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Abstract

ABSTRACT

In the last decade, the study of nanoparticle (NP) systems has become a large and interesting
research area due to their novel properties and functionalities, which are different from those of
the bulk materials, and also their potential applications in different fields. It is vital to understand
the behaviour and properties of nano-materials aiming at implementing nanotechnology,
controlling their behaviour and designing new material systems with superior performance.
Physical characterisation of NPs falls into two main categories, property and structure analysis,
where the properties of the NPs cannot be studied without the knowledge of size and structure.
The direct measurement of the electrical properties of metal NPs presents a key challenge and
necessitates the use of innovative experimental techniques. There have been numerous reports of
two/four point resistance measurements of NPs films and also electrical conductivity of NPs
films using the interdigitated microarray (IDA) electrode. However, using microwave techniques
such as open ended coaxial probe (OCP) and microwave dielectric resonator (DR) for electrical
characterisation of metallic NPs are much more accurate and effective compared to other
traditional techniques. This is because they are inexpensive, convenient, non-destructive,

contactless, hazardless (i.e. at low power) and require no special sample preparation.

This research is the first attempt to determine the microwave properties of Pt and Au NP films,
which were appealing materials for nano-scale electronics, using the aforementioned microwave
techniques. The ease of synthesis, relatively cheap, unique catalytic activities and control over
the size and the shape were the main considerations in choosing Pt and Au NPs for the present
study. The initial phase of this research was to implement and validate the aperture admittance
model for the OCP measurement through experiments and 3D full wave simulation using the
commercially available Ansoft High Frequency Structure Simulator (HFSS), followed by the
electrical characterisation of synthesised Pt NP films using the novel miniature fabricated OCP
technique. The results obtained from this technique provided the inspiration to synthesise and
evaluate the microwave properties of Au NPs. The findings from this technique provided the
motivation to characterise both the Pt and Au NP films using the DR technique. Unlike the OCP
technique, the DR method is highly sensitive but the achievable measurement accuracy is limited
since this technique does not have broadband frequency capability like the OCP method. The
results obtained from the DR technique show a good agreement with the theoretical prediction.
In the last phase of this research, a further validation of the aperture admittance models on
different types OCP (i.e. RG-405 and RG-402 cables and SMA connector) have been carried out
on the developed 3D full wave models using HFSS software, followed by the development of

universal models for the aforementioned OCPs based on the same 3D full wave models.
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Key Original Contributions Made

Key Original Contributions Made

o The implementation and validation of a full aperture admittance model (i.e. capacitive
model) for the open ended coaxial probe (OCP), by carrying out experiments on
several different dielectric materials including low, medium and high permittivity
materials.

o Synthesis of platinum (Pt) and gold (Au) nanoparticles (NPs) of various sizes, with
electrochemical structural characterisation of those synthesised NPs using cyclic
voltammetry (CV).

o Fabrication of a novel miniaturised K-connector OCP for the characterisation of
metallic NP films.

o Development of three dimensional (3D) full wave K-connector OCP using the
commercially available Ansoft High Frequency Structure Simulator (HFSS) software,
which further validated the aforementioned capacitive model. This model is also
novel in the sense that it is the smallest probe in the literature and nobody has
developed the actual K-connector OCP so far.

o Development of 3D full wave model of a sapphire dielectric resonator (SDR) using
the HFSS software. Also the development of SDR model using the freely available
Superfish software and post processing to extract the microwave parameters of
interest by suitable MathCAD programs.

o Extremely sensitive electrical characterisation of synthesised Pt and Au NPs films by
means of OCP and SDR microwave techniques. These measurements are novel and
are first attempts to characterise NPs films using OCP and SDR techniques. The
results of these experiments show good agreement with theory.

o Microwave properties of synthesised Pt NPs by means of hydrogen (H,) adsorption
using the OCP technique. This experiment itself is novel since no systematic work has
been reported on the microwave properties of Pt NPs by means of H, adsorption.

o Development of wuniversal models for different types of OCPs (i.e. K and SMA
connectors, RG-405 and RG-401 cables) based on the developed 3D full wave OCP
models using HFSS software by mapping the complex admittance (Y1) of the probe
obtained from the 3D full wave OCP onto a complex permittivity (¢; and &;) plane.
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Chapter 1 Introduction and Thesis Summary

CHAPTER 1

INTRODUCTION AND THESIS SUMMARY

1.1 Introduction

In the last decade synthesis, characterisation and understanding of a material with very small
particle size have become the most interesting research area due to their novel properties and
potential applications in different fields. Metal nanoparticles (NPs) offer enormous promise
as functional units for the development of sensors, photo-electrochemical cell and general
nanoelectronic devices due to their ease of synthesis and stability [1]. However, they exhibit
unconventional properties and functionalities which differ significantly from those of the
bulk parent metals. The properties of the NPs cannot be studied without the knowledge of
size and structure (or shape) [2]. Experimental studies on the electrical properties of
nanoparticles are limited [3]. Measuring the electrical conductivity of such metal NPs
represents a challenging and key experiment and necessitates the use of innovative
experimental techniques. In the context of this thesis, the focus will be solely on the electrical
characterisation of metallic NPs using a novel approach, applicable to a wide range of
materials for which direct electrical contact is unfeasible: namely, contactless microwave

measurements using a coaxial probe and dielectric resonator (DR) techniques.

This research is the first attempt to determine the electrical properties of Pt and Au NP films
using microwave techniques. The ease of preparation of these NPs was one of the main
considerations in choosing them for the present study. Initially the experiments were carried
out on Pt NPs using the coaxial probe technique, since this technique is relatively cheap,
non-destructive, broad bandwidth and no special sample preparation is needed. The Pt was
selected due to its ease of synthesis and its unique catalytic [4, 5] properties. The results
obtained from this technique provided the motivation to evaluate the electrical properties of
Au NPs, selected because it is relatively cheap and can be synthesised in various sizes [6].
The results obtained from this technique provided the motivation to characterise both the Pt
and Au NPs using the DR technique. Unlike the coaxial probe technique, the DR method is
highly sensitive but the achievable measurement accuracy is limited since this technique does

not have swept frequency capability like the coaxial probe method. The results obtained from
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the DR technique show a good agreement with theoretical predictions. There are many
advantages of using these microwave techniques (i.e. coaxial probe and DR) over other
methods. The main advantages with such microwave sensors are their capability to measure
non-destructively and contactlessly, using penetrating waves without any health hazards to
personnel and also being fast [7]. This chapter consists mainly of an overview of the structure
of this thesis followed by the interdisciplinary applications of Pt and Au NPs.

1.2 Thesis Synopsis

e Microwave Techniques for Electrical Characterisation of Metallic Nanoparticles
(Chapter 2)
This chapter will cover the reviews of historical development of nanotechnology, the
existing various NP synthesis methods, characterisation techniques of NPs that are in use
currently, the main microwave techniques for the electrical characterisation of NPs and also
the existing alternative approaches for the electrical characterisation of NPs, followed by

the relevant resonator perturbation theory.

e Microwave Theory for Material Characterisation (Chapter 3)

The two main microwave techniques (i.e. non-resonant and resonant methods) for the
material characterisation are explained. Existing aperture admittance models (i.e. capacitive
and variational model) for the open ended coaxial probe (OCP), the transmission mode
measurement with microwave resonator along with derivation of expression of their
resonant frequency and unloaded quality factor are detailed. The concept of microwave

networks, scattering parameters and Debye theory for dielectric response are described.

e Preparation, Physical and Electrochemical Characterisation of Metallic
Nanoparticles (Chapter 4)
The various chemical methods carried out in the synthesis of various sizes of metallic (i.e.
Pt and Au) NPs, ranging from 3 nm, 6.9 nm, 8.6 nm (i.e. Pt) and 8.2 nm, 16.5 nm, 24.8 nm
(i.e. Au) are explained. Secondly, the cleanliness, structure and the size of those synthesised
NPs (i.e. Pt) were validated electrochemically using the cyclic voltammetry (CV). Thirdly,
in-depth structural characterisations of those particles (i.e. Pt and Au) were performed using
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transmission electron microscopy (TEM). Finally, this chapter discusses the relevant

experimental details and all of the obtained results.

3D Electromagnetic Simulation of Coaxial Probe and Sapphire DR (Chapter 5)

This chapter provides a full account of the development and validation of the 3D full wave
models of the OCP (i.e. K and SMA connectors, and using RG-405, RG-402, RG-401
cables) and sapphire DR. Development of the 3D full wave OCP model enabled validation
of the capacitive model by simulation. Moreover, later sections in this chapter describe the
limitation of the capacitive model of the OCPs by mapping the complex admittance (¥y)
values onto the complex permittivity (¢; and &;) plane obtained from the developed 3D full
wave models of OCPs. Such mappings provide a visual representation of how the complex
admittance, Y1, varies with €, and &, at a fixed frequency and give an indication of the
sensitivity of the parameters (i.e. Cy and C)) of the capacitor model. In the last phase of this
chapter, the experimental results obtained from microwave studies for the Pt oxide and Au
NP films were supported with a relevant 3D full wave sapphire DR model, which closely
resembled and predicted the correct signature. Finally, this chapter discusses the relevant
simulation details and the results obtained.

Microwave Characterisation of Metallic Nanoparticles (Chapter 6)

There are several essential parts of this research which are covered in this chapter. Firstly,
fabrication of K-connector OCP, and implementation and validation of aforementioned
aperture admittance models (i.e. capacitive and variational models) were described, by
carrying out experiments on several different dielectric materials including low, medium
and high permittivity materials. Secondly, microwave electrical characterisations of those
NP films were carried out using the OCP (i.e. with the established capacitive model) and
sapphire DR. Thirdly, the DC and microwave electrical characterisation of the Pt and Au
NP films are compared. Fourthly, the surface modifications of the Pt NPs were carried out
by means of hydrogen adsorption using the OCP technique. Fifthly, the results obtained
from the microwave experimental studies for the Pt oxide, pure Pt and Au NP films were
theoretically supported with a simple modelling based on random R-C and R-L network
arrangements, which closely resembled and predicted the correct signature. Finally, this

chapter discusses the relevant experimental details and all of the obtained results.
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e Conclusions and Recommendations (Chapter 7)

A brief summary of the work carried out so far and suggestions for future studies are

discussed.

1.3 Interdisciplinary Applications of Pt and Au Nanoparticles

Recent advances in the production and measurement on nano-scale systems have revitalized
the study of Pt and Au metallic particles due to their ease of synthesis, stability,
unconventional properties and functionalities which differ significantly from those of the
bulk metals. Applications of NPs for catalysis and biological sensors (among others), are now
receiving enormous attention due to their distinctive physical properties (e.g. high surface

area to volume ratio, adsorption and scattering behaviour).

o Widely Used as Catalysis [8]
Chemical catalysis benefits especially from Pt and Au NPs due to their large surface to
volume ratio. The application potential of NPs in catalysis ranges from fuel cell to catalytic
converters and photo catalytic devices. Catalysis is also important for the production of
chemicals. Pt NPs are now being considered in the next generation of automotive catalytic
converters because the very high surface area of nanoparticles could reduce the amount of Pt

required.

o Protein Detection [9]
Understanding the functionalities of proteins is extremely important for further progress in
human well-being. Au NPs are widely used in immunohistochemistry to identify protein-
protein interactions. However, the multiple simultaneous detection capabilities of this
technique are limited. Surface enhanced Raman scattering spectroscopy is a well-established
method for detection and identification of single dye molecules. By combining both
techniques in a single NP probe one can drastically improve the multiplexing capabilities of

protein probe.
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o Application in Cancer Cell Diagnostics [10]
Au NPs act as excellent sensors and novel contrast agents for optical detection due to their
enhanced adsorption and scattering. Using the surface plasmon resonance (SPR) scattering
images and SPR adsorption spectroscopy generated from antibody conjugated Au NPs can be
useful in molecular biosensor techniques for the diagnosis and investigation of oral living

cancer cells in vivo and in vitro.

o Nitric Oxide (NO) sensor [11]
Pt NPs can be electrodeposited directly on the surface of multi-walled carbon nanotubes
(MWNTs) by using a cyclic potential scanning technique to form a novel nano-Pt/MWNT
modified electrode. The PUMWNT modified electrode can be used as a sensor to directly

determine the Nitric Oxide concentration in aqueous solution.
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CHAPTER 2

MICROWAVE TECHNIQUES FOR ELECTRICAL
CHARACTERISATION OF METALLIC NANOPARTICLES

2.1 Introduction

The synthesis and characterisation of metal nanoparticles (NPs) have attracted intense
research interest in the area of nanoscience, molecular chemistry and microwave engineering
due to their unconventional properties and functionalities, which are different from those of
the bulk metals. When a metal particle with bulk properties is reduced to a size of a few
hundred atoms, the density of states in the conduction band decreases to such an extent that
the electronic properties change dramatically. NP based materials are of interest because of
their unique electrical and chemical properties. Specifically, platinum (Pt) and gold (Au) NPs
have attracted much interest due to their ease of synthesis and their unique catalytic [1, 2, 3]
activities, stability and potential importance as functional units for the construction of
sensing [4], photo-electrochemical cell, and micro-electronic devices [5]. The properties of
the NPs cannot be studied without the knowledge of size and structure [5]. Transmission
electron microscopy (TEM), scanning electron microscopy (SEM), X-ray diffraction (XRD)
and cyclic voltammetry (CV) are generally used to characterise the size and structure of NPs.
Detailed description of these techniques can be found in the following section. Experimental
studies on the electrical properties of nanoparticles are limited [6]. Although the electrical
characterisation in bulk samples constructed by NPs has been investigated [7, 8], such studies
of bare NPs and NPs stabilised by organic molecules are lacking. Measuring the electrical
conductivity of such metal NPs represents a challenging and key experiment and necessitates
the use of innovative experimental techniques. It would be interesting to explore the electrical
properties of NPs stabilised by organic molecules and without those organic molecules
(i.e. bare NPs). However, to the best of the author’s knowledge there have been very few
reports of investigation on the electrical properties of Pt and Au NP films [9]. Among those
investigations, the direct contact measurement of the current-voltage characteristics of
individual particles represents one such approach, where most of the authors have used
two/four point probe techniques. Here we highlight an alternative, novel approach, applicable

to a wide range of materials, for which direct electrical contact is unfeasible: namely,
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contactless microwave measurements using a coaxial probe and dielectric resonator
techniques. This research is the first attempt to determine the electrical properties of Pt and
Au NP films using microwave techniques. The main advantage with microwave sensors is the
capability to measure non-destructively, using penetrating waves, without health hazards to

personnel [10].

This chapter will consists mainly of a review of the historical development of
nanotechnology, the existing NP synthesis methods, characterisation of NPs, the main
microwave techniques for the electrical characterisation of NPs and also the existing

alternative approaches for the electrical characterisation of NPs.

2.2 Historical Development

Colloid science started essentially in 1861, where the scientist Ostwald classified dispersed
systems of particles with sizes 1-100 nm as colloids [11]. Recent studies on NPs began in
1962 with the work of Kubo [12]. He predicted that the physical property of small metal
particles will be quite different from those of bulk. The concept of atomic precision was first
suggested in 1959 by the Physics Nobel Laureate Richard Feynman in a celebrated lecture to
the American Physical Society [13]. Research on small particles (including atomic and
electronic structure determination using experimental studies and theoretical methods)
commenced in 1970 [14]. In 1980, atom clusters with selected size ranges were produced and
chemical and physical property studies began [15]. Cluster assembled nano-materials have
been getting great attention during the last couple of years. Recently, carbon clusters

including both fullerenes and nanotubes have been arousing much interest [16, 17].

The developments in microscopy technology have enabled us to visualise images of
nanostructures and have largely dictated the development of nanotechnology.
Nanotechnology is the collaboration of both the science and engineering of making materials,
functional structures and devices on the nano-scale [13]. Nanotechnology has become an
essential and active area of research which is rapidly developing in industrial sectors and

spreading over to almost every field of science and engineering.
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2.3 Methods of Nanoparticles Synthesis

Various methods have been reported by many researchers for the synthesis of NPs of
materials of interest and of varying size range [18, 19]. The reproducibility and control of the
size and the shape of particles are the prime important factors in the synthesis of NPs. The
synthesis of NPs generally falls into two main synthetic techniques, namely, physical and
chemical methods [18]. The most widespread physical method is using inert gas evaporation
[20], which is used for metals which are consolidated under vacuum conditions. There are
other techniques such as Joule heated ovens, sputtering, etc. [20]. In-depth details of the
synthesis of NPs using the physical techniques are not covered in this section since it is
beyond the scope of this thesis. This thesis mainly focuses on the chemical synthesis’
method, since this method is more advantageous due to its resulting chemical homogeneity
owing to mixing of the constituents at a molecular level. NPs synthesis can be summarised as

shown in fig. 2.1.

Methods of nanoparticle synthesis

1
| |

Physical Chemical
Inert gas Vacuum Ionised
evaporation  sputtering cluster
beam
Sol-gel Colloidal Micro
emulsion
method

Figure 2.1 The main synthesis methods of NPs.

Sol-gel techniques can be used to produce ceramic materials through the processes of
gelation, precipitation and hydro-treatment [21, 22]. The advantages of this technique are
high mechanical strength and high thermal stability of the NPs. Metal NPs are also prepared
by colloidal methods, for example cubic Pt NPs (of size ~ 9 nm) can be synthesised by this
method. The micro-emulsion method has been used to produce metallic, semi-conducting,

superconducting as well as alloy NPs [23]. For example, Pt NPs of size ~ 3 nm can be made

* For more reasons for the usage of chemical synthesis of NPs, please refer to section 4.2.1.
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by this method. The main advantages of colloidal and micro-emulsion methods are that they
allow synthesis of NPs of different sizes, are a relatively easy method, and (most importantly)
allow the precipitated NPs to be cleaned very easily by removing the chemicals present due

to the synthesis process.

2.4 Characterisation of Nanoparticles

Physical characterisation of NPs is vital to understand the behaviour and properties of nano-
materials aiming at implementing nanotechnology, thus controlling their behaviour and
designing new material systems with super performance. Characterisation falls into two main

categories, property measurement and structural analysis.

Structural analysis is carried out by a variety of microscopy and spectroscopy techniques.
Direct imaging of the NPs is possible using transmission electron microscopy (TEM) and
scanning electron microscopy (SEM) [24] [i.e. both scanning tunnelling microscopy (STM)
and atomic force microscopy (AFM)]. TEM imaging (in conjunction with selected area
electron diffraction) is valuable for the analysis of crystalline samples. The greatest
advantage of TEM is its ability to measure the size, shape and structure of the NPs. Both
STM and AFM are used for surface analysis of NPs. Apart from these instruments, there are
other techniques like X-ray diffraction (XRD) which provides information about the structure
by diffraction and interference effects of photons or electrons, and Raman spectroscopy [25]
as an aid to study the optical properties of the NPs. But cyclic voltammetry (CV) is a
potential-controlled electrochemical technique, where the current that flows through the
working electrode is registered versus the applied potential. This technique provides much
information about the condition of surface of the working electrode or about the test solution.
However, all these techniques except the CV, are expensive, require several preparatory steps
as well as prior digestion of samples. For these reasons, the CV has been found to be
relatively cheap, versatile, and sensitive enough without needing several conditioning steps
before analytical measurements are taken [26], from which the cleanliness, structure, and the
size of the NPs can be analysed (i.e. from the resulting CV profile) [27].

Electrical and electrochemical analyses of NPs are useful for the fabrication of sensors, photo
electrochemical and general nano-electronic devices [28]. The measurement of electrical

conductivity and permittivity gives valuable information about the electronic, ionic, different

10
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relaxation processes, and different polarisation mechanisms in nano-structured material [29].
Impedance spectroscopy has also emerged as a powerful experimental tool for the

characterisation of electrical properties of nano-structured materials [30].

2.5 Fundamental Aspects of the Interaction of Microwaves with Materials

When microwaves are directed towards a material, part of the microwave energy is reflected,
part is transmitted through the surface and part of it is adsorbed. The proportions of energy
which falls into these three categories have been defined in terms of the dielectric properties.
The essential electrical property through which the interactions are described is the complex

permittivity of the material (¢) and is a complex quantity expressed as follows [31]:
€E=¢,— Jg, (2.1)

where the real part of the permittivity (&) is a measure of how much energy from an external
electric field is stored in a material. The imaginary part of the permittivity (e,) is called the
loss factor and is a measure of how dissipative or lossy a material is to an electric field and
j = V(-1). & is always greater than zero and is usually much smaller than ;. The loss factor
includes the effects of both dielectric loss and conductivity. Loss is commonly expressed in
terms of the loss tangent (or dissipation factor), tand = €»/¢;. In some areas (e.g. thin metallic
films, biomedical measurements), it is common practice to express loss in terms of an
equivalent conductivity, o, measured in S/m, where ¢ = 2nfe,€, where f is the measurement
frequency and ¢ is the permittivity of free space. Electrical conductivity exists because of the

presence of conduction electrons that are free to move inside the material.

2.6 The Main Microwave Techniques for Electrical Characterisation

Utilizing a material for a specific application necessitates understanding the properties of the
material. From the electromagnetic point of view, materials can be identified by their
complex permittivities and permeabilities. There are various approaches for identifying these
parameters, which generally fall into non-resonant and resonant methods. The first category
(i.e. non-resonance method) includes reflection methods [32] and transmission/reflection
methods [33, 34]. These techniques usually have the swept frequency ability for the measured
frequency range. In reflection methods, the electromagnetic waves are directed towards a

sample and the properties of the material sample are deduced from the reflection coefficient

11
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(i.e. based on the broadband scattering parameters (S-parameters)) at a defined reference
plane. This method can only measure either permittivity or permeability of the material under
test. In a transmission/reflection method, the sample is inserted in a piece of transmission
line, and the properties of the sample under test are deduced on the basis of the reflection
from the sample and the transmission through the sample. This is a widespread method in the
measurement of the permittivity and permeability of low conductivity material. The second
category (i.e. resonant method) [35] generally includes the resonant perturbation method,
which is based on resonant perturbation theory. Unlike the reflection and transmission/
reflection techniques, resonant techniques do not have the broadband frequency capabilities.
Only a single or certain frequency points can be measured. For a resonator with given
electromagnetic boundaries, when part of the electromagnetic boundary condition is changed
by introducing a sample, its resonant frequency (fp) and quality factor (Q) will also be
changed, from which the properties of the sample can be derived (i.e. depending on whether
the sample is introduced into the electric field or magnetic field, the permittivity or

permeability of the sample is being measured).

To the best of the author’s knowledge, there have been very few reports of investigation on
the electrical properties of NPs, the most of these being low frequency electrical
characterisation of nano-composite materials [35, 36] (e.g. sol-gel derived metal NPs [37],
metallic composite and semi-metallic thin films [38, 39, 40], metal-carbon covalent bond
[41, 42]) and NPs suspensions [9] using various measurement techniques. Most of these have
used the two/four point measurement technique. Numerous techniques have been widely
adopted for the measurements of dielectric properties of the materials over radio frequencies
(RF) and microwave frequencies (MF) [43, 44]. The number of such techniques and
variations that exist is, however, so great that it be virtually impossible to discuss all of these
in this chapter. The most widely used techniques are those based on measurement of either
reflection coefficient or resonant cavities. In the cavity perturbation technique, which was
widely adopted for microwave dielectric properties measurements [45, 46], the size of the
sample under test must be much smaller than the cavity size. This measurement method is
highly sensitive but the achievable measurement accuracy is limited since this technique does
not have swept frequency capability. The reflectance method is the most widespread non-
resonant technique currently in use because of the popularity of the coaxial sensors, also
known as coaxial probe, coaxial reflectance probe, coaxial-line probe or open-ended coaxial

probe. Coaxial lines are used as sensors for in-situ measurement of electrical properties of
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various types of materials [10]. It is to noted that the coaxial probe has several advantages
over other sensors based on open-ended waveguide [47, 48], the most important being its
simplicity, its high speed, versatility, low cost and non-destructive nature over a broad
frequency band. From the stand point of this research, however, the most relevant and
suitable methods are those based on such a coaxial probe and a cavity resonator. Vector
Network Analysers (VNAs) are usually employed in all modern non-resonance and
resonance techniques for measuring the scattering parameters (S-parameters — i.e. S;; and

S,1) from which the material properties can be extracted.

The coaxial probe technique has been established over the last 20 years as a standard tool for
evaluating electrical properties in the microwave frequency range. It involves termination of
a short length of flanged coaxial transmission line with the material under test, followed by
measurement of the reflection coefficient p at the material interface. Recently, Hussain ef al.
[49] proposed a different method for determining the electromagnetic properties of
nanoparticles colloids using two different experimental techniques in order to cover a
broadband frequency range. A Novocontrol Spectrometer and a dielectric probe kit together
with a vector network analyzer was used for low and high frequencies measurements,

respectively, to calculate the complex permittivity of the sample.

Lee and Collier [38] have used microwave transmission technique to measure the sheet
resistance of thin metallic NiCr and Al films as shown in fig. 2.2. Liu et al. [6] have used a
dielectric resonator to measure the dielectric constants of metallic nanoparticles. Similarly,
Yeh et al. [50] have carried out measurement of the dielectric constant of metallic NPs
embedded in a paraffin rod at microwave frequencies using a dielectric resonator. Recently,
Krupka et al. [51] have reported a dielectric resonator technique for the measurement of
conductivity and surface resistance of thin metal aluminium films deposited on a dielectric
substrate. Similarly, Jarvis et al. [52] have used dielectric resonator for measuring the

electrical conductivity of carbon nanotubes at microwaves to millimetre frequencies.

13
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Figure 2.2 Shows the measurement set-up of thin films mounted on a dielectric substrate
using a transmission technique [38].

Alternatively, Coors et al. [53] have measured the conductivity of yttrium barium cerate, in
the frequency range of 20 Hz — 6 MHz, using impedance spectroscopy over the temperature
range of 100° — 900 °C. Similarly, Ma et al. [54] have obtained the highest conductivity for
the same material at 900 °C in the frequency range of 1 Hz — 1 MHz, also using most
powerful and accurate impedance spectroscopy (i.e. Solartron 1260 analyser provides
spanning of 10pHz — 32 MHz). Impedance spectroscopy is a non-destructive method to study
the electrical properties of solids by measuring both the resistive (real part) and reactive
(imaginary part) of complex impedance spectroscopic parameters by using an
L-C-R meter.

2.7 Alternative Approaches for Electrical Characterisation of Metallic NPs

Given the very rare employment of microwave techniques for the electrical characterisation
of NPs, it is sensible to mention other pertinent methods. A survey of the literature has
divulged very few non-microwave electrical characterisation techniques; examples include
the four point probe measurement and interdigitated microarray (IDA) electrode along with
potentiostat (or electrometer). There have been numerous reports of four point resistance
measurements of nanoparticles films at low frequencies [55]. Fang and Zang [9] proposed
different methods for determining the electrical conductivity of gold nanoparticles in
chloroform and toluene suspensions. The resistance of the gold nanoparticles was measured
by a parallel Pt electrode from which the DC conductivity of the gold nanoparticle suspension
was calculated using an Agilent electrometer in V/I mode. Fugita et al. [56] reported the
measurement of DC resistivity of samples containing metal NPs by a conventional four probe
method as early as 1969.Since then the four point probe measurement has been consistently

employed by most of the researchers in the investigation of DC electrical resistivity of small
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NPs. For example, Chatterjee and Chakravorty [37] have used the four point probe technique
for the DC resistivity measurement of sol-gel derived metal NPs over the temperature range
80-300 K. Similarly, Lee and Collier [38] have used this technique to measure the sheet
resistance of thin metallic NiCr and Al films. Recent employment of four point probe
technique has been by Mallick ef al. [57] and Yang el al.[58], who have measured the
electrical conductivity of copper NPs composite materials and conducting polymer poly (3, 4-
ethylenedioxythiophene) (PEDOT) NPs, respectively. Regarding the use of four point probe
technique, Gorzny el al. [59], have measured the resistivity of tobacco mosaic virus (TMV)-
based nanostructure using four independently controlled scanning tunnelling microscopes
(STM) as a four point probe as shown in fig. 2.3. Using STM as a four point probe has
advantages over other methods since it is possible to change the tip position and separation
on the investigated nano-object. In the four point probe set up using an additional pair of
sensing tips (i.e. compared to the two-point probe), there is no current flow through the high
impedance voltmeter, so effects associated with the tip/nanowire (or material under test)

interface are eliminated.

") 1| 3' : 1 2|

Silicon substrate

o

Vmeasured = Vnanowire

Figure 2.3 Left: shows the SEM images of a four point probe measurement on Pt covered
tobacco mosaic virus (TMV) head to tail aggregation (scale bar is 500 nm). Top right:
schematic of a four probe measurement. Tips T1 and T2 source a current, while the potential
difference is measured across the tips T3 and T4. Bottom right: electrical representation of
four probe measurement [59].

