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Microsystems or Micro-electromechanical Systems (MEMS) refer to the integration of
sensors, actuators and signal-processing electronics on the single unit. Today microsys-
tems technology has grown rapidly due to its advantages compared to the macro scale
counterparts. In 2015, the total market for commercial microsystems products has
reached US$10 billion and has been forecasted to keep growing. This thesis investigates

microsystems for energy harvesting and biological sensing applications.

Interdigital electrode (IDE) capacitor is one of the most widely used structures for both
sensing and actuation. In this thesis, it is applied to both biosensing and energy har-
vesting applications. To optimize the design and fabrication of these devices, the thesis
investigates various analytical models of the IDE capacitor structure. Understanding the
effect of different parameters of this structure is critical in the design and optimization
of the system. The designs are then verified with a commercial microsystems design and
simulation tool (CoventorWare). Simulations were carried out for both microscale IDE
capacitor structures, which are used for energy harvesting, and nanoscale IDE capacitor

structures, which are used for biological sensing.

The thesis contributes advances to microsystems based energy harvesting and biological
sensing. In the case of microsystems applied to energy harvesting, a new type of device
is proposed. An electrostatic power generator converts mechanical energy to electrical

energy by utilizing the principle of variable capacitance. This change in capacitance is
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usually achieved by varying the gap or the overlap between two parallel metallic plates.
This thesis proposes a novel electrostatic micro power generator where the change in
capacitance is achieved by the movement of an aqueous solution of NaCl. A significant
change in capacitance is achieved due to the higher than air dielectric constant of water
and the Helmholtz double layer capacitor formed by ion separation at the electrode
interfaces. The proposed device has significant advantages over traditional electrostatic
devices which include low bias voltage and low mechanical frequency of operation. This
is critical if the proposed device is applied to harvest energy from the environment. A

figure of merit exceeding 10000 ( 10%uW

TmmZH2V2) which is two orders of magnitude greater

than previous reported devices, is demonstrated for a prototype operating at a bias

voltage of only 1.2 V and a droplet frequency of 6 Hz.

The second contribution of this thesis is in the area of new microsystems based biolog-
ical sensing. Specifically, this work demonstrates the detection of antigen/antibody. A
nanoscale sensing device is implemented to detect glial fibrillary acidic protein (GFAP)
antibody for early detection and monitoring of brain tumour. Glioma is the most com-
mon primary brain tumour with its early detection remaining a challenge. Autoanti-
bodies against GFAP have shown the highest differential expression compared with the
other glioma expressed autoantibodies. Here a prototype of immunosensor to detect
GFAP antibody levels is developed using an interdigital coplanar waveguide (ID-CPW).
The ID-CPW is fabricated on a SiO2/Si substrate with the CPW and interdigital elec-
trode conducting layers made using Cr/Au. The sensor is functionalized, and protein
extracted from astrocytes is immobilized on the surface. Sensitivity and dynamic range
are ascertained using varying the concentrations of a commercial, polyclonal antibody
to GFAP. The electrical detection of antigen-antibody binding is performed in both dry
and wet environments across the 1-25 GHz range. The results show that the proposed
sensor can detect antibodies against GFAP to a minimum concentration of 2.9 picograms
per milliliter with a turnaround time of less than 3 hours. The electrical measurements
indicate an improved sensitivity compared with the state-of-the-art optical detection
methods. The proposed sensor, developed to detect antibody against GFAP, is the first
to show the applicability in the detection of glioma using the GFAP antibodies.



Declaration
This is to certify that:

i. the thesis comprises only my original work towards the PhD except where indicated

in the Preface,
ii. due acknowledgement has been made in the text to all other materials used,

iii. the thesis is fewer than 100 000 words in length, exclusive of tables, maps, bibli-

ographies and appendices.

Signed:

Duc Hau HUYNH.

Date:

iii



Learn from yesterday, live for today, hope for tomorrow. The important thing is not to

stop questioning.

Albert Einstein



Acknowledgements

First and foremost, I would like to express my special appreciation and thanks to my
supervisor, Professor Stan Skafidas, for his tremendous supports during the past 4 years
of my PhD life. Without his supports and guidance, the completion of this thesis would
not be possible. He always inspires me with many new ideas and has always been patient
with me when thing goes wrong. I have seen from one of his former PhD student’s thesis
this statement, “Professor Skafidas is the one supervisor that every PhD student dreams

of.”, and T am 200% agree with it.

I also would like to thank Professor Rob Evans for being my co-supervisor and my
review committee member. He gave me encouragements and many valuable advices
during our review meetings. I also would like to express my gratitude to Professor Thas
Nirmalathas, who is the chair of my PhD review committee. In every review meeting,

he always ensures that I was on track with the timeline of my PhD work.

I would like to thank the Australian Government, the University of Melbourne and
the National ICT Australia (NICTA) for supporting my research with an Australian
Postgraduate Awards (APA) full scholarship and a NICTA top up scholarship.

I also would like to thank NICTA, the Centre for Neural Engineering (CfNE) and the
Department of Electrical and Electronic Engineering for providing me a supportive aca-
demic environment that is well equipped with many valuable equipment and facilities

to carry out my research.

