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Abstract

This thesis presents a novel microwave sensor for the characterisation of fluids with the
integration of a microfluidic capillary.

Various designs and fabrication methods were investigated for the integrated microfluidic
capillary. SU-8 and PDMS were investigated as possible materials, however proved
difficult to produce large volumes of capillaries. PMMA a cheap readily available
material was also investigated. Using an Epilog CO2 laser ablation machine rapid
prototyping of microfluidic capillaries was achieved using PMMA.

Two microwave resonator designs are proposed as non-contact sensing devices. The first
design utilizes an E-plane filter in a split-block rectangular waveguide housing. This
offers advantages in enhanced near fields and simple manufacturing techniques.
Simulation and experimental results are presented, demonstrating sensitivity of such
microwave sensors. Various materials under test were used: Methylated spirit/water
concentrations, lubricant and motor oils and animal red blood cell concentrations.
Resonant frequency shifts in the region of 10s of MHz were observed. However most
notably in the methylated spirit concentrations there was no resonant frequency shift, only
a shift in the return losses were observed. The integration of the E-plane filter and the
microfluidic capillary resulted in poor repeatability due to alignment issues of the filter
and capillary.

The second design incorporates the use of Distributed Bragg Reflectors for a compact and
fully integrated, no moving parts, device. The simulation results produced a Q-factor
1,942 at a resonant frequency of 23.3 GHz. The Bragg sensor produced promising
simulation results as well as initial experimental results. There was up to 20 MHz resonant
frequency shift between the samples. Samples included Eppendorf tubes filled with water

and oil.
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1 Introduction

1.1 Background and Motivation

The demand for sensors has grown tremendously over the recent years as the automation
of industrial processes becomes more prevalent. Various applications require rapid
characterisation of materials including biomedical, environmental and industrial systems
monitoring. Microwave sensors in particular have become more common as they work in
a wide range of areas that required distance, movement, shape and particle size to be
measured accurately and in a reproducible manner. However, microwave sensors can also
be used for the characterisation of material properties. This is achieved by an interaction
between the microwaves and the material under test. The interaction can be in the form
of reflection, refraction, scattering, emission, absorption, or change of speed or phase.
The interaction between the microwaves and the medium of propagation is completely
determined by the relative permittivity of the medium. Different materials have different
permittivities with the permittivity of a mixture depending on the permittivity of the
components. The increasing number of components in the mixture adds to the total
unknowns and therefore several microwave parameters are required e.g. resonant
frequency, quality factor, insertion loss and phase. There are many advantages and
disadvantages of using microwaves as sensors. Advantages include:

. Microwave sensors do not need mechanical contact with the material under test.
. Microwaves penetrate all materials except metals. The measured result therefore
represents a volume of the material, not only the surface.

. There is an excellent contrast between water and most other materials using
microwaves, making them well suited for water content measurements.

. Microwave resonator sensors are inherently stable because the resonant frequency
is related to the physical dimensions of the sensor

. The power levels used for microwave sensors are very low and are therefore safe
unlike radio-active sources.

. The microwaves do not affect the material under test

The disadvantages are as follow:

. As the frequency increased so does the cost of the device

. Microwave sensors must be calibrated separately for different materials; this

makes them very specific to their application, resulting in low universal acceptability.



In the face of the large number of advantages that microwave sensing encompasses, a
number of microwave technologies have been implemented as non-contact sensing
devices. Microwave cavity perturbation works on the principle of perturbing a resonant
cavity with the sample material. This has been carried out in various works by Lin et al.
[1.1] and Nikawa and Guan [1.2]. Each of their devices uses solid samples in various
waveguide cavity designs. Only a handful of devices have liquid sensing capabilities such
as those found in the works of Kawabata et al. [1.3] and Saeed [1.4], however these
devices operate at lower frequencies of less than 6 GHz. In order to achieve high
sensitivities higher frequency devices such as coplanar waveguides have been
demonstrated by Grenier et al. [1.5] and Mateu et al. [1.6] amongst others. The
advantages of such circuits is the fabrication process using photolithography which is a
well-established technique. The difficulty with these devices lies in the incorporation of
the microfluidic channels for fluid measurement. Dalmay et al. [1.7] negated the use of
the microfluidic channel all together and used freeze dried cell samples. This involves a
rigorous sample preparation requiring highly skilled staff that would be time consuming.
The increased sensitivity with increased frequency has been developed by Treizebre ef al.
[1.8]. A Terahertz frequency device, greater than 100 GHz, was created using standard
photolithography processes and was able to demonstrate high sensitivity in measuring
various cell concentrations. However at this frequency range absorption of water
molecules could prove to be detrimental especially with biological cells. Therefore this
thesis will demonstrate an X-band waveguide resonator device with integrated

microfluidic capillaries for sensing.

Microfluidics allows the sensor to work with micro-, nano- and even pico-litre volumes.
This has the advantage of reduced sample size and reagent volume reducing cost and
extending the use of the sample by allowing a larger number of tests to be performed on

the same sample. Quantities of waste are also reduced.

Using a waveguide resonator as the sensing device offers a non-contact sensor with no
adverse effects to the sample tested. Integrating an E-plane resonator with enhanced near

fields increases the devices capability as a sensor.

A second device is also investigated using the well-documented Bragg reflections at

microwave frequencies. As the resonator device is fully integrated there are no alignment



problems between the sample under test and the microwave field. The sample can be

introduced externally ensuring no contact with the resonant structure.

1.2 Objectives of the thesis

The main objective of this thesis is to investigate an E-plane filter configuration for use
as a biochemical sensor. The work includes:

. Using Finite Element Method (FEM) software to analyse and design a suitable E-
plane filter

. Investigate techniques for fabricating microfluidic channels. As this device is
intended for use with biological medium the material for the channels must be
biocompatible.

. Conduct experiments of the e-plane sensor with an integrated microfluidic
channel. Various fluids including solvents, oils, biological medium including live cells.

. Comparisons between the model of the sensor and the empirical results to obtain

characterisation data of different materials.

In addition higher quality factor devices will also be investigated. The objectives for this

will include:

. Investigation of Distributed Bragg Reflector (DBR) resonators for use as a sensing
device.
. Design and fabrication of a DBR resonator using the FEM software. The material

sapphire is used for the low-loss dielectric reflectors.
. Conduct preliminary test on the DBR resonator sensor using similar materials

under test as in the E-plane sensor experiments.



1.3 Structure of the thesis

This thesis is organised according the following structure shown in Figure 1.1:

Cha ter1
Introduction
ha Chapter 2
L|terature Review
!

Chapter 3 ]

E-plane Sensor:
. Modelling and Theory

Chapter 6
Chagter 4 ] Design, Modelling and

E-plane Sensor: Fabrication of a Bragg
\_ Design and Fabrication Sensor

v
Chapter 5 ]

E-plane Sensor:
- Results and modelling

Chapter 7
Conclusions and
Future Work

Figure 1.1: Schematic flow diagram of the thesis layout

Chapter 2 Literature Review includes an up-to-date review of the various sensors using
microwave and Terahertz frequencies, as well as the design of the high Q-factor DBR
resonators. Emphasis has been given to sensors that have incorporated microfluidic

channels in line with the objectives of this work.

Chapter 3 Modelling and Theory of E-plane Sensor will present the methods used to
design an E-plane filter for the sensing device. It includes an investigation into the effects
of introducing microfluidic capillaries into the waveguide analysis. Finite Element

Modelling (FEM) techniques using the Ansoft HFSS software package is investigated.

Chapter 4 Design and Fabrication of the E-plane Sensor will focus on the design
strategies of the microfluidic channels and the difficulties in fabrication. Studies are also
performed on the reproducibility and repeatability of the different fabrication techniques.
Fabrication of the waveguide resonator is also included with options of incorporating the

microfluidic channels.



Chapter 5 Results and Modelling of E-plane Sensor analyses the experimental results
achieved using the various designs of microfluidic channels. These results are then
compared to the simulated models produced in HFSS for Chapter 3. Studies include
aqueous solutions, dilutions of alcohols, as well as investigations of animal blood cells

and plasma.

Chapter 6 Design and Modelling of Bragg Sensor investigates the various techniques
used to calculate the optimised design for the Distributed Bragg Reflector resonators. This
includes Finite Element analysis using Ansoft HFSS. The fabrication of the prototype

sensor and preliminary results of the DBR resonator sensor are also presented

The thesis concludes with Chapter 7 Conclusions and Future Work.
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2 Literature Review

Characterization of fluid samples is becoming increasingly important in medical,
biomedical and industrial applications as well as in academic research. In that regard, the
electromagnetic characterization of such materials is emerging as an alternative solution
to optical and chemical detection schemes, both of which require the chemical alteration
of the sample prior to analysis; a process, which is time consuming and requires
specialised technicians. In contrast, electromagnetic detection is a label free technique
offering a highly sensitive approach to material characterization. This literature review
outlines the different approaches in electromagnetic characterization over the widest
range of frequencies ranging from Very Low Frequency (VLF) devices to systems that

operate in the terahertz frequency region.

The electromagnetic spectrum, shown in Figure 2.1, outlines the different regions of
electromagnetic radiation. The Very Low Frequencies (VLF) range is located in the region
marked ‘radio’, in which the electromagnetic radiation has a frequency of less than 108

Hz. Section 2.1 will discuss the various sensing techniques at this frequency range.

Visible T
erahertz
X-rays Light Radio

Ultraviolet Infrared Microwave

I S N S N N

102 101 10" 10 3x102 107 100 10° 108 108

Frequency (Hz)

Figure 2.1 Electromagnetic spectrum

The subsequent section, entitled 2.2 Millimetre/Microwave Sensing, will present an
extensive review of the various sensing techniques at the microwave frequencies ranging
from 10% to 10! Hz. This frequency range offers a higher level of sensitivity compared to
VLF with the ability to manufacture microdevices and integrate microfluidics to support

the sensing of various gases and liquids. Many microfabricated devices have basic



rectangular/circular waveguides; others have more complex coplanar device

configurations.

The third section, Terahertz (THz) Frequency Sensing, will look at the heavily researched
but still relatively unexploited Terahertz frequency region, which lies between the
microwave and infrared domains of the electromagnetic spectrum. Traditionally
associated with astronomy, Terahertz technology is emerging in other areas of science and
technology with industrial applications in national security [2.1], medicine [2.2],
chemistry [2.3] and pharmaceuticals [2.4], some of which will be discussed in that
section. The penultimate section will focus on the Bragg reflection waveguide methods
of sensing. This application has not been explored extensively, which is why part of this
project will be researching this area. The chapter finishes with some conclusions of the
work reviewed in the various sections, which includes a comparison table evaluating the
different sensing techniques, based on frequency, fabrication techniques and achieved

sensitivity.

2.1  Very Low Frequencies (VLF) Sensing

Dielectric spectroscopy examines the permittivity of a sample as a function of frequency.
Facer et al. developed a microfabricated waveguide for the analysis of biological samples
[2.5]. The device is fabricated on a glass substrate with a titanium/aluminium coplanar
waveguide (CPW). The samples are confined within a microfluidic well or channel
fabricated in PDMS. A schematic of the device showing the CPW, microfluidic channel,

and connectors, is shown below in Figure 2.2 . Error! Reference source not found.

PDMS microfluidic
mold

z p N

Coplanar Glass End-launch
waveguide substrate SMA adaptor
(Ti/Au metal lines)

Figure 2.2 CPW device, showing the Ti/Au waveguide (not to scale) and microfluidic sample

containment [2.5].

The samples, measured with this device, included solutions of haemoglobin,
bacteriophageA-DNA, and live E-coli suspensions. The results are shown in Figure 2.3

for the samples in a 10 pL capped well over a frequency range of 40 Hz to 26.5 GHz.
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Figure 2.3 Normalised transmission data for (b) haemoglobin (solid trace) and phage 7-DNA
(dashed line) (c) E.coli (solid) and Tris buffer from the haemoglobin solution (dashed) [2.5].

Facer et al. demonstrated various transmission data for live cell suspensions. Although
this work covers a wide frequency range that is useful for spectroscopy analysis, its use
as a sensor is limited by the lack of quantitative frequency features. For example the data
above shows that there are interference structures that are caused by the connections used

in the experimental setup.

Another low frequency method involves the use of interdigitated capacitor arrays as
demonstrated by Qureshi ef al. [2.6]. They present a label free capacitive biosensor for
the sensitive detection of multiple biomarkers using gold interdigitated capacitor arrays.
In order to detect the biomarkers an immunoassay is used where recognition elements,
such as antibodies, are immobilized onto the electrode surface. When an analyte binds,
changes in the dielectric properties can be observed. A schematic of the complete device

is shown in Figure 2.4.
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Figure 2.4 Schematic representation of the gold interdigitated capacitor array chip [2.6].

The devices were tested over the frequency range of 50 MHz to 173 MHz using a Vector
Network Analyser (VNA) and probe station. The dielectric constant was extracted using

the following equation

- ansoA 2.1)
Where C is the capacitance of the overall structure, # is the number of electrodes, ¢ is the
permittivity of free space, 4 is the area of the electrodes, and d is the distance between
the electrodes. The relative dielectric constant of the medium between the plates, ¢, is
extracted using the above equation. This is multiplied by a factor of two to represent each

electrode forming two capacitors. The measurement results are shown in Figure 2.5, and

give the dielectric constant against frequency for varying concentrations.
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Figure 2.5 Changes in dielectric responses to different concentration of pure protein biomarker

targets (a) CRP (b)IL6, and (c) TNFa as a function of frequency [2.6].
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This study shows the dielectric constants of various biomarkers as a function of frequency
and concentration. The calculated detection range of this measurement scheme is in the
range of 25 pg/ml to 25 ng/ml. This is a significant enhancement to the previous work as
outlined in [2.7]. The authors further published the label-free capacitance based
aptasensor platform in 2015, this time for the detection of HER2 cancer biomarkers [2.8].
HER?2 is a biological protein that is shown to indicate instances of aggressive forms of
breast cancer [2.9]. The capacitance response profiles of varying concentrations of the

HER?2 protein are shown in the figure below Figure 2.6.

40

354

30

254

—0pgmL"
e 200 pg ML
——600 pgmL”’
20 800 pg mL"
~1000 pg mL
2000 pg mL"

===5000pgmL"
15 —

T hd T v T
50 100 150 200 250
Frequency (MHz)

Capacitance (pF)

Figure 2.6 Capacitive response profiles showing HER?2 protein dependant changes against
frequency sweep from 50 to 300 MHz. [2.8]

The observed change in capacitance was found to be more stable at frequencies above
240 MHz. A linear increase of relative capacitance change was obtained at 242 MHz with
dynamic concentraions from 200 pg/ml to 2 ng/ml of HER2 protein. The sensor in this
case has a limitation at 2 ng/ml as well as at 5 ng/ml due to the abundance of molecules
compared to limited binding sites on the sensor. Therefore the sensor must be fine-tuned
by optimising the sensor are and geometry of the electrodes for obtaining the desired
detection range.The authors presented a label free detection of multiple biomarkers for
cardiovascular risk and breast cancer risk using interdigitated capacitor arrays
immobilized with antibodies. Even though the system offers high sensitivity, there are
still challenges to overcome. Inconsistences in batch fabrication of these sensors lead to
variability in electrode specific area, which modifies the density of antibodies present and
therefore the level of detection. As a result it is not advantageous to include assay type

sensing.
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2.2 Millimetre/Microwave Sensing
This section will look at the microwave frequency range. The devices in this section are

split into two groups, the cavities and the coplanar devices. The advantages and

disadvantages of each method are discussed below.

2.2.1 Microwave Cavity Perturbation

The cavity perturbation technique works on the principle of introducing a sample into a
resonant cavity, and its complex permittivity or complex permeability are determined
from the change in resonant frequency and quality factor of the cavity. Lin et al. [2.10]
developed a microwave cavity perturbation technique for precision measurement of the
complex permittivity and permeability of materials. The device consists of a rectangular
waveguide with a non-radiating slot for insertion of the solid material under test as shown
in Figure 2.7. In order to measure over a large frequency band, 4.5 GHz to 26.5 GHz, the
measurements were taken using several standard waveguides, namely WR 187, WR 137,

WR 90, WR 62 and WR 42 [2.11].

To S parameter test To S parameter test
setand VNA Non-radiating open slot set and VNA
Port 1 Cavity Port 2
I X
Coupling hole Sample

Figure 2.7 Rectangular waveguide measurement set-up showing the sample under test

[2.10].

The measured results of the complex permittivity and permeability of various solid
materials are shown below in Figure 2.8. The measurement results show that boron nitride
and magnesium fluoride are both low loss dielectric materials. Boron nitride and
magnesium fluoride have a real permittivity of around 4 and 5, respectively over the
frequency range. The results for 99.9% pure Yttrium Iron garnet (Y1G) show that it is a
low loss ferrite material with a real permittivity of around 15, which is in good agreement
with the manufacturers data. The measurements also illustrate that YIG has a natural
magnetic resonant frequency at 5 GHz. These experiments demonstrate the accuracy of

the cavity perturbation technique. They use solid samples, with reference to

12



manufacturers data they were able to show good agreement. This set-up, however, does

not support fluid characterisation.
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Figure 2.8 (a) Complex permittivity of boron nitride (b) Complex permittivity of magnesium
Sfluoride (c) Complex permittivity of 99.9% pure YIG (d) Complex permeability of 99.9% YIG
[2.10].

Jyh Sheen [2.12] developed an amended cavity perturbation technique to characterize

ceramic samples. The measurement technique is shown below in Figure 2.9.

specimen . .
T _.----waveguides--.

< / L db T

— ‘)
o V

o

v O

-
~7a

radius: I

d

cavity

Figure 2.9 Amended cavity perturbation technique [2.12].

To verify the technique the results were compared to that of sampling using an X-band

cavity of standard WR90 and using the post resonance technique as outlined in Figure

2.10.

specimen

Metal
Shields
—

sy

Figure 2.10 The post resonance technique [2.12].
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The results are shown in the table below, Table 2.1. The results show that the technique
is in good agreement with that of the post resonance technique for 2 ceramic samples.

Again this technique is only capable of characterising solid materials.

Table 2.1 Comparison between the dielectric constant and loss tangent values of ceramic

samples measured by the cavity perturbation technique at 10.16 GH7 and post resonance

technique [9]
Materials Measurement Techniques F. (GHz) ¢’ tand
Sample #1 Conventional Method 10.16 18.5 0.00113
Post Resonance 8.56 18.2 0.00104
Sample #2 Conventional Method 10.16 37.0 0.00150
Post Resonance 9.36 37.2 0.00143

Nikawa and Guan [2.13] developed a measurement technique for obtaining the
temperature dependent complex permittivity of a material by microwave heating using a
cylindrical cavity resonator. The set-up includes a cylindrical resonator operating at 2.45
GHz and is fed with high power to induce microwave heating of the sample. A schematic

and measurement set-up picture is shown in Figure 2.11.

74 g, =¢, - je,
Ho= =
=
L M @
L r
==
(@) (b)

Figure 2.11(a) Schematic of cylindrical cavity resonator with location of the sample (b)

experimental set-up [2.13].
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The set-up also includes a cooling system to prevent the thermal expansion of the cavity
and an infrared thermometer is used to measure the surface temperature of the test
material. The samples tested using this system were alumina particles of 99.9% and
99.5% purity and, PolyPhenylene Sulphide (PPS), Polyether Ether Ketone (PEEK) and
Polyamide Imide (PAI) as shown below.
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Figure 2.12 Complex permittivity and dielectric loss of (a)(b) Alumina, (c)(d)PPS,
(e)()PEEK, (g)(h)PAI [2.13].
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The relative dielectric constant of alumina increases slightly as the temperature increases.
For the 99.9% pure alumina, the relative dielectric loss dramatically increases above
800°C. This dramatic increase in loss as the temperature increases is due to the material
entering the glass transition mode. The same can be seen for PPS and PEEK, when the
glass transition temperature for these materials is reached. For the amorphous organic
material PAL the relative dielectric constant and the loss tangent increased linearly with
increasing temperature. Using a cavity perturbation technique they were able to extract
the dielectric properties of some materials over a temperature range. However the samples
were solid and the device did not incorporate fluid sampling. Also the device operated at

a relatively low frequency making it less sensitive than other higher frequency devices.

A cylindrical cavity technique was also used by Kawabata ef al. [2.14] to accurately
measure the complex permittivity of liquids. The device consists of a copper cylindrical
cavity operating at a resonant frequency of 1,967.331 MHz. The complex permittivity of
liquids was measured using a rigorous analysis where the effects of sample insertion
holes, a dielectric tube, and airgap between a dielectric tube and sample insertion holes
are taken into account [2.15]. The liquid samples are inserted into the cavity using a
dielectric PTFE tube located in the centre of the cavity shown in the schematic below,

Figure 2.13.

£7€,.8)
region [1] g, (i=1--.4) Elec. or
region [2] ¢, N Mag. wall (z=H)
region [3] &, y
region [4] g, N 50
4
Nt / =
~
0 N >
g .
Symmetrical
plane (z=0)
Conductor
Dielectric tuV R 472k,
Sample R, ™ d,=2R,
insertionhole R ke d;=2R;
R4 D=2R,

Figure 2.13 Schematic of the TM ., mode cylindrical cavity with a dielectric tube [2.14]

The measured frequency responses of the cavity are show in Figure 2.14.
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Figure 2.14 Frequency responses of the cavity with liquid samples [2.14].