Very recently, Ghosh et al. [41] have studied the conductivity of palladium NPs, passivated

by metal-carbon covalent bonds (Pd-C), using by electrochemical measurements with a
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dropcast thick film of the particles on an interdigitated array (IDA) electrode. The same
authors [42, 60] have reported measurement of conductivity of Ti-C and Ru-C using the same
IDA electrode. Similarly, Nishizawa ef al. [61] have measured the electrical conductivity of
LiMn,04 by means of an interdigitated micro-array electrode coated with a uniform dense
film of LiMnyO4 as shown in fig. 2.4. The electronic conductivity was determined by
measuring the resistance of the sample using an electrometer in the V/I mode, where the

resistance (R) is measured from the slope of the current-voltage characteristics. The dc

electrical conductivity () of the deposited film is calculated by o =(1/R-d)(w/I), where

wil is the IDA electrode geometrical factor (/ is the total length of the electrode width and w
is the electrode distance) and d is the film thickness.

(a) ESD Film or Composite Film
of LiMn204

(b)
| Ref. % Aux.(i]
iFT

2.

\
Pt Microarray Electrode

) FixedAV .
" (~ smv) 12

Bipotentiostat

Figure 2.4 Shows a schematic illustration of (a) an interdigitated Pt microarray (IDA)
electrode coated with a composite film of LiMn,O4 and (b) the principle of the in-situ
conductivity measurement [56].

A detailed description of each of the non-microwave techniques mentioned above is beyond
the scope of this thesis. These techniques have their relative strengths and weaknesses. The
main limitation of these techniques over the microwave techniques is the use of electrical
contact, except for the IDA electrode technique, which is an in-situ (or contactless) two point
probe method. The IDA electrode has a major limitation in that they are not easy to construct,

which limits their availability. Another limitation of the non-microwave techniques is the
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surface damage they produce; even though the damage is not very severe, it is sufficient to
result in non-reproducible results. These techniques require a large specimen of material
which sometimes is not accessible. The main strengths, especially of the four point probe
method, lies in its established use and the fact that it is an absolute measurement without the

need to recourse to calibrated standards.

2.8 Resonator Perturbation Analysis

Introducing a sample in the high magnetic field (H-field) region in a dielectric resonator will
change both the frequency (fy) and the quality factor (Q) owing to sample magnetisation. The
expressions for resulting change Afy and A (1/Q) have been derived in various texts mostly
using Maxwell’s equations which involve complicated mathematics (e.g. [62]). Here, a
simplified resonator perturbation analysis based on [63] is presented, considering the
placement of a sample in a uniform H-field in a resonator. The equivalent circuit is shown in
fig. 2.5.

|
|
L
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|
|

C

Figure 2.5 The equivalent resonator circuit for a sample placed in a uniform H-field (i.e. fixed

applied current i(f) = Ie™").

The fractional change in energy (AU) on inserting the sample is
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where L is the inductance of the resonator equivalent circuit and AL the inductance change.

The resonant frequency for the circuit of fig. 2.5 is f, = _ L which can be used to derive

2nJLC

the fractional frequency shift, Af, from the following expression [63]:

M __1AL__1AU 2.2)

£, 2L 2U

If the sample is placed in high H-field magnitude (i.e. Hp) and gains a magnetic dipole

moment m, then
1 .
AU = 5”0 Re(mH,)) 2.3)

where Re represents the real part. Combining both Egs. (2.2) and (2.3) yields the expression

below for the fractional change in resonant frequency:

ATf; ~_, RenH)) __ Re(w,) 2.4)

4U,, Wy

1 5 1 . . )
where U, =§ Ho j H 'dvziuoHoneﬁ is the time averaged stored energy in the

tot
resonator

resonator, o,, is the sample’s polarisability (defined by m = 0,,V;Hp) and V.4 is the effective
volume of the resonator in terms of the distribution of electrical energy [63]. Now, consider
the resonator quality factor Q which is defined as follows [62]

time-averaged stored energy

U
O=0,— — =0, % (2.5)
time-averaged power dissipated (P)

Therefore Eq. (2.5) can be written as

1 1
Al —|= A(P 2.6
[Q) 0™ tor < ) ( )

which can be combined with the relation for power dissipated energy

(i.e. (P)= ——;—mopo Im(mHo')) to give
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Other way of representing Eq. (2.7) is

Af,, . Im(mH, ) _ Im(a,,)

1 ° 2 4

tot eff

2.8)

where Afp is the change on bandwidth of the resonator due to the presence of the sample.
Egs. (2.4) — (2.8) are the standard resonator perturbation results for the H-field, which will be
used in the next section to establish the variation of f; and Q for a small conducting spherical

particle placed in a high H-field.

2.9 Application of Resonator Perturbation Theory

In this research, a sapphire dielectric resonator (SDR) has been used to characterise the
electrical properties of Pt and Au NP films. The films were deposited on the sapphire puck in
a region where the magnetic field is maximum and perpendicular to the plane of the films.
Resonator perturbation theory is applied to the scenario where the sample is considered to be
spherical (not a thin film) to determine the expected results for Afp/fyp and Afp/fy; for this

reason, we keep this analysis to be semi-quantitative.

2.9.1 Magnetic Dipole Adsorption in Non-Magnetic Samples

Consider a spherical shape object to which a magnetic field H, is applied, as shown in
fig. 2.6.

» H,

Figure 2.6 The applied magnetic field Hy and developed magnetic dipole moment (due to the
applied Hy) in a spherical sample.
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A conducting sphere will develop magnetic dipole moment (m) in response to a uniform,
applied magnetic field Hy which is proportional to the volume of the sample (V;) and the
applied H,. Therefore m can be written as [63]

m=a,VH, (2.9)

where ay, is the sample’s polarisability, dependent on the sample geometry and a function of
the conductivity (o), frequency (®) and the radius (a) of the sample (o, (o, ®, a)). The
analytic solutions for m (i.e. m = amVsH)) for a small conducting particle (i.e. of particle radii

much less than the wavelength of the incident radiation) in this limit can be written as [63]

- ka)— 2
m=2na g | (12 (1= kacotka)—p(ka) (2.10)
(n—1)(1-kacot ka)—p(ka)
Now Eq. (2.10) is in the form of Eq. (2.9), where a,, can be written as follows [63]:
m:_(u+2)(1—kacotka)—u(ka) @11

(u—1)(1—kacotka)—u(ka)2
where k =wm./ep/c is the wave number within the particle, € = €, — jg; is the complex
permittivity, u =y, - jus is the complex permeability of the particle and ¢ =1//pu,g, is the

velocity of light in free space. The time averaged power dissipated energy per unit volume

(P) associated with magnetic dipole adsorption of a spherical conducting particle is then [63]

L m(mH,) 3 on H (n+2)(1-kacot ka) - “(’“’)j
2 %na3 4 (n-1)(1-kacotka)—p(ka)

} (2.12)

where H) is the amplitude (i.e. peak value) of the applied magnetic field. The origin of this
dissipation is associated with electromagnetic induction by the changing applied magnetic
field, so one would expect it to be a sensitive function of the particle size. For a non-

magnetic, conducting particle € =1- jo/wg, and p; = 1, so that Eq. (2.12) reduces to [63]

(2.13)

<P>=%m“OHo2Im(l+3cotka 3 )

ka  (ka)
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There are again two limiting forms for the magnetic dipole absorption set by the ratio a/9.
In the large skin depth limit (i.e. a/8 <<1, appropriate for small particles of low conductivity
at low frequency), Eq. (2.13) reduces to [63]

a/8—0

lim (P>=5%Q)ZH5020H§ < o’a’c (2.19)

which is that of a uniform applied internal magnetic field (in this case equal to the applied
magnetic field since it is assumed that p; = 1). In the small skin depth limit (i.e. a/8>>1,
appropriate for large particles of high conductivity at high frequency), Eq. (2.13) reduces to
[63]

lim (Py=2R g o L @ @.15)

alb—eo 4 a aVo

where R, = (op, /20')” 2 is the surface resistance of the conducting material.

Thus,
Af, Re(mH,)  p,H,
— = =— Re(a 2.16
~f;) po 4Ulol 4Uml ( " ) ( )
and
Afy Im(mH, 0‘) HoH, 02
2 —__ = — Im [0 4 2 1 7
-fO uo 2UIOI 2Uk)l ( " ) ( )

Using MathCAD, the variations f; and f have been plotted against the conductivity, for fixed
values of @, u =1 (i.e. for non-magnetic sample) and a (i.e. a = 1.5 mm), as shown in fig. 2.7.

In this instance, the value of ‘a’ is the radius of the NP film deposited.
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0.5 1 ol

Re(a ) o« Af /f,
Im(a, ) o< Af/f

10° 10’ 10° 10° 10* 10° 10°
Conductivity (S/m)

Figure 2.7 The variations of Afy/fy (screening) and Afp/f; (eddy current loss) with increasing
conductivity of a sample in a resonator where the magnetic field is maximum.

Fig. 2.7 shows that Afy/fo increases due to the screening current within the sample.
Correspondingly, the plot of Afs/f can be split into 2 main regions since the magnetic dipole
adsorption set by the ratio a/5. In the large skin depth limit (i.e. a/d <<1, appropriate for a low
conductivity sample), Afp/f; increases monotonically up to a =~ & and then starts decreasing as
the small skin depth limit is reached (i.e. /5 >>1, appropriate for high conductivity sample).
This is a semi-quantitative theoretical model to support the results obtained from the SDR for
different sizes of Pt oxide, pure Pt and Au NP films. Whereas Pt oxide is considered to be a
low conductivity sample due to the insulating thin oxide layer, pure Pt and Au NPs films are
considered to be highly conducting films. These statements will be qualified experimentally

in chapters 5 and 6.

22



Chapter 2 Microwave Techniques for Electrical Characterisation of Metallic Nanoparticles

2.10 References

1.

S. Park, S. A. Wasileski and M. J. Weaver, “Electrochemical Infrared
Characterization of Carbon-Supported Platinum Nanoparticles: A Benchmark
Structural Comparison with Single-Crystal Electrodes and High-Nuclearity Carbonyl
Clusters”, Journal of Physical Chemistry B, Vol. 105, No. 40, pp. 9719-9725,
September 2001.

P. Marquardt, L. Borngen, H.R. Kunz and G.A. Gruver, “The Catalytic Activity of
Platinum Supported on Carbon for Electrochemical Oxygen Reduction in Phosphoric
Acid”, Journal of Electrochemical Society, Vol. 122, No, 10, pp. 1279-1287, 1975.

P.P. Edwards and J.M. Thomas, “Gold in a Metallic Divided State —~ From Faraday to
Present — Day Nanoscience”, Angewandte Chemie International Edition, Vol. 46,
No. 29, pp. 5480-5486, September 2007.

PM. Tessier, O.D. Velev, A.T. Kalambur, J.F. Rabolt, A.M. Lenhoff, and
E.W. Kaler, “Assembly of gold nanostructured films templated by colloidal crystals
and use in surface-enhanced Raman spectroscopy”, Journal of the American
Chemical Society, Vol. 122, No. 39, pp. 9554-9555, 2000.

G. Schocn and U. Simon, “A fascinating new field in colloid science: Small ligand-
stabilized metal clusters and possible application in microelectronics”, Colloid and
Polymer Science, Vol. 273, pp.101-117, 1995.

J.H Liu, C.L. Chen, H.T. Lue and J.T. Lue, “Measurement of Dielectric Constant of
Metallic Nanoparticles by a Microwave Dielectric Resonator”, Measurement Science
and Technology, Vol. 13, pp. 2032-2037, 2002.

P. Marquardt, L. Borngen, G. Nimtz and R. Sonnberger, “Microwave Adsorption by
Small Metal Particles”, Physics Letter A, Vol. 114, No. 1, pp. 39-42. 1986.

E. Kymakis, I. Alexandou and G.A.J Amaratunga, “Single-Walled Carbon Nanotube-
Polymer Composited: Electrical, Optical, and Structural Investigation”, Synthetic
Metals, Vol. 127, pp. 59-62. 2002.

F. Fang and Y.F. Zhang, “DC Electrical Conductivity of Au Nanoparticles/
Chloroform and Toluene Suspension”, Journal of Material Science, Vol. 40,
pp- 2979-2980, 2005.

10. A.P. Gregory and R.N. Clarke, “A Review of RF and Microwave Techniques for

Dielectric Measurements on Polar Liquids”, IEEE Transactions on Dielectrics and
Electrical Insulation, Vol. 13, No. 4, August 2006.

11. T. Graham, “Liquid Diffusion Applied to Analysis”, Philosophical Transactions of

the Royal Society, Vol. 151, pp. 183-224, 1861.

12. R. Kubo, “Electronic Properties of Metallic NPs”, Journal of the Physical Society of

Japan, Vol. 17, pp.975-986, 1962.

23



Chapter 2 Microwave Techniques for Electrical Characterisation of Metallic Nanoparticles

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

H. Nalwa (Ed.), Handbook of Nanostructured Materials and Nanotechnology,
Academic Press Inc., New York, 2000, ISBN 1-251-3760-5.

R.W. Siegel, Physics of New Materials, F.E Fujita (Ed.), Springer-Verlag, 1994,
ISBN 0-387-56851-4.

R.W. Siegel, “Exploring Mesoscopia: The Bold New World of Nanostrutures”
Physics Today, Vol. 46, No. 10, pp. 64-68, October 1993.

T. Belin and F. Epron, “Characterisation Methods of Carbon Nanotubes: A Review”,
Materials Science and Engineering, Vol. 119, No. 2, pp. 105-118, May 2005.

C.N.R. Rao, G.U. Kulkarni, A. Govidaraj, B.C. Satishkumar, and P.J. Thomas, “Metal
Nanoparticles, Nanowires, and Carbon Nanotubes”, Pure and Applied Chemistry,
Vol. 72, No. 1-2, pp. 21-23, 2000.

H. Nalwa (Ed.), Handbook of Nanostructured Materials and Nanotechnology,
Academic Press Inc., New York, 2000, ISBN 1-251-3760-5.

J. Turkevich, P.C. Stevenson and J. Hillier “A Study if the Nucleation and Growth
Process in the Synthesis of Colloidal Gold”, Discussion of the Faraday Society, Vol.
11, pp. 55-75, 1951.

R.W. Siegel, Physics of New Materials, E.E Fujita (Ed.), Springer-Verlag, 1994.

S. Datta, S.S. Mitra, D. Chakravorty, S. Ram and D. Bahadur, “Preparation of Glass-
Metal Microcomposites by sol-gel route”, Journal of Materials Science Letters,
Vol. 5, No. 1, pp. 89-90, 1986.

A. Chatterjee and D. Chakravorty, “Glass-Metal Nanocomposite Synthesis by Metal
Organic Route”, Journal of Physics D: Applied Physics, Vol. 22, No. 9,
pp. 1386-1392, 1989.

P. Somasundaran, Encyclopaedia of Surface and Colloid Science, Volume 2, 2006,
ISBN 978-0849396076.

Z.L. Wang, Characterisation of Nanophase Materials, 1* edition, Wiley-VCH, 2000,
ISBN 3-527-29837-1.

D.J. Gardiner, Practical Raman Spectroscopy. Springer — Verlag, 1989,
ISBN 978-0387502540.

D.T. Sawyer, J.L. Roberts, Experimental Electrochemistry for Chemists, Wiley, 1974,
ISBN 0-471-75560-5.

J. Solla-Gullon, A. Rodes, V. Montiel, A. Aldaz, and J. Clavilier, “Electrochemical
characterisation of platinum-palladium nanoparticles prepared in a water-in-oil
microemulsion”, Journal of Electroanalytical Chemistry, Vol. 554-555, pp. 273-284,
September 2003.

24



Chapter 2 Microwave Techniques for Electrical Characterisation of Metallic Nanoparticles

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

H-S.P. Wong, “Nanoelectronics — Opportunities and Challenges”, International
Journal of High Speed Electronics and Systems, Vol. 16, pp. 83-94, March 2006.

M. Thomas, S.K. Ghosh and K.C. George, “Characterisation of Nanostructured Silver
Orthophosphate”, Materials Letters, Vol. 56, No. 4, October 2002.

E. Barsoukov (Ed.) and J.R. Macdonald (Ed.), Impedance Spectroscopy Theory,
Experiment, and Applications, 2nd edition, A John Wiley & Sons, Inc.,
ISBN 0-471-64749-7.

D.M. Pozar, Microwave Engineering, 3™ edition, John Wiley & Sons, Inc., 2005,
ISBN 0-471-44878-8.

H. Zheng and C.E. Smith, “Permittivity Measurements Using a Short Open-Ended
Line Probe”, IEEE Microwave and Guided Wave Letters, Vol. 1, No. 11, pp. 337-339,
November 1991.

W.B. Weir, “Automatic Measurement of Complex Dielectric Constant and
Permeability at Microwave Frequencies”, Proceeding of the IEEE, Vol. 62, pp. 33-36,
1974.

AM. Nicolson and G.F. Rose, “Measurement of the Intrinsic Properties of Materials
by Time Domain Techniques”, IEEE Transactions on Instrumentation and
Measurement, Vol. 19, pp. 377-382, 1970.

J. Krupka, R.G. Geyer, M. Kuhn and J.H. Hinden, “Dielectric Properties of Al,Os,
LaAlOs;, SrTiO3, and MgO at Cryogenic Temperature”, IEEE Transactions on
Microwave Theory and Techniques, Vol. 42, pp. 1886-1890, 1994.

B. Thomas and M. Abdulkhadar, “Dielectric Properties of Nano-Particles of Zinc
Sulphide”, Pramana — Journal of Physics, Vol. 45, No. 5, pp. 431-438, November
1995.

A. Chatterjee and D. Ahakravorty, “Electrical Conductivity of Sol-Gel Derived Metal
Nanoparticles”, Journal of Material Science, Vol. 27, pp. 4115-4119, 1992.

M-H.J. Lee, and R.J. Collier, “The Sheet Resistance of Thin Metallic Films and
Stripes at Both DC and 130 GHz”, Microelectronic Engineering, Vol. 73-74,
pp- 916-919, June 2004.

D.E. Steinhauer, C.P. Vlahacos, S.K. Dutta, B.J. Feenstra, F.C. Wellstood and
S.M. Anlage, “Quantitative Imaging of Sheet Resistance with a Scanning Near-Field
Microwave Microscope”, Applied Physics Letter, Vol. 72, No. 7, pp. 861-863,
February 1998.

AJ.A. El-Haija, “The DC Electrical Sheet Resistance of Semimetallic Sb Thin
Films”, Physical Status Solid (a), Vol. 165, pp. 409-416, 1998.

D. Ghosh and S. Chen, “Palladium Nanoparticles Passivated by Metal-Carbon
Covalent Linkages”, Journal of Material Chemistry, Vol. 18, pp. 755-762, 2008.

25



Chapter 2 Microwave Techniques for Electrical Characterisation of Metallic Nanoparticles

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

D. Ghosh, S. Pradhan, W. Chen and S. Chen, “Titanium Nanoparticles Stabilized by
Ti-C Covalent Bonds”, Chemistry of Materials, Vol. 20, No. 4, pp. 1248-1250,
January 2008.

H.E. Bussey, “Measurement of RF Properties of Materials a Survey”, Proceeding of
the IEEE, Vol. 55, No. 6, pp. 1046-1053, June 1967.

MN. Afsar, and K.J. Button, “Millimeter-Wave Dielectric Measurement of
Materials”, Proceeding of the IEEE, Vol. 73, No. 1, pp. 131-153, January 1985.

J. Sheen, “Study of Microwave Dielectric Properties Measurements by Various
Resonance Techniques”, Measurement, Vol. 37, pp. 123-130, 2005.

L.F. Chen, C.K. Ong and B.T.G. Tan, “Amendment of Cavity Perturbation Method
for Permittivity Measurement of Extremely Low-Loss Dielectrics”, IEEE
Transactions on Instrumentations and Measurement, Vol.48, pp. 1031-1037, 1999.

M.C. Decreton, M.S. Ramachandraiah, “Nondestructive Measurement of Complex
Permittivity for Dielectric Slabs”, IEEE Transactions on Microwave Theory and
Techniques, Vol. 23, No.12, pp. 1077-1080, December 1975.

V. Teodoridis, T. Sphicopoulos, F.E. Gardiol, “The Reflection from an Open-Ended
Rectangular Waveguide Terminated by a Layered Dielectric Medium”, IEEE
Transactions on Microwave Theory and Techniques, Vol.33, No.5, pp. 359-366, May
1985.

S. Hussain, IJ. Youngs and LJ. Ford, “The Electromagnetic Properties of
Nanoparticle Colloids at Radio and Microwave Frequencies”, Journal of Physics
D: Applied Physics, Vol. 40, pp. 5331, September 2007.

Y.S. Yeh, J.T. Lue, and Z.R. Zheng, “Measurement of the Dielectric Constant of
Metallic Nanoparticles Embedded in a Paraffin Rod at Microwave Frequencies”,
IEEE Transactions on Microwave Theory and T echniques, Vol. 53, No.5,
pp- 1756-1760, May 2005.

J. Krupka, K. Derzakowski, T. Zychowicz, B.L. Givot, W.C Egbert and M.M. David,
“Measurements of the Surface Resistance and Conductivity of Thin Conductive Films
at Frequency About 1 GHz Employing Dielectric Resonator Technique”, Journal of
European Ceramic Society, Vol. 27, pp. 2823-2826, 2007.

J.B. Jarvis, M.D. Janezic, and J.H. Lehman, “Dielctric Resonator Method for
Measuring the Electrical Conductivity of Carbon Nanotubes from Microwave to
Millimeter Frequencies”, Journal of Nanomaterials, 2007, doi:10.1155/2007/24242.

W.G. Coors, and D.W. Readey, “Proton Conductivity Measurement in Yttrium

Barium Cerate By Impedance Spectroscopy”, Journal of the American Ceramic
Society, Vol. 85, No. 11, pp. 2637-2640, 2002.

26



Chapter 2 Microwave Techniques for Electrical Characterisation of Metallic Nanoparticles

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

G. Ma, T. Shimura, and H. Iwahara, “Simultaneous Doping with La3+ and Y3+ for
Ba2+ and Ce4+ Sites in BaCeO3 and Ionic Conduction,” Solid State Ionics, Vol. 120,
pp- 51-60, 1999.

J.B. Pelka, M. Brust, P. Gierlowski, W. Paszkowicz and N. Schell, “Structure and
Conductivity of Self-Assembled Films of Gold Nanoparticles”, Applied Physics
Letter, Vol. 89, pp. 063110 (3pp), 2006, doi:10.1063/1.2245376.

T. Fujita, K. Ohshima and N. Wada, “D.C Electric Conductivity in Films of
Aluminium Fine Particles Prepared by Evaporation in Helium Gas”, Journal of the
Physical Society of Japan, Vol. 27, pp. 1459-1462, 1969.

K. Mallick, M.J. Witcomb and M.S. Scurrell, “In Situ Synthesis of copper
Nanoparticles and Poly (o-toluidine): A Metal-Polymer Composite Material”,
European Polymer Journal, Vol. 42, No. 3, pp. 670-675, 2006.

Y. Yang, Y. Jiang, J. Xu and J. Yu, “Conducting Polymeric Nanoparticles
Sysntehsised in Reverse Micelles and Their Gas Sensistivity Based on Quartz Crystal
Microbalance”, Polymer, Vol. 48, No. 15, pp. 4459-4465, July 2007.

M.L Gorzny, A.S. Walton, M. Wnek, P.G. Stockley and S.D. Evans, “Four-Probe
Electrical ~ Characterisation of Pt-Coated TMV-Based Nanostructures”,
Nanotechnology, Vol. 19, pp. 165704 (Spp), 2008.

D. Ghosh and S. Chen, “Solid-State Electronic Conductivity of Ruthenium
Nanoparticles Passivated by Metal-Carbon Bonds”, Chemical Physics Letters,
Vol. 465, pp. 115-119, 2008.

M. Nishizawa, T. Ise, H. Koshika, T. Itoh, and I. Uchida, “Electrochemical In-Situ
Conductivity Measurements for Thin Film of LiMn,O4 Spinel”, Chemistry of
Materials, Vol. 12, No. 5, pp. 1367-1371, April 2000.

D.M. Pozar, Microwave Engineering, 3rd edition, John Wiley & Sons, N.Y., 2005,
ISBN 0-471-44878-8.

A. Porch, Private Communications, 2007-2009.

27



Chapter 3 Microwave Theory For Material Characterisation

CHAPTER 3

MICROWAVE THEORY FOR MATERIAL CHARACTERISATION

3.1 Introduction

Microwaves refer to alternating signals within the frequency range of 300 MHz and
300 GHz. Since the relationship A = c/f shows that frequency (f) is related to electrical
wavelength (1), the corresponding A values range between 1m and 1mm, respectively [1]. The
majority of microwave technology applications are in radar systems, communication systems
and medical systems. This chapter discusses the basic microwave theory and techniques for
the electromagnetic materials characterisation. The techniques used for material properties
characterisation generally fall into the two main categories of non-resonant methods and
resonant methods [2]. Correspondingly, this chapter mainly discusses these two main
microwave techniques. This is followed by a discussion on the existing models for the open
ended coaxial probe, the concept of microwave network and also the parameters describing

the microwave network.

3.2 Overview of Microwave Techniques for Material Characterisation

There have been many extensive review papers [3] on microwave methods for materials
property characterisation. This section focuses on the basic principles for the measurement of
complex permittivity of dielectric materials. The detailed structures of fixtures and detailed
algorithms for the calculation of materials properties will be discussed in this chapter, as well
as in chapters 5 and 6. As mentioned earlier, the microwave methods/ sensors for material
characterisation generally fall into non-resonant methods and resonant methods, which will
be discussed in the following sections. Non-resonant methods are often used to get a general
knowledge of electromagnetic properties over a range of frequencies, while the resonant
methods are used to get accurate knowledge of dielectric properties at single frequency or
several discrete frequencies. In the following sections, the importance of the use of
microwaves for material characterisation, and the working principles of various microwave

measurement techniques will be discussed.
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3.3 “Why Microwaves?” for Material Characterisation
The main reasons for using microwave stimuli are

o The use of microwaves is completely non-destructive at low power levels

o Microwaves penetrate all materials except for metals, so the measured result therefore
represents the volume of the material, not only the surface.

o Microwave sensors do not need mechanical contact with the material.

o At the low power levels used for measurement with microwave sensors, microwaves

are safe.

3.4 Non-Resonant Methods

Non-resonant methods mainly include reflection methods and transmission/ reflection
methods. The material properties are deduced on the basis of the reflection from the sample
in reflection methods, and in a transmission method, the material properties are calculated on
the basis of the reflection from the sample and the transmission through the sample. Non-
resonant methods require a means of directing the electromagnetic energy toward a material,
and then collecting what is reflected from the materials, and/ or what is transmitted through
the materials. This thesis focuses only on the reflection methods. In principle, all types of
transmission lines can be used to carry the signal for non-resonant methods, such as coaxial
line, planar transmission line, dielectric waveguide, etc [4, 5]. Among these, coaxial line is
most widely used in the reflection method for material characterisation, since it is broadband

and readily available in the form of commercial cables.

Incident
Wave

Reflected
Wave

Figure 3.1 Material characterisation using non-resonant method.
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3.4.1 Reflection Methods

In reflection methods, electromagnetic waves are directed to a sample under study, and the
properties of the sample are deduced from the reflection coefficient due to the impedance
discontinuity caused by the presence of the sample at the interface with the input line.
Usually, a reflection method can only measure either permittivity or permeability of the
sample under test. This chapter mainly focuses on the permittivity measurement. Open
reflection method and shorted reflection method are the two most important methods used for
material property characterisation. At an open circuit end, the main propagating TEM mode
will only produce a finite E-field on reflection, so that’s why we can only measure
permittivity. As coaxial lines can cover broad band frequency, they are often used in
developing measurement fixtures for reflection methods. Such fixtures are often called probe
or sensors. Detailed discussions on open reflection methods can be found in the following

section.

3.4.2 Open Reflection Method

Fig. 3.2 shows a schematic diagram of an open ended coaxial reflectance probe. It is a cut off
section of a transmission line, with the optional extension of a ground plane, where the outer
conductor at the open end is fabricated into a flange to provide suitable capacitance and
ensure the repeatability of sample loading [2]. This method assumes that the materials under
test are nonmagnetic, and require intimate contact between the probe and the sample [6]. The
wave impedances either side of the resulting interface are different, so there is a reflection
when an electromagnetic wave meets the interface. As the impedance of the side occupied by
the sample is related to the electromagnetic properties of the sample, from the reflection
coefficient (p), the complex permittivity (¢) of an unknown sample can be obtained through a
model that gives the complex admittance of the probe aperture as a function of the
permittivity of the surrounding medium, which is considered to be semi-infinite. A certain
number of these admittance models do exist in the literature, and a detailed discussion of

some of these models can be found in section 3.6.
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Figure 3.2 Schematic diagram of a coaxial reflectance probe.