I would like to thanks Melbourne Centre for Nanofabrication (MCN) for providing me
with the state-of-the-art nanofabrication facilities. I also highly appreciate the training
and generous supports from the engineers and instrument managers at MCN ( Dr.
Douglas Mair, Dr. Matteo Altissimo, Dr. Sean Langelier, Dr. Yang Lim, Dr. Lachlan
Hyde, Dr. Ricky Tjeung, Dr. Fatima Eftekhari and Mr. Dan Smith. My very special
thanks to Mr. Dan Smith, who has given me very useful advices in various fabrication

processes that I have developed.

I would like to thank Dr. Thanh Nguyen, Dr. Phuong Nguyen and Dr. Chathurika
Abeyrathne, who I have been working with very closely. They have been giving me
unlimited supports and advices from the very first day of my PhD to the very last day
when I am writing up this thesis. I also would like to thank my friend, Mr. Peter Devlin,

for his company during the stressful but very exciting time of our PhD life.

These acknowledgements would not be complete without mentioning other former and

current colleagues at the CfNE, who I have been collaborating with in many different



projects: Dr. David Ng, Dr. Gordana Felic, Dr. Faruque Hossain, Dr. Feras Al-Dirini,
Mr. Sharafat Hossain, Mr. Liming Jiang, Ms. Ting Ting Lee, Dr. Babak Nasr and Dr.
Gursh Chana. It was a great pleasure working with them and I appreciate their ideas

and supports.

I also would like to thank the team of “senior friends” at CfNE, Dr. Anh Trong Huynh,
Dr. Nhan Tran, Dr. Hoa Thai Duong, Dr. Chien Minh Ta, Dr Hoang Viet Le, for
providing many useful advices that guided me through PhD work. Most importantly,

they helped me to improve my “coffee appreciation” skill.

I'sincerely thank Professor John Devlin at Engineering Department, La Trobe University.
Without him, I would not have the opportunity to do an engineering degree and of course

will not be able to complete this PhD.

Lastly, I thank my parents, my wife and my little son for always giving me unconditional
support. They do not know or understand what I am doing, but always proud of what

I have done.



Preface

This thesis presents the works that I carried out during my PhD candidature in the
Department of Electrical and Electronic Engineering, School of Engineering, The Uni-

versity of Melbourne.

Majority of device fabrication works in this thesis were performed at the Melbourne
Centre for Nanofabrication (MCN) in the Victorian Node of the Australian National
Fabrication Facility (ANFF). Major tools used for device fabrication at MCN include
the Electron Beam Lithography (EBL) Vistec EBPG5000PlusES, The DRIE Etching
System Oxford Plasmalab System 100, the E-beam Evaporator Intlvac Nanochrome II,
the FEG-SEM Nova NanoSEM 430, The Fiji F200 Atomic Layer Deposition (ALD)
system, the Oxford Plasma Lab100, the ABM UV Flood Light Source and the Wedge
Bonder-Kulicke & Soffa Model 4526.

Part of the fabrication works were carried at the Electrical and Electronic Engineering
Department, School of Engineering, The University of Melbourne. The equipment used
at this Department is the SUSS SLP300 laser ablation system.

The electrical characterizations of devices were performed at the TRL lab of the Elec-
trical and Electronic Engineering Department, School of Engineering, The University
of Melbourne. The equipments used include the Anritsu ME7808B Vector Network
Analyzer (VNA) and the Agilent E5270B Precision Mainframe.

The biological sample preparation, processing and characterization were carried out at

the PC2 Lab of the Centre for Neural Engineering, The University of Melbourne.

The work in chapter 5 was prepared from my publication: Huynh, D.H., Nguyen, T.C.,
Nguyen, P.D., Abeyrathne, C.D., Hossain, M.S., Evans, R. and Skafidas, E., 2016.
Environmentally friendly power generator based on moving liquid dielectric and double

layer effect. Scientific Reports, 6, p.26708.

The work in chapter 6 was done in collaboration with Dr. C.D Abeyrathne and prepared
from our publication: Abeyrathne, C.D., Huynh, D.H., Lee, T.T., Nguyen, T.C., Nasr,
B., Chana, G. and Skafidas, E., 2016. GFAP Antibody Detection Using Interdigital
Coplanar Waveguide Immunosensor. [EEE Sensors Journal, 16(9), pp.2898-2905.

vii



Contents

Abstract

Declaration

Acknowledgements

Preface

Contents

List of Figures

List of Tables

Abbreviations

1 Introduction
1.1 Motivation . . . . . . . .
1.2 Thesis organization . . . . . . . .. L L L L L
1.3 Contribution of this thesis . . . . . . ... .. .. ... ... ... ... ..
1.4 Author’s publication . . . . . . . ... . ... ... .

2 Literature Review

2.1 Introduction . . . . . . . . . L

2.2 Microsystems for energy harvesting . . . . . . .. ... ... ... .....

221
2.2.2
223
2.24
2.2.5
2.2.6

Background . . . . . . ...
Fundamental of microsystems based EMPG . . . . ... ... ...
Variable capacitor structures for electrostatic generator . . . . . .
Energy conversion principle of electrostatic generator . . . . . . . .
Source of biased voltage for conversion . . . . . . . ... ... ...
State-of-the-art research on microsystems based EMPG . . . . ..