Measurements were then carried out on the percentage of ethanol in water. The resonant
frequency and unloaded Q were shown to increase proportionally with the increase in
ethanol. The complex permittivity of the ethanol-water mixtures were then obtained from

these measured values and are shown in Figure 2.15.
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Figure 2.15 Variation of &, and tand, as a function of ethanol percentage [2.14].

A shown the dielectric loss increases linearly with increasing ethanol percentage. The
measurements were also carried out on milk with different fat percentages and the results
are shown in Figure 2.16. The values of complex permittivity & decrease and the values
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of dielectric loss tand, increase with increasing fat percentage. This method verified the
cavity perturbation method, incorporating a dielectric tube for liquid sampling. However
as with other techniques this is operating at a lower frequency resulting in reduced
sensitivity.
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Figure 2.16 Variation of complex permittivity &, and dielectric loss tand. as a function of

milk fat percentage [2.14].

Saeed et al. [2.16] introduced a substrate integrated waveguide (SIW) cavity resonator
for the complex permittivity characterization of materials. Fabrication of the device was
carried out on an RT/Duroid 5880 substrate with a thickness of 2.8 mm. The walls of the
cavity were metallised uniformly using deposition of a thin layer of silver epoxy. The
capillary is made from borosilicate glass and is inserted into one of the sidewalls of the

cavity as shown in Figure 2.17.

Resonant cavity Metallized region
Offset to control \
coupling
Microstrip feed
section,

Hole through which MUT
is inserted %

A - Capillary through broad walls of the waveguide (along z-axis)
X Duroid substrate B - Capillary through side walls of the waveguide (along x-axis)

Figure 2.17 (a) Layout of substrate integrated waveguide cavity resonator (b) location of

capillary inside the cavity [2.16].
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The measurements were taken at room temperature with an Agilent PNA E8361A with

the capillary in position B as indicated in Figure 2.17 (b). They measured various solvents

including a study on dilute solutions of isobutanol and isopropanol; the results are shown

below in Figure 2.18.

Return loss (-dB)

Isobutanol + Isopropanol
mixtures
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—«— 100% Iso-propanol

—e— 20% Iso-propanol
—4&— 40% |so-propanol |

T
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Frequency (GHz)
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Figure 2.18 Return-loss performance of isobutanol and isopropanol mixture [2.16].

A comparison of their theoretical calculations and the measurements taken were presented

in Figure 2.19, and show good agreement.

&

Substrate
Waveguide Mixture Integrated
@ cavity Theory Waveguide
Cavity
0 3.45+0.04 3.454* -
0.2| 3.56+0.02 3.557 3.579+0.02
0.4| 3.642+0.03 3.657 3.667 £0.011
0.6| 3.78+0.023 3.76 3.755+0.012
0.8| 3.814+0.02 3.864 3.856 +0.017
1 3.96 +0.04 3.968

tan(6)
Substrate
Waveguide Mixture Integrated
@r cavity Theory Waveguide
Cavity
0 | 0.197 £0.002 0.1979*
0.2 0.22+0.012 0.219 0.218 £0.021
04| 0.236+0.03 0.24 0.236+0.011
0.6 0.26+0.01 0.261 0.26 +0.015
0.8] 0.28+0.01 0.282 0.27£0.01
1 0.3+0.013 0.3026*

Figure 2.19 Comparison of measured and theoretical complex permittivity for isobutanol-

isopropanol mixtures [2.16] *Values obtained from [2.17] and also measured with a

waveguide resonant cavity

The device shows high sensitivity: for a change of dielectric constant of 0.5, there is a

resonant frequency shift of almost 4.4 MHz. Furthermore for a loss tangent change of 0.1

there is a change of 2.9 MHz in the 3-dB bandwidth. The reported error for these measured

results is within +0.5%. This device offers high sensitivity and accuracy and the

manufacturing technique is simple and cost-effective offering the possibility of an
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integrated disposable sensor. However this technique only supports the characterisation
of materials whose dielectric constant is of a median value e.g. solvents, as the system

becomes insensitive to further changes in dielectric constant.

Another resonant cavity based technique is presented by Ferrier et al. [2.18], which also
involves the use of microelectrodes that demonstrate the electro-manipulation and
capacitive detection of biological cells within a microfluidic channel. The device consists
of a high-Q quarter-wavelength cylindrical cavity resonator, a resistance/capacitance

(R/C) circuit, microfluidic channel and an electrode pair as shown in Figure 2.20.

MICROFLUIDIC
CHANNEL (C)

INLET/QUTLET
TUBES

Figure 2.20 Experimental apparatus. Fluid and cells are delivered through PEEK tubing
(a) into inlet connector (b) to the microfluidic channel (c) [2.18].

The microfluidic channel and electrodes are fabricated using standard lithography and
etching techniques on glass. Measurements were carried out using 10 pm polystyrene

spheres and 6 pm diameter yeast cells and the results are shown below in Figure 2.21.
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Figure 2.21 (a) yeast cells (b) polystyrene spheres [2.18].
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As illustrated in both cases the presence of a bead or cell results in a decrease in
capacitance due to the particles having a lower dielectric permittivity than that of water.
There is a larger capacitance change observed from the polystyrene spheres as they are a
larger particle and their dielectric constant has a higher contrast with that of water. Also,
in both measurements, the capacitance differences between the same particle is due to
them passing their passage at different heights above the electrode plane and size
variations. Through a combination of electromanipulation and capacitive sensing they

were able to distinguish and count particles in a microfluidic channel.

A recent study of complex permittivities through the use of a cavity perturbation has been
studied by Lobato-Morales ef al. [2.19] using substrate integrated waveguide (SIW)
cavities. This technique is similar to the work of Saeed et al. discussed earlier. However
instead of solid metallised walls, this design uses small metallic posts arranged so to
enclose the electric field. The cavity is excited using a coaxial probe and the design is

shown in Figure 2.22.

. .
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= coaxial
_ '} coupling
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Figure 2.22 Layout of the SIW cavity 1. [2.19].

The cavity was fabricated on a Rogers RT/Duroid 5880 substrate with the lateral walls
realised by metallic posts. The samples were inserted in a 2.4 mm hole at positions of
maximum electric field and measured using an Agilent PNA series Vector Network
Analyser (VNA) (E8362A). The results for various solid samples are shown in Figure
2.23.
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Figure 2.23 Experimental response of the cavity with various materials [2.19].

The sample labelled 6010.8LM is a type of Rogers RT/Duroid material. The higher the
dielectric permittivity of the sample is, the lower the resonant frequency. Also, samples
such as wood, which have higher losses, also exhibit a lowering of the Q-factor. Sample
variations in permittivity constant of 0.5 and loss tangent of 0.01 were characterised with
the designed SIW cavity. Although this device shows good sensitivity there is no

integration of a system for delivering fluid samples as the previous devices.

2.2.2 Coplanar Devices

The Coplanar Waveguide (CPW) is a structure like that shown in Figure 2.24, where a

conductor is separated from a pair of ground planes, all atop a dielectric substrate.

HI

Figure 2.24 Basic coplanar waveguide structure.

Ideally the dielectric substrate is infinite however in practice the height, H, is chosen so
that the field remains within the device and does not escape into free space. The advantage
of using such a structure is in the fabrication, which uses standard photolithographic
processes. Another advantage is that extremely high frequency responses can be achieved,

as there are no parasitic discontinuities in the ground plane.
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Grenier et al. [2.20] combined this coplanar waveguide design with a
polydimethylsiloxane (PDMS) microfluidic channel for a high-frequency-based
biosensor. The device is fabricated on a quartz substrate with the CPW transmission lines
realised with a lift-off process of Chromium/Gold, Cr/Au. The microfluidic channel is

fabricated in PDMS using soft lithography. This is then bonded to the metallised quartz

substrate as shown in Figure 2.25.

Fluidic channel

5?1‘!" 35°'g

Ground

Figure 2.25 Schematic view of HF interaction between a CPW and a biological solution, which

is localised in a microfluidic channel [2.20)].

In order to validate their sensor capabilities and their proposed permittivity extraction
method, principle standard liquids such as deionised (DI) water, solvents, and air have

been successfully evaluated. The results are shown below in Figure 2.26.
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) Measured Extracted Theoretical
Fluid Type % Error
Eeff Efluid Efluid
Ethanol 3.94 4.34 4.2 3.0
DI Water 17.2 35.4 34.8 1.7
(b)

Figure 2.26 (a) Effective permittivity of the fluidic line portion as a function of relative permittivity
of the material, which is localized in the cavity (b) Results for Ethanol and DI water at 25GH?,
[2.20].

23



The extracted permittivities are in good agreement with that reported in literature [2.21]
and, in both cases, the error is equal to or less than 3%. The varying temperature during
measurement may cause discrepancies in their results. Once validation was complete they
then presented results for the characterisation of the Human Umbilical Vein Endothelial
Cell (HUVEC) characterisation. The results for the cell suspension and the biological

medium in which the cells were suspended are given in Figure 2.27.
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Figure 2.27 Relative permittivity extracted from measurements and Cole-Cole modelling for the

(100%) cell suspension and the biological medium [2.20)].

As observed there is good agreement with the model and the measured data obtained for
both the HUVEC suspension and biological medium. There is a noticeable shift in the
permittivity of the cells compared to that of the biological medium. This can be explained
due to the cells containing more water and hence a lower relative permittivity than the
biological solution itself. This also describes the relaxation phenomenon as the frequency
increases as more absorption occurs at higher frequencies. In order to test the sensitivity

of such a device Grenier et al. measured various concentrations of cells as shown in

Figure 2.28.

Fluid permittivity at 20GHz
: B8

] 20 %0 60 80 100

Cell concentration in %

Figure 2.28 Impact of the cell concentration on the detected effective relative permittivity of the
fluid [2.20].
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In addition to the 100% cell suspension and 0%, where only biological solution is present,
measurements were taken at 33% cell concentration and 67% concentration at a frequency
of 20 GHz. As the cell concentration increases there is a clear decrease in the relative
permittivity of the media. The difference in the relative permittivities is large and
therefore allows the device to be used for quantitative analysis of biological media. The

minimum cell concentration was calculated to be 35 x 10° cells/ml.

Another coplanar device was also created by Greniers team, W. Chen, D. Dubuc and
K.Grenier produced a microwave sensor dedicated to the dielectric spectroscopy of single
particles [2.22]. The coplanar waveguide is realised on a quartz substrate with gold
deposition for the RF structure. The microfluidic channel is placed over the waveguide
structure and a trap is constructed to guide a single particle into the high electromagnetic

field region as shown in the figure below, Figure 2.29.

Microfluidic channel

FAuid output

Figure 2.29 3D schematic of the microwave-based sensor for single particle dielectric
analysis. [2.22]

Measurements were carried out on a single living biological cell in suspension, Ceeni. The
S parameters were measured for the suspension alone, Cmedium, and the corresponding

capacitive contrast is calculated using the equation below, Equation (2.1).

AC = Ceeyt — Credium 2.1

The capacitive contrast spectrum over 40 GHz is shown in the graph, Figure 2.30.
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Figure 2.30 Capacitive contrast of living single cells trapped in the sensor. [2.22]

The results show two different spectra of two single cell measurements. The differences
in the spectra are attributed to the intrinsic cell differences and cell cycle. The
repeatability of the sensor is unclear given the nature of biological cells. However if

different media could be tested this device could exhibit interesting results with better

repeatability.

Y.-F. Chen et al. also developed a similar CPW biosensor for cancer cell dielectric
characterisation [2.23]. The device was fabricated on a quartz substrate with titanium gold

coplanar waveguide as shown in the graphic below Figure 2.31.

a N Detection area  SU-8 protection layer

Glass substrate |

Figure 2.31 Illustration of the fabricated device. [2.23]

The results were obtained by using an Agilent N5247 on-wafer Vector Network Analyser
(VNA). The results for varying cell concentrations placed into the detection area over 0

to 40 GHz are shown below in Figure 2.32.
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Figure 2.32 831 — magnitude measurements of different cell densities placed in the sensor.

[2.23]

The results demonstrate the ability to distinguish between varying cell concentrations
down to 20 cell/ul. The degradation of the S;;-magnitude at different cell densities is
attributed to the polarization effects, including ion vibration and deformation losses
between the cells at microwave frequencies. The sensor offers a label-free dielectric
characterisation method for biological cells up to 40 GHz. Although the system offers
micro-litre volume detection, the sensor does not incorporate a microfluidic channel

system. This would make it easier to integrate it with other detection systems.

Another CPW with microfluidic channel device for measuring permittivity was
demonstrated by Mateu et al [2.24] [2.25]. The technique contains a
polydimethylsiloxane (PDMS) substrate with CPW transmission lines integrated with a
microfluidic channel. A schematic of the device structure and the actual manufactured

device is shown below in Figure 2.33.

Microfluid

Channel r { g ©PW
PDMS
Quartz substrate <~ Calibration
Structures
(a) (]

Figure 2.33 Integrated microelectronic/microfluidic test structures. (a) Cross-section
schematic; solid black represents the gold conductors; grey the PDMS; (b) Fabricated
measurement platform [2.25].
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The structure was fabricated on a quartz substrate using standard photolithography
techniques to pattern 0.4 um thick metallic Titanium/Gold, Ti/Au, coplanar waveguide
transmission lines and interdigitated capacitors. The microfluidic channel is formed using
a cast moulding technique that uses a Silicon wafer template with 25 pm thick features
of photoresist. The PDMS is then applied to the Si/photoresist mould and cured. This then
forms the microfluidic channel that is then bonded to the test wafer with the meandering
microfluidic channel aligned directly over the metallic electrodes of the transmission lines

or capacitors, as shown in Figure 2.34.

Figure 2.34 Schematic of the transmission line and the capacitors in black aligned with the

microchannel cast in PDMS shown in grey [2.25].

In order to carry out measurements, the lumped-element series-capacitor structures at
lower frequencies less than 100 MHz, and distributed transmission line structures at
higher frequencies need to be measured. Once the capacitance and conductance per unit
length of the two different structures are measured, using an additional analysis step the
relative permittivity can be calculated as a continuous function of frequency. The
measured results for both deionized water and methanol of the real and imaginary parts
of the extracted relative permittivity in the frequency range of 100 Hz to 40 GHz are
shown in Figure 2.35.
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Figure 2.35 Real (solid line) and imaginary (dotted line) relative permittivity of (a) deionized
water (b) methanol [2.25].

There is a region of frequency independent permittivity values, which are both consistent
with water and methanol at room temperature. However an anomaly occurs in both
measurements at low frequencies where the extracted permittivity dramatically increases.
This is thought to be due to the electrode polarization effects as described by Schwan
[2.26], which adds an extra capacitance in series with the fluid capacitance and
conductance. To analyse the accuracy of the device in determining the relative
permittivity, the high frequency results of the methanol measurements are compared to
that of permittivity measurements of the bulk methanol samples at 20°C using an open-

circuit measurement fixture.

;
107 108 10° 10 101
Freq. (Hz)

Figure 2.36 Relative permittivity measurements at high frequencies of methanol at room

temperature (lines) and measurement on bulk samples at 20°C (symbols) [2.25].

The error in the measurement analysis is calculated to be less than 10%; this discrepancy
could be due to the non-control over the temperature in the measurement structure. In

2007 Mateu et al. [2.25] expanded the system analysis and included results, Figure 2.37,
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of the permittivity of an aqueous solution containing 10% polystyrene latex beads as well

as comparing results from different CPW line sizes.
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Figure 2.37 Real and imaginary parts of the permittivity of an aqueous solution
containing 10% polystyrene latex beads. Solid, dashed and dotted lines corresponds
respectively to measurements from lines with 10um, 20um and 50um gap. [2.25]

As the results show there is good consistency between each of the geometries with an
error less than +5%. Since the 50 um geometry gap structure is more sensitive to
measurement errors due to the small values for the capacitance per unit length, this is
where the biggest deviation occurs. Although able to determine the permittivity of various
substances up to 40 GHz this device needs more work on the repeatability and accuracy

if this is to be applied to the medical field.

The Finite Ground Coplanar Waveguide (FG-CPW) is similar to that of the CPW but with
a ground plane formed on the opposite side of the dielectric as shown in Figure 2.38. This

has the advantage of, among others, to prevent spurious resonances from occurring.

HI

Figure 2.38 Finite Ground Coplanar Waveguide (FG-CPW).

Sanghyun et al. 2008 [2.27] presented a FG-CPW device for the complex permittivity
measurements of liquids and living cell suspensions in a SU-8 reservoir. The FG-CPW

was fabricated on a Pyrex 7740 glass wafer substrate 550 um thick using standard
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photolithography and electroplating techniques. The finite-width ground plane was
fabricated using gold. In order to measure the liquids and living cell suspensions a SU-8
well was fabricated with walls 300 um high to ensure that most of the EM field is confined

inside this structure.

Ldr SU LSUT SU Lalr

Figure 2.39 Schematic and image of the fabricated CPW test structure with SU-8 reservoir
[2.27].

Using microwave probes and an Anritsu 37397C Vector Network Analyser (VNA) they
were able to perform permittivity measurements of methanol and isopropanol up to 32

GHz as shown in Figure 2.40.
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Figure 2.40 Measured complex permittivity of (a) Methanol and (b)i Isopropanol by CPW
sensors [2.27].

In order to verify their method they compared their results with that obtained from the
Cole-Cole equation of [2.28]. The measurements taken agree well with other reported
results. Sanghyun et al. also performed measurements on living cell suspensions, namely

cells of the Human Embryonic Kidney cell-line (HEK-293). They examined the effect
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that dimethylsulfoxide (DMSO) has on the permittivity. Results in Figure 2.41, show the

measurements taken over 30min for a treatment of 10% of DMSO.

-
)

>0
= ©
8 £ o~
s g,
>
= 3048
: g
a g -
a
0 T T T T T T 10 T T T T T T
5 10 15 20 25 30 5 10 15 20 25 30
Frequency (GHz) Frequency (GHz)
(a) (b)

Figure 2.41 Measured complex permittivity over time for 10% dimethylsulfoxide (DMSQO)
treated HEK-293 cells; (a) real and (b) imaginary [2.27]

There is an asymptotic decrease of the permittivity with frequency leading to more steady
state values. The overall trend is towards similar characteristics as observed in the
dielectric relaxation of water. This can be attributed to the DMSO interacting with the cell
membrane causing water pores and promoting the diffusing of the salt suspension

solution.

In order to limit the frequency in coplanar waveguide sensors a planar resonant structure
can be incorporated, which allows a narrow band characterisation becoming more
sensitive to small parameter changes. Dalmay et al. [2.29] used this technique to develop
a label-free biosensor. Their device consists of a fused silica substrate with a fabricated
band stop resistor-inductor-capacitor (RLC) resonator fed by a CPW line for on wafer RF

measurements. The device design is shown in Figure 2.42.

CPW access foron wafe
RF measurements

Substrate
(fusedsilica)

Figure 2.42 Design view of the proposed micro biosensor [2.29].
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The resonator is fabricated with meandered gold metallic lines to form the inductor, which
is coupled to an inter-digital capacitor. The electromagnetic field distribution is shown in
Figure 2.43, which shows that the field is highest in the inductive area allowing sensitive

detection.

Capacitive area

Jsurt[a/n]

Inductive area

Figure 2.43 Surface current distribution plot at the resonant frequency [2.29].

With no microfluidic network integrated with this sensor the cells are prepared in a dried
ficoll solution. Using a paraformaldehyde (PFA 4%) fixative solution the cells are kept
intact and have the same electrical properties as in living conditions but are in fact no
longer alive. The cells are then washed, dried and suspended in a biological support
media. The solution is then deposited on a 20 pm thick SU-8 layer atop the resonator
structure. S-parameter RF measurements, Figure 2.44, are performed on human
karatinocytes HaCaT cells (skin cells) and glial-cells-derived tumour glioblastoma

(nervous system astrocyte cells).

~ 10— o 10
g g
5 15 N5
2]
(])N
.20 === Unloaded sensor - 20— Unloaded sensor
- Sensor loaded by pure Ficoll —— Sensor loaded by pure Ficoll
e | Sensor loaded by Ficqll»containing HaCaT cells ) 25| Sgnspr Ioadgd by Ficoll cvontai‘ni‘ng Glial-cells ‘
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(@) (b)

Figure 2.44 Measured biosensor frequency shift in (a) HaCaT and (b) Glial-cells embedded in
ficoll matrix [2.29].

33



In observation of the results there is a clear frequency shift compared to the pure ficoll of
1.3 GHz for HaCaT cells and 1.18 GHz for the Glial cells. With the frequency shift
directly relating to the number and position of the cells it is difficult for obtaining
repeatability and simulation data without a high error margin. For diagnostic applications
this system would have to integrate a microfluidic chip in order to preserve the cells under
test. This is vital as for rapid characterization the less preparation is needed the quicker

the diagnosis.