3.4.3 Open Ended Coaxial Reflectance Probe

There are several advantages of a coaxial probe made from coaxial line over the ones made
from other types of transmission lines, the most obvious one being its broadband frequency
range. There are many outstanding papers on this technique published by several researchers,
and many in-depth review papers on this subject [7, 8]. The coaxial probe technique has been
established over the last 20 years as a standard tool for evaluating electrical properties in the
microwave frequency range [6]. The attractiveness of the coaxial probe technique has arisen
from its broadband measurement capabilities, non-destructive nature and the technique itself
is deceptively simple. The technique involves terminating a length of flanged coaxial
transmission line with the material under test and measuring the reflection coefficient (both
amplitude and phase) of the coaxial aperture at the interface with the material. There are two
non-trivial aspects of this problem which need to be addressed before the permittivity of the

material can be evaluated:

i. The system has to be carefully calibrated so that any stray reflections and additional

path lengths are removed from the analysis routine.

ii. An appropriate model for the admittance of the aperture as a function of the

permittivity of the terminating material is required.

In the past, increasingly sophisticated models have been developed for determining the
aperture admittance of open ended coaxial probe. Furthermore, in recent years, many efforts
have been made in investigating the radiation of a coaxial probe into layered media [9, 10],

and many variations in the conventional open ended reflection method have been made for
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various purposes. Section 3.6 will discuss the different admittance/ capacitance models used
in analysing a coaxial probe terminated by a sample under study and calibration of this

system will be discussed in chapter 6.

3.5 Resonant Methods

Microwave components such as resonators are more often distributed structures rather than
lumped element ones, where the phase and the signal amplitudes change significantly over
the physical size of the device because the device dimensions are similar to the microwave
wavelength. Since the wavelength is large at lower frequencies, there is an insignificant phase
variation across the dimensions of the component [1], so it can assumed to be lumped.
Reducing the size of microwave circuits minimises cost. In this respect, microstrip and
stripline have been vital in eliminating physically large waveguides and coaxial lines in a
majority of the microwave applications. Dielectric resonators (DRs) are used to replace
waveguide filters in such challenging applications as satellite communications, where the
stripline or microstrip resonators cannot be used because they possess inherently high losses.
Microwave resonators are mainly used as filters, but can also be utilized for the
characterisation of materials and the production of high electromagnetic fields. In practical
applications DRs are often modified by the introduction of small pieces of dielectric or
metallic materials. Such resonant methods generally have higher sensitivities and accuracies
than non-resonant methods owning to the high Q-factors of the host resonators. Resonant
methods generally include the resonant perturbation and resonator methods. This chapter and
the following chapters discuss the resonant perturbation method, which is based on resonant
perturbation theory. For a resonator with given electromagnetic boundaries, when part of the
electromagnetic boundary condition is changed by introducing a sample, its resonance
frequency and quality factor will also be changed, from which the properties of the sample

can be derived.

3.5.1 Basic Parameters of Dielectric Resonator

The Dielectric Resonator (DR) is an electromagnetic component that exhibits resonance over
a narrow range of frequencies, generally in the microwave region [1]. To date, sapphire is the
most popular among many dielectrics due to its extremely low loss tangent. It consists of a

cylindrical puck of sapphire material. The resonant frequency depends on the overall
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physical dimensions of the puck and the dielectric constant of the material. DRs are usually
enclosed in an RF shield in order to prevent radiation. Quality factor (Q) is very useful in

determining the qualitative behaviour of a resonant system. The Q quantifies the relationship

between the time averaged stored energy (U > and the time averaged dissipated energy <P>
in a resonant structure, which is defined as QO=o, (U ) / (P) The other parameter is

permittivity (£), which is a measure of a material ability to resist the formation of an internal

electric field. This is also known as dielectric constant or relative permittivity. Loss tangent
(tan &) is other parameter used in the specification of DRs, which is expressed as the ratio of

the resistive component of the current to the capacitive component of current, and is equal to
the tangent of the loss angle, also known as dissipation factor [1]. High Q-factor DRs are
implemented with the advantage of high dielectric constant and low loss tangent to confine
the electromagnetic field within the resonator, so that the conduction loss (Q.) and radiation
loss (Q,) near the boundaries (cavity walls) are significantly reduced. The size of the DRs is
considerably smaller than the size of an empty resonant cavity operating at the same

frequency, provided the relative dielectric constant (3,) of the material is significantly larger
than unity, in which case all dimensions are reduced by the factor »~ \/Z (due to the

Ay=M/ \[a_, , where A, is the wavelength in the dielectric). In general dielectric resonators

are found in many different shapes, for instance short, solid cylinders, as well as spherical
and tubular shapes [1]. The analysis and design of DR, specifically a sapphire DR, is
discussed in detail in chapters 5 and 6. There are many possible resonant modes such as
transverse electric (TE), transverse magnetic (TM), and hybrid electromagnetic modes
(HEM), which can be excited in dielectric resonators [1]. TE modes have no electric field
component in the direction of propagation (i.e. z-axis) while TM modes have no magnetic
field component along the z-axis. A commonly used resonant mode in cylindrical DRs is
denoted TEy;5. The subscript 8 denotes the number of resonating waves in the longitudinal
direction of the resonator (the lowest number is § = 1). The magnetic field and the electric
field intensity for this mode are shown in fig. 3.3 (b) and (c) respectively, where it can be
seen that the magnetic field intensity is solenoidal in nature, while the electric field lines are
simply circles concentric with the axis of the cylinder. Microwave characterisation of
materials using dielectric resonators is typically done in the TEy s mode (in cylindrical

resonator), as this mode does not have a transverse electric field in the z-axis.
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(a) (b) ()

Figure 3.3 Prime mode (TEq;5) of an isolated cylindrical DR. (a) Dimensions of the resonator
(b) magnetic field distribution, and (c) electric field lines.

For a dielectric material with high relative dielectric constant (g;) and operating in the TE;5
mode, most of the electrical energy and a significant part of the magnetic energy are located
within the material. The remaining energy is stored in the space surrounding the resonator,

decaying rapidly with distance away from the surface of the resonator.

3.5.2 Transmission Mode Measurements with Resonators

When resonators are measured in transmission mode, there are four parameters of interest
related to the resonance: the resonant frequency (fy), half-power (or 3dB) bandwidth (fg), the
insertion loss (/L) and the quality factor Q. Each of these will be dealt in detailed in the

following sections.

3.5.3 Resonator Spectral Response in Transmission Mode

In transmission mode, a vector network analyser (VNA) is used to measure the magnitude of

the voltage transmission coefficient S,, (i.e. |Szl|) of a resonator as a function of frequency.
If |S2 I| is unity, it would imply perfect transmission through the resonator thereby meaning
that it is completely lossless and doesn’t absorb or reflect any power. On the other hand zero

value of |S,,

leads to total absorption or reflection of power by the resonator with no

transmission at all. However, it is much more convenient to define the above mentioned

resonator parameters if |S21| is expressed in logarithmic unit (i.e. dB) rather than linear

magnitude. The characteristic spectral response of a resonator would then be as shown in

fig. 3.4 [2].
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S.,[ (dB)

Frequency (GHz)

Figure 3.4. Idealised spectral response of a resonator in transmission mode [2].

In fig. 3.4, /) is the resonant frequency, f3 is the half-power bandwidth, and /L is the insertion
loss at resonance, which is expressed in dB relative to the input power — typically 0 dBm
(i.e. 1 mW rms) for the Agilent (HP) 8510C and 8753E VNA used in this research. The
loaded quality factor can be evaluated from spectral response of fig. 3.4 (i.e. from f; and f3)

and the affects of resonator coupling are described later in this chapter.

3.5.4 Two-port Resonator Analysis with Symmetrical Coupling

Microwave resonators can be coupled either capacitively (using an open circuit transmission
line, which couples to the resonator’s electric field) or inductively (using a short circuit line,
which couples to the magnetic field). The equivalent circuit of an inductively-coupled
resonator is shown in fig. 3.5 (i.e. for symmetrical coupling). The input and output lines are
terminated in coupling loops, forming a pair of mutual inductances m at both the ports 1
and 2, respectively, of the resonator. Each mutual inductance depends only on geometry, i.e.
the loop area, its orientation and position relative to the resonator. In this research the
coupling loops were made nearly identical to ensure symmetrical input/output couplings. In
fig. 3.5 (and in the following analysis) we ignore the self-inductances of the loops, which is a
usually a good approximation in practice. The insertion loss (IL), which is determined by the
input and output coupling strength to the resonator, was kept in the range -40 to -10 dB. The
reason for this is that a very weakly coupled resonator (i.e. IL < -40 dB) would suffer from a
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low signal to noise ratio in transmission, whilst a strong coupled resonator
(i.e. 0 dB > IL > -10 dB) has a reduced Q, because of the loading effects of the coupling
circuitry [2].

I I Z i I
-V,
r Yads
Port 1 Resonator Port 2
Y4 | ' : |
I I ! .' O
Ly | omo - om 7
-jwmi, Jjwmi, -jwmi, jwmi,

Figure 3.5 The equivalent circuit of a two port, loop-coupled resonator. The resonator is
modelled as a series LRC circuit, of impedance Z [2].

The resonator is modelled as a series LRC circuit whose resonant frequency, impedance and

(unloaded) quality factor are given by

1
®, =———
N
Z=R+j(oL—j—1— (3.1
oC
_ oL
0=~

At resonance, the inductive and capacitive reactance cancel each other out and Z is purely
real (i.e. Z= R). The input voltage v;" is supplied by the VNA through of its ports, setting up
current 7y in the input circuit made up of the input coupling cable connected to the VNA.
Current 7, is induced in the resonator loop, which in turn induces current i3 in the output
circuit that is connected to the other port of the VNA through the output coupling cable.
Depending on the strength of the input and the output couplings to the resonator, part of the
input voltage is transmitted as v;" to the output circuit whereas the residual (ie. v) is
reflected back into the input circuit. The detailed analysis of the resonator equivalent circuit

at resonance is presented in appendix A, which provides the following expression for S,; as

(3.2)
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where g is the coupling coefficient (i.e. same for both the input and output coupling because

of symmetric coupling) defined as

(3.3)

Analysis of the loop-coupled resonator of fig. 3.5 in the limit of high Q, and for frequencies
o close to the resonant frequency ©, =1/+vLC gives the following results (see Appendix A)

for the forward voltage transmission coefficient S5; and the resulting power transmission

coefficient P in the frequency domain

Sy =— 28 (3.4)
1+2g+2j0.x

2 4¢?
> P=|S,| = Zg —
(1+2g) +40:x

2

4g
_ (1 +2g)2
N S
1+%4Q,,x 3
(l+2g)

(3.5)

where x = Aw/mo = (® - mg)/ ®p and dimensionless g is the coupling coefficient (i.e. same for

input and output coupling because of symmetric coupling) defined by

_ (D(z)mz _ mOmZQM
ZR  Z,L

(3.6)

where Z is the characteristic impedance of the input/output lines (usually 50 Q). Note that

gom’Q,, so that stronger coupling (and greater power transmission at resonance) is

obtained by increasing m, by increasing Q,, or by increasing both.

2
In Eq. (3.5), the term (IQT")z in the denominator is equal to O, * implying that
+28

0,
1+2

O, = 3.7
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Since Eq. (3.5) describes a Lorenzian curve, a curve fitting routine is used in this research to
extract the microwaves parameters of interest from the |S2,|2 data gathered from a VNA. In

this research an automated data acquisition system was developed using IGOR Pro software,
which is chosen because of its powerful built-in curve fitting routine. A typical curve fitted

Lorenzian plot in IGOR Pro is illustrated in fig. 3.6.

|

e MV e 5 B g L R o e T

T T T o=y T TVf
Jo

(x=0)

Figure 3.6 |S|* data acquired from 8510C VNA is curve fitted to lorenzian in IGOR Pro. The
goodness of the fit is apparent that original curve (red) is almost hidden by the fitted curve
(blue).

2

2 .

In fig. 3.6 at f;, where x =0, P, = (1 ‘g J , where Py is the peak power at resonance, then
+28

Eq. (3.5) can be rewritten as

P,
P ! 5 (3.8)
1+40; [*f _fOJ
0
&F Lish : :
where x has been replaced by P ==——, P, is the peak power at resonance and Q, is
0 0

called the loaded quality factor, which is smaller than Q, due to the loading effects of the

coupling.

To determine f3 (half power bandwidth), consider the again fig. 3.6. Since f3 is the half power
bandwidth, it is equal to the span of the |Sy;|* curve between those points where |Sy,[> = Py/2,
as shown in fig. 3.6. therefore Eq. (3.8) becomes
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K__ K
2 : Asz
14407 | =L
+ QI{fo
(oY
1=40; | =~ 3.9
ol (f) )
>
Consequently,
Jo1 =281 =£—° (3.10)

where f3 signifies the loaded bandwidth related to Q;. By analogy, the relationship between
feand Q,is f, = f,/0,, therefore from Eq. (3.7),

5o b S(+2)
g, 0, (3.11)
=f3(1+2g)

Hence, the loaded bandwidth (fg;) of the resonator is higher by a factor of (1+2g) as

compared to fp; as mentioned earlier this fact is quite intuitive given that Q; is smaller than
Q, by the same factor. It is apparent from Eq. (3.7) that evaluation of O, requires not only
the measured ; but also the value of coupling coefficient g, which is not directly
quantifiable. Therefore, a practicable alternative method of estimating (Q,, that makes use of

the /L (i.e. which can be directly read from the VNA), is described below:

The IL can be fixed by adjusting the input and the output coupling strength of the resonator.

At resonance, let |Sy;] to be

2 1
[Saleco = 1+§g “1 g
| (3.12)
- =1-|S
1+2¢g | 2he=0
From the relationship between Q4 and Q,, it follows that
o
Q=7 (3.13)
(1 - |S2l x=0 )
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and

Sy =fB,1, (1"|S21 x=0) (3.14)

If the transmitted power ratio (P) is in dB, then

P=20logS,, —> S, =107 (3.15)

and therefore use of the /L results in

|y, _, =10%" (3.16)
From Egs. 3.13 and 3.16,
9
9, = (I_IOIIL/ZO) (3.17)

A simple through calibration of the VNA is sufficient here to determine an accurate value of

IL. This allows a small correction due to cable loss (typically 0.2 dB per cable).

3.5.5 Theoretical Calculations of Dielectric Resonators Parameters

The two most important properties of a DRs are the quality factor (Q) and the resonant
frequency (fp). Resonance occurs due to exchange of electric and magnetic field energies at a
set of resonant frequencies fy. Although the geometrical structure of dielectric resonators is
very simple, it is much more complicated to obtain an exact solution of Maxwell’s equations
for them as compared with hollow metal cavities. For a given DR, the accurate resonant
frequency of TEgs mode can be calculated only by complicated numerical procedures
[11, 12, and 13]. For an appropriate estimation of the resonant frequency of the isolated DR

(see fig. 3.3 (a)), the following simple formula can be used [1]:

£,(GHz) = 3—4[%+3.45] (3.18)

ajfe,

here, a and L are the radius and length of the dielectric resonator (in millimetres)
respectively, and &, is the dielectric constant of the material. This formula is accurate to about

2% in the range 0.5<a/L<2 and 30<g, <50 [1]. Eq. (3.18) is used to estimate the

resonant frequency of the sapphire DR used in this research, which operates in TEq5.
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The quality factor quantifies the relationship between the mean stored EM energy and mean
power loss in a resonant structure. The unloaded Q-factor (Q,) of a cylindrical cavity is given
by the fundamental relation:

0, =m0ﬂ (3.19)

where (U) is the time averaged stored energy and (P)=(P) +(P),+(P), is the time
averaged dissipated energy [1, 2]. (P),is the conductor power loss, (P), is the power loss in
dielectric and (P), is the power loss due to radiation of the fields. Q, can thought of as
comprising the sum of various constituent losses such as(P),, (P), and(P),. For a DR

placed in a closed cavity with highly conductive walls, radiation is essentially non-existent

and (P), =0. Thus (P) =(P),  +{P), and

LR (B, 1
0 o) ey B D, 29

At resonance the time averaged total stored energy (U) equals the time averaged maximum

electric energy (U) ¢ max OF time average maximum magnetic energy (U) m, max:

2
O)O)m=%_[ esilefdv=d | wpofilds=(0),.. G20
here, &; and p, are the relative permittivity and permeability of the medium in the resonator, E

and H are the magnitudes of electric and magnetic energy, respectively. The above

integration is made over the whole volume of the resonator.

If the material within the cavity is lossless then the energy dissipation (P). is caused by the

cavity wall (curved, top and the bottom wall losses):

2

H

surface

R
(P), =—2= | ds (3.22)

surface

The above integration is made over the whole cavity wall surfaces. The surface resistance

(Rsurface) of the cavity wall in Eq. (3.22) is given by:
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op,d
R.vw_‘ﬂlce = % (3 .23)

here, p. is the permeability of the conductor (cavity wall), and 8 is the skin depth of the
conductor (8 =/2/opuc , where p = pop, is the permeability of the material in H/m and o is
the conductivity in S/m). According to Egs. (3.18) — (3.23), the Q, of a lossless hollow

metallic resonator is:

) I |H |2 dv
Qu - _g volume 5 (32 4)
I H ds

surface
surface

Inclusion of the dielectric loss of the medium in the cavity results in the value of O, being

decreased:

(3.25)

where (P), (P)q are the energy dissipation due to the conductor loss and dielectric loss, O,
and Qy are the quality factors when considering the conductor loss and dielectric loss,
respectively. If the dielectric medium within the cavity is lossy, then

(P), = %srso tan ﬂEIz dv
and since, (3.26)

(), =(U), +{0),, =Le.e, of v L, flEf av

out

this simplifies to:

e, [[Ef v+ [|E[ av
Qd — 0)0 (U>tot — 0)0 1£| ' ot‘l[zl | (327)
(P), g, tanS.ﬂE| dv

where, & and tand are the real permittivity and the loss tangent of the dielectric material
(sapphire dielectric) respectively, (U) o is the time averaged total stored energy, which is the
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combination of energy within the dielectric (U), and the air (U),, region around. The

air

subscripts in and out represent inside and outside the sapphire dielectric material and these

are the volume integral.

Dividing the right hand side of the numerator and the denominator of the simplified
Eq. (3.27) by ¢, ﬂEIZdv yields

in

JIT av
R
e, [\E[ av
_ in _1+W
Q=" @ns " tand (3-:28)

where, the bracket term in the numerator of Eq. (3.28) is termed as W. i.e.

W electrical energy outside dielctric

electrical energy within dielctric

Therefore the overall unloaded quality factor (Q,) can be deduced as follows

€8, I|E|2 dv+e, I|E|2 dv

) .
O, = 0~ = 0y —* (3.29)
), R e j |H, |2 ds
surface
therefore,
1 1.1
le Qc " Qd
stface j IH t |2 dS

- surface + tan & ( 330)

o, [8,80 _ﬂE|2 dv+g, j|E|2 dv) bW

For most practical DRs with €, > 1, W « 1, therefore

_1+w 1

" tané - tan &

Q.

The Q4 can thus be very large, for instance if the loss tangent (tand) of the dielectric is 107,
then Q, ~1/10”° =100,000 for a SDR. However, the overall Q-factor calculated using
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Eq. (3.30) is reduced because of the contribution of Q., which is usually smaller than Q; for
SDRs. Egs. (3.18) — (3.30) have been realised in the High Frequency Structure Simulator
(HFSS) field calculator  (see chapter 5) to elaborate and compute the results obtained from
the field data of HFSS solution. The detailed design of the sapphire dielectric resonator for
material characterisation and the implementation of these equations can be found in

chapter 6.

3.5.6 Resonant Perturbation Technique

When a sample is introduced into a resonator, the properties of the material are deduced from
the changes of the resonant frequency and the quality factor. This cavity perturbation
technique is one of the most popular methods for microwave material characterisation, also
known as material perturbation methods [1]. Fig. 3.7 shows a cylindrical cavity (TMgo
mode) for measurement of material properties using resonant perturbation technique. If the
sample under study is introduced into position A with maximum electric field and minimum
magnetic field, the dielectric properties of the sample can be characterised; if the sample is
inserted into place B with maximum magnetic field and minimum electric field, the magnetic

properties of the sample can be characterised.

Figure 3.7 Cylindrical cavity (TMy;o mode) for material characterisation using resonant
perturbation method. Position A and B are for permittivity and permeability measurement,

respectively, as explained in the text.

* For the complete in-depth description of HFSS refer to chapter 5. The HFSS field calculator is one of the
inbuilt tools, which is used to generate valuable information such as quality factor, resonance frequency,
voltages and currents or any other quantity that can be viewed in a 3D environment for the modelled geometry.
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3.6 Modelling of the Open Ended Coaxial Probe

Numerous papers have reported the use of open ended coaxial probe for complex permittivity
measurement at microwave measurement [14-17]. The complex permittivity of an unknown
material has generally been extracted from the reflection coefficient by modelling the
fringing fields at the aperture of the probe as an equivalent lumped admittance [14]. In the
case of an open ended coaxial probe the appropriate configuration is conductance (G) in
parallel with a capacitive suceptance (B). Here, it is convenient to express its equivalent

impedance in terms of its inverse, the admittance (), thus
Y=G+jB (3.31)

where G and B are a factor of the propagation constant (y) and the radial dimensions of the
line. By the definition the complex reflection coefficient of the probe (p) is given in terms of

this admittance as

(3.32)

where Y, (= 1/Zp) is the intrinsic admittance of the line. The complex reflection coefficient
(p) is readily measurable from the experimental setup. The emphasis of the problem at this
stage is the relationship of the admittance (Y) to the complex permittivity (€) of the sample

under study, which will enable to deduce the € from the measured values of p or Y.

The relationship between p and ¢ is rather complex and rigorous analytical expression is not
available. Certain models have been developed to analyse open ended coaxial probes
terminated by semi-infinite homogeneous materials. Two different models have been studied
in this chapter: the capacitive model [18] and the variational model [14]. In recent years, the
full wave simulation method has also been used in analysing open ended coaxial lines [19].

The following sections present a brief description of capacitive and variational models.
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3.6.1 Capacitive Model

Equivalent circuit for this model is presented in fig. 3.8 (b). The model is described in [18].
This lumped parameter model gives the capacitances as a function of frequency and dielectric
constant. The probe discontinuity is modelled as a lumped admittance with fringing field
capacitances originating from the dielectric material (silica) filling the line (Cy) and modelled
capacitance of the material under test (C;), as shown in fig. 3.8 (b). The reflection coefficient
at the aperture of the coaxial probe is obtained by considering the complex admittance of the

equivalent circuit shown.

Flange § \ AB L AB’
— _ Sample 0 >
s%:.\'X\&\k\ (‘ - Flange .
Silica — y =Ry
AN AN .‘ Silica— [ Y/
e { AR
2N If Y
Coaxial line \ , Coaxial line *

S = (a)

(b)

Figure 3.8 Schematic diagram and equivalent circuit of the coaxial probe. (a) Coaxial probe,
(b) equivalent circuit (capacitive model).

The approach implemented in the first instance is to consider admittance (Y) in terms of its
lumped equivalent circuit parameters. The susceptance (B) is capacitive and made up of

internal and external fringing fields (see fig. 3.8 (b)).
Y =G+ jo(Cy+C, (g, - je,)) (3.33)

where @ is the angular frequency (rad/sec) and & = ¢ — jg, is the complex permittivity of the

sample under test.
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At the limit of low frequency G = 0 and Cy and C, are constants that depend on the
dimensions of the probe and the material under test, respectively. Assuming the probe is used
at frequencies such that the wavelength of the propagating wave is significantly larger than

the radial dimensions of the probe, a quasi-steady state would prevail. Therefore,

(1 —YZ, )
=L 34
P={i+1z,) 334
Substituting Eq. (3.33) into Eq. (3.34) yields:
1- joZ,(C,+C
o= ( J.") o( ot 18)) (3.35)
(1+ joZz,(C, +Cg))

and

€= —
joCZ,(1+p) C,(1+p)

with C) significantly smaller than C;. Z, and ¢ are the characteristic impedance of the coaxial
line and complex permittivity of the sample under study, respectively. Neglecting the
contribution of Cy to the complex permittivity would introduce an error in €. Since the error
has been shown to be small compared to the value of € of most biological samples at radio
and microwave frequencies, this led most of the authors to simplify the equivalent circuit of
the open ended coaxial probe to a single shunt capacitance C; [20, 21, 22]. In this case the

reflection coefficient becomes

(1-joC\Zg)
=\_J 177 3.37
P (1+ joC,Z,g) (337
The accuracy of the capacitive model in measuring from low to high dielectric materials and
their robustness are now investigated. To validate this technique, experimental measurements
are carried out on several different dielectric materials, such as low, medium and high
permittivity materials. The detailed investigation and the validation of this technique can be

found in chapters 5 and 6.
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3.6.2 Variational Model

In the cylindrical co-ordinate system (P, ¢, z), fig. 3.9, assuming the radial electric field

E% is inversely proportional to 7, a simplified expression for

intensity over the aperture
aperture admittance (¥;) can be obtained [14] and integrating the equation from 7 = a to
P = b gives

: AR exp(—jkr At oA

Y, =]——k_b_”'jcosq)'#d(p'dpdp (3.38)
nk‘, ln(—) aa
a

where:

2 s mZHOS
2% o 2
kc =0 P«oscso

A2 AD A

r’=p +p —2pp coso'

where a and b are correspondingly the inner and outer radii of the coaxial probe, ® is the
angular frequency, k is the wavenumber in the material medium, gy and p, are the permittivity
and permeability of free space, respectively, and g is the dielectric permittivity of the
material (silica) filling the probe. Prime and unprimed co-ordinates represent the source
points and field points respectively. The dielectric window is assumed to be lossless of

permittivity &, and € is the complex permittivity of a sample under test.
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Figure 3.9 Geometry of an open ended coaxial probe in cylindrical co-ordinate system with

an infinite flange. a and b are the inner and outer radii of the probe.
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Misra [14] has shown that when the radial dimensions of the probe are much smaller than the
propagating wavelength, Eq. (3.38) can be approximated by the first terms of the series
expansion for the exponential term and then used to deduce €, numerically, from measured

values of Y;. The characteristic admittance Y, of the coaxial line is
Y, = 2n (3.39)

[ Jult)

An expression for the admittance terminating the aperture can now be obtained as follows:

el +&’ Lo’ +£% 1,0’ +€ Lo’ +£"* [0’ +&' [ o°
Y,'=10
L

} (3.40)

+e” 1"+’ 1,0° +€" I @’ +...

where:

hbmn ' \
_ COS A N
“°[p +p —2pp coscp']

1 hbmn ' a2 Al a! , 172 , ~' A
13=5uoﬂfcoscp p +p —2pp cosq'| do'dpdp

aao

-~

bbr ' ' 3/2 '
n ' A2 A2 -~ , N 0
I =—20—IIICOS([) [p +p —2pp cosq)] do'dpdp
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bbx 512 ,
o o
I, —OHOI 05 [p P =2pp coscp} do'dpdp

L=7i3360

e, {(b" ~a*)(#? —-az)+ 35—t )]

4 bbrn

7/2 v
I, = 40320 _”ICOS(p |:p +p —2pp coscp] do'dpdp

Prime and un-primed coordinates represent the source and the field points respectively. The

second term (/;) of the expression for ¥, goes to zero on integration over @’. Since the

integrand of /; is singular at f) = ;3 for ¢’ = 0, this can be avoided by introducing the elliptic
integral of the first kind, which can be approximated by a polynomial [23]

I, =4(a+b)[ E(m)-1] (3.41)

and
=_dab_ 3.42
(a+b) (42

Since I;, where i = 0... 10, are only dependent on the physical dimensions of the aperture,
these can be evaluated for a given coaxial line. The triple integrals are performed numerically

by Simpson’s three point rule.

Moreover, the integral with respect to ¢’ in Eq. (3.38) can be expressed in terms of Bessel
functions, using an integral representation and Neumann formula. Interchanging the order of

integration, yields [24]

[0 (Ea)—J, (8b)] dg (3.43)

liem)

where
09 E_v2>k22
2.8k,
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and k; is the wave number in the terminating dielectric of the coaxial line. The integral is
considered separately over the ranges 0 > £ > k; and k; < & < 0. The integrand changes from
imaginary to real at & = k. Hence the integration over these two ranges gives the slot

conductance (G) and suceptance (B) respectively. It follows that [24]

Y =G+ jB (3.44)

A :]s,rlle[JO(kOJsbsine)-Jo(ko\/sasine)]zde (3.45)

2Si(k0\[8(a2 +5 —2abcose))

B= :152/)—8—\/8_! —2Si(2k0 , /ea sin(%)) 70 (3.46)

—25{2/:0 &b sin(%))

where k; is the propagation constant in free space, Jy is the Bessel function of zero order; Si is

the sine integral, Y, is the characteristic impedance of the coaxial line; € and g are the
complex permittivity of the sample under test and dielectric permittivity of the material

filling the coaxial line, respectively.