2.3 Microsystems for biological sensing . . . . ... ... .. o0

2.3.1
2.3.2

Background . . . . . . ...
Fundamental concepts of biosensors . . . . . ... ... ... ...

viii

iii

vii

viii

xi

XV

xvi



Contents ix

2.3.3 Popular transducer techniques used in biosensors . . . . . . . . .. 20
2.3.4 Planar structure impedemetric technique . . . . .. ... ... .. 22
2.4 Conclusion . . . . . . . . . . e e 25
3 Modeling and Simulation of IDE Capacitor 26
3.1 Imtroduction . . . . . . . . . . . .. 26
3.2 Analytical model of IDE capacitor structure . . . . . . . . ... ... ... 27
3.3 IDE capacitor simulation using CoventorWare . . . . . . . . ... ... .. 30
3.3.1 Microscale IDE capacitor for energy harvesting device . . . . . . . 30
3.3.2 Nano-scale IDE capacitor for biological sensing application . . .. 34
3.4 Conclusion . .. . . . . . .. e 37
4 Fabrication of Microsystems Devices 39
4.1 Introduction . . . . . . . . . . .. 39
4.2 Microsystems based device fabrication techniques . . . . . . . .. ... .. 40
4.3 Microscale IDE devices fabrication process . . . . . . . ... ... ... .. 43
4.4 Nanoscale IDE devices fabrication process . . . . . .. ... ... .. ... 45
4.5 CMOS compatible fabrication process of nanoscale resonator . . .. . .. 47
4.6 Conclusion . . . . . . . . . e 51
5 Microsystems for Energy Harvesting 53
5.1 Introduction . . . . . . . . . . . . .. 53
5.2 Principle of operation . . . . . .. ... L Lo 54
5.3 Method . . . . . . . e 58
5.3.1 Device fabrication . . ... ... ... ... .. ... .. ... 58
5.3.2 Measurement setup . . . . . .. ... 59
5.4 Result and discussion . . . . .. .. Lo 60
5.4.1 Constant voltage measurement using a patch clamp amplifier . . . 60
5.4.2 A potential application of the device in large scale environmentally
friendly energy harvesting . . . . . . . .. ... oL 61
5.5 Factors that affect the performance of the proposed EMPG . . . ... .. 65
5.6 Conclusion . . . . . . . . . . . e e 67
6 Nanoscale IDE Sensor for Glioma Detection 69
6.1 Introduction . . . . . . . . . . . ..o 69
6.2 Design and fabrication of ID-CPW . . . . ... ... ... ... ...... 71
6.2.1 Design of the ID-CPW using Electromagnetic (EM) Simulator . . 71
6.2.2 Model of the ID-CPW . . . .. . ... ... ... ... ....... 72
6.2.3 Fabrication Process of the ID-CPW . . . ... ... ........ 73
6.3 Functionalization of sensor surface . . . .. .. .. ... ... ... .... 75
6.4 Method . . . . . . . e 77
6.4.1 Electrical measurement setup and calibration . . . . . ... .. .. 77
6.4.2 Fluorescence measurements . . . . . . . . . . ... ... ... ... 77
6.5 Result and discussion . . . . . . .. .. L L 78
6.5.1 Optimization of the functionalization protocol . . . . . . . . .. .. 78

6.5.2 Detection of GFAP antibody binding to GFAP: measurements in
dry environment . . . .. ..o Lo 79



Contents b'e

6.5.3 Detection of GFAP antibody binding to GFAP: measurements in

wet environment . . . . . . ... L L 83

6.6 Conclusion . . . . . . . . . . . e 85

7 Conclusion and Outlook 86
7.1 Conclusion . . . . . . . . . . e 86
7.2 Future work . . . . . . . e 87
7.2.1 Future work on EMPG device . . . . . .. ... ... ... ..... 87

7.2.2 Future work on nanoscale biosensor device . . . . . . . . ... ... 88

Bibliography 91



List of Figures

1.1

2.1

2.2

2.3

2.4

2.5

2.6

2.7
2.8
2.9
2.10
2.11

2.12

2.13

3.1

Microsystems market projection by IHS Inc., (a) market projection by
application and (b) market projection by device types. Copied from [1]. . 2

Power density of popular ambient energy sources before conversion. Copied
from [2]. . .. 11
Schematic concept of three main transducer methods to convert mechan-
ical to electrical energy: piezoelectric, electromagnetic and electrostatic.
Copied from [2]. . . . . ... L 12
Top view schematic of a typical in-plane overlap varying capacitor: cen-
ter part is movable and hence changing the overlap area with the fixed
electrodes. Copied from [2].. . . . ... ... ... ... .. 14
Top view schematic of a typical in-plane gap closing variable capacitor:
the center part (red color) is movable and the two interdigital electrodes
(blue color) are fixed, hence the gap between them is changed. Copied
from [2]. . ... 15
Cross-section view schematic of a typical in-plane variable surface areas
variable capacitor: the top electrode is movable in left-right direction,
hence the surface areas between the two electrode is changed. Copied
from [2]. . ... 15
Cross-section view schematic of a typical out-of-plane gap closing variable
capacitor: the top electrode is movable in up-down direction, hence the

gap between the two electrodes is changed. Copied from [2]. . . ... .. 16
Charge constraint conversion cycle. Copied from [2].. .. ... ... ... 16
Voltage constrained conversion cycle. Copied from [2].. .. ... ... .. 17
Schematic description of a biosensing system. Copied from [3]. . . . . .. 20
Biosensors classification. Copied from [3]. . . . ... ... ... ... ... 21
Schematic concept of planar impedimetric, (a) topview of sensor showing

electrodes and electric field lines, (b) sideview of sensor showing the elec-
tric field without affinity binding, (c) sideview of sensor showing affinity
binding of analyte and electric field lines. Copied from [4, 5]. . . . . . .. 23
Coverage of electric field above electrode with respect to the effective
length L, 99% coverage is below 1.5L. Copied from [4].. . . . . . ... .. 23
Electrical model of impedimetric biosensor based on IDE capacitor, (a) a
complete model of IDE sensor in a ionic solution, (b) a simplified model
without parasitic effects of the substrate. Adapted from [4, 5]. . . .. .. 24

