, an array of nano-patch antenna has

been designed and simulated(6.20a). Form the simulation shown in figure (6.20b), the

resonating frequency is 1.42 THz with (-19 dB) return loss. This array has been fabri-

cated using FIB as illustrated in figure (6.21)

(a) Diamond shaped nano-patch antenna array
dimensions (b) S11

Figure 6.20: Diamond shaped nano-patch antenna array

6.3.3 Design and simulation of T-Shaped nano-patch antennas

The proposed T-shaped nano-patch antenna is capable of preserving a low profile

and fitting in a tiny area and gaining resonances for wideband performance at the same

time. The following stage of the design focused on further improvements for the overall

performance of this antenna.

The structure was designed to achieve the circular polarisation in terahertz

frequencies. The novel T-shaped nano-patch antenna was found to have a

higher bandwidth and return loss when compared to the other nano-patch

antennas[242][243][244].

A schematic view of the T-shaped nano-patch antenna illustrated in figure (6.22a)

and (6.22b) respectively. The nano-patch antenna has a T-shaped with an inner length

of L. the apex corner of the nano-patch antenna straight fed from a 50-Ω microstrip

line.

The simulated result for a T-shaped nano-patch antenna having an inner length

of 400 nm and sectorial angle of 60 degrees is shown in figure (6.23a). The simulated
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Figure 6.21: FIB fabricated diamond shaped nano-patch antenna arrays on DLC with
Si substrate

results show that the T-shaped antenna was resonating at 1.3 THz and 3.3 THz with

an operational bandwidth of more than 100% performs significantly better than the

traditional nano-antenna.

Simulated gain and directivity performance for T-shaped nano-patch antenna is

shown in figure (6.23b), which shows that a gain of 1.8 dBi at 1.3 THz, 1.1 dBi at 3.3 THz

and the almost flat response observed through out the majority of the frequency. A

typical radiation pattern for the novel T-shaped nano-patch antenna is shown in figure

(6.24). The antennas were designed to radiate in broadside i.e. perpendicular to the

axis of the patch. The main beam is sharp between 90◦ and 270◦ while minimum is in

between 0◦ and 180◦.

6.3.4 Fabrication process for nano-patch antennas

The fabrication process started by the deposition of a ground plane layer using Al

with a thickness of ≈ 200 nm on a Si substrate using thermal evaporation technique,

then a deposition of ≈ 93 nm DLC was carried out using PECVD technique and the

deposition parameters are presented in table (6.3). The metallisation layer of Al was

done using thermal evaporation technique to give ≈ 200 nm.

The nano-patch antennas of different shapes (T-shaped, Diamond-shaped and ar-

rays patterned on DLC with Si substrate using FIB technique with dwell time of 1.000

µs as the Al was etched to the shape required.
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(a) (top-view)

(b) (angular-view)

Figure 6.22: Schematic view of the T-shaped nano-patch antennas

(a) Simulated return loss response of
the designed T-Shaped nano-patch antennas (b) Gain and directivity of the T-shaped nano-patch antenna

Figure 6.23: Return loss, gain and directivity of the T-shaped nano-patch antennas
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Figure 6.24: Front view of 3D directivity pattern

Figure 6.25: FIB fabrication
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Parameters Values

Gas flow rate C H4 100 sccm

Gas flow rate Argon 100 sccm

RF 100 w

Deposition pressure 100 mTorr

Deposition time 10 minutes

Table 6.3: PECVD deposition parameters for growth of DLC

Figure 6.26: Cross section on copper on
DLC

Figure 6.27: Fabricated t-shaped nano-
patch antenna

6.3.5 DLC Measurements

6.3.6 Thickness

The thickness for metallisation layer (Al), the ground plane (Al) and the dielectric

medium (DLC) were measured using the step profilometer. Two samples (Al and DLC)

were prepared for this purpose by creating a step for each sample. The Al thickness

measured was ≈ 200 nm thickness as illustrated in figure (6.28a) and the DLC thickness

for the material is ≈ 93 nm as shown in figure (6.28b).
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(a) Thickness of the Al layer on plain glass sub-
strate (b) Thickness of the DLC layer

Figure 6.28: Thickness measurements for Al and DLC layers

6.3.7 C-V measurements

The C-V measurement (described in 4) has been used to determine the dielectric

constant of the medium substrate. The result of this measurement is illustrated in fig-

ure (6.5).

Figure 6.29: Capacitance of DLC materials

C = ε0εr A

D
(6.4)

From equation (6.4), the dielectric constant of the DLC materials has been calcu-

lated as follows; C = 3.962∗10−12F
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A = 1.77∗10−6m2

ε0 = 8.85∗10−12F /m

D = 92.91nm

C = 3.962∗10−12 ∗92.91∗10−9

8.85∗10−12 ∗1.77∗10−6
(6.5)

so the DLC εr = 2.35

6.3.8 RF measurements of the nano-patch antennas

As discussed earlier in the chapter 4, RF measurements for this kind of antennas is

challenging. Due to this reason, proposed "Non-contact probes set-up" can be used

for the measurements. It should also be noted that no literature as stated this mea-

surement technique for this purpose. Presently, non-availability of this instrument

hindered the measurements of these fabricated antennas in order to compare the res-

onating frequencies between the simulated and fabricated antennas.

6.4 Conclusion

A diamond shaped MPA on RT Duriod material has been simulated and fabricated

for different inner lengths. The resonant frequency is approximated as a function of in-

ner length L1 in the form of a polynomial equation. It was observed that the diamond-

shaped MPA is more compact (physical length) compare to conventional monopole

antenna, making it attractive for wireless communication technology applications. Di-

amond shaped MPA was fabricated and experimentally measured with a good agree-

ment with the simulation results.