Egs. (3.45) and (3.46) represent an expression of the admittance of the probe (¥) as an
integral over its aperture. This approximation was also studied by Levin and Papas [25],
Xu et al. [26] and Misra et al. [27] and was derived by Misra [14] as Eq. (3.40). The
derivations (Egs. 3.40, 3.45 and 3.46) were obtained from a variational expression for the
input admittance of a coaxial cable opening into an infinite ground plane. The variational
expression was written in terms of an integral equation for the unknown electric field
distribution in the aperture and was solved using the principal mode (TEM) of the coaxial
line to represent the aperture field. Thus the solutions given by Egs. (3.40), (3.45) and (3.46)
do not take into account the excitation of the higher order modes at the aperture. The detailed
implementations of these models (capacitive and variational models) are described in

chapter 6.
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3.7 Validation of the Above Models Using Debye Liquids of Known Permittivity

In order to validate the above techniques (sections 3.6.1 and 3.6.2), experimental
measurements were carried out on standard polar liquids, which have been measured and
compared to a full HFSS model of the probe which will be described in detail in chapters 5
and 6. The dielectric properties of polar liquids arise from the orientational response of
permanent electric dipoles to an applied electric field. This behaviour is well-described by
Debye theory [2], which are convenient as it enables complex permittivity to be calculated at
any frequency. For a single relaxation time 1 of each dipole, Debye theory predicts a
frequency — dependent, complex permittivity of

e(0)=¢ (0)-Jj&, (o) =5,

1+ Jmt (3.47)

where € is the complex permittivity €_and & are the permittivity at infinite frequency
((m: > 1) and static permittivity ((m: < 1) , respectively. The following equations have been
obtained by separating real (g;) and imaginary (g;) parts; the detailed step by step procedures

are shown below;

—Sw
8(03)—-8 +m

(8 -£,)(1- jot)

(1+](o1:)(1 Jjort)

€, — je, OT—¢€, + jE OT

=g+ -
1+( o)

o0

(e, —¢.)-jot(e, —€.,)
1+(0t)’

=g+

o0

which, therefore, simplifies to

g (0)= Re[s(m)]—a + £

1+a) 7
(3.48)

& (0) = Im[e(0)]= B a)er

1+ 0’1’
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The locus of () in the complex plane is a semicircle, as shown in fig. 3.10, where the plot
&, = - Im(g) vertically and €, = Re(g) horizontally. The detailed derivation of the locus of &(®)

shown below can be found in appendix B.

Im(e)

A

1
§(ﬁs— Er)

T
B >>1\

Figure 3.10 The locus of g(w) in the complex plane. &; = - Im(g) exhibits a relaxation peak

when ot=1.

3.8 Concept of Microwave Network

The concept of microwave network is developed from transmission line theory, and it is a
powerful tool in microwave engineering. Microwave network methods uses the responses of
a microwave structure to external signals, and it is a complement to the microwave field
theory that analyses the field distribution inside the microwave structure. There are two sets
of physical parameters often used in network analysis [4]. One set of parameters are voltage
(V) and current (1), and the other set of parameters are the incident wave a (wave going into
the network) and the reflected wave b (the wave coming out of the network). Different
network parameters are used for different set of physical parameters. For instance, scattering
parameters are used to describe the relationship between the incident and reflected waves,
while impedance and admittance matrixes are used to describe the voltage and current [4].
The following sections mainly focus on the scattering parameters followed by principles of

vector network analyser.
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3.8.1 Scattering Parameters

¢
{
- a A e
Port £ 2
|
|
|
|

y Port
[5] —p l);{ gr

1 b 4—

Figure 3.11 Schematic diagram of a two port network.

The scattering parameters (S-parameters) allow accurate description of the properties of
incredibly complicated networks as a simple black box. The introduction of S-parameters
arises naturally in microwave systems, due to lack of a unique definition for currents and
voltages at these frequencies. The responses of a network to external circuits are described by
the incident and reflected of the microwave signals. As shown in fig. 3.11, the incident signal
at ports 1 and 2 are denoted as a; and a; respectively, and the reflected signals at ports 1 and 2
are denoted as b and b, respectively [4]. These parameters (a1, a,, b1, and b,) may be voltage
(where the incident voltage denoted by ‘a’ while the voltage leaving the port is denoted by
‘b’) or current. The relationship between the input [a] and output [b] signals are often
described by the scattering matrix [S] where,

[6]=[5][a] (3.49)
and
XM
[8]= ﬂ (3.50)

is]- F?, ;‘J
L2122

For a scattering parameter S;;, if a; = 0 (i # j), from Eq. (3.49), yields

b/ L
S,==-  (=1,2) (3.51)

v
J

b, : .
S;=—= (#ji=1,2j=1,2) (3.52)

J
J
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where the subscripts “ij”, are such that j is the port that is excited (input port) and i is the
output port. Thus S, refers to the ratio of signal that reflects from port 1 for a signal incident
at the same port (port 1). Eq. (3.51) shows that when port j is connected to a source and the
other port connected to a matched load, the reflection coefficient (p;) at port j is equal to Sy;:

p,=S,=— (3.53)

Eq. (3.52) shows that when port j is connected to a source, and port i is connected to a

matching load, the transmission coefficient (T;_,;) from port j to port i equal to S;:

T =8 =2 (3.54)

3.8.2 Why Scattering Parameters?

S-parameters are measured with resistive terminations and are determined by measuring

incident and reflected signals. They are introduced because:

o At high frequencies, total voltage and current cannot be measured directly.

3.8.3 Basics of the Vector Network Analyser (VNA)

Network analysers are one of the most important tools for analysing analogue circuits. They
are typically applied to measure small signal or linear characteristics of multi-port networks
at frequencies ranging from lower frequencies (a few Hz), to higher frequencies. A
measurement of the reflection from and/ or transmission through a material along with
knowledge of its physical dimensions provides the information to characterise the
permittivity and permeability of the material under test. In microwave engineering, network
analysers are used to analyse a wide variety of materials, components, circuits and
systems [4]. Photographs of the network analysers used in this research are shown in
fig. 3.12. The implementation of the microwave techniques, which will be discussed in later
chapters, for materials property characterisation, measurements are conducted by the network

analyser, the detailed information about the network analysers can be found in [28].
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(a) (b)

Figure 3.12 Photograph of the Hewlett Packard VNA. (a) HP8510C and (b) HP 8753E. These
test instruments are used to measure the S-parameters (magnitude and phase) of a one or two
port microwave network from 45 MHz to 50 GHz and 30 kHz to 6 GHz, respectively.
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CHAPTER 4

PREPARATION, PHYSICAL AND ELECTROCHEMICAL
CHARACTERISATION OF METALLIC NANOPARTICLES

4.1 Introduction

Metal Nanoparticles (NPs) are particularly interesting nano-scale systems because of the ease
with which they can be synthesised and modified chemically. A challenge in nanotechnology
is to tailor the electrical and electronic properties of NPs by controlling their size and shape.
Specially, both Pt and Au NPs have attracted much interest due to their ease of synthesis and
their unique catalytic activities. Au NPs is an appealing material system for nanoscale
electronics because it is relatively cheap and the NPs can be synthesised in various sizes [1].
Among the noble metals, Pt is attractive because of its superior catalytic activities [2].
However, Pt based applications have been limited by its high cost owing to the inherent high
consumption. Reducing the size of the catalyst (i.e. Pt) to the nanoscale results in increasing
the number of catalytic sites per unit mass, and here an attempt has been made to synthesise
different sizes and shapes of Pt and Au NPs. Generally synthesis of NPs falls into two main
categories, namely, chemical and physical methods. In this research, chemical methods have
been chosen for the syntheses of Pt and Au NPs, since it has enormous advantages over the

physical methods which are being discussed in section 4.2.1.

This chapter discusses simple chemical methods for the synthesis of different sizes of Pt and
Au NPs with high control over particle size, chemical homogeneity and microstructure
uniformity. This is followed by the in-depth structural characterisation of those synthesised
NPs (i.e. Pt and Au NPs) using transmission electron microscopy (TEM) and cyclic
voltammetry (CV).
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4.2 Synthesis of Pt NPs of Different Sizes
4.2.1 Reasons for the Use of Chemical Methods for the Synthesise of Metallic NPs

Metallic NPs prepared by chemical methods offer the following advantages:

o The reaction process are simple

o The methods are low cost

o They result in high purity samples

o Particle size can be controlled accurately

o The resulting particles are monodispersed

4.2.2 Reagents

All chemicals used in this research were reagent* or technically graded, and were used as
received. Sodium borohydride (NaBH,;), n-heptane, polyethyleneglycol-dodecylether
(Brij®30), sodium polyacrylate (NaPAA), and hydrazine (N;H4) were provided by Aldrich.
Acetone and sodium hydroxide (NaOH) were purchased from Fisher Scientific. Potassium
tetrachloroplatinate (K,PtCl, — Pt content 46.67%) and hexachloroplatinic acid (H2PtCls -
Pt content 24.95%) were obtained from Johnson Matthey, Royston, Hertfordshire, UK. All
aqueous solutions were made with deionised (DI) water, which was further purified with a

Milli-Q system (Millipore water, resistivity of 18.2 MQ cm™).

4.2.3 Micellar Method

There are several techniques for the preparation of metallic NPs. The micellar is one of the
most promising method known for the preparation of NPs. In our case, water-in-oil micro-
emulsions have been prepared using the above-mentioned method. This method is the same
one previously reported by Vidal-Iglesias et al. [3]. An emulsion is a dispersion of one liquid
in another where each liquid is immiscible or poorly miscible in the other [4]. Water-in-oil
micro-emulsions are isotropic and thermodynamically stable dispersions of two non-miscible
liquids which are stabilised by a surfactant [5]. In this system, the aqueous phase is dispersed
as nano-sized droplets surrounded by a single layer of surfactant molecules in a continuous

apolar organic phase [6, 7].

* A reagent or reactant is a substance or compound consumed during a chemical reaction.
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Reducing Agent
Hydrazine solution + Brij®30

+ n-heptane

Metal Precursor

Pt solution + Brij®30
+ n-heptane

(Pt" solution)

: Total Volume: 25 ml
| n-heptane - 13.678 g
| Brij®30 - 3.928g

+ Acetone Q

Ye

Total Volume: 25 ml

n-heptane - 13.678 g

Brij®30 - 3.928 g

Ultra pure water (H,0) - 0.659 ml
Reductant (N,H,) - 0.091 ml

Figure 4.1 Synthesis scheme for the preparation of platinum metal NPs.

Platinum NPs (of diameter ~ 3 nm) were obtained by reduction of H,PtCls with hydrazine
using water-in-oil micro-emulsions of water / polyethyleneglycol-dodecylether (Brij®30) /
n-heptane. The synthesis was attained by mixing equal volumes of micro-emulsions that have
the same water to surfactant molar ratio and the same surfactant concentration. One of the
micro-emulsion solutions contains an aqueous solution of the metal precursors (Pt*") whereas
the other contains an aqueous solution of hydrazine. Fig. 4.1 shows a scheme for the
preparation of platinum metal NPs. The molar ratio of water to surfactant was the same in
both solutions in order to have micelles with the same size. Once the micro-emulsions were
prepared (one contains the metal precursor and the other the reducing agent) they were mixed
and then the reducing agent reduces from Pt*" to Pt’. Detailed procedures of synthesis of the
Pt NPs can be found in Appendix C. The NPs prepared with this method are still inside the
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micelles surrounded by surfactant molecules. Therefore some kind of procedure has to be

used to clean the NPs without compositional or surface damage of the Pt NPs [8].

After the complete reduction (which took place in a few minutes ~ 20 minute), acetone was
added to the micro-emulsion to break the micelles (It was added after 20 minute to be sure
that all Pt was reduced). The precipitate formed by the metallic NPs was washed several
times with acetone and ultra pure water to eliminate the surfactant molecules. Finally, the
NPs were stored in ultra pure water. The resulting Pt NPs were black in colour and had mean
diameter of 3.0 + 0.4 nm, as shown in fig. 4.5 (a) which shows a TEM image of the
synthesised Pt NPs.

4.2.4 Synthesis of Spherical 6.9 nm Nanoparticles

Spherical Pt NPs of diameter 6.9 nm were synthesized using the colloidal method. This
method is the same one previously reported by Zhao et al. [9]. Briefly, 115.385 ml of 102 M
NaBH4 solution (aged for 3 hours) was added dropwise to the same volume of
6.5 x 10* M of K,PtCly with vigorous stirring at ice cold temperature. The solution was
brown-yellowish at the beginning of the reaction; finally, turning colour to a dark grey. After
the complete reduction, NaOH (~1.15 g') was added to the lightly golden solution to break
the colloids. Finally the precipitate formed by the metallic NPs was washed 3-4 times with
ultra pure water and were then stored in ultra pure water. Fig. 4.2 shows the synthesis process
for the preparation of spherical platinum metal NPs. The resulting Pt NPs had a mean
diameter of 6.9 + 0.9 nm. Fig. 4.5 (b) shows a TEM image of the synthesized NPs. The
detailed procedure for the synthesis of these Pt NPs can be found in Appendix E.

" Add 0.5 g of NaOH for every 100 ml of solution [10]
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Figure 4.2 Synthesis scheme for the preparation of 6.9 nm metal NPs.

4.2.5 Colloidal Method

Cubic Pt NPs with an average size of 8.6 nm were prepared by the method of Rampino and
Nord [11] and Henglein et al. [12]. Very briefly, a solution of 10* M K,PtCly was prepared in
750 ml of ultra pure water and aged for three days, to which 0.75 ml of 0.1 M sodium
polyacrylate (NaPAA) was then added. After mixing, argon was bubbled through the solution
for 20 minutes to deoxygenate the solution. The Pt ions were reduced by bubbling H, at a
steady flow rate through the solution for 5 minutes. The reaction vessel was then completely
sealed and covered with aluminium foil, and the solution was left overnight (for 14 h).
During this time the solution turned lightly golden. NPs prepared by this method are
surrounded by NaPAA molecules. Therefore some kind of procedure has to be used to clean
the NPs without compositional and surface damage to the Pt NPs. Fig. 4.3 shows the
synthesis scheme for the preparation of platinum cubic metal NPs. The detailed procedures of
the synthesis of these Pt NPs can be found in Appendix F.
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Figure 4.3 Synthesis scheme for preparation of platinum cubic metal NPs.

After 12-14 hours, the vessel was opened to stop the reduction and NaOH (~3.75 g) was
added to the lightly golden solution to break the colloids. The precipitate formed by the
metallic NPs was washed several times (3-4 times) with ultra pure water to eliminate the
NaPAA and other residues from the surface of the Pt NPs. Finally, the NPs were stored in
ultra pure water. The resulting Pt NPs had a mean size of 8.6 + 1.1 nm and a preferentially
{100} orientation, indicating the cubic structures as indicated by the TEM image shown in
fig. 4.5 (c).

4.3 Transmission Electron Microscopy (TEM) Characterization

Transmission electron microscopic (TEM) analysis was performed in a FEI Tecnai T12
instrument, with an operating voltage range of 20 kV to 135 kV. The samples were prepared
by placing a droplet of fresh diluted Pt solution bearing different sizes on 200 mesh Au grids
pre-coated with formvar films (these grids were purchased from Agar Scientific Ltd., Essex,
UK), followed by solvent evaporation by exposing the pre-coated Au grids to a flow of
Argon. TEM has been one of the primary techniques used in the characterisation of NPs
dimensions, surface morphology and crystalline structures. The greatest advantage that the
TEM offers is the high magnification, ranging from 50 to 10°. Fig. 4.4 (a) shows the TEM

instrument which has been used in this research.
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4.3.1 TEM Sample Preparation

Pt NPs are dispersed in a volatile liquid (water). By stirring or using the ultra sound bath, the
agglomerated particles are separated and a homogenous suspension is ensured. A dilution
step is often required to obtain very low concentrations of the material, so that the particles
on the support film remain isolated. A droplet of the suspension is placed on the pre-coated
Au grid. The specimen is ready for observation after complete drying or evaporation of the

water.

The size distribution and the shape of Pt NPs of different sizes were examined by TEM.
Fig. 4.5 shows typical TEM micrographs and the size distribution of the Pt NPs prepared by
hydrazine reduction (micellar method — 3 nm), NaBH, reduction (6.9 nm) and colloidal
method (8.6 nm). The particle size distributions and the standard deviations were calculated
for each NP sample by directly measuring and averaging the size of approximately 120
randomly chosen particles from the magnified TEM images using Adobe Photoshop CS3 (i.e.
a graphics editing program developed and published by Adobe Systems) along with Origin 7
software (i.e. a data analysis and graphing software produced by OriginLab). The average

particle sizes are summarised in table 4.1.

Synthesis method Average size | NPs shape | Colloid color
(nm)

Micellar method 30£04 Spherical Dark black

NaBH, reduction 6.9+0.9 Spherical Dark grey

Colloidal method 86x1.1 Cubic Light golden

Table 4.1 Preparation conditions and experimental results of different sizes of Pt NPs
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< TEM grid

(a)

Figure 4.4 (a) Shows the Transmission Electron Microscopy (TEM) instrument used for the
characterisation of NPs and (b) TEM sample holder.

From the fig. 4.5, it can be seen that the particles aggregate, suggesting that there are no
surfactant molecules or other residues on the surface of the NPs. Due to the fact that the
conductance (G) of the NPs would decrease if there were adsorbed molecules on the surface
after synthesis, the NPs had to be cleaned in the way that has been previously explained. To
check the cleanliness before conductance measurements cyclic voltammetry was carried out
in order to assure the cleanliness. The experimental conditions are the same reported
previously [5]. The important thing to note in the syntheses of different sizes of Pt NPs is that
the resulting particles have a metallic core surrounded by an oxide surface layer
(experimental evidence for this statement can be found in section 6.3.1). Hence, the following
experiments are on Pt NPs of different sizes (i.e. 3 nm, 6.9 nm, and 8.6 nm) surrounded by a

surface oxide layer (PtO,).
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Figure 4.5 TEM micrographs and size distribution of Pt NPs.
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4.4 Preparation of Electrode and Electrochemical Measurements

4.4.1 Experiment Details

Cyclic Voltammetry is a potential-controlled electrochemical technique, where the current
that flows through the working electrode is registered versus the applied potential. This
technique provides much information about the condition of the surface of the working
electrode or about the test solution. In our case it has been used to measure the area of the Pt
NPs in order to check the cleanliness of the synthesised nanoparticles. The experiments have
been carried out in a classical three-electrode cell with a Pt mesh as a counter electrode. A
Palladium (Pd) electrode was used as the reference electrode (Pd/H). All of the potentials
shown in this research were indicated with respect to this reference electrode. All
electrochemical measurements were performed in a 0.5 M H;SO4 solution at a room
temperature. Electrolyte solutions were prepared from Milli-Q water and ‘BDH Aristar’

sulphuric acid. A fresh solution was prepared every time an experiment was conducted.

4.4.2 Apparatus

Once the NPs had been cleaned they were ready to be characterised by cyclic voltammetry.
Before starting the experiment, the glassware was cleaned with green acid (as described in
appendix G) and the palladium reference electrode was charged by bubbling hydrogen for 30
minutes allowing a constant reference potential for over 10 hours. After charging, the ultra
pure water was decanted and the cell rinsed. A fresh solution of electrolyte (0.5 M H;SOy4)
was then introduced. The electrolyte was bubbled for 10 - 15 min using nitrogen to remove
the dissolved oxygen. Flow of nitrogen over the electrolyte was maintained to prevent uptake
of atmospheric oxygen [3]. For the electrochemical experiments, NPs had to be deposited on
a support and gold was used because no faradaic process takes place for a wide potential

range, especially in the potential range under study.

After checking the cleanliness of the solution with the gold support (see fig. 4.8), a drop
(6 pl) of highly concentrated solution of NPs was deposited. When the water had already
been evaporated (by flowing nitrogen or argon), the electrochemical measurements were
performed under a nitrogen atmosphere. The electrode potential was controlled using a
CHS800 system. Fig. 4.6 shows the general arrangement of the apparatus. A diagram of the

three-electrode cell can be seen in fig. 4.7.
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4.4.3 Electrochemical measurements

The lower and upper limits of the potential range were fixed at 0 and 0.85 V, respectively, in
order to avoid changes in the surface structure of the deposited NPs on the gold support.
Electrolyte solutions were prepared freshly from water and sulphuric acid (H,SO,) before an

experiment was carried out.

4.4.4 Preparation of electrode

A gold electrode (approx. 4 mm diameter) was used as a support, on which Pt NPs were
deposited (working electrode). The choice of using gold as a support was due to the fact that
it does not give any faradaic contribution in sulphuric acid solution for the applied potentials
used in this study (0 — 0.85 V). Prior to each experiment, the gold electrode was mechanically
polished with alumina, then rinsed with ultra pure water and then flame annealed to remove
contaminants on it. Afterwards it was rinsed with ultra pure water to protect the surface of the

gold from contamination when being carried to the electrochemical cell.

To check the cleanliness of the solution and the surface of the gold electrode, a cyclic
voltammetry in sulphuric acid was recorded from 0 to 1.65 V (this high potential is used to
oxidise any possible contaminants). Fig. 4.8 shows the typical voltammetric profile of a gold
electrode in 0.5 M H,SO4 [10].

0.02 Au support
0.5 M H,SO,

50 mV-s"

0.01 1

0.00

-0.01 -+

I /mA

-0.02 4
-0.03 1

-0.04 -

1 2 N —
00 02 04 06 08 10 12 14 16

E / Vvs Pd/H

Figure 4.8 Voltammetric profile of the gold support. Test solution 0.5 M H,SO,. Sweep rate:
50 mV-s™.
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After checking the cleanliness of the surface and the solution, Pt NPs were deposited on the
gold electrode by depositing a drop of 6 pl of the water suspension of the NPs on the surface
of the gold electrode. In order to evaporate the water and avoid contamination in the sample,
the electrode was exposed to a flow of nitrogen or argon. For this deposit we used 6 pl as this
amount was found to be appropriate for both the microwave studies and the electrochemical
experiments. After the water evaporation the particles were strongly attached to the gold
electrode. Fig. 4.9 shows the voltammetric profile of the platinum NPs and the gold electrode
for sake of comparison, highlighting the fact that any contribution from gold is negligible.

Pt nanoparticles on Au support
0.5 MHSO,

50 mV-s"

0.3
0.2
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Figure 4.9 Voltammetric profile of platinum NPs gsolid line) and the gold support electrode
(dotted line) in 0.5 M H,SO4. Sweep rate: 50 mV-s™.

4.4.5 Cleaning and Characterisation Method for Pt NPs

Although the NPs have been chemically cleaned after their synthesis some small amounts of
surfactant molecules or any other residues coming from the synthesis can still cover their
surface. Then, it is necessary to carry out another cleaning procedure, here being an
electrochemical step consisting of CO adsorption-oxidation. CO adsorption on the electrode
was carried out by bubbling CO gas for 5 min in a bubbler, where CO adsorbs on the surface
of the Pt and removes the contamination of surfactant molecules [10, 13]. The electrode was
held just above the solution of the CO bubbler to make sure that the deposited Pt surface is
not altered by bubbles during the process. After this, the electrode was removed and
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transferred to the electrochemical cell with a drop of sulphuric acid solution on it to avoid

contamination.

Once in the electrochemical cell, oxidation of the adsorbed CO was performed after checking
that the surface was fully covered with CO. The following fig. 4.10 shows the CO monolayer

oxidation.

0.4~ CO monolayer oxidation (cleaning procedure)

| 0.5MH,SO,
0.3 50 l’l‘lV'S-l
g 02
3 —— lIstcycle
é -------- 2nd cycle
— 0.14
0.04 N/ ............................
014 . T v T v T T T
0.0 0.2 04 0.6 0.8

E/V vs Pd/H

Figure 4.110 CO monolayer oxidation on Pt NPs. Test solution: 0.5 M H,SO4. Sweep rate:
50mV-s.

After the cleaning with the CO adsorption-oxidation process the voltammetric profile was
obtained (see fig. 4.11). In platinum the different peaks are associated with hydrogen
adsoption-desoption process as in different type of sites {(110), (100) and (111)}. No further

explanation is given as this is not important for our study.
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profile of platinum cubic NPs after CO cleaning in 0.5 M H,SOj4.

As it is already has been well established [10, 14], for polycrystalline platinum surfaces, the

occupation of all active sites of the surface with a complete monolayer of adsorbed hydrogen

requires a charge of 210

uC-cm?, so in this way the area of deposited platinum can be

calculated. As the mean size of those NPs is known (8.6 nm approximately), the area of one

NP can be calculated (assuming that they are cubic) and then the number of NPs deposited

can be obtained. The accurate calculation of the number of NPs is actually a challenge

because of the variations of the size and the size dispersity of the synthesised NPs.

For these NPs (e.g. cubic Pt), the hydrogen area (in the range 0-0.60 V) measured was

5.2383-10° A-V. Fig. 4.12

shows the calculations of the area of deposited platinum, removing

the contribution from the double layer.
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Figure 4.12 Area calculation of the deposited platinum.

(i) For the Pt cubic 8.6 nm Pt NPs

Charge = __Area 4.1
Sweep rate

Therefore,

e
s
1 1 52383 uC-Vem’ s

: = —=4.990 cm’
S

Area=5.2383-10°AV =5.2383-10"° gV =52.383—V
S

523838C v
S 210

cm’

Since the sweep rate = 0.05 V/s (50 mV/s), therefore the amount of NPs in a droplet is;

cm’ 1 nanoparticle  10~*m’

02 nanoparticles
6ul 6(8.610°) m> om’

=1.244-1
6 ul

4.99

(i1) Similarly for the 6.9 nm spherical Pt NPs (see appendix H)

6.74254-10°AV = 6.74254-10~ SV = 67.4254PC v
S S
. 2
67.42542C v .1 - 1 - = 674254 pCVem” s _ 01 em?
S 210 4% a 0.05 — 210-0.05 S HC A%
cm S
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2 . 4.2 .
6.421°0 . 1 nanopartlczle ‘10 1{1 _ 4203-10" nanoparticles
6 pl 6.9-10°) , cm’ 6 pl

4z > m

(iii) Similarly for the 3.0 nm spherical Pt NPs (see appendix I)

7.49698-10° AV = 7.49698-107° —C-V = 74.9698-“£V
S

S

| R S 74.9698 nC-vV cm” S 7140 em?
HC h0sY 210005 s pCV
cm’ s
2 3 —4_ 2 .
7 140™. lnanopartlczle 10 1;1 _ 152510 nanoparticles
6 ul 3.0-10°° cm 6 ul
4n m’

74.9698*C v .
S 210

From the above calculation it could be concluded that there are 1.244 x10"* platinum cubic
NPs in a drop (6 pul). Similarly the hydrogen area measured for the 3 nm and 6.9 nm platinum
NPs (assuming that they are spherical) were 7.49698 x 10° A.V and 6.7425 x 10° AV,
respectively. Therefore it could be concluded that there are 2.525 x 10" and 4.293 x 10" Pt

NPs, respectively, in a drop. Table 4.2 summarises the number of NPs available in a droplet.

Pt NPs Hydrogen area (A-V) | Number of NPs per drop
8.6 nm 52383 x 10° 1.244 x 10**
6.9 nm 6.7425 x 10” 4293 x 10"
3.0 nm 7.4969 x 107 2.525 x 10"

Table 4.2 Number of NPs in a drop of different sizes of Pt NPs.

Even though the structure of the Pt NPs were characterised by the TEM, it is apparent from
the results obtained from the CV that the CV can be used to characterise the structure of the
NPs.
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4.5 Synthesis of Spherical Au NPs of Different Sizes

4.5.1 Reagents and Instrumentations

All the reagents were of AR} grade. Chloroauric acid (HAuCls — Au content 41.29%) was
obtained from Johnson Matthey, Royston, Hertfordshire, UK and trisodium citrate (usually
referred as sodium citrate (99+%)) was purchased from Sigma/ Aldrich Chemical Co., and
was used as received. Milli-Q water with a resistivity of 18.2 MQcm™ was used as the
solvent for all the syntheses of Au NPs. The centrifuge used was a Beckman Coulter Allegra
21R Centrifuge with FO850 rotor and the TEM was performed using the same instrument

mentioned in section 4.3.

4.5.2 Synthesis of Au NPs of Different Size by the Frens Method

There are several methods used for the preparation of colloidal Au NPs [15]. Among these,
the reduction of chloroaurate ions in the presence of sodium citrate is a classical technique
that has been quoted frequently in literature [16]. Au NPs of variable size (8, 16, and 25 nm)
were synthesised by a modification of the citrate reduction method of Frens [16].
Briefly [1], a 300 ml of aqueous solution of HAuCl, (7.5 x 10 moles) was heated to boiling,
and then 12 ml of trisodium citrate dehydrate solution (1% by weight) was added to it under
continuous stirring. After about 50 s of boiling a very faint blue tone appeared, gradually
darkening over a period of about 5 minutes. The final color was deep wine red, indicating the
formation of Au NPs. The reaction solution was boiled for another ~30 minutes for complete
reduction of Au (III) ions. The solution was then gradually cooled to room temperature. Then
the synthesised Au solution (300 ml) was transferred to six 50 ml centrifuging tubes, then
centrifuged and concentrated to a final volume of 0.6 ml. The optimum conditions found
experimentally for centrifuging were 2-3 hours at 20 °C and 10,000 rpm. These conditions
were repeated 3-4 times for each size of Au NPs. By this procedure, Au NPs of 8.2 + 0.7 nm
size were obtained. By performing a similar procedure, particles of different sizes (16.5 + 1.6
nm and 24.8 + 3.2 nm) were also prepared by varying the amount of citrate solution. All the

employed glassware was previously washed with aqua regia® (3 volume of HCI: 1 volume of

! AR stands for Analytical Reagent, it is of higher purity.