Schematic layout of a typical IDE capacitor:(a) overall 3D structure with
substrate and top dielectric, (b) critical dimensions used in analytical
modeling, where L and W are finger length and width respectively, G is
the gap between finger and A=2(G+W). ... ... ... ... ... .. 27

xi



List of Figures xii

3.2 Schematic description of IDE model proposed by Igreja and Dias, which
includes a substrate layer and multiple top dielectric layer. Copied from

3.3 Schematic description of IDE model proposed by Igreja and Dias, which
shows both the capacitance due to inner fingers and the fringing capaci-
tance due to the outer fingers, h is the height of the top dielectric. Copied
from [7]. . ... 29

3.4 3D model of micro-scale IDE capacitor structure used for simulation:(a)
the initial device with only metal electrode on substrate,(b) the inclusion
of 20 nm TiO, layer, (c) device with 20 nm TiO2 and only air top dielectric
and (d) the device with 20 nm TiO2 and covered with liquid dielectric

3.5 Changing of device capacitance with respect to top layer dielectric con-
stant. HsO, with e, = 80, will increase the device capacitance by more
than 4 times compared to the air, with with e, =1. . . . ... ... ... 34
3.6 Model of IDE sensor for nanoscale analyte detection. (a) the 3D model
of a device with only metal layer on top of SiOq layer, (b) the sensor with
20 nm of sensitive layer. . . . . . . ... L L 35
3.7 Capacitance and conductance of the sensor versus frequency. With a
sensitive layer, capacitance increases more than 20% increase over the
entire frequency range. The change in conductance is profound when

frequency is above 100 MHz. . . . . . ... . ... ... ... ....... 37
4.1 Photolithography with two different type of resists. Copied from [8]. . . . 40
4.2 Schematic of a typical electron beam evaporating system. . . .. .. ... 42
4.3 Process step for mask fabrication from laser ablation system. . . .. . .. 43
4.4 UV lithography based fabrication process for microscale IDE device, which

isusedin EMPG. . . . . . .. .. 44
4.5 A typical microscale IDE capacitor fabricated with UV lithography and

wet etch process. . . . . . ... 45
4.6 Fabrication process of nanoscale IDE devices using EBL lithography. . . . 46
4.7 A typical IDE device after fabrication, the gap between finger is approx-

imately 100 nm and the finger width is 200 nm, scale bar is 4 ym. . . . . 47
4.8 An overview of nanoscale resonator fabrication process. . . . ... .. .. 48

4.9 Outcome of a dose matrix study of sample, (a) shows outcome of non
optimal parameter and (b) shows the outcome when optimal parameter
is used, scale bar is 3 ym for both (a) and (b). . ... ... ... ... .. 49
4.10 Study of reactive ion etching of Si, (a) shows a very bad result due to high
flow gas and long etching time, (b) shows a better result and (c) shows

the optimal outcome, scale bar is 2 pum for all (a,b,c). . . . . .. ... .. 50
4.11 HF etching of SiOq, scale bar (a) 2 um, (b)(c) 3 pm. . . . . . .. ... .. 51
4.12 An example of prototype device, (a) scale bar is 2 um, (b)(c) scale bar is

500 mm. . ... L 51

5.1 : Principle operation of a typical gap changing variable capacitor: (a) rep-
resents the situation when the gap is minimal and capacitance is maximal,
(b)(c) describe the situtation when the gap is maximal and capacitance
is reduced to the minimal value, electrons are transferred to maintain
constant voltage and hence current is generated. . . . .. .. .. .. ... 55