Further to this work Dalmay and collegues created a similar device for dielectric
spectroscopy of liquid medium [2.30]. The device consists of a RF planar capacitive
electrodes with a microfluidic channel defined using SU8 photoresist and PDMS as

outlined in the graphic below, Figure 2.45.

10pm thick RF
electrodes

N

200um Silica Substark

Timm

Figure 2.45 Cross sectional view of the fabricated sensor

The device was then characterised using water/ethanol mixtures over a frequency range

of 0 Hz to 8 GHz. The results are shown in the figure below. Figure 2.46.
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Figure 2.46 (a) Normalised transmitted RF signal through sensor for difference
ethanol/water mixtures. (b) Comparison of the real part of the permittivity versus frequency
obtained with an Agilient 85070 probe kit (empty symbols) and the microfluidic sensor
(dark symbols)
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Figure 2.46(a) shows that the normalised transmitted RF signal increases with frequency
over the 8 GHz range. There is also a clear distinction between the various ethanol and
water mixtures. Figure 2.46(b) examines the difference in the real part of the permittivity
as measured by the sensor and that measured with an Agilent 85070 probe. The results
show good agreement with the proven technology. This is another example of a
spectroscopy technique where the medium is measured over a given frequency range. The
devices use as a sensor is however limited by this as there are no narrowband frequency

features making it more difficult to discriminate between substances.

Another planar device is presented by Yun and Lim [2.31], as a Complementary Split
Ring Resonator (CSRR) in a Substrate Integrated Waveguide (SIW). The sensors offers a
high-Q allowing high resolution and sensitivity. The device is fabricated using Rogers
Duroid 6010, a copper clad ceramic-PTFE composite substrate. The design of the sensor

device is shown below in Figure 2.47.

In—
: substrate : copper

Figure 2.47 Planar views of the CSRR-loaded SIW with a detail of the split ring resonator.
[2.31]

This sensor was used to detect cracks in aluminium samples. The results from the
measurements are compared to simulations carried out in Ansys High Frequency

Structure Simulator (HFSS) software. The results are shown below in Figure 2.48.
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--o--simulated faultless aluminum
--simulated crack width : 0.1mm
--a--simulated crack width : 0.2mm
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Figure 2.48 Simulated and measured results of the reflection coefficient for a crack depth
of I mm. [2.31]

The results show excellent agreement with the simulations, however the sensor is very
application specific. There were no trials with liquid media and did not incorporate a

delivery method for liquids for this type of media testing.

2.3 Terahertz (THz) Frequency Sensing
The advantage of Terahertz radiation is that it is non-ionizing. It is high frequency

therefore has the potential for high sensitivity and can also penetrate many dielectrics
making it useful for non-invasive imaging techniques. The disadvantages of this
frequency range is the high absorption of water molecules which can limit detection, also
sources and detectors at this frequency are limited and are generally of low power. This
obviously limits the type of materials and the volume of material that can be detected.

Various techniques that have made use of the advantages of this frequency are presented.

A Goubau line or G-line is a type of single wire transmission line fabricated from a
conductor coated in a dielectric typically used at Ultra High Frequencies (UHF) and
microwave frequencies. Treizebre et al., [2.32] developed a Terahertz Biological-Micro-
Electro-Mechanical system (THz BioMEMS) for the study of cellular informative
transfer based on a CPW to Goubau line transition. The device shown in Figure 2.49, is
fabricated in two parts. The first part consists of the microfluidic channels and the THz

transmission line constitutes the second part.
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Capillary Access

Microfluidic Part

Microwave Part

Figure 2.49 THz BioMEMS device [2.32].

The first part is fabricated in silicon using standard deposition, photolithography and
etching techniques. Firstly a silicon nitride (SiN) layer is deposited forming a hard mask
for the photolithography patterning steps. The SiN is etched followed by a silicon
Reactive Ion Etch (RIE) to form the microchannels. The second part is fabricated on a
quartz substrate that is deposited with titanium (50 nm) and a sputtering of gold (450 nm).
Standard photolithography and RIE etch is then performed defining the THz waveguide.
The two parts are then bonded using a layer of Benzocyclobutane (BCB), which forms
closed microchannels under the transmission line of the sensor. The measurements for
this paper are from experiments performed on different concentrations of lactoferrin

solution in Phosphate Buffer Saline (PBS). The results are shown below in Figure 2.50.

Transmission (dB)

-34 —1,25uM — 2,54M — 5uM —200uM — PBS

180 181 182 183 184 185 186 187 188 189 190
Frequency (GHz)

Figure 2.50 Experimental results obtained on different lactoferrin solution in PBS [2.32].

The dashed line shows a pure solution of PBS only; the others show varying
concentrations, some at very low concentration values, of lactoferrin solution in PBS. The
higher the concentration of lactoferrin the lower the losses; this can be explained by the

replacement of water molecules with that of lactoferrin ones. The water molecules have
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a higher absorption rate compared to the lactoferrin at this frequency. From these initial
experiments, they have developed a cold plasma functionalised Terahertz BioMEMS for
enzyme analysis [2.33], shown in Figure 2.51. The device fabrication is as before but with
an additional 50nm plasma polymerised allylamine (ppAA) layer formed in a plasma
reactor. Tripsin, a proteolytic enzyme, is immobilized onto the microchannel for the
enzyme analysis once the device is bonded and connected to an inlet/outlet capillary

system.

Outlet capillaries r
(a) y 4 \///
7/

« level3

(b)

» Outlet
'/ «——PppAA

i TH t
it THz (in) » z (out)

capillary / i

L//; " //jf { /~_2Levelz Inlet

“—‘—3JLevel 1

e

Outlet

5 mm

Figure 2.51 (a) Level 1: quartz substrate (1) supporting gold THz waveguide (2) this level is
coated with BCB (3) to allow bonding of microfluidic circuit etched on silicon substrate
(level 2) The obtained structure (levels 1+2) is exposed to plasma polymerization of
allylamine (ppAA) before being covered by a glass substrate (level 3). (b) Overview
photography of the THz BioMEMS. Red arrows show position of VINA tips [2.33].

As before the THz waveguide is connected to an 8510XF Agilent Technologies VNA and
transmission spectra were measured over the range of 60 GHz to 110 GHz. The first tests
were performed on the device before and after ppAA deposition and prior to and after

trypsin immobilization.
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Figure 2.52 (a) Raw data for the transmission of the waveguide prior and after ppAA

deposition, and the transmission of the BioMEMS before and after trypsin immobilization.

(b) Normalized spectra for ppAA and trypsin monolayer using the untreated waveguide and

the unloaded device respectively [2.33].

As shown in Figure 2.52(a), there are peaks at approximately 10 GHz apart, marked by

the arrows; these are caused by standing wave effects. Notably the deposited 50 nm ppAA

layer shows a flat, structure-less transmission spectrum and reveals that ppAA film is a

highly transparent material with a very low reflection and low absorption in the spectral

range of interest. In contrast, the immobilised trypsin causes the amplitude of the

interference peaks to shift and decrease in the transmission data. The biomolecules exhibit

absorption due to low-frequency molecular internal motions involving primarily the

internal hydrogen bonds, which cause this type of transmission from trypsin. To further

test their device various aqueous media were measured again in the frequency range 60-

110 GHz. The results are show in Figure 2.53 below.
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Figure 2.53 (a) Raw spectra for different aqueous media. (b) Normalized data were realized

with respect to deionised water (for buffers) and Tris buffer (for trypsin solution) [2.33].



Tris buffer has more of an effect on the transmission that PBS. PBS contains no dipole
structures whereas in Tris buffer orientational relaxations in the dipole moments of Tris
and HCI molecules cause more distortions. Also, the concentration of Tris buffer was
higher than that of PBS contributing additionally to the observed changes. In the Trypsin
solution results, we can see a lower transmission with respect to the other media. Trypsin
has a low specific dipole moment however, as explained before its structural and
vibrational features are more absorbent than salts. In addition to these results a

preliminary measurement of an enzyme assay was reported in Figure 2.54.
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0.85 .( ) E+S(10 min) — E+S(11 min) —a—Active trypsin
e ! E+S (12 min) —— E+S(13 min) N 0.8 4 o A
0.8 i — E+S(14 min)— E+S(15 min) (I_') () —=— Inhibited trypsin
< 0.75 A ——E+S(16 min) o 075 BA-AMC
9o -
@ 07 ® o7 l
£ 065 c
@ .g 0.65 -
@ 064 . ® BA-AMC
5 0.55 - E 06
= =
W 83 8055
& 045 4 o
0.4 K 0.5 1 Sy s m g aan
[0}
0.35 - 5 3 o 0.45 T T T T T T T T T "
60 70 80 90 100 110 0 2 4 6 8 10 12 14 16 18 20
f (GHz) Time (min)

Figure 2.54 Relative transmissions after BA-AMC" addition. (a) Two consecutive BA-AMC

injections (b) only the second injection is represented [2.33].

To highlight the transmission changes, the results they were plotted as a function of time
at a frequency of 70 GHz Figure 2.54 (a). As illustrated the BA-AMC3 introduction
causes a three-stage response. Firstly there is a rapid decrease in transmission, which can
be explained by the same reasons as that of the trypsin effect. The transmission then
increases linearly before reaching a plateau for approximately 2 minutes. The linear
change corresponds to the medium becoming more transparent to millimetre waves,
associated with the hydrolysis reaction of the enzyme activity. The plateau is a result of
the enzyme reaching a maximum reaction rate. Reportedly these are the first results of
detecting enzyme reactions in aqueous media using a sub-THz technique. This bio-
functionalised device could become an interesting tool to monitor bio-interactions at very

small volumes, thus approaching real values of the enzyme kinetic parameters.

1 Na-benzoyl-L-arginine-7-amido-4-methylcoumarin hydrochloride
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Matvejev et al. have produced an integrated waveguide structure for highly sensitive THz
spectroscopy of small volume liquids in capillary tubes [2.34]. The device is composed
of an integrated low-loss hexagonal cross-section waveguide and a commercially

available fused silica capillary tube. The device is shown in the figure below, Figure 2.55.

Figure 2.55 A schematic cut-away view of the hexagonal waveguide with integrated

capillary sensor configuration. [2.35]

Studies were carried out on DNA concentrations, protein concentrations and protein

binding. The results are shown in the figures below, Figure 2.56.
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Figure 2.56 Resonant mode sensor reflection signal response to a) Lambda DNA
concentration b) Wild-type and denatured hen egg white lysozyme (HEWL) protein, c)
Streptavidin and biotin binding. [2.34]
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A steady increase in the reflection signal magnitude is observed in the DNA and protein
concentration studies. These are attributed to the gradual dielectric permittivity drift away
from bure water value. The denatured protein shows a lower reflection magnitude
compared to the wild-type protein, this is caused by dielectric properties of the denatured
HEWL solution being closer to the buffer. The Streptavidin and biotin protein binding
shows that on their own there is little difference in the spectra, however once they are
bound the transmission signal drops significantly. This reduced reflection signal
corresponds to an increased water content and indicates the protein-ligand interaction.
The developed device achieves an excellent detection limit, DNA in the order of 53
dB/(g/l), however in order to outperform optical techniques this limit will need to be

further improved.

As discussed, there are many techniques utilising the label-free nature of electromagnetic
characterisation. From VLF to microwave to THz frequencies, there are advantages and
disadvantages for each of them. As VLF offers poor sensitivity and as THz requires
specialised sources and detectors this project focuses on using microwaves in the X-band,
7—-12 GHz. Building on the work of Lopez-Villarroya [2.36] and detailed in Chapter 3 E-
Plane Sensor: Modelling and Theory, a device with an integrated microfluidic channel
within a waveguide-based resonator with localized increased near-fields and sharp

resonant features for a label-free chemical/biochemical sensor is proposed.
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2.4  Bragg Reflection Waveguides
In addition to the X-band waveguide-based device, the Distributed Bragg Reflector

(DBR) resonator is also investigated. This type of device confines most of the field energy
of the resonant mode in an empty cavity and shields the walls of the metal enclosure using
low-loss dielectric reflectors. These reflective arrays are similar to the DBR commonly
used in laser structures, however, the microwave DBR resonant structure must achieve
full three-dimensional confinement to achieve the desired benefits. The achievable Q-
factors of these devices can be in the 100 of thousands. Such a high Q-factor allows these
types of devices to be exploited in sensing devices as the higher the Q-factor the higher
the sensitivity. The following section describes the work currently being carried out on

such devices.

Michael E. Tobar ef al. produced a spherical Bragg reflector resonator with a Q-factor of
22,000 at 13.86 GHz [2.37]. The resonator was fabricated from a Teflon spherical shell
suspended in a spherical copper cavity using polystyrene. The polystyrene foam did not
affect the frequency or Q-factor as the permittivity is close to unity due to its porosity,

and the microwave losses are therefore small.

Figure 2.57 Schematic of the SBR resonator, showing the dimensions of the spherical
Teflon shell (region 2) suspended in a spherical copper cavity. The magnetic field intensity
of the mode is shown and exists mainly inside the Teflon shell (region 1) [2.37].

The measurements using a network analyser in transmission are shown below. The probe
coupling was set to be uncoupled and small so that the loaded Q-factor was equal to the
unloaded Q-factor. The frequency measured was 13.869 GHz. The Lorentzian bandwidth
was 635 kHz, producing a Q-factor of approximately 22,000.
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Figure 2.58 Frequency and q-factor measurements using the network analyser [2.37].

The main limitation of the Q-factor in this work was the use of Teflon. The simulations
carried out by Tobar et al. suggest a low-loss dielectric such as sapphire would allow a

higher Q-factor, in the order of 300,000. This work demonstrates the effectiveness of this

type of resonator.

Laporte et al. also presented a Bragg Reflector structure that was capable of achieving an
unloaded Q-factor in the region of 190,000 with one layer at 10 GHz using sapphire
[2.38]. The device structure is depicted below, Figure 2.59, along with the fabricated

device.
cooper cavity Bragg reflectors
~ /|
N 1 [ .+
/— - — fp—
magnetic probe 1k
/
ring resonator teflon

Figure 2.59 (a) Schematic of the sapphire resonator with axial and radial Bragg reflectors (b)
Sapphire resonator and copper cavity [2.38].
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The Q-factor and frequency was measured using a network analyser. The results are

shown in the graph below, Figure 2.60.
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Figure 2.60 Measured transmission coefficient S»; along with the frequency and Q-factor
of the device [2.38].

The measured results agree well with their theoretical work. This work demonstrates that

low loss dielectric material such as sapphire can dramatically increase the g-factor of the

device.

The work of Bale and Everard describe an X-band cylindrical distributed Bragg resonator
that uses an aperiodic arrangement of non-lambda/4 low-loss aluminium plates [2.39].
The device consists of 6 dielectric plates mounted in an aluminium shield. The schematic

and fabricated device is shown below, Figure 2.61.

T
i_’f/ ALUMINIUM SHIELD . ﬁ_
1

/; O<—— COUPLING PROBE
DIELECTRIC PLATE MOUNT

7, SNTARY

Figure 2.61 (a) a cross-sectional view of the 6 plate aperiodic Bragg resonator. (b) Aperiodic

Bragg resonator with central air-filled section [2.39].
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The device was measured and found to have a centre frequency of 9.94 GHz with a loaded
Q-factor of 126,810 and an insertion loss Sz21 of -8.98 dB. The unloaded Q-factor was
calculated to be 196,797. These measurements are in good agreement with their
simulations. In comparison to the previous devices described the Q-factor is similar in
value. The design simulations showed that higher Q-factors in the region of 400,000 were

achievable.

Having explored the current DBR resonators and their capabilities, this project proposes
a prototype device that exploits the high Q-factors of these devices for a highly sensitive

chemical sensor.

2.5  Conclusions
In order to quickly and objectively compare each of the sensing devices from their various

frequencies, waveguide-based techniques and tested mediums, a table of the various
literature reviewed in this chapter is shown below inTable 2.2. The frequencies of each
device range from 4 x 10 to 60 GHz, each requiring a Network Analyser. Most devices
sampled liquids including water, ethanol, and biological material. Sheen [2.12] and
Lobato [2.19] investigated the permittivities of solids. By identifying gaps in the literature
a new sensing device can be investigated. The X-band (7 — 12 GHz) was chosen as it is
in the microwave region providing more sensitivity to changes in permittivity than lower
frequencies. This frequency band also, due to the nature of the waveforms, caters for

cheaper and more established fabrication techniques.

Having reviewed this literature on microwave sensing devices, this thesis will investigate
the E-plane microwave filter design with an integrated microfluidic channel. Experiments
will be carried out on various chemical and biochemical solutions, as well as varying
designs of the microfluidic channel to develop a novel sensing device. Further to this
work the advantages of the high Q-factor distributed Bragg reflector resonators will also

be investigated for use as a sensing device.
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Table 2.2 Comparison of the various electromagnetic sensing techniques

Reference Frequency Fabrication Sample Additional Results
Range (GHz) . -
Equipment (Sensitivity, Q-factor)
Facer, Hewlett-Packard
Glass substrate, Ti-Au | Haemoglobin, 4294 A impedance . .
Notterman et 410 Metal lines, PDMS | bacteriophage DNA, E. analyzer fe;l:;;tlwty data and transmission
al. 2001 [2.5] channel, PECVD? coli Hewlett-Packard | °P
8510C VNA
Qureshi, 0.05- 0.1573 RN
Interdigitated gold | Biomarkers associated . Good  sensitivity, 25pg{ml ‘FO
Niazi et al. : . . . . VNA with probe | 25ng/ml, however variations in
capacitor arrays with | with cardiovascular risk . .
immobilized antibodies | (CPR, IL6, TNFa) system manufacturing  and ~_antibody
2010 [2.6] > stability offers poor reliability
Qureshi ef al. | 0.15-0.275 Interdigitated sold | Biomarkers associated Agilent 8720ES Good sensitivity, 200 pg{ml to '2
. s . . VNA with Karl | ng/ml, however variations in
2015 [2.8] capacitor arrays with | with aggressive forms of . . )
immobilized antibodies | breast cance (HER2) Stss PM-5> RF | manufacturing  and ~ antibody
Probe Station stability offers poor reliability
Mi, Yong et 4.5-26.5 Rectangular copper 99.9%  Yrrtrium  Iron
al. 2005 waveguide, cylindrical Qarpet(YIG), bqron VNA Good comparison to
- nitride, magnesium manufacturers data
[2.10] coupling, sample slot fAuoride
Sheen 2009 10.16 Rectangular cavity with Q-factor around 900, agree with
[2.12] circular aperture | Solid ceramics VNA another measurement taken using a
' coupling different method
2 Plasma Enhanced Chemical Vapour Deposition
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Reference Frequency Fabrication Sample Additional Results
Range (GHz) . S
Equipment (Sensitivity, Q-factor)
Nikawa and 2.45 99.9% alumina, 99.5% | VNA, Amplifier,
Yong 2007 Cylindrical cavity alumina, Poly Phenylene attenuator, 1.5% or less error in dielectric
resonator Sulfide (PPS), Polyether | cooling system, constant
[2.13] Ether Ketone (PEEK), infrared
Polyimide imide (PAI) thermometer
Kawabata ef| 1.95-2.00
al. 2004 Cylindrical cavity Pure water. Alcohol VNA Within 2.2 % for g, and 1.6 % for
resonator ’ tan Op
[2.15]
Saeed, Worst case measurement
RT/Duroid 5880 discontinuity  0.5%,  Q-factor
Pollard et al. .
substrate, silver epoxy Agilent PNA unloaded 700 at 8GHz. For a
2008 [2.16] 8 metallization of cavity | Various alcohol solutions gE83 61A change in dielectric constant of 0.5,
walls, borosilicate glass there is a shift of almost 4.4 MHz
for the capillary in the resonant frequency,
indicating a high sensitivity.
Ferrier, Copper  high-Q '
Hladio et al. waYelength cylindrical . Electromanipulation of cells with
cavity resonator. RC Automation . » .
. . simultaneous capacitive detection
2008 [2.18] 23 circuit.  Glass  and syringe pump, .
) Polystyrene spheres, yeast ; can be achieved, results agree
chromium/gold detection system . -
. cells, water 7 reasonably well with simulation.
electrodes  fabricated as shown in Fig 3 M . .
using standard in paper The sensitivity of this resonator is
. ' estimated to be 1.44 MHz/ {F.
photolithography

processes.
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Reference Frequency Fabrication Sample Additional Results
Range (GHz) . S
Equipment (Sensitivity, Q-factor)
Lobato- Maximum deviation compared to
Morales literature values 6%. Measured
’ 7 values of resonant frequency and QO
Corona- Rogers RT/duroid 5880 . factor are 7.17625 GHz and
. . . . Agilent-PNA .
substrate, metallic posts | Solid samples including . 517.2072,  respectively.  The

Chavez et al. : series VNA . i
as lateral walls, coaxial | Teflon, wood, quartz etc. ES361A sensitivity  s=dF/d s from

2010 [2.19] probe transition simulations with cavity 1 results of

5=0.2338%, while the
experimental sensitivity is of
5=0.1576%.

Grenier, CPW — quarz substrate Validated method with water and
with CPW lines ethanol. Rapid and precise

Dubuc et al. 0.4 fabricated using lift-off Ethapgl, wa tet, humgn Microwave characterisation of HUVAC cell

umbilical vein endothelial . .