¥ Aqua regia (AR) is a high corrosive and toxic, fuming red solution; also know as nitro-hydrochloric acid. The
mixture is formed by fresh mixing of concentrated hydrochloric acid (HCI1) and concentrated nitric acid (HNO;),
in a volumetric ratio of 3:1, respectively. The used AR was decanted back into the AR flask, and the container
then rinsed 3-4 times with ultra pure water in a fume cupboard followed by more thorough rinse outside the
fume cupboard.
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HNO3) followed by washing them with ultra pure water for at least 12-15 times. Fig. 4.13
shows the synthesis process of Au NPs by the Frens method. The details of the size selective
syntheses are given in table 4.3 (see appendix J). The particle sizes were determined from the
TEM analysis.

Step 1 Step 2
.

-

25 ml 1% by weight citrate

Hot plate
292.5 ml H,O i

7.5 ml 0.01 M HAuCl, Magnetic Stirrer

\
P 12 ml (1% by weight) citrate (8 nm)/\
6 ml (1% by weight) citrate (16 nm)/ |
4.5 ml (1% by weight) citrate (25 nm) >~

Step4 ~a e
= ?
// Step 5,/
/
! Centrifuge /
300 ml 0.01 M HAuCl, Hat E]ate 300 ml 0.01 M HAuClI, Synthesised spherical Au

12 ml (1% by weight) citrate/ NPs (8, 16 and 25 nm)
6 ml (1% by weight) citrate/
4.5 ml (1% by weight) citrate

Magnetic Stirrer

Figure 4.13 Synthesis scheme for preparation of 8.2, 16.5, and 24.8 nm Au metal NPs.

Particles Size Total Volume of Total Volume of Volume of citrate
(nm) solution (ml) HAuCly (0.01M) (ml) (1% by weight) (ml)
82+0.7 300 7.5 12
16.5+1.6 300 7.5 6
248+3.2 300 7.5 4.5

Table 4.3 Details for the size selective synthesis of Au NPs by the Frens method.

The size distribution and the shape for the synthesised Au NPs of different sizes were
examined by TEM using the same system previously mentioned in section 4.3. Fig. 4.15
shows typical TEM micrographs and particle size distribution of the Au NPs prepared by the
citrate reduction method. Using Adobe Photoshop CS3 along with Origin 7, the particle size
distributions were measured and summarised in table 4.4. It is observed the mean size is very

close to the expected value.
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Unlike the pure Pt NPs, the Au NPs prepared in this section using the Frens method are
citrate-stabilised Au NPs. It is apparent from these TEM images that the particles are
individually separated (i.e. with a gap/space between the particles) by ligands which are
formed by citrate during the synthesis process to stabilise the NPs. NPs prepared by this
method are surrounded by citrate molecules. Therefore some kind of procedure has to be used
to clean the NPs without compositional and surface damage to the Au NPs. After the
complete reduction, NaOH (~1.5 g) was added to the deep wine red solution to break the
colloids. Unlike the Pt NPs, this cleaning procedure was unsuccessful, since the particles
were destabilised by removing the citrate using NaOH, which forced the particles to
agglomerate as shown in fig. 4.14. Black precipitates gradually formed, leaving a clearly
colorless solution. The precipitate was not soluble in the deionised (or ultra pure) water even
after using the ultrasound bath. Since it was not possible to remove the citrate and keep the

NPs stable, the studies here are restricted to those using the citrate-stabilised Au NPs.

Glassware

Water

agglomerate?l
Au Nps

Figure 4.14 Photograph of the agglomeration of the Au NPs.

Average size (nm) | NPs shape Colloid color

82+0.7 Spherical Deep wine red
16.5+1.6 Spherical Deep wine red
248+3.2 Spherical Deep wine red

Table 4.4 Experimental results of different sizes of Au NPs.
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Figure 4.15 TEM micrographs and size distribution of Au NPs (a) 82 + 0.7 nm
(b) 16.5 + 1.6 nm, and (c) 24.8 + 3.2 nm.
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From the above fig. 4.15, it can be clearly seen in the case of 8.2 nm Au NPs that the particles
are well dispersed on the Au grid, where the lack of particle aggregation suggests sufficient
protection of the NPs cores by the citrate ligands. Practically we should have seen a similar
TEM image for other sizes of Au NPs (i.e. 16.5 nm and 24.8 nm), but unfortunately this was
not observed due to the agglomeration during the TEM sample preparation. As mentioned
earlier in this section, a centrifuging technique has been used to concentrate (or condense) the
NPs from a large volume (i.e. 300 ml) to a known final volume (i.e. 0.6 ml). A small volume
(i.e. ~ 1 ml) of highly diluted (i.e. much lower concentration of NPs) sample should have
been kept aside during this centrifuging process. A small amount of highly diluted Au NPs
were kept aside for 8.2 nm but not for the other sizes, which was latter deposited directly onto
the Au grid for TEM characterisation. For the other two sizes of Au NPs (i.e. 16.5 nm and
24.8 nm), the TEM sample preparations were made by diluting the highly concentrated Au
NPs. In this process the Au NPs start to aggregate while adding deionised water to dilute the
concentrated NPs, as shown in figs. 4.15 (b) and (c), where the aggregation depends on the

amount of deionised water added.

4.6 Chapter Summary

This chapter presents the synthesis of Pt and Au NPs by chemical methods. The process is
simple and highly reproducible. The surface cleanliness of the Pt NPs was confirmed by
cyclic voltammetry profiles. The size and the crystal morphology of the formed particles
were determined electrochemically using CV and also confirmed by the TEM imaging
technique.
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CHAPTER 5

3D ELECTROMAGNETIC SIMULATION OF COAXIAL PROBE AND
SAPPHIRE DIELECTRIC RESONATOR

5.1 Introduction

The theoretical analysis involved in the design of coaxial probes and dielectric resonators can
become quite complex and in many cases an exact solution may not be possible. Advances in
computational electromagnetic software have made it easier to analyse complex problems
and design configuration. Ansoft High Frequency Structure Simulator (HFSS) is an
interactive software package for electromagnetic (EM) modelling and analysing three
dimensional (3D) structures. The following sections provide an insight into the various
aspects involved in the process of modelling the real devices and running the simulation in

HFSS version 11.

5.2 Background

HFSS uses the finite element method (FEM) for EM analysis on arbitrary 3D structures. FEM
is a flexible numerical technique capable of being adapted to problems dealing with complex
structures and material distributions. HFSS uses the FEM to divide the entire volume of the
3D structure into a large number of tetrahedral as shown in fig. 5.1. Each tetrahedron is
composed of four equilateral triangles as shown in fig. 5.1. As described in fig. 5.1, the
components of the field that are tangential to the three edges meeting at that vertex are stored.
The other vector stored is the vector field at the midpoint of the selected edges, which is
tangential to a face and normal to the edge. Using these stored values, HFSS estimates vector
field quantities such as E-field and H-field inside each tetrahedron. Maxwell’s equations are
then formulated from those field quantities and are later transformed into matrix equations
which can be solved by conventional numerical methods [1]. For more accurate results, a
denser mesh with larger number of small finite elements is required. However, the density of

the mesh is limited by the availability of the computer resources.
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At the beginning of the solution process, the software produces an initial coarse mesh and
finds an approximate field solution. The mesh is then optimised during several iterations
carried out until the solution results converge to the defined level of accuracy or permitted
number of iteration is reached. Using HFSS enables problem solving at single frequency or at
several discrete frequencies, and permits the computation of basic electromagnetic field

quantities, resonant frequencies of a structure, S-parameters, etc [1].

The following sections of this chapter contain the main strategies of model development and
a brief description of modelling a 3D sapphire dielectric resonator (SDR) and different types
of open ended coaxial probe (OCP) structures using HFSS software. It then describes the in-
depth procedures involved in modelling and simulating the OCP and SDR as a major part of
this chapter followed by the in-depth analysis of penetration depth of the OCP probe and also
the development of universal model for different types of OCPs for the characterisation of
material properties. Finally, a semi-quantitative SDR model was developed using the HFSS
software to support the results observed from the microwave experiments for Pt oxide and
pure Au NP films.
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K i 3D tetra}:_dron/ that are tangential to the edges
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Figure 5.1 Finite Element Mesh on the cross section of the OCP.

85



Chapter 5 3D Electromagnetic Simulation of Coaxial Probe and Sapphire Dielectric Resonator

5.3 Modelling of the OCP and SDR

5.3.1 The Process (Flow Chart)

This section gives the steps for constructing a geometric model and analysing its

electromagnetic behaviour.

) E.g. Coaxial probes, microstrips,
OR/v Driven Model waveguides, transmission line

OR
Solution Type) — | Driven Terminal
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\ -
1 | Eigen Mode l E.g. resonant structures (resonators)

/ 1.1Boundaries
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l 1.3 Materials

Ye/s' 2.1 Optimetrics
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| Convergd|
I
:4. Solve Loop i!

1. Parametric Model
Geometry

Mesh
Operations

2. Analysis

3. Results

2D reports
Fields

—_——

\ /
Update

Figure 5.2 Flow chart of the construction and analysis of a real device using the HFSS

simulation package.
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5.3.2 Main Strategies of Model Development

Although the drawing tools in HFSS are flexible and make it possible to draw nearly any
geometry, modelling problems must be realistic and within the scope of the software’s

analytical capabilities. There are certain things that need to be considered:

o When modelling open-region problems, designate the enclosure as a radiation
boundary. Open-region problems, like the open ended coaxial probe, antenna and
radiation problems, are solved by drawing an enclosure around the coaxial probe and
the antenna and designating the enclosure as a radiation boundary.

o Structures must have at least one port.

o Structures should be kept electrically small. Since the simulator calculates the
electromagnetic fields at every point in space as defined by the tetrahedral mesh, the
structures must be kept to a reasonable size. To simulate electrically large structures,
the geometry has to be split into subsections along the axis of the wave motion.

o The drawing of the structure as simple as possible. For an instance, rounded corners
are much more complex and time-consuming to simulate than are square corners. If
the rounded corners are not electrically important, they should be drawn as square
corners to save time and computer memory.

o If the structure has electric or magnetic symmetry, take advantage of it by defining the
symmetry plane or planes and solving only the symmetrical part of the structure.

Exploiting symmetry reduces problem size and decreases solve time.

5.4 A Typical Model Set-Up

In setting up the models for real devices, such as OCP and SDR, there are several steps which
are common to all simulation methods discussed in this chapter. All of them are susceptible
to errors into the simulation, i.e. discrepancies between simulation and experimental results.
Detailed modelling setups of an OCP and SDR are demonstrated in the following sections.
Briefly, all the geometry needs to be created, either done by using the in-built modeller of the
simulation software or by importing the geometry model from a mechanical CAD tool.
Importing from a CAD tool is not that easy as the quality of the import filters varies
significantly, but this is beyond the scope of this chapter. Here, the geometries were created
using the in-built modeller. To compare the simulation model to an existing device, the exact

same dimensions and material properties have to be used. Besides obvious errors, there are
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always tolerances, and sometimes minute details are neglected, which are relevant at

microwave frequencies.

Then the designer (or the user) has to choose the type of solver to be used to solve the
modelled structure. For instance, as mentioned in the flow chart (see fig. 5.2), the user often
uses a driven model solver to model a OCP to obtain scattering parameters’ and similarly
Eigenmode solver to model a completely enclosed resonator to obtain resonant frequencies

and quality factors.

For an accurate simulation, knowledge of the exact material properties is essential, but which
is not normally available. The computational effort for volume based methods depends on the
volume size, and the simulation model must also be finite, even if in reality the device is
placed in an infinite surrounding medium. In order to reduce size or the complexity of the
design, boundary conditions need to be introduced which represent, symmetry, electric/
magnetic walls, radiation walls. All of these boundary conditions are used in the modelling of
the OCP as well as the SDR, which will be discussed in depth in the following sections.
Finally, ports need to be defined to excite the structure and to monitor the simulation results

such as the S-parameters.

5.5 Performing a Simulation

Having setup the geometrical representation of the real structure in the software environment,
the next is to start the steps towards obtaining the final results. The first is the space
discretization, i.e. the mesh setup, which is automated to a large extent in using modern
commercial software such as HFSS. In spite of the high degree of automation, to obtain an
accurate result, the proposed mesh might need to be checked or influenced manually. Then
the software creates the system matrices based on the information of the geometry, and from
this grid and method chosen for approximating Maxwell’s equations. After all the required
matrices are created and assembled, finally the solutions of the finite algebraic system are
deduced. Here, the S-parameters for the OCP and resonant frequency (fp) and the quality
factor (Q) for the SDR are calculated, since they are the most often requested results for
material characterisation. So far brief descriptions of modelling a real device have been

discussed.

* Detailed description on S-parameters can be found in section 3.8.1 of chapter 3.
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5.6 Construction of K-connector Open Ended Coaxial Probe

The OCPs considered in this chapter are assembled from different materials, such as glass
(silica), brass, gold, dielectric bead, etc. The system that we modelled consisted of two main
parts, i.e. the K-connector and its flange. In order to model the K-connector, its dimensions
were measured using a Nikon Measuring Microscope MM-800 (Nikon Corp., Tokyo, Japan)
and used together with the available catalogue data. This turned out to be enormously
challenging, mainly due to the limited availability of the catalogue data (i.e. limited
information regarding the dimensions and the materials properties of the K-connector). A
perfect conductor is been assumed for the metals of the OCP, so there will be no field
penetrating the conductor shielding. A schematic diagram of the K-connector coaxial probe
used in this research is shown in fig. 5.3, based on the Anritsu K-connector (here K102F),
which has an inherent bandwidth from DC up to 40 GHz. The connector’s glass bead (silica)
provides a convenient coaxial aperture, which can be ground flat to the plane of the brass
flange. The following sections provide the detailed description of modelling the OCP. To
obtain an accurate solution after the simulation, there are quite a few ingredients, such as
model the reality correctly and ensure that the mesh is fine enough.
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Figure 5.3 Schematic diagram of the K-connector coaxial probe.
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5.6.1 Modelling the Actual K-Connector OCP

There are several important design parameters for an OCP. One of the most important among
them is for an efficient transmission of incident and reflected signals between the VNA and
probe head required that the impedance of the probe matched the 50 Q impedance of the
VNA and coaxial cable. This condition restricted the probe dimensions to fit commercially
available connectors like K-connectors. As shown in fig. 5.4 (b), the K-connector OCP
simulated in this section was assumed to have a glass bead (silica) of relative permittivity of
4 and loss tangent of 10, The detailed dimensions of the OCP are shown in fig. 5.4 (a). The
details of the material properties used in this simulation are listed in table 5.1. A driven model
solver has been used in order to obtain S-parameters. The remedy for better accuracy and
reduction of the complexity of the model and the simulation time is to utilise the geometrical
symmetry to add one magnetic (H) wall boundary condition after cutting away the one-half of
the object, as shown in fig. 5.6. Using the geometrical symmetry, this model can be even
reduced to 1/4™ of the total object, but this alternative was not considered since the model
with one-half of the object took less than 10 minutes and occupied less than 60 MB of
memory, which is acceptable. The detailed implementations of the boundary conditions are

discussed in section 5.6.3.

\ centre Pin
(gold)

perfect
conductor >
brass dielectric bead
flange (dielectric)
o
aperture 3 ;
(glass bead)
10 mm
Note:

The above dimensions of the coaxial probe were measured by a Nikon Measuring
Microscope MM-800 (Nikon Corp., Tokyo, Japan).

Figure 5.4 (a) Schematic diagram of the K-connector coaxial probe (the above figure is
drawn to scale).
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The area where the geometry model is defined is known as the 3D modeller. All the objects
in the model are 3D objects. The unit of measurement is chosen to be millimetres (mm).
Global Co-ordinates are chosen throughout the project and the entire model is centred at the
origin. The first object created is the brass flange of dimensions 24 x 24 x 5 mm’ using
Draw/Box command in the drawing interface and is labelled as brass flange. Then the outer
conductor of the K-connector (see fig. 5.4 (b)) is called the outer conductor and has a length
of 8.35 mm and radius 2.65 mm. It is drawn using Draw/Cylinder command. HFSS does not
allow any overlapping volume in the model. From the part of the model description above, it
is seen that the outer conductor overlaps with the brass flange. Hence it becomes necessary
to create a hole in the brass flange to accommodate the outer conductor. Thus, using the
Modeler/Boolean/ Subtract, the outer conductor is subtracted from the brass flange. In the
subtraction process, a copy of the outer conductor is made using the Edit/Copy and
Edit/Paste commands. The copy outer conductorl is then subtracted from the brass flange.
Then the inner conductor of the K-connector (see fig. 5.4 (b)) called the inner conductor (of a
length of 4.1 mm and radius 2.32 mm) is drawn using the Draw/Cylinder command. The
remaining objects of the K-connector are drawn following the same procedures as for the

inner and outer conductors.

Centre pin iy
(2old plated) _Port (excitation)
\F Outer conductor
(perfect conductor)
Centre bead > 1{ | Inner conductor
L_,_-}_:.J (perfect conductor)
LI T
Glg e bead Flange
(Silica) (Brass)
2
L» ¥
X

Dielectric material under test

Figure 5.4 (b) Cross section of the K-connector coaxial probe.

In order to avoid overlapping of the objects, larger objects are constructed first followed by

smaller objects. To mimic the reality of the empty K-connector coaxial probe, a virtual object
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that is assigned the radiation boundary must be created in the boundary assignment stage
which will be discussed in the later section. This object must be exposed to the background
and it should be located at least one quarter wavelength away from the radiating source. The
dimension of the radiation box for the simulation is chosen to be 24 x 24 x 15 mm’. The box

is created using Draw/Box and labelled as radiation box.

5.6.2 Excitations

The open ended coaxial probe has one port as shown in fig. 5.4 (b). Once the construction of
the model is completed, then port needs to be defined at the location which, in reality, the
sources (i.e. the VNA') will be connected. This is usually at the same point along the
transmission line shown in fig. 5.4 (b). Ports enable energy to flow into and out of a structure,
which is necessary as a part of the simulation process. The port is defined using the
HFSS/Excitations/Assign command. The port type is chosen to be Wave Port’ and labelled as
WavePortl. By default, a structure is assumed to be completely encased in a conductive
shield (or perfect E boundary®) with no energy propagation through it. Therefore ports need
to be added to the structure to indicate the area where energy enters and exits the structure.
After the assignments of the ports, next the ports must be calibrated. A calibration line

determines direction and the polarity of fields as shown in fig. 5.5.

Port
(shaded region)

Calibration line

Figure 5.5 Schematic diagram of K-connector OCP with port and calibration line.

T VNA stands for vector network analyser, complete information can be found in section 3.8.3 of Chapter 3.
* Wave Port is used to model exterior surfaces through which a signal enters or exits the geometry [6].
¥ A perfect E boundary is used to represent a perfectly conducting surface in a structure.
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5.6.4 Material Properties

The permittivity and the conductivity values for all the materials present in the model
naturally play an important role in the solution’s accuracy. Often these values are frequency
dependent (dispersive materials); the more accurately this frequency dependence is known,

the more accurate the solution can be. None of the materials have a constant loss tangent

from DC to several GHz [2].
Component Material Conductivity | Dielectric constant | Loss tangent
name (o) S/m (er) (tan J)
Centre Gold [3] 4.098 x 10’ - -
conductor
Centre bead Dielectric [3] - 2.07 10™
Glass bead Silica [3] - 4 10
Outer/Inner Perfect 1x10" - -
conductor conductor [1]
Flange Brass [3] 2.564 x 10’ - -
Dielectric Air/ Debye - Frequency Frequency
Material liquids/ dependent &, dependent tan
dielectric calculated from d calculated
Debye model ' from Debye
model

Table 5.1 List of the material properties used in modelling the K-connector OCP.

Allowing for all of this minute information, the properties of the materials used in this model
have been tabulated as shown in table 5.1. After successfully defining the port, boundaries
and materials, the next step is to set up the solution by specifying various parameters such as
mesh refinement frequency, and port solution accuracy. The procedure involving the solution

setup is explained in the following section.

5.6.5 Generating the Solution

In order to generate the solution for the OCP structure, it is necessary to specify the solution
parameters. Fig. 5.7 shows a snapshot of the features that HFSS provides to generate the
solutions for the OCP problem. The solution setup is the last pre-processing step that needs to

" For more information regarding the Debye model refer to section 3.7 of Chapter 3.
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be performed before a simulation can be started. The solution setup includes the mesh

generation, ports solution, and a full solution over a frequency sweep.
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Cal . ‘
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‘Adaptive Ophons
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Figure 5.7 Solution Setup

For the OCP problem described in section 5.6, the solution is set at a frequency of
6 GHz and the number of adaptive passes is set to 20. It is necessary to specify the number of
adaptive passes for which the error criterion can be met. The deviation or the error between
the S-parameters for consecutive adaptive passes, Max Delta S is set to 0.01. This is

necessary to achieve a higher degree of convergence.

The mesh refinement percentage, Max Refinement Per Pass is set to 30%. Fast Sweep is
selected from 30 kHz to 6 GHz in order to calculate the frequency response using the mesh
created by the adaptive refinement for a single frequency. Fast sweep is selected as it is a

quick method of solving using a frequency sweep and it performs interpolation on the data
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based on a small number of frequency values. Initial mesh is chosen if the simulation is being
run for the first time. If the simulation has been run earlier for a few iterations then the

Current mesh option can be selected.

In the executive commands window, Solve tab is used to start the simulation. A Solution

Monitoring window appears which allows the progress of the simulation to be monitored.

5.6.6 Meshing the structure

Generally speaking, the mesh should be fine enough to correctly represent the geometry and
to represent the rapid field variations within the device. Representing the field variations in
the mesh is more complicated issue. The first rule of thumb that can be applied a priori,
before the simulation is started, is that in a frequency domain FEM solver based on second
order finite elements, A/4 is a good starting value of the mesh size, where A is the wavelength
of several materials. Since the wavelength (A) is dependent on the material properties, the size
of the individual mesh cell depends on the materials it is filled with. By default, the
simulation software allows a uniform mesh everywhere in the model, which may lead to an
unnecessarily large number of mesh cells. For lossy materials, the rule of thumb is to ensure
that there are at least two or three mesh cells within the skin depth of the object of the lossy
material. This is a big disadvantage for good conductors at high frequency, since the tiny skin
depth would lead to tiny mesh cells and considerably increase the simulation time. Therefore
it is very important to assign mesh correctly to the model, which reduces the overall

simulation time and increases the accuracy of the model.

In the case of meshing the OCP model, HFSS generates an initial mesh according to a
minimal user input, then taking into account geometry, material properties, the user refines
the mesh through an automatic adaptive meshing*, until convergence is reached. Wherever
rapid field variations occur, the mesh is refined and the simulation is restarted. This process is
repeated until the results do not suffer further significant changes. With further increase in the

number of mesh cells, the HFSS response can be improved at the expense of simulation time.

¥ An adaptive analysis is a solution process in which the mesh is refined iteratively in regions where the error is
high, which increases the solution’s precision [6]

96



Chapter 5 3D Electromagnetic Simulation of Coaxial Probe and Sapphire Dielectric Resonator

5.6.7 Post Processing and Simulation Results

The simulation of the K-connector OCP takes 12 minutes on a 3.4 GHz CPU and 2 GB RAM
machine. HFSS provides three post processors for analysing the results of the simulation such
as Fields, Matrix Data, and Matrix Plot. The Fields post processor provides many features
such as 2D and 3D plots of fields, and animated plots of electric and magnetic fields. Fig. 5.8
shows contour plot of E-field magnitude at the cross-section of the air interface of the OCP,
where the electric field values in HFSS are normalised to 1 V/m. Matrix Data post processor
provides viewing and exporting of the matrices that are computed for the S-parameters,
impedances and propagation constant during each adaptive solution. From the Matrix Data
post processor, the characteristic impedance (Zy) deduced at the port is 49.86 €, within an
experimental error of 0.28%. This is close to the expected 50 Q.

E Field[¥/m]
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Figure 5.8 Contour plot of E-field magnitude at the cross-section of the air interface coaxial
probe.

Fig. 5.9 shows the Electric field magnitude along the —z direction from A to B as shown in
fig. 5.8 for the empty probe. The maximum penetration depth (d) of E-field without the
presence of the sample (g, = 1) along A-B is around 0.2 mm as shown in fig. 5.9. For the
complete understanding of the penetration depth as a function of material under test, further
simulations have been carried out on different types of dielectric materials. In depth

discussion on this issue can be found in section 5.9.2.
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Figure 5.9 shows the Electric field magnitude along the —z direction from A to B as shown in
fig. 5.8 (empty probe) at 6GHz.

Matrix Plot post processor is used to plot the matrices and parameters computed in the matrix
data post processor. The S-parameter (S;;) against the frequency can be plotted here.
Fig. 5.10 shows a snapshot of the Matrix Plot post processor. It can be used to plot S;; on a
Smith Chart as a function of frequency.

Conlext e - —
(Sm |Setupt - Sweep = ) B
| Domsin [Swecr - Category: 5 parameter =l

Figure 5.10 Matrix Plot post processor.

Fig. 5.11 (a) and (b) shows the plot of S;;-parameter on a Smith Chart and linear phase of S;;
as a function of frequency (GHz) for an empty K-connector OCP described in section 5.6.
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Figure 5.11 (a) Syj-parameter on a Smith Chart and (b) Phase of S;;-parameter as a function
of frequency for an empty K-connector OCP, from 30 kHz - 6 GHz.

Further validation of the above full wave K-connector OCP model has been carried out by
testing several different dielectric materials (e.g. polar liquids), including low, medium and
high permittivity materials. The dielectric properties of polar liquids arise from the
orientational response of permanent electric diploes to an applied electric field. This
behaviour is well described by Debye theory, so that polar liquids can be used to check the
above developed full wave model. The detailed description of the Debye model can be found

in section 3.7.

As listed in table 5.2, the properties of those materials vary with the frequency of the field
excitation; therefore it is vital to include their frequency dependent material properties while
simulating the above full wave model. These liquids were modelled on the basis of the
available published data on Debye parameters as listed in table 5.2. To perform this in the
HFSS simulation environment, the frequency dependent complex permittivity (i.e. real
permittivity and loss tangent) of those materials need to be calculated for the entire frequency
range (i.e. 30 kHz — 6 GHz) using the Debye model described in section 3.7. Then the
calculated frequency dependent complex permittivity dataset was imported into the material
library of the HFSS in *tab file format. Fig. 5.12 shows a snapshot of the Enter Frequency
Dependent Data Points.
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Figure 5.12 Enter Frequency Dependent Data Points.

The following table 5.2 shows the Debye parameters obtained from various literatures in
order to validate the admittance model:

Solvents & €0 T (ps) €1 €2
Literature | Literature | Literature

Teflon [4] - - - 2.08 | 0.0004
Butanol [5] 19 3.8 482 - -
Propan-2ol [6] 20.8 3.8 327 - -
Ethanol [5] 25.4 4.9 140 - -
Methanol [7] 34.5 5.6 47 - -
Acetonitrile [8] 37.5 2.26 3.2 - -
Dimethylformamide (DMF) [5] 38.5 10 14.6 - -
Water [9] 80.4 5.2 9.4 - -

Table 5.2 Literature values of the Debye parameters of various liquids at 20-25 °C.

5.6.8 Simulation Results of K-Connector OCP

Once the individual frequency dependent material properties were imported into the material
library, the simulation was repeated several times for those materials independently on the

modelled full wave K-connector OCP (see table 5.2). Fig. 5.13 shows excellent agreement of
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Si1 between the simulated and the measured results obtained from chapter 6 for those
materials listed in table 5.2. This shows the robustness and the accuracy of the HFSS model

for a range of liquids.
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Figure 5.13 S;;-parameters on a Polar chart as a function of frequency of different dielectric
materials terminated at the end of the K-connector OCP (see fig. 5.4 (b)), including low (a),
medium (b) and high permittivity (c) materials. The simulations were made in the frequency
range from 30 kHz to 6 GHz.