List of Figures

xiii

5.2

5.3

5.4

9.5

5.6

5.7

5.8

5.9

5.10

6.1

6.2

6.3

6.4

6.5

: Traditional microsystems structures used to create variable capacitor:
(a) in-plane overlap varying, (b) in-plane gap closing, (¢) in-plane variable
surface and (d) out-of-plane gap closing. Adapted from [2]. . . . ... ..
Principle operation of proposed device (yellow layer represents interdigi-
tated metal fingers and grey layer represents oxide layer, (a)(c)(d) repre-
sents droplet (blue color) movement on hydrophobic surface during tran-
sition state,(b) indicates factors which affect geometric capacitance, (e)
shows the double layer effect and its equivalent electrical model. . . . . .
Image of a device after fabrication, (a) shows the device at large scale,
(b) and (c) represent the interdigited finger with dimensions. . . . . . ..
Constant voltage measurement setup: Vprag set a constant voltage be-
tween 2 terminals of the variable capacitor Cyag, generated current I¢
is converted to output voltage Voyr by resistor Rg. . . . . . . . . .. ..
Measurement setup for sliding water droplet. (a) a typical test setup, (b)
current generated when a droplet passing through the device at 0 mV bias
voltage, (c¢) a closer look at the current generated, (d) the dependency of
peak current on contact time. . . . . . .. ... ... ...
Dependency of output current on bias voltage. Peak current is lowest at
0 mV bias voltage and it is increased at 80 mV and 160 mV bias voltage.
(a) Measurement setup for a potential application of the device and con-
cepts of generating droplets from water wave (b) and from a water reser-
VOIT (C). v v v v e e e
(a) Peak current (in nA) generated from two different types of droplets
(milliQ water and NaCl), discontinuity at 0.5 s and 8 s on NaCl charge
curve is due to some abnormal spikes of current generated (b) Peak
power (in pW) associated with current generated (c) Current density
(in mA/m?) (d) Accumulated charge generated over 10 s (in nC).. . . . .
Load dependency of the device (a) Accumulated charge over 5 seconds
per different load (b) Average power generated for milliQQ water droplet
at different load condition with Vo =2.0V. . . . . ... ... ... ....

Lumped circuit model of ID-CPW. The capacitance and resistance of the
IDE are Cs and Rg. The parasitic capacitance and resistance of the sensor
are Cp; and R,;, where i = 1 and 2. The admittance parameters are given

CPW-IDC devices after fabrication:(a) The ID-CPW consists of a CPW
and IDEs. (b) The fabricated ID-CPW sensors on the chip. (¢) Scanning
electron microscope image of the fabricated IDE. . . . . . . . .. ... ..
The functionalization protocol of the sensor surface, immobilizing anti-
gens and antibody binding. The sensors are incubated with 2% APTES
in ethanol followed by 2.5% Glutaraldehyde in water. Then the protein
is immobilized on the sensor surfaces by incubating astrocytes protein
overnight. Then, GFAP antibody is incubated for an hour followed by
secondary antibody for an hour.. . . . . .. ... o000
The IDEs after immobilization of antigens, GFAP antibodies and sec-
ondary antibodies. . . . . . . ... L
Experimental set-up for measurements of S parameters. . . . .. ... ..

62



List of Figures

Xiv

6.6

6.7

6.8

6.9

6.10

6.11

6.12

7.1

7.2

Fluorescence measurement of SiO9 surfaces with different plasma treat-
ments. The negative control was not incubated with GFAP antibodies.
The concentration of GFAP antibody in positive control was 2.9 ug/mL. .
Variation of capacitance of IDEs with frequency. The length of the elec-
trode is 50 pm, electrode width of IDE is 200 nm and the gap between
electrodes is 500 nm. . . . . . . ..o Lo Lo
Fluorescence microcopy images of (a) positive and (b) negative control
sensors. Here, the GFAP antibody and secondary antibody concentra-
tions were 2.9 pg/mL and 4 pg/mL. The negative control sensors were
not incubated with GFAP antibody. . . . . . ... ... ... ... ....
The changes in capacitance of IDEs after secondary antibody incubation
with respect to an empty sensor. The measurements were carried out in
adry environment. . . . . .. ... Lo
The changes in resistance of IDEs after secondary antibody incubation
with respect to an empty sensor. The measurements were carried out in
a dry environment. . . . . ... Lo Lo
The change in capacitance of IDE after secondary antibody incubation
with respect to an empty sensor. The measurements were carried out in
wet environment by adding PBS. . . . ... ..o
The fluorescence measurements of positive and negative controls. The
negative control was not incubated with GFAP antibodies.. . . . . . . ..

(a) A proposed configuration of the EMPG device, which includes two
identical variable capacitors fabricated on a flexible substrate. The sub-
strate is rolled to form a shielded cylindrical structure with a liquid droplet
trapped. (b) A circuit proposed by de Queiroz and Domingues [9]. Under
shaking or vibration, the droplet will move and form two complementary
variable capacitors, C, and Cy. The energy converted can be collected to
charge the super capacitor C; or a battery using the proposed circuit.
Concept of a future sensing system, which includes a disposable sensing
cartridge and a reusable electronic unit. . . . . .. ... ...

79

83



List of Tables

2.1
2.2

3.1

3.2

3.3

3.4

3.5

3.6

5.1

5.2

6.1

6.2

The state-of-the-art works on electret-based EMPG devices . . . . . . ..
The state-of-the-art works on electret-free EMPG devices . . . . . . . ..

Materials and device dimensions used for study of capacitance change in
microscale IDE capacitor study. . . . . . . . ... ... .. L.
Summary of mesh setting for micro power generator study, mesh type is
Manhattan bricks and element order is parabolic. . . . . . . ... ... ..
Total capacitance variation of the device with air as top dielectric and

with different top dielectric materials. For e, = 80, which is a typical
value of water, it is more than 4 times increment in the capacitance.
Parameters of nanoscale IDE capacitor used in biological sensing study. .
Summary of mesh setting for nanoscale biological sensing study, mesh
type is Manhattan bricks and element order is linear. . . . . . ... .. ..
Frequency dependence of nanoscale IDE device: C; and C\,s are capaci-
tances of the sensor with and without sensitive layer and G5 and G5 are
conductances of the sensor with and without sensitive layer. . . . . . . . .