2009 [2.20] process of cells (HUVECs) probes, VNA suspensions. Minimal cell
chromium/gold, PDMS concentration of 35 10 cells/mL
microfluidic channel defined.

T. Chen et al. 0-40 Cj’Wﬁ W&gl rtzczﬁ{ajzggz At time of publication it was the

2015 [2.22] gap — q . Living single B lymphoma Microwave first known work for presenting
with gold CPW lines, cells robes, VNA dielectric spectra of a single livin
PDMS used for p ’ p & g

. o cell.
microfluidic channel

Y. F. Chen ez 0-40 CPW — quartz substrate Agilent N5247

al. 2014 gold CPW  lines, | Hepatoma G2 cancer cells on-wafer Cell characterisation down to 20
detection area etched | (HepG2) Network cells/pl

[2.23] into CPW line Analyser
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Reference Frequency Fabrication Sample Additional Results
Range (GHz) . S
Equipment (Sensitivity, Q-factor)
Booth, Mateu 10— 40
et al. 2006; Transmission lines,
Mateu, Orloff interdigitated capacitors | Water and ethanol latex 0
integrated PDMS | beads VNA Accurate to 10%
et al. 2007 microfluidic channel
[18][2.25]
Sanghyun,
Stintzing et Photolithography. Methanol isopropanol, | Anritsu 37397C e
1 s s s
al 2008 electroplating, su-8 | human kidney cell-line | VNA, microwave E)?\/Imsu()tt;\;g)}([icit testréleasurements,
’ reservoir, glass substrate | (HEK-293) probes, pipette y
[2.27]
Dalmay, Keratinocytes HaCaT cells
Pothier et al. Not much given, fused (sk1'n cells), glial  cells Wafer probing RE Chgracterlsatlon - 8.21
10 o . derived from tumor transmission parameters, relative
silica substrate with | .. and standard . o
2008 [2.29] old metallic lines glioblastoma (nervous VNA effective permittivity and
& ' system astrocyte cells), conductivity results
ficoll solution
A. Landoulsi 0-8 Silica substrate with
gold capacitance lines. VNA and Agilent | Results agree well with the
et al. 2014 SUS8 and PDMS used to fctlrllirelgiratior?snd water 85070 dielectric | satandard dielectric probe kit
2.30 define the microfluidic robe kit method.
p

channel

Dimethylsulfoxide
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Reference Frequency Fabrication Sample Additional Results
Range (GHz) . S
Equipment (Sensitivity, Q-factor)
T. Yun and S. 3.8-5.6 ) .
Rogers Duroid 6010 . . . Results agree well with simulated
Lim 2014 . Alluminium with various . .
substrate with copper VNA measurements carried out in
. depths of cracks
[2.31] patterning HFSS.
Treizebre, ‘ _
Quartz  substrate - Lactoferrin  solution  in VNA Wafer Spectrum of lactoferrin solutions
Bocquet et al. 60 transparent and low 4 5 probing and in PBS, cell culture of CHO within
.. PBS®, CHO" cells
2008 [2.32] loss, gold metallization. standard VNA | channel
V. Matvejev 220 - 340 Silicon substrate | Alcohol solutions, DNA, 1
. . . Millimeter Vector . .
et al 2014 metallised with gold. | HEWL concentraions, Network State-of-the-art detection limit for
Standard fused silica | Streptavidin and biotin Analvser DNA of 53 dB/(g/1)
[2.34] capillary tube binding y
4 Phosphate Buffer Saline

5 Chinese Hamster Ovary
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3 Modelling and Theory of E-plane Sensor

3.1 Background

A configuration of the sensor in this thesis is based on a microwave waveguide E-plane
filter. Microwave waveguide filters are essential components of various
telecommunication systems. They allow the transmission of desired signals and the
attenuation of unwanted signals. Microwave filters in general can consist of any
transmission line or waveguide periodically loaded with reactive elements. It is these
elements that will determine the frequency response of the filter. Typical frequency

responses include low-pass, high-pass, bandpass, and band-reject characteristics.

3.2 E-Plane filters

Metal inserts mounted in the E-plane of a split-block waveguide housing is a well-
established technique for realising low cost mass producible microwave filters. A standard

configuration of an E-plane filter is given in Figure 3.1.

RESONATORS (RIDGED WAVEGUTDES ) E-PLANE SEPTA

Figure 3.1 Configuration of an E-plane filter structure [3.1].

A standard configuration consists of a split block waveguide housing with all metal septa,
acting as inductive obstacles, in the E-plane of the rectangular waveguide. The spacing
of these septa are typically half wavelength apart. An advantage of these types of filters
is that the metal inserts can be manufactured using standard photolithographic processes.
One of the main disadvantages is that the stop-band characteristics are unsuitable for
certain applications as spurious harmonic passbands occur at approximately 1.4 times the

centre frequency of the waveguide. This has been recently improved upon by Goussetis
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et al. in the design of a pair of parallel coupled resonators with selectively positioned

transmission zeros [3.2]. The topology of this E-plane filter is shown Figure 3.2.

Frequency (GHz)

S-Paramelers {dB)

S11(Simulated) s §12(Simulated)
5D - —S11{Measured)  ==—==513{Measured)

1

Figure 3.2 Ridge waveguide filter with S-parameter response [3.2].

A ridge waveguide has been incorporated into the metal insert without increasing the
manufacturing complexity leading to improved band rejection. The waveguide sections
are resonant at a single fundament frequency, and provided that the gap between the ridges
differs, there will not be simultaneous higher order resonant frequencies. This results in
the spurious harmonic resonances being shifted to even higher frequencies and therefore
greatly improving the stop-band rejection. The advantage of this type of configuration
over the configuration of the previous figure is that transmission zeros occur at finite

frequencies.
There are two paths that the propagating wave can take, which will either be added in

phase or out of phase. Thus given this topology the transmission response creates a

transmission zero near the passband of the filter.
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3.3 E-plane filter structures

Various configurations of E-plane filter design are shown in Figure 3.3.

Resonators Resonatorls, in parallel
(WG) (Ridge WG) (Ridge Coaxial WG)
T T T T a t
— G
T 1 =2
| (. I b s |:|
I =1
! N HE mie
i I | W ide (WG) Reduced WG Ridge WG Ridge Coaxial WG

~N L

Couplers
(Reduced WG)

a) b)

Figure 3.3 E-plane filter configurations a) view from the E-plane b) cross-section of the

waveguide

An E-plane filter consists of various elements using inductive couplers and resonators.
The metal blocks act as inductive couplers and are essentially reduced waveguide
sections. There are also different types of resonators: waveguide (WG), ridge waveguide,
and ridge coaxial waveguide. The ridge coaxial waveguide behaves as two resonators in

parallel. By using these types of configurations various E-plane filters can be designed.

To calculate the overall filter response it is necessary to solve two different problems. The
first is to study the modes that exist in each section of the waveguide. For the nominal
waveguide and the reduced waveguide this is done analytically. However, for the ridge
waveguide and the coaxial ridge waveguide, numerical methods such as Transverse
Resonance and Field Matching are required. These methods are explained in many
microwave books and journals as indicated in [3.3]. The second problem is to solve the
full wave modelling of the ridge waveguide type E-plane filter. In the example above
Figure 3.3(a), it is necessary to solve the discontinuities between the various waveguide
(WQ) sections — from WG to reduced WG, Ridge WG to Reduced WG and, Ridge WG
to Ridge Coaxial WG. The full wave analysis of the waveguide to reduced waveguide has
been presented by Bornemann and Arndt [3.4]. The higher order modes of the ridge
coaxial waveguide have been studied by Ruiz-Bernal et al. [3.5]. Maria Valverde Navarro
presents the scattering matrix of the Ridge WG to Reduced WG using the Mode Matching
Method [3.6]. This method analyses the fields at the junction of the two waveguides with
dissimilar cross-sections. Once all the scattering matrices are obtained for each of the

discontinuities then the overall matrix can be obtained by cascading the matrices.
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3.4  Wave Propagation in E-Plane Filters

The E-plane filter in this project will be used in an X-band waveguide due to the
limitations in manufacturing availability and range of test equipment. The waveguide will
be excited to the first TE mode, TE . The field distribution of the TE o mode is shown in

Figure 3.4.

Figure 3.4 Rectangular waveguide TE 1) mode field distribution.

This mode can only propagate if the frequency is above the cut-off frequency. The cut-

off frequency is defined as:

G

Where ¢y is the speed of light, m and # are the integer mode numbers, and a and b are the
width and height of the waveguide. For the first TE mode, TE10, of an X-band waveguide
(where a=22.86 mm) the cut-off frequency is 6.56 GHz. The propagation in a waveguide

can also be determined by the propagation constant:

B = K3 -k -2

For ko>k., the propagation constant f is real and the mode is propagating with the field
distribution along the z-direction of e 2. If ky<ke, B is imaginary and therefore the mode

is evanescent. The field distribution in a ridge coaxial waveguide is shown in Figure 3.5.
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Figure 3.5 Cross-section of the ridge coaxial waveguide with the first TE mode field
distribution. [3.5]

The propagated modes in the ridge coaxial waveguide are TEM and the first TE mode.
The TEM mode has no cut-off frequency and is the fundamental quasi-static mode in the
ridge coaxial waveguide. With reference to Figure 3.3 the field distribution in each of the

sections is shown in Figure 3.6.

Evanescent modes

Figure 3.6 Field propagating through an E-plane filter.

As the TE1o wave reaches the reduced waveguide the mode becomes evanescent, rapid
attenuation of the wave occurs. If the length of the reduced waveguide is too long then
there is no more propagation through the waveguide and the amplitude is reduced to zero.
If the evanescent mode reached the ridge waveguide the wave is transformed into the first
TE mode. The following section is another reduced waveguide where again the wave is
in the evanescent mode. This evanescent mode then reaches the ridge coaxial waveguide

where the propagation as explained above occurs.
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3.5 Parallel Coupled Resonator for Sensing

G. Goussetis et al. presented an E-plane ridge waveguide filter that allows for
transmission zeros at finite frequencies and can achieve sharp attenuation slopes [3.2].
These features are advantageous as a sensing device as it will make for a highly selective
sensor. R. Lopez-Villarroya [3.7] produced the concept design of a perturbed parallel
coupled resonator producing narrow band transmission and a sharp roll off feature as

shown in Figure 3.7.

Frequency (GHz)
7 8 9 10 11 12 13 14 15 16

-10 1

-20 1

Magnitude (dB)

-30 1

—s11
—~s12

-40

Figure 3.7 S-parameter behaviour of perturbed parallel coupled E-plane filter [3.7].

This design was based on a bandpass filter produced in Chapter 4 of Lopez-Villarroya
work [3.7] and [3.2], shown in Figure 3.8. The dimensions of the new parallel coupled
filter were based on that of the bandpass filter mentioned and detailed in the table below,

Table 3.1.

Ls!} lel
Figure 3.8 Schematic of two parallel coupled resonators. [3.7]
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Table 3.1 Dimensions (in mm) of the Lower and Upper resonators for the above

prototype (Figure 3.8). [3.2, 3.7]

Prototype (L. L., S1 S2 S Liz |Lao |Lss
Lower TZ 16 16| 2.1 21| 1.5 114 1 1
Upper TZ 16 16| 21| 21| 1.7 84 1 1

In this case of two parallel resonators the dimensions Ls12=Lr1=Lr2. The lower resonator
was then reduced to 15 mm to create an asymmetric ridge waveguide part to the
waveguide filter. By reducing the length of one resonator, two distinct resonances are
distinguishable. In addition, since the two resonances are coupled, at a certain frequency
they exactly cancel one another out producing a transmission zero. This narrowband
feature can then be exploited in sensing. Integrating a microfluidic capillary to run parallel
to the resonators where the near field is at a maximum allows for characterisation of
micro-litre fluids. A minute change in dielectric constant of the fluid creates a shift in the

resonant frequency of the E-plane filter response.

3.6 HFSS optimization of E-plane filter

The design and simulation of the prototype sensor was carried out in finite element
method software package called Ansys HFSS, which is an industry-standard simulation
tool for 3-D full-wave electromagnetic field simulation [3.8]. A key benefit of HFSS is
its automatic adaptive meshing techniques where only the specify geometry, material

properties and the desired output are required as presented schematically in Figure 3.9.

[ Project Set-ﬂ—-[ Stfrl:;:n J

Boundaries
and Excitations
Mesh
Geometry and Operations
Materials

Mesh
Refinement .
[ Results

Converged?
{l Solve Loop

" saveand Yes
__Finish _

[ Parametric Model

Figure 3.9 HFSS design flow

62



A schematic diagram of the waveguide E-plane resonator device is shown in Figure 3.10.
The lengths of the resonators we reduced to L; = 13 mm from the Lopez-Villarroya
prototype to increase the resonant frequency of the narrowband feature to around 10 GHz.
The lower resonator length was reduced from 13 mm to 12.25 mm to create the
asymmetric ridge waveguide section to produce the narrowband bandpass. The device
was drawn as a 3D structure using the graphical user interface using various 2D and 3D
drawing objects. The material properties for these objects were then defined under the

property database within HFSS.

Figure 3.10 3D model of the waveguide E-plane resonator with dimensions.

The boundary conditions for the resonator as a PEC and radiation boundaries of the
waveguide are assigned using the boundary assigning tool. Waveports are then assigned
to the ends of the waveguide structure. Ports are the boundary conditions in HFSS that
allow energy to flow into and out of the structure. Ports are assigned to any 2D object or
face. It is necessary to determine the excitation field pattern at each port before the full
three-dimensional electromagnetic field inside the structure can be calculated. HFSS uses
an arbitrary port solver to calculate the natural field patterns and modes that can exist
inside a transmission structure with the same cross-section as the port. A schematic of the

waveport for the E-plane resonator is shown in Figure 3.11.
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Figure 3.11 Waveport assignment in HFSS for E-plane resonator

A duplicate waveport is also assigned to the opposite end of the waveguide cavity. The
perfect E boundary represents a perfect electric boundary where the E-field is forced to

be normal to the assigned boundary. The E-plane filter insert was assigned a perfect E

boundary as shown in Figure 3.12.

0 10 20 frmm)

Figure 3.12 Perfect E boundary for E-plane resonator.

A solution set-up is required in order to perform an analysis of the structure. By defining
frequency sweep parameters (in driven mode) HFSS obtains the field solutions by solving
the boundary value problem of Maxwell’s equations. Shown below, Figure 3.13, are the

settings used for a driven modal solution for the E-plane resonator.
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Solution Setup

Solution Frequency 10.2 GHz
Max. number of passes (10
Max. delta S 0.02

Frequency Sweep Setup

Sweep Type Fast

Frequency Setup Type |LinearStep
Start 8 GHz
Stop 12 GHz
Step Size 0.01 GHz

Figure 3.13 Driven modal solution set-up

Once the model was created and ports and boundaries assigned a validation check was
performed. The validation check by HFSS ensures that there are no errors associated with
the design or settings that could lead to failure of the numerical simulations. Once it has
passed the validation check the 3D electromagnetic field analysis is carried out on the
structure to obtain its characteristics. HFSS will generate a finite element mesh consisting
of tetrahedra elements. These elements are small regions of the overall solution that HFSS
uses to analyse the device. There is a trade-off between the size of the mesh, the desired
level of accuracy and the amount of computing resources required by HFSS. The mesh

generated by HFSS for the E-plane resonator is shown below, Figure 3.14.

Figure 3.14 E-plane resonator HFSS generated mesh.

Adaptive meshing is used by HFSS to produce the optimal mesh for the more accurate
solution. Finer mesh regions appear where there are critical regions of higher error
density. HFSS will then use the mesh to perform the frequency sweep for the driven mode
and obtain the field solutions at the required frequencies. Once the simulation is complete
the user can view various reports and plots. The reflection scattering parameters of the E-

plane resonator are shown in Figure 3.15.
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Figure 3.15 Simulated S-parameters of the E-plane resonator by HFSS

The distinct narrow band feature with a sharp roll off is present due to the coupling of the
two resonators. By perturbing one of the resonators the two resonances become
distinguishable as well as at a certain frequency they exactly cancel out producing a
transmission zero. The effect of the lower resonator length differing from the upper
resonator is cause for investigation. Simulations in HFSS were carried out to determine
the effect of changing the length of the lower resonator with respect to the upper resonator.
The length of the lower resonator is varied from 12 mm to 13 mm in steps of 0.25 mm.
The upper resonator remained at a length of 13 mm. the effect of this change in length is

shown in the following S-parameter plot in Figure 3.16.
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Figure 3.16 S:-parameters of the lower resonator length simulation study.

As a trade-off between the sharpness of the transmission response and the absorption
losses the optimal length for the lower resonator was chosen to be 12.25 mm. The

resulting transmission pole is at approximately 9.99 GHz with -0.091 dB and the
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transmission bandwidth of approximately 60 MHz with sharp roll-off. As the physical
device was to be made of a copper sheet a study was carried out on the relative thickness
of the sheet and the S-parameter responses observed. The PEC resonator was changed to

a copper structure with a thickness initially of 0.1 mm as presented in Figure 3.17.

0 10 20 (mm)

Figure 3.17 HFSS 3D model of the copper E-plane resonator and a 0.1 mm thickness.

An optimetric analysis was then carried out on the resonator thickness from 0.1 mm to 1

mm. The S»; results of the optimetric analysis are shown below in Figure 3.18.

resonator thickness
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resonator thickness
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Figure 3.18 HFSS resonator thickness study.
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As there 1s only a change in the resonant frequency and due to the ease of manufacturing
capabilities the resonator was chosen to be 0.1 mm thick. As the simulation shows this
thickness does not require extreme accuracy as it will not affect the resonator response
dramatically. Now that the dimensions of the E-plane filter have been determined the next
step was to introduce the capillaries with the sample fluid. As will be discussed in Chapter
4, Design and Fabrication of E-plane Sensor, the carrier for these capillaries will be made
from Polymethyl methacrylate (PMMA). The modified HFSS model of the E-plane filter

with the PMMA microfluidic capillaries are shown below in Figure 3.19.

Figure 3.19 HFSS 3D model of E-plane filter with integrated PMMA microfluidic

capillaries.

These capillaries were created using simple cylinders placed within the PMMA box that

is placed on top of the E-plane filter as shown in Figure 3.20.

20 (mm)

Figure 3.20 Side view of the capillaries within the PMMA holder on top of the E-plane
filter.
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The properties of the cylinders were one those known permittivities of materials. HFSS
allows user materials to be created with known parameters such as relative permittivity,
relative permeability, bulk conductivity, etc as indicated in Figure 3.21. The most
important properties pertaining to this project are the relative permittivity, relative

permeability and loss tangent.
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Figure 3.21 HFSS material property window

The relative permittivity was obtained for several materials are outlined in the HFSS

window below, Figure 3.22.
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Figure 3.22 HFSS Material properties

The S-parameter results of the E-plane resonator with each of the fluids is shown below,

Figure 3.23.

69



pmma water

/h /L\ pmma ethanol
-15 A A A .
=20 //\\ ) §;$:1I::)nly
25 /4‘;%/ ,//
-30

\V/

0 W

v v ]
1
I

- ——pmma ethanol web

S,; - parameters (dB)

-45 : : :
8 8.1 8.2 8.3 8.4 8.5 8.6 8.7 8.8
Frequency (GHz)

Figure 3.23 HFSS simulation results of S21 parameter of each of the fluids.

The resonant frequency is not only affected by the relative permittivity of each of the
samples but also the permeability, loss tangent and bulk conductivity. The resonator
response is also affected by the total volume of fluid within the capillaries. The following

study, given in Figure 3.24, shows the response of the E-plane filter to the changing volume

of capillaries filled with water.
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Figure 3.24 HFSS simulation study of diameter of the capillaries.

The higher the volume the lower the resonant frequency of the resonator and there are

also higher losses.
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3.7 Conclusion

The modelling and theory of the E-plane sensor have been presented. The E-plane filter
response has been introduced and following on from various works a parallel coupled
resonator was produced. From this characterisation of the filter to improve the overall
selectivity was carried out in HFSS. Further modelling was carried out to investigate the
effects of the insertion of a PMMA microfluidic channel chip. Various known fluids were

then introduced to the model and the effect of volume in the capillaries investigated.
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4. Design and Fabrication of E-Plane Sensor

This chapter describes the design and fabrication of the E-plane sensor. The sensor
integrates a microfluidic capillary channel in a waveguide for sensing biological elements
in the liquid flowing inside a microchannel. The first section discusses the various
fabrication methods and materials used to manufacture microfluidic channels. The second
section focuses on the design and fabrication of the electromagnetic waveguide, including

methods of integrating the microfluidic channels within the general system.