Test Fringing field capacitance % ME?® of real % ME of imaginary
Materials due to the material under permittivity €; (%) permittivity &; (%)
test C; (fF)

Experiment | HFSS Experiment | HFSS Experiment | HFSS
Teflon 6.10 6.00 1.37 1.58 9.87 7.55
Butanol 6.01 6.39 2.09 3.74 10.08 6.00
Propan-2ol 6.01 6.50 4.48 2.26 6.68 3.54
Ethanol 6.03 6.34 3.46 2.93 4.35 1.27
Methanol 6.00 6.13 1.65 1.77 1.19 231
DMF 6.20 6.00 2.75 1.04 6.91 2.26
Acetonitrile 6.20 6.01 2.11 1.28 7.67 6.64
Water 6.00 6.00 1.52 1.79 11.43 3.69
Fringing 6.12+0.16 | 6.17+0.19
field
capacitance

Table 5.3 Compares the fringing field capacitances obtained from the experiment and HFSS
simulation, where Cy = -0.01 fF for both the experiment and HFSS simulation. There is no
error associated with the fringing field capacitance, Cy; this was constant throughout for the
wide range of permittivities.

¥ As defined in Eq. (5.1).
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Table 5.3 shows comparison of mean errors (ME) in the calculations of the complex

permittivity obtained from experiment and the HFSS model, for each test liquid compared to

the standard Debye determined values. The ME were obtained from the Eq. (5.1).

As discussed in section 6.2.7, the complex permittivity of the materials were obtained by

fitting the simulation data to the standard Debye model equations, using the developed
MathCAD program (see appendix K) from which the unknown values of Cy and C; (see
table 5.3) are found. The mean value of the experimental result of the fringing field

capacitance C; is compared in table 5.3 with the simulation model, where the simulation

result shows a very close agreement with the experimental results within 0.3% error.

Figs. 5.14 to 5.21 show the complex permittivity of these materials, where the measured

complex permittivity data are included for comparison.
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Figure 5.16 The complex permittivity of propan-2ol

as a function of frequency.
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Figure 5.17 The complex permittivity of ethanol
as a function of frequency.
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Figure 5.18 The complex permittivity of methanol
as a function of frequency.
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as a function of frequency.
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Figure 5.21 The complex permittivity of water
as a function of frequency.

The results obtained for the fringing field capacitances (see table 5.3) show a very good
overall agreement with a maximal discrepancy between the measured and HFSS are 0% for
Co and 0.8% for C;. The cause for the discrepancies between the HFSS model with reference
to the standard Debye model of complex permittivity as shown in table 5.3 could be due to

o Inaccurate Debye parameters (e.g. neglecting temperature variation).

o HFSS modelling errors introduced by the inaccurate material definition and

dimensions of the probe.

o Temperature variation during the experimentation was not taken into account in the

simulation.

o Purity, volatility and the freshness of the material is not considered in the simulation.
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5.6.9 Error Analysis

Table 5.3 shows the mean errors (ME) for permittivity obtained from the experiment and
HFSS model, for each of the test liquids compared to the standard Debye determined values.
The mean errors were obtained from Eq. (5.1) shown below. Hence, the error is not random

but it is systematic, and the following method has been chosen to compute the relative error.

X |81(exp/HFSS )I - Iel(l)ehye)
Z x100
% ME & n=0 81(1)ehye)
° [ :
Number of points
5.1
200 -
Z ‘SZ(CXP/HFSS)I |82(Debye) % 100
0/ B/IE € n=0 8.'Z(Deb_w)
° , = -
Number of points

where € (exp/ HFss) and € expr HFss) are the real and imaginary permittivity of the test materials
obtained from experiment or from the HFSS model extracted from the developed admittance
model, respectively. €1 (pesye) and € (pesye) are the real and imaginary permittivity of the test
materials obtained from the standard Debye equations.

5.7 Modelling of Different Types of Open Ended Coaxial Probes (OCPs)

Apart from the K-connector OCP, different types of OCP have been modelled using HFSS
simulation package to validate the admittance models (see sections 3.6.1 and 3.6.2). The
coaxial probes considered in this section have different aperture sizes and are assembled from
different sizes of standard 50 Q PTFE-filled semi-rigid coaxial cables, namely RG-405,
RG-401, etc., terminated with a brass flange. The detailed dimensions of these cables are
listed in table 5.4. These probes are assembled from different materials, like
polytetrafluoroethylene (PTFE), silver, copper, and brass. The model structures of these
probes are similar to the K-connector OCP, but consist of different sizes of semi-rigid coaxial
cables and a SMA connector terminated to a brass flange (see fig. 5.22). Fig. 5.22 shows a
cross-section of a modelled OCP using RG-402 semi-rigid coaxial cable. The properties of
the materials used in modelling these OCP are listed in table 5.5.
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Outer
Conductor

Semi-rigid coaxial | d (mm) | D (mm) Centre Outer &
cables conductor | conductor
material material
RG-405 [11] 0.51 1.68 Silver Copper 2.06
RG-402 [11] 0.92 2.98 Silver Copper 2.06
SMA [11] 1.275 4.2165 Copper Brass 2.06
RG-401 [11] 1.63 5.31 Silver Copper 2.06

Table 5.4 The dimensions of different semi-rigid coaxial cables used for modelling of OCP,

where “silver” = silver plated.

Different types of OCP are modelled exactly following the same procedures as for the
K-connector OCP, mentioned in section of 5.6. The simulations of these different types of
OCP take around less than 15 minutes on a 3.4 GHz CPU and 2 GB RAM machine.

Centre conductor
(silver plated)

_ _Port (excitation)

Outer conductor
(copper)

Dielectric material under test

Figure 5.22 Cross section of the RG-402 coaxial probe.
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Component Material | Conductivity | Dielectric constant | Loss tangent (tan

name (o) S/m (&r) 0)

Centre Silver [4] 6.17 x 107 - -

conductor Copper [4] 5.81 x 10’

Dielectric PTFE [4] - 2.06 2 x10%

Outer Copper [4] 5.81 x 10’ - -

conductor

Flange Brass [4] 2.56 x 10’ - -

Dielectric Air/ Debye - Frequency Frequency

Material liquids/ dependent &, dependent tan §

dielectric calculated from calculated from
Debye model Debye model

Table 5.5 List of the material properties used in modelling different types of OCP.

5.7.1 Simulation Results of Different Types of OCPs

Similarly, as mentioned in the previous section 5.6.9, the S;, simulation data obtained for
different types of OCPs terminating those test materials were individually fed into the
MathCAD code (see appendix K) that worked out the complex permittivity of those materials
by fitting the simulation data to the standard Debye equations. From this the unknown
quantities of the fringing field capacitances were found, as shown in table 5.6 for different
OCPs. Individual values of these capacitances and the corresponding complex permittivities
of these materials were determined by the implementation of the capacitive model. The
results obtained for RG-402 OCP can be found below, where the complex permittivity of the
materials were obtained by fitting the simulation data to the standard Debye model equations,
using the developed MathCAD program (see appendix K) from which the unknown values of
Cop and C) (see table 5.7) are found. Figs. 5.23 to 5.30 show the complex permittivity of these

materials. The results obtained for the remaining OCPs can be found in appendix L.

Fringing K-connector RG-405 RG-402 SMA RG-401
Capacitances

Co (fF) -0.01 -5.00 -65.00 -75.00 -85.00

Ci(fF)_ 6.17+0.19 11.06:0.42 | 19.30+:0.50 | 27.50+0.20 | 34.80+1.10

Table 5.6 fringing field capacitances due to the dielectric filling the line of the probe (Cy) and
material under test (C,) for different dielectric materials obtained from the HFSS simulation
for different types of OCPs by the implementation of the capacitive model.
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Test Fringing field Fringing field % ME error | % ME error of
Materials capacitance due to capacitance due to of real imaginary
the material under the material under permittivity | permittivity €,
test Cy (F) test C; (F) €1 (%) (%)
Teflon -6.50 x 10 2.13 x 107 3.32 3.38
Butanol -6.50 x 10 2.00 x 107 4.57 2.30
Propan-2ol -6.50 x 107 1.95 x10™ 4.44 2.60
Ethanol -6.50 x 107 1.97 x10™ 1.94 0.58
Methanol -6.50 x 107 1.90 x 10 0.36 1.41
Acetonitrile -6.50 x 107* 1.88 x 107* 2.62 11.72
DMF -6.50 x 10 1.95 x 10" 1.62 1.91
Water -6.50 x 107" 1.86 x 10 4.97 5.77
Fringing -6.50 x10™ 1.96 + 0.09 x 10
field
capacitances

Table 5.7 fringing field Capacitances determined from HFSS Simulation for RG-402 OCP.

It is apparent from table 5.6 that the simulation results for the fringing field capacitances
(i.e. Cy and C)) for the different sizes of probes suggest that the value of the fringing field
capacitances increases with the increasing probe diameter for the wide range of materials
with frequency ranging from 30 kHz to 6 GHz, due to the increased aperture size of the
probe. It is also noticeable that the value of Cj for the K-connector coaxial probe (or any
smaller probes) can be negligible; however, including this value enhanced the sensitivity of
the capacitive model by 1-2%. Except for the K-connector OCP, knowledge of the value of
C) is vital for other bigger probes for the determination of permittivity of unknown materials.
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Figure 5.23 The complex permittivity of teflon Figure 5.24 The complex permittivity of butanol
as a function of frequency. as a function of frequency.
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Figs. 5.23 to 5.30 show excellent agreement of complex permittivity between the simulated
and the standard Debye results for those test materials. This shows the robustness and the
accuracy of the HFSS model for a range of liquids. The cause for the discrepancies between
the HFSS model with reference to the standard Debye model of complex permittivity as

shown in tables 5.6 and 5.7 are the same as for the K-connector OCP mention above.

The fringing field capacitances due to the material under test (C;) were extracted from the
first order approximation of aperture admittance using the variational model (see

appendix M) for the different types of OCPs are listed below in table 5.8.

OCPs d (mm) D (mm) Variational model
(C)F
K- connector 0.305 1.726 8.269 x 10°°
RG-405 0.51 1.68 1271 x 10
RG-402 0.92 2.98 2.290 x 10
SMA 1.275 42165 3.179 x 107
RG-401 1.63 5.31 4.059 x 10

Table 5.8 fringing field capacitance due to the dielectric the material under test (C;) obtained
from the HFSS simulation for different types of OCPs by the implementation of the
variational model.

The result obtained for C; from the variational model shows close agreement to the values
obtained from the capacitive model, with a maximal discrepancy of 15% for all the types of
OCPs except the K-connector OCPs, where it is over estimated by about 30%. The cause for

these discrepancies between the capacitive and variational models could be due to

o Generation of higher order modes at the aperture is neglected in the variational model.
o The unknown C) in variational model is deduced analytically based on the inner and
outer radii of the probe, and therefore has an associated numerical uncertainty but in
capacitive model this unknown is determined by fitting the standard Debye equation
to the experiment or HFSS simulation results, which is much more accurate than the

values obtained from the variational model.

In terms of the validation of these models, the capacitive model seems to be a much more

robust and reliable admittance model for the characterisation of unknown materials.
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5.8. Modelling and Boundary Conditions of Sapphire Dielectric Resonator
5.8.1 Construction of Sapphire Dielectric Resonator

Using a material for specific application necessitates a good knowledge of the properties of
the material. Electromagnetic materials can be identified by their complex permittivities and
permeabilities. The sapphire dielectric resonator (SDR) simulated in this chapter was
assumed to have a sapphire dielectric puck of the relative permittivity (g;) of 9.4, loss tangent
of 1.4 x 107°. A typical simplified cross section of sapphire dielectric resonator is shown in
fig. 5.31. Dielectric resonators allow a substantial size reduction in overall dimensions for a
given frequency, when compared to cavity resonators. As shown in fig. 5.31, an anisotropic
sapphire single crystal, with a diameter of 9 mm and height of 5.7 mm, with its c-axis parallel
to the cylinder axis, was sandwiched at the bottom of the copper housing. The inner diameter
and the height of the housing were 26 mm and 16 mm, respectively. In reality, a PTFE
support (or collar) needs to be introduced within the cavity to hold the sapphire dielectric in
place as shown in fig. 5.31 with a diameter of 3 mm, height of 2 mm, dielectric constant (&)
of 2.06 and loss tangent of 2 x 10™. In this chapter, the simulations have been performed in
the presence of the PTFE support with the purpose of increasing the accuracy of the model.
The copper housing (or cavity wall) was assumed to have conductivity of 5.813 x 107 S/m.
Here, the analysis has been performed for a 10.194 GHz SDR. The SDR, which is a resonant
system, uses the resonance technique as mentioned in section 3.5, to measure the properties
of the sample placed on top and on axis (in the magnetic field region) of the sapphire

dielectric puck at microwave frequencies.

Sapphire puck S Shield lid

Hole

Hole
A PTFE
Loop-terminated | support
RG405 coaxial )
cable Chper plan view of base
shield base

«—50mm—mMmm>

Figure 5.31 Schematic diagram of a sapphire dielectric resonator.
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5.8.2 Modelling Methods in HFSS

The SDR shown in fig. 5.31 has been modelled using HFSS, utilising geometry symmetry by
adding two electrical boundary walls (perfect E). This enables the modelling of a part of the
structure, which reduces the size or the complexity of the design. The Eigenmode solver in
HFSS used in this section calculates the natural resonances of the 3D structure using the 3D
full-wave analysis and reports the resonant frequency (fp) and quality factor (Q). The Q-factor
reported by HFSS can be calculated from the real and imaginary part of f5. A more accurate,
reliable and best method to deduce the Q-factor is to calculate from the first principles by
using energies and losses obtained from the HFSS post processor, which is been followed
through out this research. The elaboration of the deduction of the Q-factor is described in

section 5.8.7.

The unit of measurement is chosen to be millimetres (mm) in the 3D modeller. Global
Co-ordinates are chosen throughout the project and the entire model is centred at the origin.
The first object created in the 3D modeller is the copper housing, called the copper shield of
dimensions of height 30 mm and diameter 50 mm, which is drawn using Draw/Cylinder
command. Then the air region of the SDR (of height 16 mm and diameter 26 mm) is drawn
using Draw/Cylinder command and called air region. As mentioned in modelling of the
K-connector OCP, HFSS does not allow any overlapping volume in the model. Therefore,
from the above partly constructed model, it is seen that the air region overlaps with the
copper shield. Hence it is necessary to create a hole in the copper shield to accommodate the
air region. Thus, using the Modeler/Boolean/ Subtract, the air region is subtracted from the
copper shield. In this process, a copy of the air region is made using the Edit/Copy and
Edit/Paste commands. The copy air regionl is then subtracted from the copper shield. Using
the similar procedures, the objects dielectrics (PTFE followed by the sapphire) were
constructed in a way so that the objects do not overlap. Fig. 5.32 shows the final model of the
SDR.

5.8.3 Boundary Conditions and Mesh Seeding of SDR

The boundary conditions used in the HFSS simulation of the SDR are shown in fig. 5.32.
Two symmetric perfect E and finite conductivity boundaries have been used in the

*" The technique of guiding HFSS’s mesh construction is referred to as "seeding" the mesh.
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calculations because the EM fields of the TEq mode are cylindrically symmetrical. The
purpose of using the finite conductivity boundary on the copper housing of the SDR is to
model the copper housing as a good conductor, with the conductor’s thickness is much larger

than the skin depth in the given frequency range.

Symmetry /'
perfect E

(gray in colour-all f(i)r:(tiictivity
1 & 2 surfaces) (shaded region)

Figure 5.32 Boundary conditions used in the simulation. Finite conductivity boundaries are

used for all copper surfaces.

The major challenge of deducing the resonance frequency and the Q-factor of a SDR was the
high accuracy requirement. Because of this high accuracy requirement, after the initial test,
mesh seeding was applied to the SDR model in order to increase the accuracy of the model.
Mesh seeding is a technique of guiding HFSS’s mesh construction. As mentioned in
section 5.6.6, the initial simulation was started with /4 mesh cells, where A is the wavelength
corresponding to upper limit of frequency (here, 10.194 GHz). Since the SDR is made of
several dielectric materials like PTFE and sapphire, the wavelength (A) is dependent on the
material properties and so the size of the individual mesh cell depends on the materials it is
filled with. According to this, fig 5.33 shows final seeding strategy applied to the SDR
model. Very fine seeding (0.3 mm) has been used for the sapphire puck. Seeding value of
0.5 mm has been used for the PTFE and a slightly bigger seeding value (0.8 mm) has been
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used for the air region. As power loss on the surface of the cavity is important for the overall

Q-factor calculation, a seeding of 0.5 mm has been used on the cavity surfaces.

0.8 mm for
air region

0.3 mm for |
sapphire puck

0.5 mm for
g?Fném for | cavity surface

Figure 5.33 Mesh seeding used in the simulation of the SDR.

5.8.4 Assigning Materials

The assignment of the material to each object can be invoked by using the Modeler/Assign
Material command in the Executive command menu. The air region is assigned the material
air with values of relative permittivity and permeability set to be 1. The copper shield is
assigned the material copper with a permittivity of 1 and conductivity 5.813 x 107 S/m. The
remaining dielectric materials sapphire and PTFE are assigned with permittivity values of 9.4
and 2.06, and loss tangent of 1.4 x 10° and 2 x 107, respectively.

5.8.5 Generating Solution

In order to generate the solution for the SDR structure, it is necessary to specify the solution
parameters. Fig. 5.34 shows a snapshot of the features that HFSS provides to generate the
solutions for the SDR problem, which is slightly different from the OCP problem because of
the different solver that has been used. The solution setup is the last pre-processing step that
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needs to be performed before a simulation can be started. The solution setup includes the

minimum frequency, number of modes, mesh generation and adaptive option.

General | Options | Advanced | Defauits | General Options | Advanced | Defauts |

™ Enable Iterative Solver
Helative Hesidual I” 0007

)
f
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Figure 5.34 Solution setup.

For the SDR problem described in section 5.8, the solution is set at a Minimum Frequency (or
resonance frequency) of 10.19 GHz, Number of Modes is set 1, and the number of adaptive
passes is set to 6. It is necessary to specify the number of adaptive passes for which the error
criterion can be met. The deviation or the error between the resonant frequencies for
consecutive adaptive passes, Max Delta Frequency Per Pass, is set to 1%. This is necessary
to achieve a higher degree of convergence. The mesh refinement percentage, Max Refinement
Per Pass, is set to 30%. Here, lambda refinement has been chosen, which is a process of
refining the initial mesh based on the material-dependent wavelength. For the Eigenmode
solution, the Lambda Target is set to 0.1, which means that HFSS will refine the mesh until
most element lengths are approximately one-tenth of a wavelength. In the executive
commands window, Solve tab is used to start the simulation. A Solution Monitoring window

appears which allows the monitoring of the progress of the simulation.

5.8.6 Post Processing

The simulation of this SDR took around 2 hours and 28 minutes on a 3.4 GHz CPU and 2 GB
RAM machine and the memory usage was between 300 to 600 MB. Here, Eigenmode has
been used as a solver to solve the SDR problem, which calculates the resonance frequency

and the Q-factor of the structure and also the fields at that resonant frequency. Unlike the

115



Chapter 5 3D Electromagnetic Simulation of Coaxial Probe and Sapphire Dielectric Resonator

driven mode solver used for the OCP problem, ports and other sources are restricted for the
Eigenmode problem; the Q-factor calculated from Eigenmode does not include losses due to
those sources. HFSS provides three post processors for analysing the results of the simulation
such as Fields, Eigenmode, and Eigen Q. Fig. 5.35 shows magnetic and electric fields of the
TEg15 mode, respectively, where the H-field and E-field values in HFSS are normalised to
1 A/m and 1 V/m respectively. From fig. 5.35, it can be seen that the magnetic field intensity
is solenoidal in nature, while the electric field lines are simply circles concentric with the axis
of the cylinder (as expected). So it is apparent that the SDR is operating at the prime mode
(TEm)'”ur from the field patterns shown in fig. 5.35. The TE¢;s microwave magnetic field
distribution is shown in fig. 5.36 (a), which has a maximum value in the centre of the
sapphire puck, where the field is approximately uniform and parallel to the z-axis (see
fig. 5.35 (a)) of the SDR, decaying rapidly with distance away from the centre of the sapphire
puck. Eigenmode provides the resonant frequency of the structure (here, 10.3 GHz). The
value fj obtained from the simulation was very close to the measured value of 10.194 GHz,
with an error of 1.04% [((fireory - frFss) fineory) * 100], which has been deduced from
Eq. (3.18) in chapter 3. The Eigen Q calculates the unloaded Q-factor of the structure; this
has been obtained by implementing those equations in the HFSS field calculator described in
the following section 5.8.7. The overall unloaded Q-factor (Q,) of the SDR calculated from
the HFSS calculator is 42,891 (see appendix O). The resonant frequency and the Q-factor of
the SDR obtained from the HFSS model were compared to the experimental results as shown

in table 5.9, where Superfish results have been included for sake of comparison.

The plot of E-field magnitude in fig. 5.36 (b) appears to be as expected because it reaches a
peak and then starts decreasing with an unusual rapid drop exactly at top the end of the SDR
puck. This is due the meshing limitation of the HFSS software (i.e. the end of the SDR puck
is modelled as a sharp corner (due to its symmetry). It is recommended to avoid sharp edges
if they are electrically not important; otherwise, if they need to be included then high mesh
density must be manually assigned to those edges, which will drastically increase the
simulation time and memory usage of the PC). This rapid drop in E-field was not observed in

the Superfish simulation, as detailed in section 6.4.3.

' For more information regarding the TE;; refer to section 3.5.1 of chapter 3.

116



Chapter 5

H Field[A/m]
2. 9352e-007
2.7526e-007
W 2 5701e-007
" 2.3875e-807
2. 2850e-007
2.0224e-007
1.8399e-007

1. 6573e-087

1. 4747e-007
1.2922e-807
1,1096e-087

9. 2708e-008

7. 4452e-008
5.6196e-008
3.7941e-088

1. 9685e-008
1.4297e-089

E Field[v¥/m]

9.9672e-001
9. 3443e-001
8.7213e-001
B.0984e-001
7.475%e-001
6. 8525e-001
6.2295e-001
5. 6066e-001
4. 9836e-001
. 3607e-001
3.7377e-001
3. 1148e-001
2.4918e-001
1.8689%-001
1.2459%¢-081
6.2295e-082
0. 0900e+208

(@)
Figure 5.35 Field plots, (a) Vector plot of H-field and (b) E-field within the volume of SDR.
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Comparison fo (GHz) 0, Or

Measured 10.194 43,128 37,834
HFSS 10.300 42,891 37,626

Superfish 10.208 46,549 40,835

Table 5.9 Comparison of the values fp, O, and O, obtained from the experiment and HFSS
simulation. Q; are determined from the Eq. (3.17).

The calculated Q, value by HFSS is around 42,891, which for a SDR with /L of -18.22 dB,
reduces to approximately 37,626 for Qimrssy (from Eq. (3.17)). The actual measured
OL(measureq) Was about 37,834, i.e. a difference (%6HFSS error) of roughly 0.55% from that of
Eq. (5.2). Therefore the results (fp and Q;) obtained from the HFSS simulation were very

close to those measured using a VNA (see appendix P).

%HFSS _errOr — (QL(measured) Ql,( HI*'SV

L(measured)

Jxmo (5.2)

5.8.7 Calculations of SDR Parameters Using HFSS

The HFSS Eigenmode analysis yields complex frequencies. The resonant frequency of the
TEo15 mode of the SDR has been taken as the real part of the calculated complex frequency.
For stored energy and loss calculations in the HFSS post processor, the maximum magnitude
of electric field in the cavity is normalised to 1. As described in detail in section 3.5.5, the
implementation of those equations in the HFSS field calculator to deduce the unloaded
Q-factor has been described briefly below; the energies (W) in the three objects; sapphire
puck, PTFE support and air, have been calculated using the following equation:

w= | b B*a (5.3)

volume

where, E and E" are the maximum magnitude of E-field and conjugate of the maximum
magnitude of E-field respectively, and € is the complex permittivity of those three objects

mentioned above.

There are three power loss terms involved in the analysis of the SDR, namely: dielectric
losses in sapphire puck and PTFE support, and cavity wall loss of the copper housing. Power
10SS (P gietectric) in the dielectrics has been calculated using
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*
[ %msosrtanfi E-E dv (5.4)

volume

dielectric —

where o is the angular frequency (rad/sec) and g is the permittivity of free space. ¢, and tand

are the real permittivity and the loss tangent of the dielectric material, respectively.

The cavity copper 10ss (Psuryace), has been calculated using the following equation

= | %E-J*ds (5.5)

surface

surface

where J is the surface current density (A/m). The unloaded Q-factor has been calculated from

the following equation:

Qunloaded =® %ms (5.6)

where, W and P are the total energy stored and the total power loss in the SDR,
respectively.

5.8.8 HFSS Field Calculator

Most of the standard post processing features of HFSS are sufficient to determine the
S-parameters, admittance or impedance matrix, resonant frequencies, quality factor and
animated field plots, which cover most of what one needs from such a simulation tool. For
those few cases where these are not sufficient, the post processor within HFSS includes a
field calculator. Using this calculator (see fig. 5.37) one can perform mathematical operations
on any of the field quantities within the solution space to derive specialised quantities. Here,
the field calculator has been used to deduce accurately the quality factor of the above
modelled SDR. The detailed steps involved in implementing those equations mentioned in

section 5.8.7 into this field calculator can be found in appendix O.
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Figure 5.37 Field calculator interface

5.9 Parametric Analysis

Optimetrics is a powerful tool in HFSS that speeds up the design process and enables the user
to study the effects of geometry and materials on a design by creating parameters for the
dimensions and material constants of the model to be analysed. Any number of design
parameters may be varied in a single nominal project design. For instance, geometric shapes,
material properties, boundary conditions and source excitations are independent parameters;
S-parameters, Eigen data or other HFSS computed quantities are dependent parameters. Here,
further validations of the capacitive model on different types of OCPs were carried out with
the aid of the Optimetrics tool. This tool is also used for the SDR for characterisation of
materials with variable conductivity and film thickness to validate the results obtained in

chapter 6.

5.9.1 Limitation of the Coaxial Probe System

Surprisingly, from a theoretical point of view, the range validity of the probe’s use has not
been systematically explored. It is recognised that a given probe will certainly not be suitable
for permittivity measurements at high frequency, but it is not precisely clear what ‘high’

means, e.g. it could be 6 GHz, 1 GHz or 100 MHz. The precision of the values of ¢, and ¢,
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cannot be estimated without the information about the precision of the model itself to
represent the admittance function. The object of this section is to propose a procedure to
determine, for a given probe and admittance model, frequency and complex permittivity

ranges for which the model is valid to a specified precision. Here, we consider the case of
lumped capacitor model (see fig. 5.38): ¥, = jo)(C0 +C, (g, - J&, )), then Re(Y,)=2nfCg,

and Im(Y,) =2nf(C, +Cg,) , where ® = 2nf, &; and &, are the real and imaginary part of the
complex permittivity. The general idea of this section is to map the complex admittance (Y1)
of the probe obtained from the 3D full wave OCP onto a complex permittivity (g; and &)
plane. Such mappings provide a visual representation of how Y varies with €, and ¢, at a
fixed frequency and give an indication of the sensitivity of the capacitances (i.e. Cy and C;) of
the lumped capacitor model of the probe. For this analysis the same developed 3D full wave
OCP models (i.e. K-connector, RG-405, RG-402, and SMA square flange) have been

considered along with the parametric tool.

lll \\\
S — 1
! __C IR eC;
\\\
2 O
;Y L '| l/ ‘\
1 1 ] Y|
AB | AB'| { ‘7‘
i ' 1 ]
1 1 ’
O O <
Cfe ==

Figure 5.38 Equivalent circuit (i.e. capacitive model) of the OCP.

As an illustration of the procedure, consider the same 3D full wave K-connector OCP
developed in subsections of 5.6. Before getting into the post processing step, this time the
user specifies the range and the number of steps for parameters in the parametric setup as
shown in fig. 5.39. Here, the complex permittivity is chosen to be the varying parameter
ranging from 5 < & < 100 and 5 < & < 100. For the different values of frequency (i.e. at
0.5 GHz, 1 GHz, 2 GHz, 3 GHz and 4 GHz) the model generated sets of complex admittance
(Y1) as function of &; and ;. Simulation of this OCP took around 23 hours on a 3.4 GHz CPU
and 2 GB RAM machine and the memory usage was around 1700 MB. Finally, the generated
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complex admittance (Y1) for the K-connector OCP was mapped onto a complex permittivity
(e1 and &) plane as shown in fig. 5.40. The vertical and horizontal lines correspond to
constant values of imaginary and real parts of the complex admittance (i.e. Im(};) and
Re(Y1)), respectively. The non-uniformity of the vertical and horizontal lines seen in
fig. 5.40 is due to the limitation of the mesh during the simulation process. This issue could
be resolved by (i) refinement of the mesh size, which would eventually increase the
simulation time enormously or, mostly, the simulation hangs up; (ii) rather considering the
whole frequency range (i.e. 0.5 GHz to 4 GHz) at once, simulate the OCP model for

individual frequencies.
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Figure 5.39 Setup Sweep analysis.