Current density of this work in comparison to previous works that harvest
energy from water droplet . . . . . . . . ... ... ... ...
Figure of merit of this work compared to some previous works on elec-
trostatic generator devices . . . . . .. ... oo

Comparison of the limits of detection of various IDE impedimetric biosen-
SOTS. © v v v e e e e e
Paremeters of fabricated ID-CPW devices. . . . . ... ... ... ....

XV



Abbreviations

1D One Dimensional

2D Two Dimensional

3D Three Dimensional
AFM Atomic Force Microscopy

CMOS Complementary Metal Oxide Semiconductor

CVD Chemical Vapour Deposition
DI Delonized

DNA DeoxyriboNucleic Acid

EBL Electron-Beam Lithography

ELISA Enzyme-Linked ImmunoSorbent Assay
EMPG Electrostatic Micro Power Generator

FEM Finite Element Method

FOM Figure Of Merit

GFAP Glial Fibrillary Acidic Protein
HF HydroFluoric

HSQ Hydrogen Silsesquioxane

IC Integrated Circuit

IDE InterDigital Electrode

ID-CPW InterDigital CoPlanar Waveguide
IPA IsoPropyl Alcohol

MEMS Micro-Electro-Mechanical Systems

PDMS Polydimethylsiloxane

PECVD Plasma Enhance Chemical Vapour Deposition
PBS Phosphate-Buffered Saline

PMMA  Poly(methyl methacrylate)

xvi



Abbreviations

xvii

RF
SEM
SOLT
VLSI
VNA

Radio Frequency

Scanning Electron Microcscopy
Short Open Load Through
Very Large Scale Integration
Vector Network Analyzer



Dedicated to my family.

xviii



Chapter 1

Introduction

1.1 Motivation

Microsystems or micro-electromechanical Systems (MEMS) refer to the integration of
sensors, actuators and signal-processing electronics into a single package. The history of
microsystems technology can be traced back to the early days of integrated circuit (IC)
development. Many fundamental fabrication methods used in microsystems technology
are primarily adopted from the IC fabrication processes which involves some forms of
lithography and specialized techniques referred to as micromachining. The materials
used to fabricate these systems are constrained by microfabrication techniques. Most
materials used today are conventional inorganic substance used in IC industry such as
silicon, silicon dioxide, silicon nitride, aluminum, tungsten etc. Recently, polymers are

also used for several applications of microsystems in the area of biological sensing [10].

In comparison to their macro scale counterparts, microsystems based devices offer many
advantages. Firstly, a large amount of microsystems devices can be fabricated easily
in the same run using very large scale integration(VLSI) technology, which is adopted
from IC industry. Currently, up to thousands of microsystems devices can be produced
on a single silicon wafer. Hence, the production cost of microsystems devices could
be reduced significantly compared to their macro size counterparts. In addition, the
modification and alteration of the design and fabrication of microsystems devices can
be carried out quickly and easily with low cost. For macro scale device production,
redesigning or modifying a part may involve the whole production line modification;
which could require the shutdown of the entire production plant. On the other hand,

1
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modification of a microsystems device may only require an adjustment of a single mask,
or a few parameters of fabrication process. Another key advantage of microsystems
based device is its low power consumption and small form factor in comparison to the
traditional devices. Macro scale devices are big and bulky and require high power to
operate; on the other hand, microsystems devices consume very low power. In addition,
due to their small size and IC fabrication compatibility, microsystems devices can be
integrated with the necessary electronic circuitry to lower the production cost of final

system as well as to reduce the overall form factor.

Total MEMS market by applications

16000
14000
12000
8
= = Wired communications
"g 10000 = Military & Civil Aerospace
§ = Medical Electronics
E 8000 # Industry
m Data processing
6000 = Automotive
® Consumer and Mobile
4000
2000
0
2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
Source: IHS — MEMS Market Tracker — Q3 2015 ©2015HS
Total MEMS market by device
16000 MEMS flat panel display
Crash sensing
(b) Ecanning mirrors
nergy scavengers
14000 Valves
MEMS speakers
12000 = Deformable mirrors
@ Drug Delivery
g = Joystick
- Flow sensors
© 10000 = Micro fuel cells
2 = Switches and Varactors
o = Lab-on-Chip
= 8000 Thermopiles
= = Gas-Chemical sensors
= Optical MEMS for Telecom
6000 = AF and Zoom actuators
= Timing devices
u Wafer probe cards
4000 = Microbolometers
=DLP
= Inkjet printheads
2000 u Gyroscopes
= Accelerometers
= Microphones
0 = Pressure
2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 =BAW filters
Source: IHS — MEMS Market Tracker — Q3 2015 ©2015 HS

FIGURE 1.1: Microsystems market projection by IHS Inc., (a) market projection by
application and (b) market projection by device types. Copied from [1].

Since the very first demonstration of microsystems device in the late-60s (MOS-photodiode
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arrays for visible imaging) [10] there has been a significant growth in both academic re-
search and commercial development of microsystems devices worldwide. Today, the
application of microsystems devices are ubiquitous, ranging from wired and wireless
communication, military and civil aerospace, medical electronics, industry, data pro-
cessing, automotive and consumer electronic and mobile devices. Figure 1.1 illustrates
the market of microsystems by application (a) and by device type (b) conducted by THS
Inc. In 2015, the microsystems market has reached the total of US$10 billion and is

predicted to grow up to US$14 billion in the next 4 years [1].