CPW diamond shaped MPA were fabricated on different polymer materials (includ-

ing PSF which was fabricated at De Montfort University) and characterised at the Uni-

versity of Nottingham. The resonant frequency of the CPW diamond shaped MPA fab-

ricated on PSF was resonating at a higher frequency and a wider bandwidth when com-

pared to the other polymers materials. CPW diamond shaped MPA was fabricated and

experimentally measured with a good agreement with the simulation results, a slight

deviation from the resonant frequencies when compared to the simulation results is

due to the fabrication issue which can be overcome by a controlled fabrication tech-

nology.
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The nano-patch antennas of different shapes were designed, simulated and fab-

ricated. These antennas were designed and analysed by using momentum model in

ADS software. The fabrication was done on DLC with Si substrate, which was growth

using both thermal evaporation and PECVD as the antennas were fabricated on the

substrate using FIB. The results indicate that the novel T-shaped nano-patch antenna

had a smaller physical size and higher bandwidth when compared to the other nano-

antennas at terahertz frequency. Though, fabricated antennas were not measured due

to non-availability of suitable instrument (non-contact probes set-up).
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CONCLUSION AND FUTURE WORK

7.1 Conclusion

This chapter sum up all the findings through this research work. First, The initial

characterisation and justification for the choice of polymer materials (PE, PP, PVC, PS

and PSF) as dielectric medium substrates for MPAs working in MMW region. The tech-

niques employed include FTIR, DSC, TGA, BDS and SPDR. These analysis confirmed

the suitability of these materials as dielectric medium for MPAs operating in MMW

spectrum due to their high thermal stability, lower permitivitty and low loss tangent.

Furthermore, A co-solvent vehicle (comprising 50:50 ratio) of DCM and acetone

was used with processing conditions of solution infusion flow-rate of 60µL/min and an

applied voltage of 12± kV for the production of PSF using Electrospinning technique.

This material posses lower complex permittivity of 1.36±5% and lower loss tangent of

2.4E-04±4.8E-04 as compared to PS (2.35± 16% and 3.2E-04± 2.6E-04).

Designing, simulation and fabrication of a diamond-shaped MPAs working in spec-

trum (1-10 GHz) has been carried out using Photolithography. Diamond-shaped MPAs

were fabricated and experimentally measured with a good agreement with the simula-

tion results. It has been found that the diamond-shaped MPAs is more compact (phys-

ical geometry) and efficient as compared to traditional monopole antenna.

Moreover, Design, simulation and fabrication of CPW diamond shaped MPA using

polymer materials (PE, PP, PVC, PS and PSF) as substrates. Fabrication process was

done by thermal evaporation. The resonant frequencies of the CPW diamond shaped

MPAs for PE, PP, PVC, PS and PSF are 67.5 GHz, 72.36 GHz, 62.41 GHz, 63.25 GHz and

80.58 GHz respectively. The antenna fabricated on PSF was found to resonate at a

higher frequency when compared to the other polymers materials. Also, the effect of
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adding an air-bridge to the CPW diamond-shaped MPA has been studied which verify

an increase in the resonate frequency from 55 GHz to 62 GHz.

Finally, three different nano-patch antennas (Diamond shaped, diamond shaped

array and T-shaped) were designed, simulated and fabricated on Si substrate with DLC.

The DLC was deposited by PECVD technique, with C H4 gas flow rate of 10 sccm, 100

sccm of Argon gas flow rate, RF power 100 w, deposition pressure of 100 mTorr, deposi-

tion time of 10 minutes. DLC has thickness of ≈ 93 nm while the metallisation layer Al

has ≈ 200 nm of thickness using thermal evaporation. The final shape were patterned

using FIB with dwell time of 1.000 µs as the Al was etched. The simulation illustrated

that Diamond shaped and diamond shaped array were resonated at 1.42 THz with (-

19 dB return loss) and 2.42 THz with (-14 dB return loss) respectively and T-shaped

resonated at 1.3 THz and 3.3 THz (with -45 dB and -55 dB).

7.2 Future Work

One aspect that should be undertaken is to reconstruct the polymer materials (PE,

PP, PVC and PS) using electrospinning technique. This will probably modify the ma-

terial by lower relative permittivity (dielectric constant εr and the loss tangent δ) and

help to improve the performance of antennas by increasing the resonating frequency,

bandwidth, gain and directivity.

Antennas of different shapes can be designed and fabricated on the different modi-

fied polymer materials in order to further confirm the suitability of these materials and

enhancement of their performance in MPAs.

The injection of gold nanoparticles into the PSF can also be investigated in order to

reduce the dielectric constant εr and the loss tangent δ by enhancing the performance

of the substrate for MPAs.

Furthermore, measuring the loss tangent of DLC using Atomic Force Microscopy

(AFM) can help to establish the loss tangent of this material is not available presently

in any literature. This value will help with the simulation accuracy of the nano-patch

antenna.

The GSG-type of 150µ-150µ-150µ probes needed for the measurements of CPW

diamond-shaped MPA array fabricated should be made available in order to measure

the fabricated array and make a comparison between the measurement and simula-

tion results.

GSGs smaller than 40µ is not available, which raises the need for non-contact

probes measurement. Consequently, the design and construction of non-contact
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probes could be investigated to help ameliorate for this issue and facilitate measure-

ment of the fabricated nano-patch antennas here and hence compare experimental

results with simulated results.
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