The departure from a square grid pattern is beginning to be visible at 2 GHz and it is closely
manifest at 3 GHz. For any frequency (f) less than 3 GHz, we have an approximately square
grid characterised by Cy(f) and C(f). To check whether Cy and C; vary with frequency for
whole range of complex permittivity, the calculations have been carried out on the square
grids of the contour plot (i.e. fig. 5.40) for f= 0.5, 1, and 2 GHz. The results are shown in
table 5.10. It is apparent from the results that Cy is practically constant compared to Cj,
whereas C varies by a factor of ~ 1.3 over the given frequency range of 0.5 to 2 GHz for the
complex permittivity ranging from 5 <& < 100 and 5 < & < 100. The variation of C; can be
closely represented by a quadratic function of /2 Ci(f) = ao + a1(2nf)*, with ao = 6.201812696
and a; = 0.009528906, where /* and C) are in GHz and {F, respectively, as shown in fig. 5.41.
The frequency independent term of Ci(f) is 6.201812696 fF which is very close to the value
found in chapter 6 experimentally (i.e. 6.07 fF) within the experimental error of 2.2%. The
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accuracy of this function (i.e. C1(f)) can be further improved by carrying out simulation on
the K-connector OCP from 0.1 GHz to 2 GHz with an interval of 0.1 GHz. This will
eventually form perfect square grids characterised by Cy(f) and C;(f) (i.e. from table 5.10, it is
apparent that variation of C; is very small from 0.5 GHz to 1 GHz, but there is a drastic
increment at 2 GHz due to the distortion of square grid (see fig. 5.40)).

The variations of the parameters (i.e. Cy and C)) of the capacitive model have been revealed
from the simulation of the K-connector OCP and have justified clearly that Cy is independent

of frequency whereas C,(f) is a function of frequency and needs to be taken into account.

This means that instead of using the model ¥, = jo(C, +C, (g, - je, )) , where both Co and C;

are independent of frequency, one should use Y, =jo(C,+C (g, —jg,)), where

Co = 0.7994 pF along with C\(f) = ap + a1(2nf)” to characterise the material properties below
3 GHz, where ap = 6.201812696 and a; = 0.009528906. In other words, this function can be
treated as a wuniversal model for the K-connector OCP to characterise the properties of
unknown materials up to 2 GHz with maximal discrepancies less than 2.5%. It is clearly
apparent that the value of Cyp = 0.7994 pF (i.e. fringing field capacitance and the electrical
length of the probe) is higher as being a well as positive number compared to the value
obtained experimentally (i.e. Cyp = -0.01 fF, since this purely fringing field capacitance value)
in chapter 6. As discussed in sections 6.2.6 and 6.2.7, the parameters (i.e. Cp and C)) of the
capacitive models have been determined by removing the electrical length and associated
losses of the probe by carrying out measurement (or simulation) with and without the sample
followed by a division, therefore the value Cy will be purely due to the fringing field of the

probe and is therefore negative.

This way of calibrating the probe is very essential in experiments since the probe used in
experiments is not a perfect transmission line, and so one has to remove the associated
uncertainties caused by the loss and phase correction. In the case of simulation, however, the
probe is considered to be perfect transmission line, so there is no associated losses due to the
line, apart from the electrical length of the probe which is unavoidable. Unlike in chapter 6 or
the previous sections of this chapter, the complex admittance () found in this section folds
in the electrical length of the probe, so the value of C is not purely the fringing field
capacitance; therefore it would be large and positive and tend to dominate the value of C; (i.e.
capacitance due to the material under test). It would not be reasonable, therefore, to compare

the result of C directly from chapter 6 to the value obtained from this section (i.e. from the
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nomograms). The universal model developed in this section can be considered to be another

way of extracting the properties of unknown materials without removing the electrical length

of the probe.
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Figure 5.40 Parameterisation of the complex permittivity plane at (a) 0.5 GHz, (b) 1 GHz,
(c) 2 GHz, (d) 3 GHz and (e) 4 GHz. The contours shown in colour represent the imaginary
and real part of the complex admittance (i.e. Im(}1) and Re(Y1)). The non-uniformity (e.g.
fig. 5.40 (a) and (b)) in the contours is due to the limitation of the mesh during the simulation

process.
Frequency (GHz) Co (pF) C; (fF)
0.5 0.7795 6.236
1 0.7874 6.428
2 0.8313 7.917

Table 5.10 The variation of Cy and C; with frequency for K-connector OCP for the
permittivity range 5 < & < 100 and 5 < & < 100, where Cy = 0.7994 pF (i.e. average value
over the frequency range 0.5 — 2 GHz).
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Figure 5.41 Variation of C) as a function of frequency.

Similarly, simulations have been carried out on the other probes modelled using RG-405 and
RG-402 cables, and an SMA square flange; the nomograms and the limitation of the
individual probes can be found in appendix Q. The parameterisation obtained at different
frequencies for different probes revealed that the sensitivity of the parameters (i.e. Cp and Cy)
of the capacitive model of the coaxial probes depends on (i) frequency, (ii) complex
permittivity of the sample under test and (iii) the size of the probe (or dimensions of the
probe). Generally the coaxial probes are used at frequencies below the cut-off frequency, so

that only the TEM mode propagates.

The nomograms in appendix Q as well as fig. 5.40 shows a mapping of complex admittance
onto the complex permittivity (g; and ;) plane, which provide a visual representation of how
Y, varies with € and &, at a fixed frequency and give an indication of measurement
sensitivity and the limitation of the capacitive model. They are a useful aid for choosing the
most appropriate size of the probe for a particular measurement. A glance through the
nomograms obtained from the simulations for different sizes of probes suggest that the
optimum diameter of the probe falls with increasing measurement frequency and range of
complex permittivity (i.e. 5 <& < 100 and 5 < &, < 100), where the departure of a square grid
of the nomograms is beginning to be visible at lower frequency as the size of the probe
increases. An individual probe is governed by a universal function up to a certain frequency

limit, beyond which the accuracy of the governing function of the model fails. This issue
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could be resolved by using the pre-developed grids of individual probes, such as fig. 5.40 or
Q1, Q3, or Q5 (appendix Q), to read directly the complex admittance (i.e. Re (Y1) and
Im (Y.)) from the measured complex permittivity (i.e. &; and &,) at any given frequency from
which the unknown parameters (i.e. Cp and C;) of the capacitive model could be calculated;
this enables us to determine the properties of a material accurately at any desired frequency.
The values of C, obtained from this section cannot be directly compared to the values
achieved in the section 5.7.1 (see table 5.6) since Cy folds in the electrical length of the
probes, but the universal models developed in this section are considered to be another way

of extracting the properties of the materials using different probes.

5.9.2 Penetration Depth of the Coaxial Probe System

Materials which do not contain magnetic components respond only to the electric field. The
penetration depth, d is a measure of how deep the electromagnetic (EM) waves can penetrate
into the material. It is defined as the depth into a sample where the electromagnetic wave has
decayed to 1/e (1/e = 36.8%) of its transmitted value. When an EM wave is incident on the
surface of the material, part of it is reflected and part is transmitted into the material. This EM
wave interacts with the atoms and electrons of inside the materials. Depending on their nature
of the material, the EM wave might travel far into the material or may die out very quickly.
For a given material, penetration depth can vary for different wavelengths (or frequencies) of
EM wave, and usually is not a fixed constant. The penetration depth is a function of real and
imaginary permittivity (i.e. £; and &;, respectively). If the tan & = €,/ €; is smaller than about
0.5, the following formula gives 97-100% of the correct value [12]:

A
g=tod® A 5.7)
27e, 21, tan &

where ) is the free space microwave wavelength (for 6 GHz, Ay = 50 mm (A = ¢/fy)) and

tand is the loss tangent (or dissipation factor) of the material under test.

In order to understand the close relationship between the penetration depth (d) of the probe
due to the presence of different types of materials, we consider the same full wave
K-connector OCP model developed in the subsections of 5.6. The following graph shows
magnitude of E-field as a function of longitudinal distance from the OCP-sample interface at
a frequency of 6 GHz. It is apparent from the graph that the penetration depth (d) of E-field
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decays exponentially as the loss (or tand) of the material increases. This is exactly similar to
what is predicted in Eq. (5.7). Therefore, in our case we would expect to see less penetration
depth (d) for water (since it is highly polar or lossy) compared to other material as shown in
fig. 5.42.
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Figure 5.42 The magnitude of E-field as a function of longitudinal distance (A-B) from the
OCP-sample interface at 6 GHz.

5.9.3 SDR System

In order to have a broad understanding of the results obtained for the characterisation of Pt
and Au NPs of different sizes and film thickness from section 6.4.5, here we have used
parametric analysis. To understand the close relationship between the conductivity (o) and
the film thickness (t), we consider the same full wave HFSS SDR model developed in the
sections from 5.8.1 to 5.8.5 with an additional introduction of a disc on the top of the

sapphire puck, in the region where the magnetic field is maximum as shown in fig. 5.44.
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Figure 5.44 Final model of SDR with introduction of a disc.

Before getting into the post processing step, this time the user specifies the range and the
number of steps for parameters in the parametric setup as shown in fig. 5.45. This is decided
upon from the results from section 6.4.5 for the characterisation of Pt and Au NPs. For both
types of NPs the conductivity varies from 5 S/m to 1000 S/m, while the film thickness varies
from 5 pm to 25 pm, therefore the user introduces two variables; one is the conductivity,
which varies as 10, 100, and 1000 S/m, and the other is thickness varying from 0.02 mm to
1 mm with a step of 0.02 mm (5 pm and 10 pm are not included because of the limitation of
the HFSS software — i.e. for conductors at high frequency, since the tiny skin depth would
lead to tiny mesh cells and considerably increase the simulation time enormously or, mostly,

the simulation hangs up) as shown in fig. 5.45.
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Figure 5.45 Setup Sweep analysis.

The simulation of this SDR took around 15 hours and 40 minutes on a 3.4 GHz CPU and
2 GB RAM machine and the memory usage was between 800 to 1550 MB. Here, Eigenmode
has been used as a solver to solve the SDR problem, which calculates the resonance
frequency and the Q-factor of the structure and also the fields at that resonant frequency for
the corresponding conductivity values and film thickness. Figs. 5.46 and 5.47 show variation

of fpand Q-factor as a function of film thickness, respectively.

5.9.4 Analysis of Results

Characterisations of different thicknesses of metal disc of range of conductivities (i.e. 10, 100
and 1000 S/m, which closely resemble the conductivity of Pt oxide and Au films) conducted
in the SDR brings forth the following points:

o As shown in fig. 5.46, for a metal disc increasing conductivity results in increasing
resonant frequency since the thickness of the film is much smaller than the microwave
skin depth (about ~ 500 um at 10.3 GHz for a conductivity of 100 S/m) and so
screens the H-field very effectively. It is this effective reduction in cavity volume that
gives the frequency increase, only seen in metals, and a characteristic of high
conductivity. Associated with this are eddy current losses that broaden the bandwidth
greatly, leading to rapid decrease in Q-factor as observable in fig. 5.47 (i.e. where Q-
factor is inversely proportional to the bandwidth). These simulation results closely
resemble the microwave experimental results for the Pt oxide NP films observed in

figs. 6.40 and 6.41, respectively, and predict the correct signature.
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o The resonant frequency plotted in fig. 5.46 increases with the film thickness, when
screening occurs (i.e. the increase in frequency is proportional to the screened
volume). However, the screening on 1000 S/m films was greater compared to
100 S/m and 10 S/m films due to the higher conductivity of the samples, and closely
resembles the theoretical model (see fig. 6.43) as well as the microwave experimental

results observed in figs. 6.40 and 6.44, and predicts the correct signature.

o It is obvious from the resonator perturbation model (see fig. 6.43), that any material
with high conductivity, o (i.e. 6 >> 100 S/m) will have decreasing bandwidth with
increasing conductivity (or film thickness), due to the very high screening current. A
very similar trend has been observed from the simulation for 1000 S/m films as shown
in fig. 5.48, where the quality factor of the resonator increases monotonically due to
the presence of the high conductivity films with the increasing film thickness. This
result resembles and predicts the correct signature of Au NP films observed in
fig. 6.45.
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Figure 5.46 The resonant frequency (/) as a function of film thickness.
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Figure 5.47 The Q-factor as a function of film thickness of the metal disc of varying
conductivity (i.e. 6 = 10 S/m and 100 S/m).
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Figure 5.48 The Q-factor as a function of film thickness of the metal disc of 6 = 1000 S/m.

5.10 Chapter Summary

The OCP is frequently used to characterise the dielectric properties of materials via reflection
measurements. The deduction of the permittivity of the materials from the reflection data is
made by assuming that the admittance of the probe/material interface is described by some

simple empirical model. Such models are not universally valid. Here, we have developed a
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full wave 3D model and carried out simulation on different types of OCP (i.e. K and SMA
connectors, RG-405 and RG-401 cables) on various ranges of dielectric materials and
established the unknown coefficients (i.e. Cy and C)) of the simple capacitive model which
has been used to extract the complex permittivity of the unknown materials under test with a
maximal discrepancy of < 5%. The comparison between the developed full wave 3D model
of K-connector OCP and the corresponding experimental data for range of materials from
low, medium high permittivity materials show the robustness and accuracy of the model.
Here, we have also established a wniversal model for individual OCPs by mapping the
complex admittance (Y1) obtained from the simulation onto the complex permittivity (e; and
&) plane. This enables us to determine the properties of any unknown material more
accurately within a certain frequency limit (i.e. the frequency limit varies with the dimensions
of the probe). The development of a 3D full wave model of a sapphire dielectric resonator
(SDR) using the HFSS software was explained in detail. The simulation results obtained for
the SDR model from both the HFSS and Superfish software showed a very good agreement
with each other. In the last part of this chapter a semi-quantitative SDR model was developed
using the HFSS software to support the results observed from the microwave experiments for
Pt oxide (i.e. considered to be low conductivity due to the insulating thin oxide layer,
6 < 100 S/m) and pure Au NP films (i.e. considered to be highly conductivity samples,
6 > 1000 S/m). The results obtained from this SDR model were found to closely resemble the
microwave experimental results observed in figs. 6.40, 6.41, 6.44 and 6.45, and predict the
correct signature with increasing film thickness. However, owing to the difficulties regarding
sample geometry (i.e. field applied perpendicular to a thin sheet, with large field distortion in

the space outside it), it is not possible to make the comparison more quantitative.
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5

CHAPTER 6

MICROWAVE CHARACTERISATION OF METALLIC
NANOPARTICLES

6.1 Introduction

One of the pioneering areas of materials research involves technologies based on
nanoparticles (NPs). NPs based materials are of interest because of their unique electronic
and chemical properties. Measuring the electrical conductivity of such metal NPs represents a
challenging and key experiment and necessitates the use of innovative experimental
techniques. The direct contact measurement of the current-voltage characteristics of
individual particles represents one such approach. Here we highlight an alternative, novel
approach, applicable to a wide range of materials for which direct electrical contact is
unfeasible: namely, contactless microwave measurements using an open ended coaxial probe
(OCP) and sapphire dielectric resonator (SDR) techniques. The electronic conductivity of
these NP assemblies is due to electron tunneling and it is dependent on two factors, one is the
individual particle sizes and the other is the inter particle separations. There are many
reasons of using microwave sensors, which are mentioned in detailed in section 3.3. The
miniature open ended coaxial probe has been used in this research, since it is relatively cheap,
non-destructive, convenient, broad bandwidth, needs a small measurement area and it is easy

to prepare the sample.

In order to be able to use the open ended coaxial probe (OCP), an in-depth study of the
aperture fields is necessary. Knowledge of the aperture fields provides information
concerning the apparent aperture admittance and electromagnetic field distribution in the half
space facing the aperture. The theoretical background of this research can be traced to classic
papers by Levin and Papas [1]. Several formulae for determining the aperture admittance of
OCPs on the basis of capacitive and variational formulation were presented in [2, 3, 4, 5].
Detailed description of these models can be found in section 3.6. The implementation and
validation of aforementioned aperture admittance models has been achieved by carrying out
experiments on several different dielectric materials including low, medium and high

permittivity materials.
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This chapter discusses the implementation and validation of full aperture admittance models
(i.e. capacitive and variational models) for the OCP, by carrying out experiments on several
different dielectric materials including low, medium and high permittivity materials followed
by the in-depth microwave characterisation of Pt and Au NP films using both the
K-connector OCP and SDR. Finally, the surface modifications of Pt NPs were carried out by
means of hydrogen adsorption using the OCP technique followed by the random network

circuit models to resemble the microwave experimental results.

6.2 Validation of the Coaxial Probe Models

6.2.1 Instrumentation

The coaxial probe measurement was performed using a HP8753E vector network analyser
(VNA). The VNA was controlled by the PC with IEEE-488 interface bus, also known as
General Purpose Interface Bus (GPIB). All data acquisition code was written in using visual
basic software for HP8753E. The frequency range used for all these measurements was
30 kHz — 6 GHz with 201 data points. The VNA was switched on and allowed to stabilise for
1 hour prior to use to reduce any effects from internal thermal drift. The thickness and the
uniformity of the deposited films (i.e. Pt and Au) were evaluated using a Nikon Measuring
Microscope MM-800 (Nikon Corp., Tokyo, Japan) by measuring thicknesses at different
places on the films. The morphological structure of the film thickness was further verified

with an aid of scanning electron microscope (SEM).

6.2.2 Coaxial Probe Technique

The coaxial probe technique has been established over the last 20 years as a standard tool for
evaluating electrical properties in the microwave frequency range [6]. It involves termination
of a short length of flanged coaxial transmission line with the material under test, followed by
measurement of the reflection coefficient (p) at the interface with the material. A schematic
diagram of the novel miniaturise coaxial probe used in our studies is shown in fig. 6.1, based
on an Anritsu K-connector (here K102F), which has an inherent bandwidth from DC up to
40 GHz. The connector’s glass bead provides a convenient coaxial aperture, which can be
ground flat, and polished using fine emery paper. For our probe the inner and outer radii are
a =152.5 um and b = 800 um, respectively, and so b — a = A/35 at 6 GHz (here A is the

probe wavelength, assuming & = 4 for the silica of the glass bead). Hence the aperture
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remains electrically small over our full range of measurement frequencies, and our probe has
one of the smallest aperture size of any reported in the literature. All measurements are
performed using a HP8753E network analyser from 30 kHz to 6 GHz, with the system
calibrated to plane AB using factory standards.
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Figure 6.1 Schematic diagram of the K-connector coaxial probe.

6.2.3 Fabrication Process of K-Connector Coaxial Probe

The fabrication process of the K-connector coaxial probe assembly is given below (see
fig. 6.2). The K-connector kits (i.e. glass bead, centre conductor, support bead and outer
conductor) were purchased from the Anritsu Ltd., and the mounting holes for those kits were
machined on brass blocks of dimensions 24 x 24 x 5 mm® by the mechanical workshop of
Cardiff School of Engineering (see appendix R for in-depth dimensions for the hole). The

following steps have been carried out in the fabrication process.

o Set the hotplate to 300 °C for SN60 solder.

o Then install the glass bead into the machined brass block.

o Insert a length of solder into the soldering access hole and cut it flush with the top of
the hole.

o Place the device on the hotplate and leave it there for approximately 20-30 seconds

until the solder melts.
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o Leave the device on the hotplate and allow it to cool.

o Once the glass bead is soldered into the brass block, use a holding fixture to hold the
brass block, then screw down the remaining parts of the K-connector into the
mounting hole opening until the centre conductor protrudes through the backside
interface.

o Finally the probe is equipped with a K-connector with the other end machined flat.
Using a fine emery paper and BRASSO metal polish the machined surface was
polished such that the end surface of the probe is flat and perpendicular to the axis.

K-connector
OCP

Figure 6.2 Centre conductor and support bead assembly.

As mentioned in section 3.4.3, there are two non-trivial aspects of the coaxial probe
technique which need to be addressed before the permittivity of the material can be
evaluated; one is that the system has to be carefully calibrated so that any stray reflections
and additional path lengths are removed from the analysis routine and the other is an
appropriate model for the admittance of the aperture as a function of the permittivity of the
terminating material is required. Each of these issues will be discussed in detail in the

following sections.
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6.2.4 Microwave Calibration Procedure

As shown in fig. 6.1, it is not possible to calibrate the microwave system directly to the
aperture plane (AB’). Therefore, we use the open-short-load routine to calibrate the system to
the reference plane AB in fig. 6.1 using the factory standards (Agilent, 85052D, 3.5 mm
Economy Calibration Kit), and consequently all microwave measurements are performed
relative to this plane. In term of the aperture admittance Y;, the measured reflection

coefficient (p) at the reference plane (AB) with a sample terminating the probe is

et (6.1)

—~
N
-

where the phase angle 0 is frequency dependent and accounts for the additional path length
associated with the microwaves travelling from plane AB to the aperture AB’ back again
(note that losses along the length of this part of the probe can be accounted for by including a

small imaginary term in 0); Z; is the characteristics impedance of the probe, i.e. 50 Q.

The term phase angle 0 can be eliminated from the analysis by measuring the reflection
coefficient at plane AB with no sample present (pair), and then with the sample (psampic). Since
the phase term is exactly the same in this instance as when the sample is present, the

electrical length L (and associated losses) between AB and sample plane AB’ is removed by

calculating
psample — 1- ZOIIL,samPIe « 1+ ZO),L,air (6 2)
R ETA RS VAN -

where Y7 samples Y1,qir are the aperture admittance with and without the sample, respectively;
Psample and pair in Eq. (6.2) are then the reflection coefficients at the sample plane AB’ with
and without the sample, respectively. This calibration procedure is far superior to other
procedures described in the literature since it requires no standard material other than air and
it does not require subsequent disconnection of the probe. Eq. (6.2) can now be used to
extract permittivity values using models that link the aperture admittance to the permittivity

of the material terminating the probe.
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6.2.5 Modelling the Aperture Admittance of the Probe

There are number of models for calculating the probe aperture admittance as a function of the
permittivity of the terminating material. This is a difficult problem owing to the higher order
waveguide modes generated at the aperture plane (AB’), a full wave analysis of which makes
the inversion process of extracting permittivity almost intractable [7]. This section mainly
focuses on the investigation of the two main admittance models (i.e. the capacitive and

variational models discussed in sections 3.6.1 and 3.6.2, respectively).

6.2.6 Capacitive Model

The admittance, Y7, is a relatively complicated function of the frequency (f) and complex
permittivity (¢) of the substance under test. However, the probe behaves like two simple
capacitors in parallel and it has become customary to approximate the function ¥; by the
‘lumped capacitor model’. As discussed in section 3.6.1, the equivalent circuit for this model
is presented in fig. 6.3. Briefly, the reflection coefficient at the aperture of the coaxial probe
is obtained by considering the complex admittance of the equivalent circuit shown, which

results in the approximate admittance
YL,sample = JO‘) (CO +C1 (81 _jgz )) (63)

where ® (o = 27zf) is the angular frequency (rad/sec) and & = g — je; is the complex
permittivity of the sample under test. A common assumption is that this model is valid for
frequencies less than a few GHz, that Cy and C; do not depend upon ¢ or f, and thus
determine the unknowns Cy, C; by measuring the admittances of substances with known
permittivity and then use the calibrated probe to measure the permittivity of unknown

material.
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>
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Figure 6.3 Simple lumped circuit model for the aperture together with the sample.
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6.2.7 Calibration of the Probe Using Polar Liquids of Known Permittivity

It is now possible to use Egs. (6.2) and (6.3) to determine the capacitances CO and C1 from
measurements of known materials terminating the probe. Experimental measurements are
carried out on various reference liquids as test materials, including low, medium and high
permittivity materials (see table 6.1). All these solvents were obtained commercially and used
as received. These solvents are selected based on differences in their polarity and dipole
strength. The results are shown in the table 6.2 below for the whole frequency range between
30 kHz to 6 GHz, extracted by fitting the experimental data to the standard Debye model
equations for the complex permittivity € for those test materials using the same developed
MathCAD program (see appendix K), which yields Cy = - 0.01 {fF and C; = 6.07 + 0.08 fF
(see table 6.2). Fig. 6.4 shows the measurement configuration. The reflection coefficients of
the liquids were obtained using the HP8753E VNA by immersing the probe into those test
liquids. The body of the liquids in each case was approximately 100 mm in diameter by 100
mm deep. Experimentally this was found to be sufficient to avoid significant flange or
volumetric resonances at these frequency limits. To maintain maximum measurement
accuracy after a calibration has been performed, it is important to allow enough time for the
cable (that connects the probe and to the VNA) to stabilise before making a measurement and
to be sure that the cable is not flexed between the calibration and measurement and also avoid
air bubbles (or air gap) between the probe and the material under test. Here, in order to
minimize the movement of the probe and cable, both the probe and the cable are fixed in one
position while bringing the sample to the setup using a laboratory jack, as shown in fig. 6.4.
In order to remove the air bubbles while the measuring liquids, the coaxial probe is

positioned so that its flange is at a slight angle from horizontal.

Solvents € € T (ps) €1 €2
Literature Literature Literature

Teflon [8] - - - 2.08 | 0.0004
Butanol [9] 19 3.8 482 - -
Propan-2ol [10] 20.8 3.8 327 - -
Ethanol [9] 25.4 4.9 140 - -
Methanol [11] 34.5 5.6 47 - -
Acetonitrile [12] 37.5 2.26 3.2 - -
Dimethylformamide [9] 38.5 10 14.6 - -
Water [6] 80.4 5.2 9.4 - -

Table 6.1 Literature values of the Debye parameters of various liquids at 20-25 °C.
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The above table 6.1 shows the Debye parameters obtained from various sources in order to

validate the admittance model.

Test Materials Fringing field Fringing field % ME error | % ME error
capacitance due | capacitance due to of real of Imaginary
to the dielectric | the material under | permittivity permittivity

filling the line test C) (F) 1 (%) £ (%)
Co (F)

Teflon -0.01 x 107° 6.10 x 107 1.37 9.87

Butanol -0.01 x 107° 6.01 x 107 2.09 10.08

Propan-2ol -0.01 x 1077 6.01 x 107 4.48 6.68

Ethanol -0.01 x 1077 6.03 x 10°7° 3.46 4.35

Methanol -0.01 x 107" 6.00 x 107" 1.65 1.19

Acetonitrile -0.01 x 1077 6.20 x 107" 2.11 7.67

Dimethylformamide | -0.01 x 10> 6.20 x 1077 2.75 6.91

(DMF)

Water -0.01 x 1077 6.00 x 107" 1.52 11.43

Fringing field 0.01x10" | 6.07+0.08 x10™°

capacitances

Table 6.2 fringing field capacitances due to the dielectric filling the line of the probe (Co) and
material under test (C,) for different dielectric materials obtained from the experiment.

Now having established the values of Cy and C; of the admittance model, we can now apply
Eq. (6.2) to find the complex permittivity € of any material terminating the probe. Performing

measurements of the reflection with and without the sample, Eq. (6.2) becomes

Prampiec _ (1- joZ,(Cy+Ce)) (1+ joZ,(C,+C))

= 6.4
Por (14 jcoZO(CO+C]8))x(1— JjoZ,(C,+C,)) 64

The left hand side of Eq. (6.4) is measured experimentally, so that the equation is easily
inverted to find the permittivity of the material using the developed MathCAD program (see
appendix K).

Table 6.2 shows the mean errors (ME) for permittivity obtained from the experiment, for
each of the test liquids compared to the standard Debye determined values. The mean errors
were obtained from Eq. (5.1) of chapter 5. From table 6.2, it is clearly apparent that the
complex permittivity of any materials (i.e. low, medium and high permittivity materials) can
be extracted with an error less than 3% for €; and 6% for &, over the broadband frequency

ranging from 30 kHz to 6 GHz, from this capacitive model.
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Figure 6.4 Measurement configuration.

Now we compare the Debye parameters from our measurements of those various test
materials mentioned in table 6.1 obtained from the established values of Cy and C; with
well-known literature values listed in table 6.2 using the same developed MathCAD program
(see appendix K). The complex permittivity obtained for those materials are shown in
figs. 6.5 to 6.12, where the estimated uncertainties of the measurements presented above are
quite low, showing very good agreement between the measured and Debye data, indicating

the robustness and reliability of the simple capacitive model over the full frequency range.
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Figure 6.5 The complex permittivity of teflon
as a function of frequency.
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Figure 6.6 The complex permittivity of butanol
as a function of frequency.

Figure 6.7 The complex permittivity of propan-2ol
as a function of frequency.
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Figure 6.8 The complex permittivity of ethanol
as a function of frequency.
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Figure 6.9 The complex permittivity of methanol
as a function of frequency.
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Figure 6.10 The complex permittivity of acetonitrile
as a function of frequency.
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Figure 6.12 The complex permittivity of water
as a function of frequency.