This thesis investigates the current fabrication process of microsystems devices and

further utilizes them in energy harvesting and biological sensing applications.
Application of microsystems in energy harvesting application

Today, wireless sensor devices, bio-implants or microscale biosensor devices can operate
with very low power consumption, in microwatts. However, for many of these appli-
cations, it is not suitable to have power source that comes from battery or external
supplier. This challenge has prompted a significant amount of research into the devel-
opment of micro-scale power generators that can autonomously convert various forms
of ambient energy to electrical energy to produce self powering devices. Among various
ambient energy sources such as mechanical, thermal, radiant, and biochemical, mechan-
ical energy due to stress/strain or vibration is one of the most widely available sources.
The causes for this vibration or stress/strain are ubiquitous. It can be due to wind, sea
water wave, body movement, engine vibration, blood flow, heartbeat, respiration and

air-conditioning etc [2].

So far, to convert mechanical energy to electrical energy, there are three popular trans-
ducer methods being used, namely piezoelectric, electromagnetic, and electrostatic.
Piezoelectric is the most widely used technique due to the simplicity of device fabri-
cation and the required control circuitry. This method does not usually require any
external power sources to operate. These devices exploit piezoelectric property of ma-
terials to generate charge under stress or strain. However, piezoelectric materials can
be rare and expensive to synthesis. FElectromagnetic power generators are based on
electromagnetic induction. They are widely used at the macro scale. At micro scale
electromagnetic transducer devices are difficult to fabricate and integrate. Moreover,

the magnetic materials required for device fabrication are expensive. In addition, the
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efficiency of electromagnetic transducer device is frequency dependent. They are less

efficient at low frequency where most of the mechanical energy sources are available [2].

An electrostatic micro power generators (EMPG) operate based on the principle of vari-
able capacitor. The materials used to fabricate these devices are conventional materials
which are widely used in complementary metal-oxide-semiconductor (CMOS) process
such as Si and standard metals. In addition, the fabrication steps to produce this type
of device are simple and based on standard microfabrication processes. Therefore this

type of device has a great potential to be integrated into current low cost CMOS devices.

However, there are still several drawbacks that hinder researchers to widely adopt EMPG
devices. Since the first demonstration by Meninger et al. in 2001 [11], there has not
been much progress in the development of this type of device. By far, most of the
demonstrated prototypes utilize some forms of parallel plate capacitor with moving
metal electrodes. The capacitance change is achieved by changing the gap between the
electrodes. This change in gap is limited due to the nature of the solid electrodes used to
construct the devices. Hence it usually results in small capacitance change. To achieve
both high power output and efficiency, this type of device has to operate at very high
vibrational frequency, up to kilohertz and requires high bias voltages, into thousands of
volts. In addition, such device can only be designed to operate at a specific vibration

frequency, which is the natural resonant frequency of the solid electrodes.

The first part of this thesis addresses these drawbacks by introducing a novel design for
electrostatic micro power generator. In the proposed design, the change in capacitance
is obtained by utilizing the movement of a liquid ionic solution (NaCl solution). A
significant change in capacitance is achieved due to the high dielectric constant of water
and the Helmholtz double layer capacitor formed by ion separation at the electrode
interfaces. The proposed device has significant advantages over traditional electrostatic
devices which include low bias voltage and low mechanical frequency of operation. This
is critical if the proposed device is used in harvesting energy from the environment. A

figure of merit exceeding 10000 ( 108 uW

TmmZ V) which is two orders of magnitude greater

than previous devices, is demonstrated for a prototype operating at a bias voltage of 1.2

V and a droplet frequency of 6 Hz.

Application of microsystems in biological sensing



Chapter 1: Introduction 5

The second part of this thesis investigates a special class of microsystems devices used
in biological application, which is referred as BioMEMS. Currently, the application of
microsystems in this field is growing rapidly due to multiple advantages that microsys-
tems technology has to offer. Firstly, microsystems technology has enabled multiple
medical platforms to handle very small volume of biological sample, which can be in the
microliters range. Secondly, due to the high level of integration of microsystems, sample
preparation units (such as mixer, heater and micro-pump etc.), microfluidic components
and sensing system can be included in a single unit. Hence, the overall cost to perform an
analysis can be reduced significantly. In addition, microsystems devices have surpassed
the traditional testing methods in terms of sensitivity, specificity and testing time [12].
For this reason, microsystems has been demonstrated in various biological applications,
including miniaturized biosensors [13-16], diagnostics [17-19], tissue engineering [20-

24], medical implants and surgery [25, 25-30].

This thesis focuses on the application of a particular microsystem — an IDE structure
based biosensor — for molecular diagnostics of a specific biomarker. Generally, a biosen-
sor can be defined as a device that consists of a biological recognition system and a
transducer [3]. The biological recognition system is referred as bioreceptor. This biore-
ceptor is selected to be match with a specific analyte of interest. The interaction between
the bioreceptor and the analyte causes an effect that can be picked up by a transducer
method. Typical bioreceptors are antibody, enzyme, protein, nucleic acid or living cell
[3]. In term of transduced technique, popular methods include optical detection, elec-

trochemical detection, mass-sensitive detection, and impedance detection.