4.1.  Design and Fabrication of Microfluidic Channels

4.1.1. Theory of Microfluidic Channels

Microfluidics uses microscale devices to perform laboratory processes in micro-, nano-,
and even pico-litre volumes. This technology has numerous advantages including reduced
sample and expensive reagent volumes. At the micro-scale, where laminar flow behaviour
is dominant, fluids behave very differently to the macro-scale. Laminar flow is
characterised by the Reynolds number, Re, defined as the ratio of the inertial forces to the

viscous forces acting on a fluid such that [4.1]:

Re= (anDh) (4.1)

Where 7 is the viscosity (mPa.s™'); p is the density (kg.m™); v is the flow speed (m.s™)
and Dy, is the hydrodynamic diameter of the channel (m). Dy is given by the following

relationship:

D=2 (4.2)

Where A is the cross-sectional area (m?) and P is the wetted perimeter (m). In a
microchannel with a circular cross-section Dy is equal to the diameter of the cross-section.
The Reynolds number determines whether the flow of the fluid is turbulent (Re>2000) or
laminar (Re<2000). In a laminar flow there is no turbulence and hence the very little
mixing is by diffusion alone and not by convection. Air bubbles are common as there are

high values of surface tension, which can lead to the blocking of the channels. Micronics
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has developed the T-sensor to exploit this characteristic laminar flow in microchannels to
analyse drugs, proteins, hormones etc. in the blood as well as environmental applications
[4.2]. Capillary action is also driven by low Reynolds numbers in the laminar flow regime.
Capillary action allows the flow of fluid without any external activation. The difference
in pressure and shear forces allows a concave meniscus to form causing the fluid to move
along the walls of the capillary. Zimmermann ef al. used this phenomenon to create
capillary pumps negating the need for external activation of fluid flow [4.3]. In this thesis
the characteristic laminar flow and the use of capillary pumps provide a useful and

automated configuration for the sensing device.

4.1.2. Fabrication of SU-8 Channels

The first microfluidic channels for this thesis work were fabricated using the negative
chemically amplified photoresist SU-8 50 on a 50pm Kapton polyimide substrate. SU-8
is a high contrast, epoxy based photoresist designed for micromachining and other
microelectronic applications. SU-8 is a chemically inert substance as it will not degrade
or react with most chemicals such as alcohols [4.4]. It is also thermally stable once
developed and will not change shape when there is a significant temperature change. The

shrinkage was noted to be 1.16 times the baking temperature by Feng and Farris [4.5].

The fabrication process begins with the gluing of the polyimide substrate onto a glass
carrier substrate for stability and support as shown in Figure 4.1(a). The SU-8 epoxy is
then spin coated onto the substrate to produce an approximate thickness of 400 um as
shown in Figure 4.1(b). This is achieved by dispensing approximately 10 ml of SU-8,
which then undergoes a spread cycle with a ramp to 500 rpm at 100 rpm/second
acceleration. This speed is then held for 7 seconds to allow the resist to cover the entire
surface. The speed is then ramped up to 1250 rpm at an acceleration of 300 rpm/second
and held for 30 seconds. Once the SU-8 resist is coated it must be soft baked to evaporate
the solvent and densify the film. The bake is performed on a level hot plate and is stepped
in two stages. First the resist is baked at 65°C for 1 minute and then 12 minutes at 95°C
followed by sufficient cooling and relaxation time intervals. The microfluidic structures
are then patterned on the SU-8 using mask photolithography. SU-8 is optimized for near
UV (350-400 nm) exposure and therefore an i-line filter exposure tool is used. The mask
is aligned using a Tamarac mask aligner and the epoxy is exposed to 800 mJ.cm™ for

12seconds as illustrated in Figure 4.1(c).
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Following the UV exposure, a post expose bake (PEB) must be performed to selectively
cross-link the exposed portions of the film. The PEB is performed on a contact hot plate
at a temperature of 55°C for 2 minutes. The structure is then developed in an ethyl lactate
based solvent in an immersion process using a magnetic stirrer for 12 minutes. The
substrate is then rinsed briefly with isopropyl alcohol (IPA), then dried with a gentle
stream of nitrogen as indicated in Figure 4.1(d). The polyimide/SU-8 microchannel

structure is then lifted from the glass substrate as illustrated in Figure 4.1(e).

SU-8

I Polyimide ] Polyimide

Adhesive Adhesive
(b)

(@)
LILLLLL L] L] v

T Polyimide e polyimide
Adhesive Adhesive
_GlaSS _Glass
(©) (d)

SU-8

T polyimide

(€)

Figure 4.1 Fabrication of microfluidic channels in SU-8 — Glass/polyimide substrate with

100um spin coated SU-8
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The polyimide/SU-8 microchannel structure is shown in Figure 4.2. The design of the
microfluidic channels was chosen so that the fluid filled channels were located in the
region of high electromagnetic field. The microfluidic channels align with the slots on the
E-plane filter as discussed in the previous chapter. Although this design offered
advantages with respect to the stability of the channels in terms of measurements, and
biocompatibility of the substrate, the fabrication process is very time consuming. Also,
as the microfluidic channels were to be used only once, SU-8 proved to be inconsistent
in terms of fabrication process. For these reasons, another suitable substrate was

investigated for use in the microfluidic channels in the sensor design.

Figure 4.2 Polyimide/SU-8 microfluidic channel

4.1.3. Fabrication of PDMS Channels

Polydimethylsiloxane (PDMS) is the most widely used silicon-based organic polymer.
PDMS is optically clear and in general is considered to be inert, non-toxic and non-
flammable [4.6]. Figure 4.3 displays a flow diagram of the process steps in fabricating a

microfluidic channel in PDMS.

76



Mould
Photoresist is spin coated
anto a glass wafer

( Hard Bake the mould
for 3min @ 110°C

[ UV Photolithography

| Developed in AZ400K
approx. 5min

PDMS
Silicone prepared according

to manufacturers guide

( PDMS Spin coated
onto Mould
[ PDMS Bake

{ PDMS removal from

Microfluidic Channel
sealed using another layer
of PDMS

Figure 4.3 Overview of the process steps for fabricating a microfluidic channel in PDMS

These steps are then illustrated below in Figure 4.4.
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PDMS
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Figure 4.4 Microfluidic channel process steps for PDMS
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The PDMS microfluidic channel is fabricated by what is known as soft lithography. With
this technique a mould is created in the negative image of the channels to be manufactured
and the material is then pressed onto the mould to form the structure. To fabricate the
mould for the microfluidic channel a glass substrate is used for stability. This is then spin

coated with a photoresist, AZ9260, using the parameters shown in Table 4.1.

Table 4.1 Spin coating parameters for AZ9260 on glass substrate

Steps 30pm Thickness of AZ
Distribution of the AZ 70rpm
30 Rev/s
20s
Spread Cycle for uniform 400rpm
wafer coverage 100 Rev/s
20s
Cycle for final photoresist 1000rpm
thickness 200 Rev/s
10s

Once the spin cycle is complete there is a rest period of 300 seconds prior to hard baking
the photoresist to allow the layer to settle onto the substrate. AZ is then hard baked in two
steps of 30 seconds at a temperature of 65°C and then 300 seconds at a temperature of
110°C followed by another 1 hour rest period. The baking is carried out in this way to
minimise the effects of thermal shock. Thermal shock effects include contraction of the
resist, retreat from the wafer perimeter due to a sudden elevation in temperature, resulting
in an uneven distribution of photoresist. The delay facilitates the rehydration of the resist,
which is important in the UV exposure process. The mould is then exposed to UV light
using an acetate mask. The wafer is positioned in the Tamarack UV aligner and the hard
contact between the wafer and photomask is maintained by a vacuum. AZ9260
photoresist is photosensitive to the i- and h-line. In this process the UV light is filtered so
that the resist is exposed to the i-line (365 nm). The energy dose for exposure is set to
1200mJ for 40 seconds. After exposure, the wafer is developed using AZ developer,
AZ400K [4.7], for approximately 3-5minutes and rinsed with deionised water. The wafer
is then dried using pressurised nitrogen and the mould is ready for use and shown below

in Figure 4.5.
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Figure 4.5 AZ mould for PDMS microfluidic channel fabrication

The PDMS used in this fabrication was supplied by Dow Corning under the trade name
Sylgard 184 Silicone Elastomer. It is supplied as a two-parts liquid component kit
comprised of a base and curing agent that are mixed in a ratio by weight of 10 parts base
to one part curing agent. After thoroughly mixing the base and curing agent, the solution
is agitated gently to reduce the amount of air introduced. This solution is then spin coated
onto the glass/AZ mould. The parameters for the spin coating were taken from F.
Schneider et al. work on the use of polydimethylsiloxane (PDMS) for optical MEMS [4.8]

as shown in Figure 4.6.

T L Ll b 1 x T £.3 T

B Sylgard 184
® RIV6IS
——— Fit Sylgard 184
——Fit RTV 615

100 -

75

50 4

Thickness (im)

taveas = 83448./'””

254
Lsyigearne = 49901 £

T . T b I T A T
1000 2000 3000 4000 5000

Rotational frequency ( s
Figure 4.6 Spin curve of Sylgard 184, mean across the whole wafer area [4.8]

The PDMS structure is then cured on the mould at room temperature for 48 hours as

prescribed by the manufacturer’s guidelines [4.9]. The curing was not accelerated using
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heat so as not to create thermal stresses due to thermal expansion mismatch in the
moulding process. Once cured the PDMS is then carefully removed from the glass/AZ
mould. To seal the microfluidic channel another layer of PDMS is spin coated onto a
clean glass substrate and cured using the parameters as before. Holes are then punched
for the inlet and outlet of the microfluidic channel. The sheet with the microfluidic
channels is then bonded to the top layer using an oxygen plasma treatment using a hand-
held corona treatment gun, model BD-20 Electo Technic Products Inc. [4.10]. This device
works by using a high frequency generator to produce a high potential at the electrode
that ionizes the surrounding air, creating a localised plasma or corona. Since the plasma
treatment is carried out in air at atmospheric pressure, there is no requirement for vacuum
chambers and/or gas cylinders and therefore bonding can be achieved on any non-
conductive surface. The wire electrode is passed across the sample at approximately 1 cm
above the surface for approximately 10 seconds. The treated surfaces are then bonded
together and left to rest for approximately one hour for bonding to take effect. The corona
treatment is safe and easy to use, however some precautions do need to be observed. First,
the corona produces a significant amount of ozone, and should only be used in an area
with good ventilation. Secondly, the unit produces radio frequency (RF) noise, which has
the potential to affect other equipment. The unit must be used on a non-conducting surface
and should be kept at least three feet away from digital devices. Once the corona treatment

is applied the surfaces must be immediately bonded as hydrophobic recovery can take

place [4.11].

Figure 4.7 Completed PDMS structure

The completed PDMS structure is shown in Figure 4.7 photographed against a dark

background so that the microfluidic structures can be seen. The structures were very time
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consuming to make. They were also difficult to handle as PDMS is not a hard material.
For these reasons PDMS was not used in the final design for the microfluidic channels
for the sensing device. An alternative material was investigated and is presented in the

next section.

4.2.  Fabrication of PMMA Channels

Polymethylmethacrylate (PMMA), also known as Plexiglass®, is a light, shatter-resistant
alternative to glass. It is cheap, readily available and easy to manufacture into microfluidic
channels. This section will outline the fabrication of the microfluidic channels using an

Epilog CO; laser ablation machine.

The PMMA microfluidic channels were first designed using the software drawing

package, CorelDraw Graphics Suite as shown in Figure 4.8.

) o o o o o o O
Channel 1 Channel 2 Channel 3 Channel 4

Figure 4.8 Four iterations of the original design transferred to CorelDraw for laser etch.

The resulting digital image of the channels is then sent to the Epilog CO; laser system
[4.12], which utilises the ablation capabilities of the laser to engrave and cut a variety of
materials. The laser system has two modes of operation, for which frequency, power and
intensity of the CO> laser are parameters that can be adjusted for controlling the depth of
ablation. In vector mode the laser moves along a straight line in the direction determined
by the design. In raster mode the laser moves in a scanning pattern of parallel lines along
the orientation of the digital design. These modes can be used individually or combined.
Later in this chapter the effects of this type of engraving on the microfluidic channels
were investigated. For the work presented here both modes are combined, the raster is
used to form the channels and the vector is used to cut the channels into individual chips

and create the holes for the inlet and outlet.

Two pieces of PMMA make up the channels with one piece containing the channels and
the other used as a top cover with holes for the inlet and outlet. The PMMA is first placed

into the Epilog laser system on the upper left corner of the printing table. The laser is then
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manually focused using a manual focus gauge, shown in Figure 4.9, which determines
the correct distance from the focus lens to the top of the material. The gauge is placed on
the carriage, then the focus button on the laser is pressed and manually the table is moved

up and down on the z-axis so that the tip of the gauge touches the top of the material.

Figure 4.9 Focus gauge attached to lens and carriage system.

This focus distance is where the width of the laser beam waist is at its smallest. The
carriage is then returned to its set point ready for printing. Parameters are then set for

raster and vector modes on the Epilog dashboard as shown in Figure 4.10.
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Figure 4.10 Epilog dashboard where settings are set for the laser ablation process.
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The Epilog dashboard is the print driver that shows the setting of the laser functions from
the computer and is the link that prints the data or image from the computer to the laser
system. The resolution, or print quality, for all of the structures in this thesis was set to
1200 dots per inch (DPI). The raster and vector settings for each variation of chip design
were chosen empirically based on the guidelines outlined in the operation manual. Once
the pieces have been engraved and cut they are then cleaned and ready for bonding. The
bonding technique used in this project is a heat and pressure treatment. The pieces are
aligned manually and set between two glass slides; these are then inserted between two
metal plates, which are pressed together. This set-up is then placed in an oven on a heat
cycle from 0-160°C. A temperature of 160°C is then maintained for 40 min, and the
temperature is then dropped down to 80°C and held for 30 min. The samples are then

allowed to cool down to room temperature before removing them from the metal plates.

There were several designs of microfluidic channels using this PMMA process. The first
design, used also in the SU-8 and PMDS fabrication processes, is illustrated in Figure
4.8. The microfluidic channels were fabricated on a 0.5 mm thick sheet of PMMA. The

result of this design is shown below in Figure 4.11.

Figure 4.11 Initial design of PMMA microchannels based on the SU-8 design.

The microfluidic channels are then tested using an ink dyed water solution, to ensure there
is no leaking. It was discovered that, in this design, the channels were too narrow and
shallow to allow the fluid to flow. This was investigated using optical and scanning
electron microscopy (SEM) techniques. The photographs in Figure 4.12 show the inlets
of channels 1 and 2 and the ablation of the PMMA using the raster technique. There are
defined grooves and steps as the laser moves from side to side and then up towards the

straight channels.
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Figure 4.12 (a) Optical micrograph of inlet of channel 1 (b) Optical micrograph of channel 2

Channel 1 was then put into the scanning electron microscope. Figure 4.13 shows the

inlet of the channel at 100 and 300 times magnification.

(b)
Figure 4.13 Scanning electron micrograph of inlet of channel at (a)100 times (b) 300 times
with white box indicating zone in (b)

The SEM photograph emphasises the ridges seen in the optical microscope. These ridges

would hinder the flow of fluid from the inlet point. The following photographs shown in

Figure 4.14 and Figure 4.15 present the microchannel spur.

S

Figure 4.14 Optical micrographs of intersection of channel
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Figure 4.15 Scanning electron micrograph of intersection of channels at (a) 50 times and (b)
200 times with white box indicating the magnification area

Again detailed ridges are clearly seen in both the optical and SEM micrographs. The
horizontal channel has less emphasis of these ridges due to the channel having a longer x
dimension. This is also seen in the top corner of the channels as shown in the SEM image,

Figure 4.16.

Figure 4.16 Scanning Electron Micrograph of top right corner of channel at (a) 50 times and
(b) 200 times with white box indicating the magnification area.

These optical and SEM micrographs show the disadvantage of using PMMA laser
ablation technique for small channels. In particular the raster technique that ablates the
surface of the PMMA sheet causes deep ridges to be formed as the laser is moved in the
y-direction. In addition, vapours can be trapped by the molten PMMA during
resolidification resulting in randomly distributed micro bubble formations. Further
examination of laser prototyping using PMMA has been described by M I Mohammed et
al [4.13].
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As a result of the features obtained and shown by the SEM, the microfluidic channels
were redesigned to accommodate for the roughness of the channel surfaces. In order to

have automatic fluid flow, capillary pumps were also investigated.

The second microfluidic channel design incorporating a capillary pump is shown in

Figure 4.17.

O

Figure 4.17 CorelDraw design of microfluidic channel design with multi-channel capillary

pump and top cover

This design uses multiple channels as the pump. The principle behind this pump is to
increase the specific area of the channels and multiply thereby the capillary effect to allow
a passive way to circulate liquid in the main microchannel. The microfluidic channels
have a width of approximately 300 um. The Epilog laser parameters for this design are

shown in the table below, Table 4.2.

Table 4.2 Epilog laser parameters for multi-channel capillary pump design [4.13]

Function Parameters

Raster Speed 20%
Power 100%

\Vector Speed 10%

Power 20%
Frequency 5kHz

This design was printed on 0.8 mm thick PMMA and bonded using the heat and pressure
technique. The microfluidic channels were first leakage tested by applying a water and
dye solution and checking the surrounding area for any leaks. Once tested they were
cleaned with water only and left to dry overnight. In testing this design it was found that

the capillary pump was not efficient enough in delivering highly viscous samples and
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took in excess of a day for complete saturation. For this reason another capillary pump

design was chosen.

The third microfluidic channel design incorporated a capillary pump made with pillars as

shown in Figure 4.18

Figure 4.18 Pillar capillary pump microfluidic channel design in CorelDraw

This design uses the same principle as the multi-channel configuration, however
horizontal channels cross the vertical ones to form a grid pattern, [4.13]. This allows a
greater pressure difference between the inlet and outlet and therefore an increased flow
speed. The channel was etched using the same parameters as the previous design and then
bonded using the heat and pressure technique. Again the channels were leak tested using
a water and dye solution. In testing the microfluidic channel design with the microwave
resonant structure it was found that this design was impractical for this set-up. It was also
discovered that the CorelDraw design did not take into account the over ablation of the

laser and there was significant variation from chip to chip.
4.3.  PMMA Laser Ablation Effects

4.3.1. Channel variations

Rapid prototyping using CO- laser system of PMMA results in large variations of channel
width/depth and also deposits of melted PMMA. Using 5 different channels,
measurements were taken slotting each individual channel into the waveguide slot. In the
figure below, Figure 4.19, there is a clear, large variation between each of the channels.
This could be due to the size of the individual channels, the bonding or more significantly
misalignment of the microfluidic chip in the width of the slot within the microwave

waveguide.
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Figure 4.19 Variation between different channels

A study was performed in order to calculate the error associated with the variation with
the microfluidic channel widths. Using a simple optical microscope with a backlight the
variations in channel width are illustrated below in Figure 4.20. Four different points in

the channel design were looked at to get a better representation of the channel width

variation.

Figure 4.20 Positions of the measurements taken using the optical microscope

Points 1, 2, and 3 are of horizontal channels and point 4 is of a vertical channel. The

optical images for a microfluidic chip are shown below in Figure 4.21.

88



0.330 ¥ 0.178 D O.3?4C ;

Wie v

|

?X 0.386 Y 0.178 D 0.425C '

Figure 4.21 Optical measurements of the channel width, X, at various points along the

channel

The optical microscope images quite clearly show a large variation ranging from 330 um
to 386 um as far as the vertical and horizontal channel widths are concerned. This is due

to the way the channels are fabricated using the CO; laser as illustrated in Figure 4.22.

¥ 0.2988Y 0.1700D O.

Figure 4.22 Direction of the laser ablation and its effect on the channel width

The arrows indicate the direction of the laser during the ablation of the channels; the

vertical scanning of the laser beam causes the channels to be around 100 pm larger than
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the horizontal channels. The channel widths for various channels (numbered 1 through 4)

are shown in, Table 4.3, all sized in pm.

Table 4.3 Variation in channel width at various points on the channel with respect to the
laser ablation

Standard
Channel | Size 1| Size 2 | Size 3 | Size 4 | Average | Deviation
1 379 | 330 | 357 | 386 | 363.00 21.85
2 325 | 337 | 352 | 444 | 364.50 46.89
3 298 | 279 | 325 | 417 | 329.75 52.96
4 340 | 341 | 331 | 400 | 353.00 27.41

As the results show there is significant variations in the various channels. The
measurement setup was redesigned to make the system more reliable by incorporating
pins to secure the microfluidic channel into the test structure. The microfluidic channels

were also redesigned to eliminate variability in the pump rates and channel variation.

The fourth and final design used in the results is a non- capillary pump design shown in

Figure 4.23.

< 55 mm > ¢4mm
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Figure 4.23 Microfluidic channel design with no pump. Fluid flow is provided mechanically.

The design shows the microfluidic channels with holes for the pins located in the
waveguide. The microfluidic chips were again bonded using the same heat and pressure
technique as the other channels. The laser parameters were also altered to accommodate
for the over ablation of the channels by adjusting the power and speed of the laser, Table

4.4.
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Table 4.4 Epilog laser parameters for microfluidic channel design with no pump

Function Parameters
Raster Speed 37%

Power 40%
\ector Speed 10%

Power 20%
Frequency 5kHz

Once the channels were sealed, nanoports that allow the connection to the mechanical

pump, were glued onto one of the outlets of the channels as shown below in Figure 4.24.