In most of the cases, the goodness of the fit is apparent in those measured data that are almost
completely hidden by the standard Debye data. All the measurements were made at a
temperature of 23 + 2 °C. An experiment was carried out on Teflon, a low permittivity and
nonmagnetic material. The thickness of the Teflon sample was 2 mm. The measured results
are shown in fig. 6.5. The difference between the measured and the literature values of g; is
1.37% and 9.38% for &;. Similarly, figs. 6.6 to 6.9 give the measured results for medium
permittivity materials, buthanol, propan-2o0l, ethanol, and methanol. The Debye models of
these liquids were included for comparison. As shown in figs. 6.6 to 6.9 the agreements are
excellent with a maximum discrepancy between the measured and Debye being less than
4.5% for g; and 10% for ;. Figs. 6.10 to 6.12 show the experimental and Debye results for
high permittivity materials such as acetonitrile, DMF, and water. The results obtained for
acetonitrile and DMF show a good overall agreement with a maximum discrepancy between
the measured and Debye of less than 3% for &; and 8% for &. However, for water the
difference between the experimental and Debye is 11.43% for &;; the relatively large
difference could be due to the high permittivity of water which invalidates the simple
capacitive model, particularly at the high frequency end (see fig. 6.12). Additionally,
generation of higher order modes at the aperture is also possible. The cause for the
discrepancies between the measured and standard Debye model of complex permittivity as

shown in table 6.2 could be due to

o Purity of the test liquids (e.g. % water content in the liquids) and the freshness of the
liquids (i.e. liquids from the sealed bottles are not used).
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o Temperature variation during the experimentation (i.e. the complex permittivity of the
liquids often has a strong dependence on temperature, so the temperature must be
monitored).

o Inaccurate Debye parameters (i.e. the Debye parameters obtained from the literature
itself has discrepancies of less than 5%).

o Most of the liquids used in this experiment are hygroscopic” liquids, and this changes
their properties, so they are time-unsteady liquids (for this reason).

o Modelling errors introduced by neglecting the effect of the higher order modes at the
aperture.

o Since the liquids were measured in an open atmosphere, both evaporative cooling and
adsorption of water may cause significant property change.

o In the case of water and other polar liquids, a single Debye relaxation model has been
used to characterise those liquids. At higher frequencies the single Debye model
becomes less accurate on account of second relaxation, as described in the discussions
in a number of papers [13, 14].

o The limitation/ restrictions of the numerical simulator.

6.2.8 Variational Model

As discussed in detailed in section 3.6.2, the variational model is another model used for
calculating the probe aperture admittance, the simplest using a quasi-static approach [15]

which results in the approximate admittance
Y, » jCo+ jC, 0+ Co +0(o’) (6.5)

when air terminated, the coefficients C,, C,, etc., being derived analytically in terms of the
aperture geometry. Since the aperture remains electrically small over our full range of
measurement frequencies, we model the probe as a lumped element capacitor C; when no
sample is present (i.e. ignoring all other terms in Eq. (6.5)), therefore the capacitance of the

unloaded probe is, from Eq. (6.5)

Y Seo(a+b)(E(m)-1)  dab 6.6)
® (In(p/ a))2 (a+d)’

1=

* Hygroscopic means the liquids readily adsorb water from the atmosphere.
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where E(m) is the complete elliptic integral of the first kind. For our K-connector coaxial
probe m = 0.510 and C; = 8.27 fF, which have been determined from a MathCAD program
(see appendix M). Having established the value of C; = 8.27 x 10”® F, this value has been
used in the developed MathCAD program (see appendix S) which works out the complex
permittivity of the materials by fitting the standard Debye equation with the measured data.
The comparison between the capacitive and variational models for the test liquids compared

to the standard Debye model were summarised in table 6.3.

Test Materials\ Capacitive Model Variational Model
Model % mean error of | % mean error of | % mean error of | % mean error of
real permittivity imaginary real permittivity imaginary
g1 (%) permittivity €, €1 (%) permittivity &;
(%) (%)
Teflon 1.37 9.87 15.65 40.45
Butanol 2.09 10.08 22.21 25.21
Propan-2ol 4.48 6.68 19.99 27.11
Ethanol 3.46 4.35 23.11 27.18
Methanol 1.65 1.19 26.00 35.94
Acetonitrile 2.11 7.67 23.94 39.21
DMF 2.75 6.91 22.87 25.67
Water 1.52 11.43 27.53 30.26

Table 6.3 Comparison of percentage mean error in calculation of permittivity for the test
liquids compared to the results from the Debye equations.

Table 6.3 shows the % mean error for permittivity obtained from each model, for each test
material compared to the standard Debye equation. Having compared the results obtained
from the capacitive and variational models for different test liquids, clearly, it is apparent
from the table 6.3 that the capacitive model is much better suited than the variational model
to study the complex permittivity trends. In terms of the validation of these models, the
capacitive model seems to be simple, robust and reliable admittance model for the
characterisation of dielectric materials, over a wide range of permittivities. The section 6.3
discusses the microwave properties of Pt and Au NPs extracted using this established

capacitive model.

In chapter 5, to validate this capacitive model further, full wave HFSS models has been
developed for different types of OCPs and simulations were carried out on these test
materials. The unknown values of Cy and C, are determined and compared to these measured

values. Chapter 5 also described the case of lumped capacitor model by mapping the complex
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admittance (¥1) onto the complex permittivity (¢; and €,) plane. Such mappings provided a
visual representation of how Y, varies with ¢; and &, at a fixed frequency and give an
indication of the sensitivity of the capacitances (i.e. Cy and C;) of the lumped capacitor model

of the probe.

6.3 Coacxial Probe System for the Characterisation of Pt and Au NPs
6.3.1 Microwave Measurement

Characterisations of Pt NPs using the coaxial probe technique were originally reported as a
novel technique in the IMS 2008 conference [16]. In order to implement this technique and
have more complete analysis for this thesis, three different sizes of Pt NPs (3 nm, 6.9 nm, and
8.6 nm) and Au NPs (8.2 nm, 16.5 nm, and 24.8 nm) were synthesised following the
procedures mentioned in sections 4.2 and 4.5 of chapter 4. Here, we have also performed
measurements of Pt oxide and ligand stabilised Au NP films as a function of film thickness
for films composed of three different sizes of Pt and Au NPs.

AB T —>«—0.305 mm

1
i I
] 1
1 1
g brass Lyt
~ 1
K connector s ~. _flange P
1 s < 1 1
: i — *— l6mm
5 fringing ~-~_
fields
@® . nanoparticle
film deposited
over aperture

Figure 6.13 Schematic diagram of the coaxial reflectance probe. NP films are deposited
directly onto the aperture, with negligibly small air gap. The scanning electron microscope
(SEM) image shows the morphology of the NPs film, confirming the thickness of each
droplet.
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As mentioned earlier in this chapter, even though the thickness and the uniformity of the
deposited films (i.e. Pt and Au) were evaluated using a Nikon Measuring Microscope
MM-800 (Nikon Corp., Tokyo, Japan) by measuring thicknesses at different places on the
films. This was further confirmed by the scanning electron microscope (SEM) image as
shown in fig. 6.13 (note that each water droplet was found to deposit a uniform film of
approximate thickness 5 pum for all sizes of Pt and Au NPs). All measurements are performed
using a HP8753E network analyzer from 1 MHz to 6 GHz, with the system calibrated to the
connector plane AB using factory standards. For critical measurements the noise level was

improved either by averaging or reducing the IF bandwidth.

Co

Figure 6.14 Simple lumped circuit model for the aperture together with the sample, the latter
providing a shunt admittance Y; = G + jB or impedance Z; = 1/Ys = R +joL depending on the
sample. Without the sample the aperture approximates to a lumped circuit capacitor Cy.

NPs films are deposited on the aperture prior to their measurement (see fig. 6.13). The system
is calibrated to the connector plane AB using the simple established capacitive model shown
in fig. 6.14. The probe’s reflection coefficient is first measured at plane AB with no sample
present (p.ir), and then with the sample (psample). The electrical length L (and associated
losses) between AB and sample plane AB’ is removed by using Eq. (6.4). Since the NPs
degrade over time (e.g. by aggregation), resonating (using the ultrasound bath) is necessary to
disperse the NPs prior to the deposition on to the coaxial aperture. Then particle-loaded water
droplets of volume 6 pl were deposited directly onto the coaxial aperture, followed by
thorough drying. Each water droplet was found to deposit a uniform film of approximate
thickness 5 um for all sizes of Pt and Au NPs, covering the whole of the aperture. A
maximum of 5 drops and 4 drops were deposited for each particle size of Pt and Au NPs,
respectively, thus forming films of overall thickness up to around 25 pm and 20 pm,
respectively. At the end of each experiment the NPs were removed from the probe using ultra
pure water and then the probe surface was polished with “Brasso” and washed with soapy

water and then with pure water followed by thorough drying. Two to three sets of
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experiments were performed depending on the amount of NPs left for both the Pt and Au

NPs, to bear out the repeatability of results.

Note that Pt NPs of different sizes (i.e. 3.0 nm, 6.9 nm and 8.6 nm) were prepared to have
same amount of Pt metal, but not the same amount of NPs. Therefore the bigger particle will
have larger amount of atoms (per NPs). As the total amount of Pt is constant (i.e. via the
synthesis condition) it means that we have less amount of NPs of 8.6 nm compared to 6.9 nm
and 3 nm, respectively (which means that 3 nm has the most amount of NPs). Therefore the
only varying factors are the diameter of Pt particles as well as the number of NPs per drop.
But the most important thing is that all 3 sizes of Pt NPs are covered with a very thin layer of
oxide thickness (<< 1 nm), since the experiment was conducted in an open environment (i.e.
NPs are in contact with oxygen from air). Also before deposition the NPs were stored in
water (i.e. NPs are in contact with oxygen dissolved in the water), which is confirmed by the
CV shown in fig. 6.15. Therefore, all the measurements carried out in this section are for Pt

metal oxide NP films (i.e. with associated oxide-oxide contacts).
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Figure 6.15 Voltammetric profile of platinum NPs before and after H, adsorption in 0.5 M
H,S0O4. Sweep rate: 50 mV-s™. It is apparent (experimental evident) from the above CV that
the synthesised Pt NPs has thin layer of oxide surrounding the core of the Pt NPs.

The above graph (fig. 6.15) was obtained following a similar procedure to that mentioned in
section 4.4. Very briefly, initially cleanliness of the gold electrode (i.e. working electrode on
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which the NPs will be deposited) was checked. After that a cyclic voltammogram in
sulphuric acid was recorded at 0.85 V (i.e. a potential where the Pt is being oxidised or, if it is
already oxidised, it will not be reduced). Then the CV was recorded towards more negative
potentials to check if there was some Pt in an oxide state (solid black line). The voltammetric
profile shows a broad large peak centred at 0.5V (solid black line), corresponding to the
reduction of Pt. This shows that there was some Pt in an oxide form at the beginning of the
experiment, which is similar to the state where the microwave characterisation of Pt NPs on
OCP has been carried out. On the other hand, the NPs already deposited on the gold electrode
were taken to a solution where H, was being bubbled. The resulting CV (solid red line)
shows that there is a very small peak instead of the previously described broad large peak.
This result demonstrates that the contact with H; reduces the Pt oxide and makes metal-metal
contacts (i.e. by removing the oxide layer surrounding the Pt NPs) rather than oxide-oxide
layer contacts, as it is this that changes the electrical property (i.e. conductivity) of the NPs.
This change in the electrical property was determined experimentally and is examined in

sections 6.3.2 and 6.5 of this chapter.

Raw data for the normalized reflection coefficient (calculated using Eq. (6.4)) as a function of
frequency for films of each size of particle are shown in fig. 6.16. It is immediately apparent
from this data that the films of the 3 nm and 6.9 nm particle is predominantly conductive (i.e.
data on the real axis of the complex plane), with film conductance increasing with film
thickness. However, films of the 8.6 nm particles are much less conductive and have a
significant (capacitive) susceptance, the data straying from the real axis as the frequency is
increased, i.e. capacitive behaviour having negative reactance (i.e. below the real axis). Note
that the thinnest films of the 3 nm and 6.9 nm particle have a very small susceptance, which
decreases with increasing film thickness, but this is dominated by conductance and is
therefore assumed to be zero within experimental error. The capacitive affects are due to the
oxide layer of the NPs acting as very thin dielectric layer, thus isolating the particles
individually. As we can see from fig. 6.17 even though the collective response of the oxide
layers is more for 3 nm NPs compared to 6.9 nm and 8.6 nm NPs, respectively (i.e. this is due
to the number of NPs per drop), the individual contact area between the metal oxide layers
are smaller for 3 nm compare to 6.9 nm and 8.6 nm NPs, respectively. And also the number
of contacts (i.e. oxide-oxide contacts) between the NPs are more for 3 nm compared to

6.9 nm and 8.6 nm NPs. Fig. 6.18 shows the contact area of individual NPs of different sizes.
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Figure 6.16  Reflection coefficient ratio (Eq. (6.4)) as a function of frequency for Pt NP

films of particle size (a) 3 nm, (b) 6.9 nm and (c) 8.6 nm. Each drop deposits a uniform film
of thickness approximately 5 pm. Measurements were taken from 1 MHz to 6 GHz. The

trend is shown in fig. 6.16 (a), which represents all plots.
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Figure 6.17 Spherical and cubic mode of two-dimensional Pt NPs

(a) spherical (3 nm) (b) spherical (6.9 nm) and (c) cubic (8.6 nm).
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Figure 6.18 Two dimensional sketch of grain boundary (where § is the contact area) of Pt
NPs. (a) 3 nm, (b) 6.9 nm and (c) 8.6 nm Pt NPs. It is apparent that the contacts are small for
3 nm compared to 6.9 nm and 8.6 nm (i.€. & 3pm <0 69nm <0 8.6nm )-

The raw data (S;;) for films of each size of particles were input into a MathCAD program
(see appendix T) that worked out the reflection coefficient ratio, sheet conductance,
susceptance, capacitance and inductance as a function of frequency and films thickness. It has
been observed during the OCP experiments that the results were strongly temperature
dependent. The VNA was situated in a non temperature-controlled environment, so the
temperature variations of all experiments carried out in this research were monitored using a

Kane-May KM340 digital thermometer (Comark Co., Hertfordshire, UK).

6.3.2 Analysis and Discussion

Film susceptance Y5 = G + jB is computed from the reflection coefficient using the analysis of
section 6.2. The conductance G is converted into a sheet conductance Gs = of = Gln(b/a)/2n
and the susceptance B into a sheet susceptance Bs = Bln(b/a)/2n. As already noted, for the
3 nm and 6.9 nm Pt NP films G » Bs, with Bs approximately zero within experimental error
up to 6 GHz; thus the behaviour is predominantly conductive (figs. 6.19 and 6.20,
respectively), with G5 approximately independent of frequency apart from a slight upturn
above 3.5 GHz for 3 nm and above 1 GHz for 6.9 nm. G; extrapolated to low frequency
(G4(0)) is approximately proportional to film thickness ¢ (fig. 6.21), from which
conductivities (o) are deduced and listed in table 6.4 for 8.6 nm, 6.9 nm and 3 nm Pt NP
films. The calculated values of the o for those Pt NPs are very much smaller compared with a
value of 6 = 9.5 x 10° S/m for bulk Pt metal as a result of the encapsulation of the metal cores
by the insulating oxide protecting layer, which acts as a capacitance between the NPs. The
analysis of section 6.2 assumes that the film thickness is much less than the skin depth, an
assumption which is justified when dealing with such low values of conductivity. Similar
data for the 8.6 nm Pt NP films is shown in fig. 6.22. In contrast to the data for the 3 nm and

6.9 nm particles, (i) G;s is further suppressed and increases monotonically with frequency,
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more rapidly above 100 MHz, and (ii) there is large sheet susceptance (fig. 6.23), comparable
in magnitude with G5 above 1 GHz, which varies approximately linearly with frequency.
Hence, B can be converted into sheet capacitance Cs = Bj/® = g1gof, which itself increases
with film thickness ¢ (fig. 6.24). The large sheet capacitance is due to the thin oxide layer
boundary between the particles as shown in fig. 6.18, where 8.6 nm has very large contact
area compare to the other two particles sizes (i.e. 6.9 nm and 3 nm) due to its cubic structure.

The associated real permittivity is very large (g; = 500).
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Figure 6.19 Sheet conductance as a function of frequency for 3 nm Pt films.
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Figure 6.20 Sheet conductance as a function of frequency for 6.9 nm Pt films.
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Figure 6.21 The extrapolated low frequency sheet conductance as a function of film thickness
for 3 nm, 6.9 nm and 8.6 nm Pt films. Error bars are estimated from the statistical average of
at least three independent measurements.

The mean results of the sheet conductance are depicted in table 6.4. It is notable from

table 6.4 that the repeatability of measurements is much better (within 10% discrepancy). The

slight variation in the results can be attributed to the temperature variations over the course of

experiments, agglomeration of NPs and non uniformity of the films formed by the NPs.
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Figure 6.22 Sheet conductance as a function of frequency for 8.6 nm cubic Pt films.
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Figure 6.23 Sheet susceptance as a function of frequency for 8.6 nm Pt films. This is
comparable to the sheet conductance above 1 GHz.
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Figure 6.24 The sheet capacitance for 8.6 nm Pt films, increasing with film thickness. Error
bars are estimated from the statistical average of at least three independent measurements.

From these results it is very clear that the conductance of the NPs depends upon several

factors including the temperature, method of preparation, particle size, structure (i.e. spherical

or cubic) and the oxide layer surrounding the NPs.
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Pt NPs Films Number of | DC DC Microwave | Microwave
Thickness | NPs conductance | conductivity | conductance | conductivity
(um) (mS) (S/m) (mS) (S/m)
3 nm 5 2.48 x 10 [ 1.320 = 2.64 x 10° | 0.138+ 2.76 x 10
0.111 0.012
10 495 x 107 [ 3.270 + 3.27x 10 | 0.625+ 6.25 x 10"
0.256 0.057
15 7.43 x 10" | 6.120 = 408 x 10° | 1.332+ 8.88 x 10
0.305 0.134
20 9.90 x 10" | 8.990 + 450 x 10° [ 2.073 1.04 x 10°
0.363 0.178
25 124 x 10 | 11.44 £ 458 x 10° |2.809 + 1.12 x 10°
0.160 0.223
6.9 nm 5 429 x 10™ | 0.088 + 1.76 x 10" | 0.023 + 4.65
0.008 0.002
10 8.59 x 10"° | 0.148 + 1.48 x 10" | 0.034+ 3.40
0.014 0.002
15 1.29 x 10" [ 0.221 + 1.47 x 10" {0.059 + 3.92
0.007 0.004
20 1.72 x 107 [ 0.343 + 1.72x 10" | 0.079 £ 3.95
0.015 0.006
25 2.15x 10 [ 0.475 + 1.90 x 10" [0.121 4.83
0.019 0.009
8.6 nm 5 1.24 x 10" | 0.060 + 1.20 x 10" | 0.014 2.82
0.003 0.001
10 2.45x% 10" ]0.138 + 1.38 x 10" | 0.031+ 3.07
0.002 0.002
15 3.73 x 10" | 0.200 + 1.33 x 10" | 0.056 + 3.71
0.017 0.005
20 498 x 10| 0.302 + 1.51 x 10" | 0.070 + 3.52
0.002 0.006
25 6.22 x 10" [ 0.452 1.81 x 10" | 0.098 + 3.94
0.035 0.009

Table 6.4 shows the DC and microwave conductance and corresponding conductivity for
different sizes of Pt NPs as a function of films thickness. All the measurements were made at
a temperature of 2443 °C. The standard deviations are estimated from the statistical average
of at least three independent measurements.

Moreover, the results obtained for the Pt NPs have been further justified by characterising

different sizes of ligand stabilised Au NPs using the same OCP technique in a similar

manner. Unlike the Pt oxide NPs, these Au NPs form a film where the individual NPs are in

contact (i.e. metal-metal contact) with each other, as shown in fig. 6.25.
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16.5 nm Au NP
24.8 nm Au NP

Figure 6.25 Spherical mode of two-dimensional Au NPs structure. (a) 16.5 nm and
(b) 24.8 nm.

Raw data for the normalized reflection coefficient (calculated using Eq. (6.4)) as a function of
frequency for films of each size of particle are shown in fig. 6.26. It is immediately apparent
from this data that the films of the 16.5 nm and 24.8 nm particles are highly conductive
(i.e. data on the real axis of the complex plane), with film conductance increasing with film
thickness. However, both sizes of particles (i.e. 16.5 nm and 24.8 nm) have significant
(capacitive) susceptance which decreases and eventually turns into considerably large
inductance when the film thickness increases, the data straying from the real axis as the
frequency is increased, i.e. capacitive behaviour having negative reactance (i.e. below the real
axis), inductive behaviour having positive reactance (i.e. above the real axis). The increased
inductance with increased film thickness is due the high density of metal-metal contacts
between the NPs.
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Figure 6.26  Reflection coefficient ratio (Eq. (6.4)) as a function of frequency for Au NPs
films of particle size (a) 16.5 nm and (b) 24.8 nm. Each drop deposits a uniform film of
thickness approximately 5 pm. Measurements were taken from 1 MHz to 6 GHz. The trend is
shown in fig. 6.26 (a), which represents for all plots.

As already noted, for the 16.5 nm Au NP films G; » B,, with B approximately zero within
experimental error up to 6 GHz; thus the behaviour is predominantly conductive (fig. 6.27),
with G approximately independent of frequency. Unlike for the 16.5 nm, the 24.8 nm Au NP
films have upturns which occur at a frequency of around 5 GHz for the thinnest film (5pum)
and eventually it shifts towards the lower frequency end with increasing film thickness (i.e.
the upturn occurs at around 100 MHz for the 20 pum film). This can be seen only for the
24.8 nm Au films. G; extrapolated to low frequency (Gy(0)) is approximately proportional to
film thickness ¢ (fig. 6.28), from which conductivities (o) are deduced and listed in table 6.5
for 16.5 nm and 24.8 nm Au NPs. In comparison to the bulk gold metal (c of 4.1 x 107 S/m),
these NPs are 3 to 4 orders of magnitude less conductive, as a result of the encapsulation of
the metal cores by the insulating organic protecting layer (i.e. impurities, residues from the
synthesis), agglomeration of the NPs, and non-uniformity of the film. In contrast to the data
for the 16.5 nm particles, (i) G; is further increased and also increases monotonically with
frequency, more rapidly above 100 MHz (for 20 pm), (ii) Gs(0) no longer varies linearly with
film thickness (fig. 6.29), instead increasing more rapidly for thicker films. This rapid
increase in the conductance is due to the metal-metal contact having larger area for the
24.8 nm compared to the 16.5 nm particles, which enables the charge carriers (i.e. the Au
conduction electrons) to move freely between neighbouring particle states with significantly

low impedance between the particles compared to the 16.5 nm particles. The dispersion in the
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conductance takes place when the carriers are not free to move through the particles. This
motion is restricted by the size and the structure of the particles as well as the residues or
impurities on the particles. Experimentally it is found that conductance decreases with

decreasing particles size (see fig. 6.29).
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Figure 6.27 Sheet conductance as a function of frequency for 16.5 nm Au films.
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Figure 6.28 Sheet conductance as a function of frequency for 24.8 nm Au films.
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Figure 6.29 The extrapolated low frequency sheet conductance as a function of film thickness
for 16.5 nm and 24.8 nm Au films. Error bars are estimated from the statistical average of at
least three independent measurements.

The internal inductance of the metal-metal contacts of the NP films ¥, = (Z,)" = (R + joL)" is

computed from the reflection coefficient using the analysis of section 6.2. The resistance R is

converted into a sheet conductance Gs = 1/Rs = ot = GIn(b/a)/2n and the inductance L into a
sheet inductance Ly = 2m-L/In(b/a). As already noted, unlike the 16.5 nm NPs films, 24.8 nm
Au NP films large internal inductance, Ls » Gs, thus the behaviour is highly inductive

(fig. 6.26 (a)), with G dependent of frequency (fig. 6.28). L, extrapolated are exponentially

decreases with the increasing film thickness as shown in fig. 6.30.
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Figure 6.30 The sheet inductance for 16.5 nm and 24.8 nm Au films as a function of film
thickness. The internal inductance of 16.5 nm NP film of first drop is not shown in the graph
as exhibits purely (capacitive) susceptance (or negative reactance/ inductance), which

increases with increasing frequency.
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AuNPs | Films DC DC Microwave Microwave
Thickness conductance conductivity | conductance conductivity
(pm) (mS) (S/m) (mS) (S/m)
16.5nm |5 6.54 £ 0.29 1.31 x 10° 1.61 +0.07 3.22 x 10°
10 13.68 +£ 0.81 1.37 x 10° 3.61+0.18 3.61 x 10°
15 24.04+120 [1.60x10° |6.53+0.40 4.35x10°
20 33.56 +2.01 1.68 x 10° 9.27+0.62 4.64 x 10°
248nm |5 31.85+2.17 [637x10° [9.15+0.78 1.83 x 10°
10 10526 +7.47 [10.53x10° |35.52+3.23 3.55 x 10°
15 181.49+17.40 [ 12.10x10° [ 72.51+£5.29 4.83 x 10°
20 242.72 +20.15 | 12.14 x 10° 113.22+5.77 |5.66 x 10°

Table 6.5 shows the DC and microwave conductance and corresponding conductivity for
different sizes of Au NPs as a function of film thickness. All the measurements were made at
a temperature of 24 + 3 °C. The standard deviations are estimated from statistical average of
at least three independent measurements.

6.3.3 DC Measurement

The DC measurements of both the Pt and Au NPs have been obtained by biasing the port
(i.e. port 1) of the 8753E VNA (i.e. via the back of the VNA) with a BNC probe connected to
a digital multi-meter (DMM) through a DMM probe which provides dc bias on the OCP
centre conductor connected to port 1 as shown in fig. 6.31 (a). This enables the measurement
of the resistance (R;) of the Pt and Au NP films terminating the flange of the probe using the
DMM, which is an in-situ 2 point method. The most important feature of this two point
method over the four point method is that the same sample has been used for both DC and

microwave measurements, in exactly the same geometrical configuration.

A trial was conducted before start of an actual DC experiment on the NP films to determine
the measurement accuracy of the DC setup. Instead of connecting the probe directly to the
VNA, one end of a 1.2 KQ resistor was soldered to the centre conductor of the RG-402 cable
and other end to the outer core of the cable and this setup was connected to the VNA port
(i.e. port 1) through a SMA connector as shown fig. 6.31 (b). It turned out to be that the DC
result obtained through biasing the port of the VNA (see fig. 6.31 (b) — (i)) was exactly same
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as the results from DMM (see fig. 6.31 (b) — (ii)). Therefore, the DC measurements on the NP
films from this setup give the actual DC resistance of the films.

Back view of the VNA

Port 1
DMM probe

Front view of the VNA ~ BNC probe

DMM

K-conector OCP

Figure 6.31 (a) Shows the experimental setup of the DC measurement.

(i)

Figure 6.31 (b) Shows a trial experimental setup of the DC measurement. (i) shows the DC
measurement of a 1.2 KQ resistor via biasing the port of the VNA and (ii) direct
measurement of the actual value of the resistor using the DMM.
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6.3.4 Analysis of Results

Figs. 6.32 and 6.33 show the comparison between the DC and the microwave measurement
of the sheet conductance (Gs = 1/R;) as a function of film thickness for Pt and Au NP films,
respectively. It is apparent that conductance obtained from DC measurements varies linearly
with film thickness (figs. 6.32 and 6.33) and also all those six graphs go through zero,
confirming zero conductance when there are no nanoparticles present. For every thin film
formed on the aperture of the probe, the G values were very much greater at DC than at
microwave as expected. It is possible that the current path at DC is longer (i.e. every free
electron in the film contributes to conduction, which results in higher conductance) than those
at microwave frequencies in the thinner films. The DC sheet conductance (Gs) is
approximately proportional to film thickness 7 (fig. 6.32), from which conductivities (o) are
deduced and are listed in tables 6.4 and 6.5 for Pt NPs and Au NPs of different sizes,
respectively. From tables 6.4 and 6.5, it is apparent that the microwave conductance reduces

approximately by a factor of three compared to the DC conductance within the experimental

e1Tor.
6 1= 6.90m (DC measurement) N
,70591 e 8.6nm (DC measurement) g "
o b P - "
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4 — 8.6 nm (DC measurement) S RELTT /
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Figure 6.32 Comparison between the DC and microwave measurement of the sheet
conductance. The microwave measurements were obtained by extrapolating low frequency
sheet conductance as a function of film thickness for different sizes of Pt films (8.6 nm,
6.9 nm and 3 nm) and the DC measurement using the DMM. Error bars are estimated from
statistical average of at least three independent measurements.
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From fig. 6.32 (see table 6.4), it is clearly apparent that the DC conductance of Pt films of
various particle sizes are much higher than the microwave conductance. The conductance of
the NPs seems to increase due to a better compactness of the NPs, leading to enhanced
coupling among the NPs through inter-particle contacts. Therefore the DC conductance of the
3 nm Pt film is high compared to 6.9 nm and 8.6 nm Pt films, and also follow the same trend
as observed in the microwave measurement (i.e. 3 nm Pt films have higher conductance
compared to 10.7 nm and 13.5 nm Pt films). It is important to note that the films formed by
these Pt NPs are different in size and also in physical structure (i.e. spherical (6.9 nm) and
cubic (8.6 nm)). This implies that the conductance not only depends on the size of the NPs

but also on their physical structure.
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