Figure 4.24 Microfluidic channels with a nanoport connection to mechanical pump

By attaching tubing the microfluidic channels can be filled using a syringe fixed to a
mechanical pump device. This has the advantage of consistent fluid flow as well as no
need to adjust the channels whilst inside the microwave waveguide. This was the final

design used to capture the results in this project.

4.4.  Design and fabrication of the microwave device

As discussed in Chapter 3 the E-plane filter was designed to have two apertures of
different lengths. The material chosen for the E-plane filter was copper as it is a metal
and therefore possesses a high conductivity. The material is also readily available and

easily machined. The E-plane filter machined in copper, 1mm thick is shown in Figure

4.25.

91



21mm

b=10.16mm

Figure 4.25 E-plane filter machined as designed in Chapter 3. Material is 1 mm thick copper.

The top aperture has a length of 13 mm and the bottom length has a length of 12.25 mm.
The E-plane filter also has fins to enable the filter to be placed in the waveguide as will
be shown later in this chapter. The waveguide was fabricated from a high conductivity
material, in this case aluminium. Aluminium is a cheap, readily available material. The

waveguide dimensions are that of the X-band standard, a= 10.16 mm and b= 22.86 mm.

As outlined in the previous section there were several problems with the liquid flow in
the SU-8 microfluidic channels and thus a new thicker design was needed to
accommodate the PMMA microfluidic channels. The higher slot was therefore necessary.

The waveguide device is shown below.

1.8 mm cutout to
accommodate PMMA
microfluidic channels

Screw holes to bolt the
two halves together

Alignment pins

Figure 4.26 Microwave waveguide redesigned to incorporate PMMA channels

As the figure shows there was an aperture cut into on half of the waveguide device (upper
half shown in the figure). This allowed the PMMA microfluidic channels to be

incorporated into the sensing device. In order to prevent the microfluidic channels from
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moving inside the waveguide, pins were also included. The complete waveguide setup,

including the microwave filter and microfluidic channel is shown below in Figure 4.27.

Waveguide to Aligned filter and PMMA  Waveguide halves screwed
coaxial connection  channel together

Figure 4.27 Waveguide with copper filter and PMMA microfluidic channel inserted.

45. Conclusions

Throughout this chapter different methods of fabrication of microfluidic channel devices
were explored with the final selection of the PMMA material. This material is
advantageous over SU-8 and PDMS as there is no requirement for a cleanroom facility,
UV lithography or harsh chemicals. Compared to PDMS, PMMA is an easier material to
manipulate as it is a rigid material and not a highly viscous substrate. PMMA is also
biocompatible, easily machined and most importantly a low cost material. Using the CO»

laser engraving system ensured high productivity and ease of manufacturing with high

yield.
Table 4.5 Microfluidic Channel Material Comparison

Material Fabrication Advantages Disadvantages Thicknesses

SuU-8 Clean room environment. Spin coating, High aspect ratio. Vertical side Laborious fabrication process 1->200 um
UV Lithography, Hot plates/ovens for walls. Transparent requiring trained professionals.
baking

PDMS 2 part elastomer. Requires mixing, spin Once the mould is created, it Highly viscous making is difficult | 5->200 u
coating. Also requires a negative mould. can be used many times. Cheap. | to work with.

PMMA CO2 laser ablation Rigid material. Rapid Rough side walls with CO2 laser | 200 - >1000

prototyping with laser ablation ablation. um

Also discussed was the fabrication of the microwave waveguide with e-plane filter. The
waveguide had to be modified from the original design to accommodate the PMMA

channels.
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5 E-plane Sensor: Experimental Results

The following section describes the results of the experimental work carried out on the
sensing device. The results obtained are from the SU-8 and PMMA fabricated
microfluidic channels with various sample solutions. The results from the PMMA
experiments are then compared to the modelling results using HFFS software package as
explained in Chapter 3. Samples include various alcohols, Ethanol and Methylated Spirit,
and motor oils. Alcohols and Motor oils are freely available providing early data on the
prototype device. Fast, reliable cell detection is required for medical diagnostics,

therefore animal blood was also used to test the sensors ability to detect cells, namely Red

Blood Cells (RBCs).

5.1  Sensor Results with SU-8 based Microfluidic Channel
The E-plane waveguide sensor and SU-8 microfluidic channels chip were aligned and set

up as shown in Figure 5.1 below.

Coax to waveguide flange

Figure 5.1 SU-8 microfluidic channel alignment with resonator and modified waveguide

The E-plane filter was placed into the custom designed half-waveguide. The SU-8
microfluidic channel was then aligned and placed on top of the E-plane filter. The other
half of the waveguide was then screwed to the other half securing the filter and SU-8
microfluidic channels in place. The waveguide was then connected to a HP Vector
Network Analyser (VNA) using coaxial to waveguide conversion flanges, as illustrated
in Figure 5.1. The measurement system then needed to be calibrated before measurements

could be taken. The calibration ensures that there are no additional losses due to the
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measurement system, giving a true measurement of the waveguide sensor. The calibration

process was carried out as follows:

. The frequency synthesizer was first switched on followed by the parameter test
set and then the Vector Network Analyser (VNA). The frequency range for the test was
chosen appropriately along with the number of test points within that range. For initial
tests the frequency range was 7 to 12 GHz with 801 points. This was then narrowed to 1

GHz centred around the resonant frequency of the test with 801 points.

. The flanges from the test waveguide were connected to the parameter test set

ports.

. On the VNA the CAL (Calibration) TRL368 (Through, Reflect, Line) option was
chosen. This calibration uses a set of known standards for reducing the systematic effects

of the measurement system, allowing a more accurate measurement of the device under

test [5.1].

. For the first standard — '"Through' — the waveguide to coaxial flanges were
connected together with no other transmission line. This sets the reference plane for the

waveguide sensor measurements.

. The second standard — 'Reflect' — in turn each of the flanges were terminated with

a reflection/short. This uses a different standard to also set the reference plane.

. The third standard — 'Line' — The flanges were connected to a short transmission
line of know length. The S-parameters are measured and, together with the previous

results, an error correction is applied.

. Once the calibration is complete it is validated by connecting the flanges together

as the Through section of the calibration. There should be zero loss and no reflections.

Once the sensing device and the VNA were set up, an S-parameter measurement of the
empty channel was taken. This is captured using the software Softplot®. This allowed
communication between a PC and the HP VNA. Softplot® was able to capture the

measurement data that can then be imported into Microsoft Excel®.

Results were also taken for the E-plane filter only. By measuring this, the effect of the

microfabricated microfluidic channel can be observed.
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Figure 5.2 811 parameter results of empty SU-8 microfluidic channel compared to the results of

the E-plane filter only

As the results in Figure 5.2 show there is a significant difference between the resonant
frequency of the filter only and that with the SU-8 microfluidic microchannel in place.
This shift in resonant frequency can be used as an indicator that a change in dielectric
constant is present. It is this phenomenon that will be exploited in this device once liquids
are flowing through the microchannels. The shift in resonant frequency from the empty
waveguide with just the E-plane filter is 302.5 MHz. An additional two empty SU-8

microfluidic channels were tested and the results are shown in Figure 5.3.
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Figure 5.3 821 parameter results of different empty SU-8 microfluidic channels. The signature of

the E-plane filter only is given as a reference.
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Although the general shape of the curves looks similar, there are discrepancies between
the three SU-8 microfluidic channels. This could be attributed to the variations in the SU-
8 mixture that is formulated in house as mentioned in Chapter 4. It could also be due to
the placement of the microfluidic chip within the waveguide. All curves have however
resonant frequencies distinct from that of the E-plane filter only. In order to investigate

further, different liquid samples were introduced inside the microfluidic channels.

The first sample was a solution called phosphate buffer saline (PBS). This is an isotonic
water based salt solution for suspending biological cells. The PBS sample was introduced
by pipetting a small droplet onto the inlet of the SU-8 channels. Due to capillary forces
at the interface of the microfluidic channel the fluid was able to circulate to the outlet of

the device. The results for the PBS filled channels are shown in Figure 5.4.
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Figure 5.4 Szi-parameter results of SU-8 microfluidic channels, Channel 1 with PBS sample,
compared to that of the empty channel and E-plane filter only

As the results in Figure 5.4 show, the resonant frequency has shifted compared to that of
the empty channel. The shift is approximately 84.8 MHz. The microfluidic channel was
then flushed with air using a syringe positioned at one of the inlets. The SU-8 microfluidic
channel could not be adequately cleared of the initial solution therefore could not be used
for more than one sample. As discussed in Chapter 4 the SU-8 microchannels were
difficult to fabricate and as they could only be used once it was decided to investigate an

alternative substrate for the microfluidic channels.

Polydimethylsiloxane (PDMS) was the next alternative, however as discussed in Chapter

4 Design and Fabrication of E-Plane Sensor the material did not yield suitable
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microfluidic channels for this device. The final material for the microfluidic channels
investigated for this device was Polymethylmethacrylate (PMMA). The results for this

material are described below.

5.2 Sensor Results with Single Layer PMMA Microfluidic Channel

After discovering the difficulties in using SU-8 and PDMS, PMMA was then used to
fabricate the microfluidic channels. This is described in the Chapter 4 Design and
Fabrication of E-plane Sensor. PMMA, also known as Plexiglas®, is a plastic material
that is cheap, readily available and easy to manufacture using a CO; laser system. Tests
were carried out on the 0.5 mm thick PMMA to machine microfluidic channels. Due to
the method of laser etching and the thickness of the PMMA, it was however difficult to
obtain accurate measurements. The sample fluid did not flow as discussed in Chapter 4.
The thickness of the channel did not allow the halved waveguide to completely close,
causing a gap resulting in high losses. Therefore the PMMA channel design and

waveguide were modified as discussed in Chapter 4 and the following sections.

5.3 Sensor Results with Capillary Pump PMMA Microfluidic Channel
As discussed in Chapter 4 the channels and original waveguide were modified to

accommodate the extra thickness of the PMMA material as shown in Figure 5.5.

Figure 5.5 Picture of modified waveguide to accommodate the thickness of PMMA channels

The PMMA microfluidic channels with the capillary pump design, shown in Figure 5.6,
were then inserted into the waveguide. The waveguide was then set-up and calibrated as
described above. The test fluid was delivered using a syringe. A small droplet was placed

at the inlet of the microfluidic channel. This fluid was then drawn into the rest of the
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channel by capillary action. The fluid could be extracted using a vacuum suction

technique and could therefore be used multiple times.

Figure 5.6 Microfluidic channel with capillary pump design

An initial experiment was carried out using the capillary pump design with concentrations
of ethanol in water. The same microfluidic chip was used throughout the test. The first
sample introduced to the microfluidic channel was 100% ethanol. This was then diluted
in volumetric concentrations of 80%, 60%, 40%, and 20% with deionised (DI) water. The
last sample was 100% DI water. After each solution the channels were manually flushed
using the natural capillary forces of the microfluidic channel. The results of the tests with

varying concentrations of ethanol in DI water are shown in Figure 5.7.
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Figure 5.7 Results obtained with different concentrations of ethanol in water

As the results show, there is a significant shift in the resonant frequency between the
100% water and 100% ethanol. By introducing water into the ethanol, the resonant
frequency is fairly constant. This suggests that water has a stronger effect on the dielectric
constant of the solution than ethanol. As more and more water is introduced the losses

associated with this solution lessen.
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Blood comprises many components such as Red Blood Cells (RBCs), White Blood Cells
(WBCs) and plasma. In order to test this device for possible clinical applications, animal
blood was used which has been separated into the components of red blood cells and
plasma. The red blood cells are diluted into different concentrations with phosphate buffer
saline (PBS). Figure 5.8 shows the frequency variations of the return loss parameter, S>;,
for red blood cells and plasma of mouse blood compared to empty channels (channels 1
and 2 on the graph). As these are blood samples, separate channels for each sample must

be used to ensure that there is no cross contamination.
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Figure 5.8 821 parameter results of mouse blood samples in 2 separate channels. Channel 1

sample - mouse plasma. Channel 2 sample - mouse red blood cells suspended in PBS 500:1

The figure shows a shift in resonant frequency with each respective empty microfluidic
channel and their sample. However it is also clear that there are inconsistencies in the
placement or alignment of each of the different channels resulting in mismatched
frequency responses. This was exacerbated through the use of the pipetting technique to
deposit the samples disturbing the alignment of the microfluidic channels with the e-plane
filter apertures. This is investigated in the next section. Also, the resonance frequency
difference for each of the samples is relatively close meaning that this measurement is

not capable of differentiating plasma from red blood cells.
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5.3.1. Investigation into the reproducibility of the results with the capillary pump
PMMA Microfluidic Channels

Problems with movement of the microfluidic channels in the cavity slot were
investigated. Using different channels, comparisons were made of the air filled channel
with the channel filled with phosphate buffer saline (PBS). Four microfluidic channels
were fabricated and sealed using the techniques described in Chapter 4. The waveguide
and VNA were set up as described before. Each of the microfluidic channels was inserted
into the slot in turn. A measurement of the empty channel or air-filled and with a sample

of PBS was taken for each channel and the results are shown below in Figure 5.9.
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Figure 5.9 821 parameter measurements of four microfluidic channels - air filled and PBS

filled.

The results show a difference in resonant frequency compared to air and PBS. There is
also a difference in each of the microfluidic channels due to instability when placed in the
waveguide structure. Using one microfluidic channel, Sy parameter measurements were
taken after inserting then removing the channel several times. The results are shown in

Figure 5.10.
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Figure 5.10 Repeatability test by removing and inserting the microfluidic channel several

times

Variations of the order of 70 MHz for the minimum of S»; and 40 MHz for the maximum
of Sz1 are obtained for the same channel. Considering that a change of around 30 MHz is
obtained in the shift of the resonant frequency between a filled and empty channel, it is
clear that the use of such devices proves to be difficult at times. This is due to the shift in
alignment with the e-plane filter. S21 parameter measurements were then taken with the

microfluidic channel kept in place. Three repeated measurements are shown in Figure 5.11.
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Figure 5.11 Repeatability test with a fixed channel

There is very little shift in the overall trace including the resonant frequency.
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5.3.2. Oil Experiments
Before each experiment a through reflect line (TRL) waveguide calibration was carried
out. An empty channel is then inserted into the waveguide and aligned with the resonator.

For each of the experiments, six measurements were taken for each sample.

Motor Oil

Comparison between an air filled channel and Halfords Sw-40 motor oil was made in

terms of S-parameter measurements. An average over the six measurements was made.
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Figure 5.12 S»; parameter measurements of a single air filled channel
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Figure 5.13 821 parameter measurements of a single microfluidic channel filled with oil

sample

The repeatability of the measurements for the air filled channel is very consistent.

However the motor oil measurements show some discrepancy due to the movement of
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the channel within the waveguide as the oil is syringed into the channel. Taking an average
of these results can determine if a shift in resonant frequency is observed between the

empty channel and the oil.
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Figure 5.14 Comparison of average S:1 parameter results of air and oil

As the results show we can see a slight shift in the resonant frequency of approximately

21 MHz.

Vacuum pump oil

In this experiment a repeatability test against an air filled channel was carried out using
vacuum pump oil. Again six measurements of each of the samples were taken and the

results are shown below.

-8
—Air 1
10 N "
) /  \ ——Air2
S
5 / \ ——Air3
@ 14
g / \ Air 4
8 -16
o \ / —Air 5
o s
) \/ —Air 6
20
8.2 8.3 8.4 8.5 8.6 8.7 8.8
Frequency (GHz)

Figure 5.15 Repeatability of Sz21 parameter measurements of an air filled microfluidic

channel
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As the results show the repeatability of the vacuum pump oil is significantly better than
that of the motor oil. This is due to the immobilisation of the channel with the waveguide
by using pins. Another point to note is the change in bandwidth from the previous results;
this is due to the movement of the E-plane resonator from this previous position when the
waveguide was dismantled after the initial experiment. Therefore a way to fix the
resonator to the waveguide is essential in maintaining repeatability. A graph comparing

the average S»1 parameter results of the air and vacuum pump oil are shown in Figure 5.16.
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Figure 5.16 Average S parameter measurements of air and vacuum pump oil

The resonant frequency shift in these results is only 4 MHz; this could be due to air

bubbles appearing in the channels as this is a highly viscous oil.

Evidently this is a very sensitive device. In order to stabilise the measurements the E-
plane resonator need to be permanently fixed. The microfluidic channels must also be
stabilised during the experiments. These were achieved by aligning the e-plane resonator
in its optimum position and closing the waveguide by using all of the available screw
terminals. The microfluidic channel was redesigned as discussed in Chapter 4 to include
ports to secure the channel to a mechanical syringe pump. This ensures that the
microfluidic channel is not disturbed when introducing the sample. The following section
provides details of the new set-up to minimise disturbances as well as the results achieved

using this set-up.
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5.4  Results using mechanical pump design

In order to ensure the repeatability of the measurements a mechanical pump was
introduced to avoid any movement of the microfluidic channel or surrounding equipment.
The microfluidic channels were redesigned as discussed in Chapter 4, Figure 4.23. A
nanoport is connected to the inlet of the channel to allow the connection of tubing that is
then attached to a syringe. The syringe is operated by the mechanical pump allowing

constant accurate flow of the test fluid. The measurement set up is shown in Figure 5.17

below.

Figure 5.17 Mechanical pump measurement set-up and detail of the PMMA Microfluidic channel

with nanoport connections to mechanical pump

The waveguide is connected to the HP Vector Network Analyser and calibrated as before.

S-parameter measurements were then captured by the software package Softplot.

5.4.1. Oil with a contaminant
Motor oil 5W/40 was employed and contaminated with alumina particles of 3 pm
diameter at a concentration of 1 M. The sample was compared to DI water and pure oil.

The results are shown in Figure 5.18.
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Figure 5.18 Average S:; parameter results of water and oil contaminated with alumina

particles.

Taking an average of 5 measurements and measuring the y-error associated with the
variability of the measurement, it is not possible to distinguish differences between clean
and contaminated oil at this concentration. The dielectric constant for Alumina is given
as 9.8 at 1 MHz [5.2]. The dielectric constant of oil is between 2.1 and 2.8 at 100 kHz
[5.3]. The contamination is thought to be too small for the sensor to register a change in
the dielectric constant of the solution. Repeat measurements with higher concentrations
of alumina particles were not possible as the particles settled in the solution and in the

microfluidic channel.

5.4.2. Different oils compared with water

The following measurements are of the same kind as those carried out using the capillary
pump microfluidic device. In repeating these measurements comparisons can be made
between the different characteristics of the different oils compared to that of water.

Results are presented in Figure 5.19.
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Figure 5.19 S»; parameter measurements of various oil samples compared to deionised

water

It is clearly shown that there is a distinction between the oils and the water. The difference
between the different oils is not apparent. Therefore a closer look at the resonant feature
is necessary; the result is shown in, Figure 5.20. In the left figure the Szi-paramter y-axis
error bars are displayed. In the right figure, the frequency x-axis error bars are shown for
the different kinds of oils. The graphs show the resonant feature of the averaged results
for the oils over 5 runs. The figure on the left displays the maximum deviation from the
average of the S21-parameters around the resonant frequency. The figure on the right
displays the maximum deviation from the average resonant frequency over the five tests.
By observing the overlap in the errors associated with the vacuum pump oil and the motor
oil /40, there can be no clear distinction in the sensors response. This suggests that the
vacuum pump oil and the motor oil /40 have similar dielectric characteristics. However
the errors associated with the motor oil /30 show no overlap with the other traces.

Therefore the sensor can distinguish between the motor oil /30 and the motor oil /40.
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Figure 5.20 Left — Average return loss of various oil samples showing the error in the S:;. Right —

Average return loss showing the error in the resonant frequency.

In order to further understand these results the resonant frequency of each sample is given

in the table below, Table 5.1.

Table 5.1 Resonant frequency and S:i-parameters of samples

Water Vacuum Motor Motor
pump oil | oil /30 oil /40
Resonant Frequency | ¢ 17g 8.516 8.512 8.516
(GHz)
S;1-Parameters (dB) -10.599 -10.223 -10.290 -10.242

As the results show the vacuum pump oil and the motor oil /40 resonant frequencies

overlap. There is a resonant frequency difference between the motor oil /30 and motor oil

/40 of 4 MHz.

5.4.3. Methylated spirit and water concentration measurements

In order to determine the sensitivity of the device, measurements were taken of various

concentrations of methylated spirit with water. The average over 5 results was taken and

plotted as shown in Figure 5.21.
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Figure 5.21 Average S:1 parameter measurements of concentrations of methylated spirit

and water

From the frequency range of 8.4 GHz to 8.8 GHz there is little difference between each
of the curves when the channels are filled with liquids. A closer look at the resonant

frequencies of each of the constituents is therefore needed as shown in Figure 5.22.
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Figure 5.22 Resonant frequencies of various concentrations of methylated spirit and water

The difference in resonant frequency between each dilution is not significant enough to
determine whether this is the true result. For example comparing blind samples of each
solution there would not be enough information to determine which dilution is which
from this result. However comparing the resultant return loss for each of the dilution,
there is a trend towards increasing return loss and decreasing methylated spirit
concentration. There is a need to perform more error analysis on these curves including

looking at the insertion loss S;; and other data retrieved from the VNA.
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In order to further evaluate the sensing capabilities of the device, larger concentrations of

Methylated spirit and water were used in the following results, Figure 5.23.
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Figure 5.23 Resonant frequency of varying concentrations of methylated sprit and water

The resonant frequency of each of the concentrations are plotted against the
corresponding S21-parameter. Although there is no change in the resonant frequency,
there is a trend towards high insertion loss at greater concentrations of methylated spirit.
However, concentrations less than 10 % are not distinguishable for the pure 100 % water

sample.

5.4.4. Adjacent Averaging Technique

In order to better interpret the data and graphs an adjacent averaging technique was
employed. Adjacent averaging involves taking the average across a specified set of data
points around a data point and replacing that point with the new average value. Assuming
there are enough data points collected that the result is not significantly altered. More

than 400 data point were taken during the S-parameter measurements.
Taking the results from the methylated spirit concentrations and concentrating on the

resonant frequency points the results obtained before and after the application of this

technique are shown in Figure 5.24.
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Figure 5.24 Effect of adjacent averaging technique on the smoothing of the data

The noise in the previous results is significantly reduced and each curve can be clearly
distinguished. The same was applied to the different oil results and are shown in Figure

5.25.
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Figure 5.25 Effect of adjacent averaging technique on the water and oil S:; parameter

measurements

Again the noise after the adjacent averaging technique has been applied is significantly

reduced, allowing thereby a better interpretation of the results.

5.4.5. Animal blood samples
The animal bloods used in the following tests were from mice and geese. Goose blood

was chosen as the red blood cells of birds contain a nucleus unlike mammalian red blood

113



cells. Nucleated red blood cells in humans can be an indicator of some infections/diseases
or can be found in maternal blood (Foetal nucleated red blood cells, nRBCs). Foetal
nRBCs can enter the blood stream of the mother during pregnancy. If these cells could be
detected and analysed, the rich genetic heritage of these cells could be used to determine
foetal congenital abnormalities very early on in the pregnancy using only a simple sample

from the mother own blood circulatory system.

The blood separation was carried out in house using an Eppendorf mini centrifuge, using
Eppendorf centrifuge tubes and Gillard pipettes. Firstly, I mL of the blood was put into
the tubes and placed into the centrifuge. The centrifuge tubes were then distributed evenly
in the centrifuge to keep it balanced. The whole blood was then centrifuged at 3500 rpm
for Smin. The plasma was then removed from the top of the cells manually using a pipette
and dispensed into a clean tube. The cells are then washed in phosphate buffer saline
(PBS) and mixed. The centrifugation is then carried out again along with the removal of
the supernatant by pipette; this is then discarded. The washing step is repeated once more.
The separated red blood cells are then diluted into known concentrations with phosphate
buffer saline (PBS). To improve the purity, i.e. cell free, of the extracted plasma, the
sample is centrifuged again and the plasma pipetted off into a new tube. The samples are
then loaded into syringes for input to the mechanical pump used in the measurement

setup.

Mouse blood samples
The first experiment was carried out on mice blood. The RBCs and plasma were extracted
using the technique described before. The RBCs were diluted by volume with Phosphate
Buffer Saline (PBS) in concentrations of RBC 1:200 PBS, 1:250 and 1:500. The samples
were then individually syringed into the microfluidic channel using the mechanical pump
set-up. The samples were mechanically syringed into the microfluidic channel at a rate of
200 pL/hr. The first sample was the red blood cells, starting with the smallest dilution
1:500, then 1:250, then 1:200. Before a measurement was taken, sufficient time was left
for the sample to fully fill the channel and make sure that any previous sample had been
evacuated. Due to the nature of microfluidic capillaries the flow of fluids is in the laminar
regime, therefore negligible mixing will occur between samples. Once the microwave
measurements were taken for the red blood cell dilutions, the next sample was of the pure
PBS. Again the sample was allowed to flow for a sufficient amount of time to ensure that

parts of previous sample were not present. Once the microwave measurement was taken
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for PBS, the mouse plasma sample was introduced followed using pure deionised (DI)

water. The insertion loss results of these mammalian samples are displayed in Figure 5.26.
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Figure 5.26 S»; parameter measurements of mouse blood components compared to pure PBS and

water

As a preliminary observation the dilutions are in line with the expected outcome — the
higher the dilution of phosphate buffer saline the closer the signal is to the pure sample.
Also of note is that the plasma has a similar signal to that of water. In order to fully analyse

these results the resonant frequency of each sample is plotted in Figure 5.27.
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Figure 5.27 Resonant frequency points and insertion loss of the mouse blood sample

The results clearly show the effect of the different concentrations of the red blood cells
and phosphate buffer saline. The less concentrated the blood cells are, the closer the

resonant frequency gets to that of the pure PBS sample. The plasma results show that the
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resonant frequency is the same as water but with a different transmission coefficient,
which is explained by the fact that plasma is 90% water. This analysis illustrates the

sensitivity of the device, and its ability to detect slight variations in sample concentrations.

Goose blood samples
As mentioned before geese blood was used as the red blood cells of the avian species
have a nucleus, unlike mammalian cells. As the nucleus contains DNA and if the
nucleated cells can be detected and extracted from the sample, DNA analysis can be
carried out. This is particularly important for non-invasive pre-natal testing. Each sample
was inserted into the microfluidic channel using the mechanical pump set-up. 5 repeat
captures of the S-parameters were taken for each sample. These results were then
averaged and the adjacent average technique was applied. The adjacent average resonant

frequency v. Sa1-parameter is shown in Figure 5.28.
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Figure 5.28 81 — parameter resonant frequency of various goose red blood cell

concentrations compared to that of PBS and water

The difference in resonant frequency is 2.5 MHz between the first three concentrations,
1:200, 1:1,000 and 1:2,000, and 5 MHz between 1:2000 and 1:5000 concentrations. There
is also approximately 0.22 dB insertion loss difference between the highest and lowest
concentrations. The 1:5,000 red blood cell concentration resonant frequency is also
approximately 2.5 MHz away from the one at 1:10,000 concentration. This in turn is 2.5
MHz away from the pure PBS sample. The resolution of the VNA limits the number of
points that can be obtained therefore the sampling was taken at 1.25 MHz intervals. The
adjacent averaging technique allows usually a better interpretation of the results however,

in this case, the method could distort the data. Therefore it is difficult to distinguish the
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PBS sample and the very low concentration samples at 1:5,000 and 1:10,000. The error
bars show the maximum deviation during the five repeat measurements taken. There is
overlap between the upper and lower concentration samples suggesting that the sensitivity
of the device is around 1 in 200. There is also an overlap of the PBS sample and the pure
deionised water sample. As explained before PBS is a saline solution (salt water), which
explains the relatively similar resonant frequency however the insertion loss is much

lower in the PBS sample due to the salts.

5.5  Experimental results and HFSS simulations

Taking the simulation results from Chapter 3 related to modelling and theory of e-plane
sensor, a comparison can be performed between the simulations and the experimental
results. The model used was that of the waveguide with a Plexiglas® insert with

cylindrical capillaries to represent the microfluidic channels, as shown in Figure 5.29.

=

Plexiglass with water capillaries

10.16mm

b=

a= 2286mm

Figure 5.29 Ansoft HFSS 3D model of E-plane sensing device with Plexiglas and capillary

insert

By changing the physical properties of the cylindrical capillaries in the model different
materials can be analysed. The main property that would affect the sensor is the relative
permittivity of the sample to be analysed. Water, air and generic oil from the Ansoft HFSS
library of properties and compared to the experimental results. The S-parameters of each
fluid are shown in Figure 5.30. The relative permittivities of each sample were: generic

oil: 2.2, distilled water: 81 and air: 1.
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Figure 5.30 S:-parameter comparison between simulations and experimental work

In Figure 5.30, the solid lines represent the experimental measurements and the dashed
lines represent the outcome of the simulations. The simulations display a distinctive
transmission null occurring at around -42 dB with a bandwidth of approximately 18 MHz.
The dashed lines represent the experimental results of the Oil experiments in section 5.4.2
Different oils compared with water. The transmission null for these experimental results
occurs at approximately -16 dB with a bandwidth of 240 MHz. This is therefore a 222
MHz increase in bandwidth from the simulations versus the experimental results. The
dash-dot line represents the average results of the empty PMMA channel in section 5.3.2
Oil Experiments. This result has a larger transmission null at -20 dB with a bandwidth of
approximately 120 MHz, half that of the other experimental results. As the simulated
model is an ideal case, losses associated with the sensor materials as well as the gap
produced by the microfluidic channels are not taken into account. Slight variations in the
resonant frequency of between the simulations and experiments can be attributed to the
alignment issues that have been mentioned throughout this thesis. The E-plane filter is
fully centred in the simulation model however this is difficult to achieve in practice, the
alignment of the channels with the apertures of the filter is also not known as it cannot be
viewed. These simulation comparisons highlight the manufacturing issues associated with
this device, but demonstrates however the sensitivity and operating principle that can be

achieved for sensing.
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5.6 Conclusions

The results from the experimental work carried out on the sensing device were presented
in this chapter. The results obtained from the SU-8 and PMMA fabricated microfluidic
channel with various sample solutions were discussed. The repeatability issues associated
with the E-plane sensing device were highlighted. The movement and alignment of the
E-plane filter was difficult to maintain and position effectively and reliably. A mechanical
pump was finally chosen as the method of delivery of the sample to ensure minimal
movement of the microfluidic channel and ensuring that the sample was injected into the
channels without air entrainment. Methylated spirit concentration above 10 % were
distinguishable using this setup. As well as preliminary animal red blood cells with

concentrations down to 1:500 clearly distinguishable from the supporting media.

The results from the simulation work carried out in Chapter 3 Modelling and Theory of
the E-Plane Sensor were then compared to that of the experimental work. The comparison
highlighted the difficulty in achieving a real model as opposed to an ideal model. Larger
bandwidths over 200 MHz were observable in the experimental work, whereas the
simulations achieved less than 20 MHz. However the principle of the measurement seems

valid in both cases.

By minimising the moving parts of this device a sensitive sensing device can be achieved.
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6. Design, Modelling and Fabrication of a Bragg Sensor

6.1. Bragg reflector concept

Following the literature review in Chapter 2 and to improve the sensor performance and
mitigate the challenges with alignment, a new resonator structure was investigated. The
distributed Bragg reflector (DBR) confines most of the field energy of the resonant mode
in an empty cavity and shields the walls of the metal enclosure using low-loss dielectric
reflectors. The achievable Q-factor of the resulting devices can be in the hundreds of
thousands. Such a high Q-factor allows these types of devices to be exploited in sensing
applications, which require high sensitivity. By using the design concepts outlined by
Flory, Tobar and Floch, the field can be designed to be concentrated at the top of the
device where samples can be easily introduced [6.1]. As the presence of the sample
perturbs the field, a shift in the resonant frequency will occur allowing this device to be
exploited as a sensor. This Chapter also describes the fabrication process for the
Distributed Bragg Reflector Sensor. Initial experimental results of the sensor are also

presented and compared with the simulation work.

6.2. Bragg Theory
There are several approaches to determining the field distribution in a Distributed Bragg

Resonator (DBR). The following sections outline these methods.

6.2.1. ABCD Matrices
Bale and Everard proposed a high Q X-band DBR utilizing an aperiodic Alumina plate
arrangement [6.2]. The Bragg structure consists of periodic arrays of air/dielectric
sections. To model this, each section is considered as an individual waveguide. These
waveguide sections are analysed using 2-port network theory. These 2-port networks are
then cascaded to represent the entire Bragg structure. In network analysis, ABCD
matrices are used as the resulting network comprises of a simple multiplication of
matrices. To illustrate this, a simple two 2-port networks are cascaded as shown in Figure

6.1.

4, e, 5,
o [A BT o [A2 B2][—-4,
---—|c1 D1] —[c2 D2||{—--

Figure 6.1 A cascade connection of two port ABCD matrices. [6.2]
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The resulting matrix equation for the cascade connection above is

]=le wille o] 62

The ABCD matrix for a lossy transmission line of length / with complex propagation

constant y and characteristic impedance Zis given by

coshyl Z,sinhyl
Vl]: 1 Vz] (6.2)
I; Z—sinhyl coshyl |11,

0

Where Vi, I1 and V3, I; are the voltages and currents at ports 1 and 2 respectively. Using
this equation the matrix can be defined for each section by calculating the complex

propagation constant and the wave impedance. For the air sections these are given as

2 2
(@) r = R—Z [(;) ’ m] (6.3)
-7

Where Rq is the surface loss resistance, f- is the lower cut off frequency of the waveguide,
f is the operating frequency, a is the radius of the waveguide, m and n are the
circumferential and radial mode numbers respectively. # is the wave impedance for a

plane wave inside an unbounded infinite medium with permittivity ¢ and permeability u

/6.2].

n = z (6.4)

¥'mn represent the nth zero of the derivative of the Bessel function of the first order m. in
the case of the TEo1 mode, the value of y’mn = 3.8318. The total loss in the dielectric
sections is the sum of the losses associated with the conducting sidewalls that can be
calculated using the above equation and the dielectric losses. The dielectric losses are
given by

w?petan s

2,0 Xrlnn
2\/(4) ue <_a )

Where tan o is the loss tangent, @ is the radial frequency and ¢ is the relative permittivity

ag =

2 (6.5)

of the dielectric material.
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6.2.2. Transfer Matrix Formulation
R. Baets [6.3] formulates a transfer matrix method for multilayer thin film systems. The
layered medium consists of a stack of layers of thickness d; and refractive indices #;,
separated by interface planes. A plane wave is incident on the stack as shown below in

Figure 6.2.

Incident Wave n,| n,

Transmitted Wave
—

Reflected Wave

dl dZ X

Figure 6.2 Reflection and transmission in a multilayer stack. (Modified from [6.3])

To begin the transfer matrix for wave propagation through an interface is obtained.

Consider the interface between a layer i and a layer j as show in Figure 6.3.

X

Figure 6.3 Electromagnetic field at the interface between two layers i and j.[6.3]

The amplitudes of the forward and backward propagating waves before and after the

interface is given by:

Er(x} ] _ [tij gz] [EF(xi_ %] (6.6)

Eg(x))] I Eg(xi

Where Er, Ep are the forward and backward propagating electric fields for at the interface
position x;. The Fresnel coefficients 7y, t;;, tji and r;; are used as only one wave is incident

at the interface. In the case of TE polarisation the Fresnel coefficients are given by
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B _ M-k
TOER(x) ki

(6.7)

Ep(x; 2k}
Ep(x;) ki +ky

Where k' and k¢ are the components of the wave vector &; in layer i and j, respectively.
p Y J

The TM polarisation is given by

| Ep(xi) _ nfki —nfk] (6.9)
YEe(x7)  n2kl+ n?k;
Ep(x}) mn ) (6.10)

When considering a lossless media and no total internal reflection, £y ; can be related to

the angle of incidence 6; by
kyi =mnikocosH; (6.11)

Therefore the TE polarisations as a function of ray angle are:

= EB(xl-:) _micos 8; —n; cos §; (6.12)
Ep(xji) micos6; +njcoso;
C_EGD L 2nicos (6.13)
¥ Ep(x7) B Y7 n;cos 0; + nj cos 6;

Similarly for TM polarization

ri-=EB(xi_) ancosei—nicosﬁj (6.14)
7 Ep(x7) mjcosB; +n;cosb,
Er(xf) mn 2n; cos 6;
Vg = 2;(1-'_771’) " n;cos0; + 1 cos 6, (619
() Wy i Ty j

For an incidence wave perpendicular to the stack, there is no difference between the TE

and TM case. Using the symmetry relations of the Fresnel coefficients

(6.16)
(6.17)

Tiyj = 7T

tijtji — 1yt = 1

124



Equation (6.6) can be written as

EF(x;)] 1711 n-j] [Ep(x?)] (6.18)
Ep(x;) )

tijlrij 11 [Ep(x}

Thus the transfer matrix Tj; for wave propagation through the interface between layers i
andj is:

(6.19)

1 [1 rl'j

Tij _t_ rij 1

Consider now the wave propagation tﬁrough the layer i. The amplitudes of the forward
and backward propagating waves before and just after the interfaces of the adjacent layers
is given by:
Ep(x7) = Ep(x;t,)e Thxidi (6.20)
Eg(xf 1) = Eg(x])e Jkxidi (6.21)
Where d; is the thickness of the layer i. The transfer matrix, Ti, for wave propagation

through the layer i is therefore given by

7. = [e/® 0 (6.22)

t 0 ej(bi

In a lossless media and in the absence of total internal reflection the phase change @ is

equal to

2n (6.23)

As the amplitude Er and E) are described at a constant z-direction, @ corresponds to the

distance between the two phasefronts as described in Figure 6.4.

X
Figure 6.4 Analysis of Equation (6.23). The phase change @ corresponds to the path
length |AB’| and not to the path length |AC|.[6.3]
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The complete transfer matrix for wave propagation through a multilayer stack is the

multiplication of each of the individual transfer matrices as given by

[Ep(xa) =T,y Ep(xy-1) =[T(1)11V T(1)12v] Ep(xy-1) (6.24)
Ep(xp) Eg(xi-0)l 11217 1221 1Es(xi-1)
Where

Toy =To1T1T12T; ... T(v-1)T(n-1)N (6.25)

The design for the Bragg sensor incorporates the concepts of a Fabry-Perot cavity
combined with Bragg reflectors. The structure is similar to that of Flory and Taber [6.4],
having three DBR pairs. Instead of a cylindrical cavity, a rectangular cavity was
investigated in this thesis as it allows to reduce the complexity in manufacturing the

reflectors as shown Figure 6.4.

@) (b)

Figure 6.4 (a) Side cut-away view of the Flory cylindrical dielectric DBR structure inside

the metal structure [6.4] (b) Top view of the rectangular cavity with DBR structure

The structure can be broken down into manageable sections. First consider a rectangular

cavity with the Bragg reflectors as represented in Figure 6.5.

Figure 6.5 Fabry-Perot with Bragg reflectors in a rectangular waveguide [6.5]
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An empty rectangular waveguide has a cut-off frequency, fc, at the TEio mode given by

fo=— (6.26)

Where a is the length of the waveguide along the x-axis. The propagation constant, £,

along the y-axis along the rectangular waveguide is given by

kj = kg — k& where kg = = (6.27)
And for the TE o0 mode
T
k.= p (6.28)

From this equation the wavelength in the direction of propagation is given by

_27‘[

Ayk

(6.29)
y

The centre layer of the rectangular structure shown above can be chosen such that the

fundamental Fabry-Perot resonance is also the centre of the Bragg bandgap

A
leen == (6.30)

The structure was simulated in CST by M. Lorente Crespo [6.5] and the results are shown

below
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Figure 6.6 Simulated reflection coefficient of the 2 = 17 mm 6 pairs DBR with central
defect [6.5]
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The next stage is to consider two of these structures together at 90° to each other. The
structure is then enclosed in a copper cavity and the feed line is in the middle of the cross

structure at the Fabry-Perot cavity as shown in Figure 6.7.

Figure 6.7 6-pair cross DBR with half wavelength central cavity.[6.5]

The length of the Fabry-Perot cavity is square and the length dimension given by

2
2=q (6.31)

From equation (6.27) we have

2\> (27f,p\° 2
K2 = </1_7T> =< ”C p> _(g) (6.32)

y
Therefore

_ 2o 6.33
a_\/ic (6.33)

Together with equation (6.26) the operating frequency is given as

fop = 2 (6.34)

The cross shape system can no longer be excited by waveguide ports, therefore a coaxial

feed is required. The simulated reflection coefficient is shown in Figure 6.8.

0
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Figure 6.8 simulated reflection coefficient of cross DBR[6.5]

128



The Q-factor is 2783 and the mode is well confined to the central cavity. This cross is

then centralised is a square copper cavity as shown below, Figure 6.9.

Figure 6.9 DBR cross structure within a square copper cavity[6.5]

The simulated reflection coefficients shown in Figure 6.10 have a resonance at 23.3 GHz

with 1942 Q-factor.

Si1-Parameter (dB)

20 2 2 23 FL) 25 26

Frequency (GHz)

Figure 6.10 simulated reflection coefficient of cross DBR in square cavity[6.5]

Finally the sapphire layers are extended towards the copper walls to form the complete

device as shown in Figure 6.11.

Figure 6.11 Sapphire/air DBR square device[6.5]
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The simulated reflection coefficient is shown in Figure 6.12, the resonant frequency and

Q-factor are the same as before.

Si1-Parameter (dB)

Frequency (GHz)
Figure 6.12 Simulated reflection coefficient of complete device [6.5]

However, the E-field distribution is higher from the previous cross design as shown in
Figure 6.13.

1.68+05
45681
12450

Figure 6.13 Magnitude of the E-field at the resonant frequency 23.3 GHz[6.5]

The Q-factor could be improved by adding more DBR pairs and/or using sapphire in the

z-direction to minimise the losses.

6.3. Ansys HFSS Modelling of Bragg Sensor

The design and modelling of the Distributed Bragg Reflector (DBR) device was carried
out using a Finite Element Modelling software, Ansys HFSS. Adaptive meshing
techniques used in this software allow the user to only specify the geometry, material
properties and the desired output. The full design process is described in Chapter 3; a

brief outline of this process is shown in the flowchart in Figure 6.14.
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Figure 6.14 HFSS design process flowchart

The initial design created in HFSS is shown in Figure 6.15.

x/y resonators

Top Resonator

= Bottom Resonator
Copper waveguide

10 20 (mm)

Figure 6.15 3D HFSS Model of Distributed Bragg Reflector sensor

A copper waveguide encases the sapphire x/y plane DBR resonators. The top and bottom
resonators are also made from sapphire. The thickness of the top resonator was adjusted
using the parametric optimisation tool available in HFSS. This allows several simulations
to be done over varying model dimensions. The results from this optimization are shown

below in Table 6.1.
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Table 6.1 Optimetric analysis of upper resonator

Lower Reflector Upper Reflector Resonant ‘3 dB’ bandwidth
(mm) (mm) Frequency (GHz) (GHz)
0.86 -0.15 20.85451 0.00144
0.25 0.05 20.56021 0.00072
0.25 0.1 20.73737 0.00096
0.25 0.15 20.97502 0.00048
0.25 -0.15 21.13225 0.00048
0.25 0.2 21.19394 0.00096

The negative thicknesses refer to the position of the reflector with respect to its original

coordinates. The thickness of 0.15 mm for the upper reflector gives a narrower bandwidth

optimal for sensing. The results are also represented graphically in Figure 6.16.
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Figure 6.16 Upper resonator optimization results from HFSS

The optimum thickness of the upper resonator is 0.15 mm, the position of the resonator

at this thickness changes the resonant frequency by approximately 157 MHz. Therefore

the upper sapphire resonator is best placed in a slight recess in the copper cavity.

6.4. Fabrication

The device was fabricated in copper, sapphire and ceramic using the Low Temperature

Co-fired Ceramic (LTCC) technology. Dimensions of the inside of the copper walls and

the sapphire square ring resonators are shown in Figure 6.17.
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35.0mm

Figure 6.17 Dimensions of the copper casing (35 mm) and sapphire inserts. Thickness of
the layers is indicated in the main body of the text.

3 mm thick copper sheets were used for the four side walls, as indicated in Figure 6.17,
as well as the bottom wall of the waveguide. 1 mm slots were machined to allow the
sapphire Bragg resonators to be inserted into the hollow structure. A coaxial RF
connector, SMA connector, was fitted to the underside of the device to interface with the
Vector Network Analyser (VNA). The connector is represented in the figure above by the
two circles centred in the middle of the copper casing. The small 1.5 mm square in the
middle of the figure represents the well of the LTCC top plate, which accommodates the
liquid samples. The LTCC top plate has the same square dimensions as the inside of the

copper walls, 35 mm.

The sapphire was obtained from the company Saint-Gobain Crystals [6.6]. A single
crystal sapphire sheet was grown using the Edge defined Film fed Growth (EFG) method.
This process yields grown to shape material. Other growth processes only allow standard
sizes to be grown, which then must be cut to shape by highly skilled workers using
expensive diamond impregnated tooling. A diagram of the EFG method is shown in

Figure 6.18.
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Figure 6.18 Schematic showing the Edge defined Film fed Growth (EFG) method [6.7].

A crucible contains commercially available aluminium oxide (Al2O3) melted to a
temperature moderately above the melting point, ~ 2200°C. A sapphire seed of specific
crystallinity is dipped into the melt on top of the die and drawn out, solidifying into
sapphire in the shape of the die. This process allows for tight control over crystal
orientation. For the sensing device the single crystal sapphire sheet needed to be cut into
smaller pieces to create the Bragg resonators. As sapphire has a value of 9 on the Mohs

scale of hardness, only special laser techniques and diamond saws can be used to cut it.

6.4.1. Diamond disc cutting
Diamond disc cutting is a machining technique where diamond particles are impregnated
into a holding material, usually steel. Shown in Figure 6.19 is a picture of a typical

diamond rimmed saw blade.

Figure 6.19 Thin rimmed diamond saw [6.8].
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The sapphire sheet was cut using the diamond blade technique into ~20 mm by ~35 mm
rectangles as shown in Figure 6.20 (a). A notch was cut so that the resonators could slot

together to form the pattern shown in Figure 6.20 (b).
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Figure 6.20 (a) individual cut sapphire pieces. (b) Construction pattern used to create the
Distributed Bragg Resonator pattern.

One square sheet of approximately 35 mm by 35 mm was used as the z-plane resonator.

The copper and sapphire structure is shown in Figure 6.21.

Figure 6.21 Left — bottom X, y pattern resonator with z-plane resonator on top. Right —
Second x, y plane resonator pattern. Copper walls show the grooves which the sapphire

resonators slot into.
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6.4.2. Stealth Laser Dicing
Stealth laser dicing is a wafer dicing process that was developed through the use of'silicon
permeable infrared nanosecond pulsed laser technology. Kumagai et al. first presented
the technique in 2006 as an alternative method to harsher techniques such as the diamond
blade and laser ablation techniques [6.9]. These techniques have the disadvantages of
introducing undesirable heat, mechanical vibration and stress. Stealth dicing (SD) has the
advantages of high speed, no debris contaminants and is a completely dry process. The

process has two steps: laser processing and the wafer separation.

Laser Processing
The laser beam is designed to be focused into the interior of the wafer. The laser beam
power is set to meet such a condition that the power density of the focal point is higher
than the processing threshold but the power density at the surface is lower than the
threshold. The layers formed within the material during this process as called SD layers.

A schematic of the laser processing is shown in the figure below Figure 6.22.

LASER
Beam

Focusing
Lens

T s >
SD layer !

Figure 6.22 Laser beam design of SD method and formation of the SD layer. The laser

beam is designed to be focused into the interior of the wafer. [6.9]

The SD layers act as crack initiation sites and guides for the separation.

Wafer Separation

Once the SD layers are formed, the wafer undergoes wafer separation. The wafer is placed
on a dicing tape that fixed on a dicing frame. The cylindrical stage is then pushed up onto
the dicing tape and wafer separating each chip along the SD layer. A schematic of the

process is shown in the figure below, Figure 6.23.
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Figure 6.23 Wafer separation process. a) Wafer is placed onto the dicing tape on the stage.

b) The stage is then pushed up separating each chip. [6.9]

Figure 6.24 below shows scanning electron microscopy images of a divided silicon wafer
with 50 um thickness by stealth dicing. There are is no chipping and less meandering of

the divided line. There is also no debris contaminant.

Figure 6.24 SEM images of a divided silicon wager with 50 um thickness by stealth dicing
method. [6.9]

The final piece is the Low Temperature Co-fired Ceramic top plate that has the sensing
well. The LTCC was machined using a COz Epilog laser system. A small cavity was
etched into one of the layers to incorporate the sample. This was done by first machining
a hole into the LTCC substrate. To undergo the lamination process the cavity must be
filled with a sacrificial material to insure that the cavity does not collapse under the
lamination procedure. In this case alumina particles were packed into the cavity and then
compressed using a standard vice. The LTCC structure then underwent the lamination
process at 10 MPa at 70 °C for approximately 8 minutes. The alumina sacrificial material
was then removed and the LTCC structure was then co-fired at a temperature profile as

shown in Figure 6.25.

137



1000
800 f- 2
600 / \
400 / \

200 /_/ \
/ \

O I I I I I I I I
0O 20 40 60 80 100 120 140 160

Temperature (°C)

Time (min)

Figure 6.25 Temperature profile for sintering the low temperature co-fired ceramic.

Beginning at room temperature the oven is heated to ~ 350°C and remains at this
temperature for about 10 minutes. The temperature is then ramped to 850°C for 150
minutes. The oven is then left to cool down to room temperature before the LTCC samples
are removed. The LTCC structure was then slotted into the cavity along with the sapphire.

The completed device is shown in Figure 6.26.

Figure 6.26 Completed DBR sensor.

6.5. Experimental Results

Once the individual components were fabricated the device was assembled and set up for
testing. An Agilent N5225A Vector Network Analyser (VNA) was used to measure the
response. The VNA requires calibration before the device under test (DUT) can be
measured. This was carried out using the Agilent N4691 Electronic Calibration (ECal)
Module. This ECal module is connected to the VINA via a USB cable, Figure 6.27. The

VNA automatically recognises the type of module, frequency range, and connector type.
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Figure 6.27 Electronic Calibration Module connected to the Vector Network Analyser

The ECal module is then left to warm up for approximately 15 minutes, once complete
the ready light on the module will illuminate. The DUT is then connected to the test port

cable via a coaxial cable as shown in Figure 6.28.

. : . -

Figure 6.28 a) Bottom of the DBR showing the SMA connector. b) Connected to portl of
the Agilent PNA.

Samples of water and oil were collected in Eppendorf tubes. The tubes were then inserted

manually into the centre of the cavity. The Sii responses of the distributed Bragg

resonator with the various samples are shown in Figure 6.29.
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Figure 6.29 Si1-parameter response of Bragg cavity with various samples

There are several strong resonances associated with the different modes of the resonator.

The reflection response at around 17.3 GHz is selected for further inspection. The S11-

parameter results are shown below in Figure 6.30. The resonant frequencies of the various

samples are shown in Table 6.2.
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Figure 6.30 S11 response of Bragg sensor at 16 GHz
Table 6.2 Resonant frequencies of various samples
Empty Empty Eppendorf | Tube with Tube with
Cavity tube oil water
Resonant
Erequency (GH2) 17.384 17.374 17.363 17.397

The empty Eppendorf tube exhibits approximately 10 MHz decrease in resonant

frequency from the empty cavity. The oil filled tube shows a decrease in resonant
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frequency of approximately 21 MHz from the empty cavity. The water filled tube displays
an increased resonant frequency and indeed a higher reflection from that of the empty

cavity. This can be attributed to the fact that water is a slightly conductive material.

6.6. HFSS Modelling

Further to the modelling in the previous chapters, a new model was created to simulate

the device that has been fabricated. Figure 6.3 1shows the layout of the design

0 15 30 (mm)

Figure 6.31 HFSS model of the fabricated device.

The sapphire DBR resonators were created in the grid pattern as described above in the
fabrication. The simulation does not include a top plate and therefore the microwaves are
exposed to the air cavity above the device. The Sii parameters of the simulated and

experimental cavities are shown in Figure 6.32.

Experimental cavity

V\/\\I Vo)

5 FV,\A ~ I/\ N\ I—Simulated Cavity
Y
|
!

S,,-parameters (dB)

40

155 16 16.5 17 17.5
Frequency (GHz)

Figure 6.32 Sy,-parameter of HFSS DBR model as fabricated
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There are some spurious resonances that appear in the experimental results. This could
be due to the fabrication of the device such as discrepancies with the alignment of the
sapphire Bragg resonators. There are two distinct resonances that appear in the
simulation, one at 17.18 GHz and another at 17.97 GHz. Using the stronger resonance
frequency a field plot was made across the x-z plane and the simulated results are shown

below in Figure 6.33.
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Figure 6.33 Electromagnetic field plot at 17.97 GHz

The field plot indicated that the field is at its highest intensity in the next outer ring of the
DBR. This means that the fabricated device is not in the correct mode. As stated earlier
further simulation and modification to the DBR structure would be required to rectify
this. Alternatively if changes cannot be made to the fabricated device, the sample point
can be moved to the high field position. This would not provide the greatest sensitivity

but would demonstrate the concept of the DBR as a sensor.
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6.7. Conclusions

The theoretical design of the Bragg resonator sensor has been discussed using various
techniques. The initial simulation studies of the Distributed Bragg Resonator structure
show promising results. The resonant frequency of the optimised design is 21.13 GHz
and the Q-factor is approximately 44,016. Initial results of the fabricated device were
presented. Samples of water and oil were introduced manually into the cavity in
Eppendorf tubes. The results showed resonance frequency shifts up to approximately 20
MHz from the base resonance of the cavity. However using simulations the cavity was
found to be in the incorrect mode and therefore the nearfield was not at its peak at the
centre of the device. For future work the device requires more precision machining as

well as optimisation of the insertion pin of the coaxial connection.
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7 Conclusions and Future Work

The main objective of this thesis was to investigate a microwave sensing device for small
volume fluids. A microwave E-plane waveguide configuration was designed and
modelled, and integration of the microfluidic channels into the waveguide was achieved.
An extensive literature review was carried out to discover which microwave sensing
techniques had already been employed. Many variations of waveguide structures were
discussed including cavity resonators, coplanar waveguides, and Terahertz frequency
devices. It was clear that low frequency structures did not offer the sensitivity required

for such devices, therefore a device with a frequency greater than 10 GHz was chosen.

A waveguide aperture E-plane filter was designed with optimised sensing capability, i.e.
narrow band resonant features, using the software package Ansoft HFSS™. A standard
X-band waveguide was fabricated from aluminium and the E-plane filter was then tested
within this waveguide. Simulation results from HFSS and the experimental results were
in good agreement. The next step was to integrate a microfluidic channel for small volume

fluids.

Various microfluidic structures were then designed and fabricated for integration. Various
materials for the fabrication of these channels were also discussed. SU-8, a common
micromachining photoresist, was found to be an inadequate solution due to the current
fabrication facilities available. As the microfluidic channels were only to be used once,
especially when testing biological samples, other appropriate materials were investigated.
PDMS was also a material that was difficult to work with as it is a highly viscous
substance and therefore difficult to control when fabricating small microfluidic channels.
As both of these materials were liquid based, a solid material was sought to create the
microfluidic channels. PMMA, which is sold under various trade names such as
Plexiglas®, was used to create the final design for integration into the microwave sensing
device. Microfluidic channels were etched onto the PMMA substrate using an Epilog CO>
laser ablation system. A second sheet was then bonded to the engraved sheet using a heat
and pressure system to seal the channels. This method was found to be quick, cheap and
highly repeatable once the engraving procedure was established. Straight channels as well

as channels with autonomous capillary pumps were fabricated.
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Experimental results were presented for the successful microfluidic channel designs.
Various fluid samples were tested including water/alcohol dilutions, animal blood and
solid particulates in water. The final results were then compared to a simplified model in
Ansoft HFSS. The results from the simulated comparison showed some discrepancies due
to the irregularities within the microfluidic channels as well as the oversimplified model
in HFSS. The simulations also did not include the exact permeability values for the tested

materials and the microfluidic chip was also excluded from the simulation model.

A second device was then considered that would eliminate moving parts. A Bragg
reflector was investigated as a possible solution. A Bragg reflector works by causing
reflections within a cavity using low loss dielectric material to concentrate the field within
the device. With the concentrated field this acts similar to the near field interactions of
the E-plane filter and can therefore be exploited as a sensing device. Various designs were
investigated in the literature review. A simple design was chosen as a first prototype and
is outlined in Chapters 6 and 7. Preliminary tests were then carried out on the fabricated

device.

7.1  Future Work

Future work for this project includes the development of the E-plane resonator device.
Manufacturing techniques such as die casting could be employed in order to limit the
movement and facilitate the alignment of the E-plane filter. Other waveguide designs such
as Substrate Integrated Waveguide (SIW) would also integrate the filter with the
waveguide. Low loss materials such as Low Temperature Cofired Ceramic (LTCC) and
Liquid Crystal Polymer (LCP) could also help facilitate the alignment issues discussed.
These multilayer technologies offer highly integrated design possibilities as well as
smaller devices allowing higher frequencies to be achieved. Both materials have low loss
tangents making them ideal for microwave sensing. This therefore increases the

sensitivity of the device as well as allowing the device to become more portable.

7.1.1 Low Temperature Co-fired Ceramic (LTCC)

Low Temperature Co-fired Ceramic (LTCC) is a multilayer packaging scheme using
‘green’ tape. In this ‘green’ state the ceramic is easily machined. The main advantage of
LTCC is the low sintering temperature (around 850°C) that allows the inclusion of

conducting metals such as silver, gold and copper. Ceramic has also a desirable dielectric
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constant for use at high frequencies and very resistant to harsh environments withstanding
temperatures up to 350°C. The integration of passive components is possible between the
layers while active components can be mounted on the top making this a highly dense 3D
packaging scheme. As each layer is fabricated independently they can be inspected
individually before sintering for imperfections without the need to fabricate a whole new
device. Two of the main techniques used at Heriot-Watt for the machining of the green
tape are sandblasting and laser cutting. Below are examples of structures that can be

machined using these techniques as shown in Figure 8.1.
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Figure 8.1 Left: sandblasted green tape. Right laser cut green tape [7.1].

Although sandblasting can achieve smaller features it also requires more time, preparation
and the inclusion of a hard mask. By laser cutting there is no need for a mask as the pattern
is achieved through computer design. In this way the laser cutter acts like a printer as

described in Chapter 4.

7.1.2 LTCC cavity fabrication
A small embedded cavity in LTCC was investigated as a possible method for fabricating
the microwave E-plane filter sensing device using this material. The design is shown

below, Figure 8.2.
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(a) (b)
Figure 8.2 LTCC layer designs for a cavity

The designs above were used to create a cavity 0.82 mm x 1.24 mm, 10 times smaller
than the X-band WR90 dimensions. Two square vias were cut either side of the cavity as
shown in Figure 8.2 above for the VNA probes. The initial design included one (b) layer
for the bottom and top covers seven (a) layers for the cavity. The cavity was filled with a
sacrificial material to ensure that it did not collapse during the initial bonding. These
layers were then aligned and bonded at 10 MPa at 70°C for 8 minutes. The sacrificial
material was removed before the bonded layers were then sintered at 850°C for 150
minutes. The first cavity produced using carbon paste as a sacrificial material is shown in

Figure 8.3.

Figure 8.3 LTCC cavity using carbon paste as a sacrificial material

As the photograph shows above the cavity was extremely fragile and the carbon paste
sacrificial material did not ensure its integrity. Another sacrificial material, silicone, was

used to create an open and closed cavity. The results are shown in Figure 8.4.
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Figure 8.4 Left: closed; right: open LTCC cavity using silicone as a sacrificial material

This method of using silicone as a sacrificial material proved to work well. Future work
for this would be to design and incorporate the E-plane resonator and a microfluidic

capillary for sample delivery.

7.1.3 LCP

Liquid Crystal Polymer is another multilayer packaging technique that is used in
fabricating microwave electronics due to its low relative dielectric constant as well as the
readily available laminates. Each laminate layer is machined/etched/printed then
sandwiched with a bonding layer. The LCP stack is then aligned and this is then laminated
at 230°C for approximately 1 hour.

7.1.4 LCP cavity fabrication

Similar to the LTCC designs ablation of a cavity in LCP were attempted using the Epilog
laser system. Firstly layers of LCP were laminated to ensure a thickness of approximately
800 um. This was carried out before ablation as it was documented that when trying to
create cavities in LCP it is difficult to obtain straight walls or collapse of the cavity due
to the bonding layers used in this process. Various settings for the Epilog laser system
were tried to ablate this LCP stack. The results of these are shown in the following

photographs in Figure 8.5.
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Figure 8.5 LCP ablation attempts using the Epilog laser ablation system

As Figure 8.5 shows, the layers proved to be too thick to form a clean cavity.

7.2 Bragg Sensor

Future work to be carried out on the Bragg Sensor include extensive experimental work,
further resonant enhancements through modelling and further investigations into
fabrication techniques. Numerous materials can be characterised and analysed using this
system. By exploiting the external sample point, solids and liquids can be investigated.
For automation of this system, integration of microfluidic structures would be required.
Further modelling to improve the Q-factor of the device is required. Other low loss

dielectric materials can also be investigated for future fabrications.
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7.3 Conclusion

Overall the results from the E-plane sensor device were promising however slight
variations in fabrication of the microfluidic channels as well as instability of the E-plane
filter resulted in poor repeatability of the measurements. The Bragg device shows
promising preliminary simulations and results, with greater stability than the E-plane

SENSsor.

In conclusion the original contribution of this thesis can be summarized as follows:

e A prototype microwave resonator with integrated microfluidics has been
presented. Design considerations using finite element analysis methods were
discussed. Microfluidic channel fabrication techniques were investigated and
tested. Extensive testing of the prototype device using various microfluidic
designs was carried out. Materials under test included: Methylated Spirit/Water
concentrations, lubricant and motor oils and animal red blood cell concentrations.
A resonant frequency change of 2 MHz was observed between that of DI water
and the cell suspension media PBS. A 0.05 dB difference was also observed
between pure 100% PBS and the sample containing 1:200 ratio of mouse red
blood cells.

e A second prototype Distributed Bragg Reflector (DBR) device was proposed as a
sensing device. Design of the DBR was carried out using Ansoft HFSS. A Q-factor
of 1,942 was obtained in the simulations. Fabrication and initial testing of the
device was conducted. Resonant frequency changes up to 20 MHz were observed
between various liquid samples including water and oil.

e Several manufacturing techniques were described and used throughout this thesis.
These included:

o Photolithography processes
o Soft lithography
o Laser ablation
o Multilayer fabrication technologies
=  Low Temperature Co-fired Ceramic

* Liquid Crystal Polymer
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