In this thesis, an impedance based detection method is chosen to implement a nanoscale
biosensor that is used to assist in the early detection of brain tumours. The most
common primary brain tumour is the glioma which arises from glial cell. Currently,
imaging-based methods are widely used for detection of glioma [31]. However, these
methods are time-consuming, costly and not suitable for large scale screening to support
early stage detection or for management of patients receiving treatment. Hence an
alternative method which can offer a low cost, easy-to-use and fast response testing
is indispensable. Recent research [32-34] has shown that glial fibrillary acidic protein
(GFAP) has been widely detected in glioma patients and GFAP antibody is a good
candidate of biomarker for early detection. Therefore, GFAP antibody is employed as

a bioreceptor for GFAP. In this application, since both the receptor and the analyte
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are in nanoscale dimension, the geometric structure chosen is a nanoscale interdigital
coplanar waveguide (ID-CPW) with both electrodes width and gap to be in nanometre
range. The advantages of planar ID-CPW structure compared to other techniques are its
simplicity of fabrication process and the ability to be integrated into a single system with
low manufacturing cost. In addition, this method has been proven to be outperformed
others in term of sensitivity [35]. The prototype device proposed in this thesis, when
measured using vector network analyser (VNA) probe station, can detect antibodies to
GFAP to a minimum concentration of 2.9 pg/mL. This result shows an improvement
in sensitivity compared to other state of art optical detection methods. The technique
proposed in this study also provides the possibility of an integrated on-chip system for

GFAP antibody or any similar bioreceptors.

1.2 Thesis organization

This thesis is organized into 7 chapters.

Chapter 1 provides a brief introduction to microsystems technology and its applications.
It also articulates the motivations that usher the author to pursuit the research in the

directions of microsystems technology for biosensing and energy harvesting applications.

Chapter 2 reviews recent research and development of microsystems in two specific
areas: energy harvesting and biological sensing. The chapter begins with a discussion of
different techniques used to generate microwatts power from mechanical energy sources,
which are available in the ambient. Then the microsystems based electrostatic micro
power generator is emphasized. The second part of this chapter discusses on various
methods used to implement microsystems devices for biological sensing applications.
The operational principle of the impedemetric (dielectric) sensor based on planar IDE

capacitor structure will be discussed throughly.

Chapter 3 discusses on a micro structure that is used to implement both actuator and
sensor in many micro-systems: the interdigital electrode (IDE) structure. Various ana-
lytical models of the IDE structure are analyzed to understand the key factors that affect
the performance of the devices. These models are used as an initial guide for designing of

various prototypes demonstrated in this thesis. The second part of this chapter presents
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simulation of both micro-scale energy harvesting and nano-scale biological sensing de-
vices. The results obtained from these simulations buttress the potential for practical

implementation of these devices.

Chapter 4 considers many aspects related to microsystems fabrication process. In the
first part of the chapter, the fundamental concepts of microfabrication such as photo
mask, photo resists and photolithography are briefly introduced. In addition, the ad-
vanced technique used to fabricate nanoscale structure using electron beam lithography
(EBL) is also included. Various methods used for thin film deposition are also discussed.
The second part of this chapter presents in detail several fabrication processes used to

fabricate microscale IDE device, nanoscale IDE device and nanoscale resonator device.

Chapter 5 demonstrates the first contribution of this thesis, the application of microsys-
tems for energy harvesting. This chapter discusses in detail the principle of a novel
electrostatic micro power generator that utilizes the liquid droplet to achieve significant
change in capacitance of a variable capacitor. The measurement results from various
experiments are analysed and compared with relevant previous works to highlight the
advantages of this device. The chapter ends with discussion on potential improvements

of the proposed device.

Chapter 6 describes an application of microsystems in biological sensing. A fully func-
tional system that utilizes nanoscale sensor to detect GFAP antibody is demonstrated.
The fundamental of this sensor is the interdigital coplanar waveguide (ID-CPW) struc-
ture fabricated on a Si substrate. This proof of concept highlights many advantages
of using microsystems based nanoscale sensors for bimolecular detection, both in cost,

sensitivity and time.

Chapter 7 summarizes the works done in this thesis. It also proposes future directions

to further advance the concepts of the prototype devices.

1.3 Contribution of this thesis

The thesis contributes to the area of microsystems technology and its applications in

the areas of energy harvesting and biological sensing. The contributions include:
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e A new class of electrostatic micro power generator which is based on the moving
of ionic liquid. This type of device has been demonstrated to be able to operate at
low bias voltage and vibrational frequency, which result in an order of magnitude

improvement in term of figure-of-merit (FOM) compared to previous works.

e A nanoscale sensor system that is able to detect picograms per mililitre of molecules
in a sample. This has been applied to detect antibody against GFAP which is a

relevant bio-marker for the detection and management of glioma.

e Techniques to build and optimize various IDE structures, both at micro and nano

scale, which can be used in a wide range of applications.
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Chapter 2

Literature Review

2.1 Introduction

This chapter provides a literature review on the applications of microsystems in the
areas of energy harvesting and biological sensing. The fundamental concepts necessary
for understanding these fields are included. The first part of this chapter looks at various
techniques used to harvest available mechanical energy from ambient. Among many
different transducer methods, microsystem based electrostatic micro power generator
(EMPG) is thoroughly covered. The second part of this chapter discusses the usage of
microsystems in different biological applications. The microsystems based impedimetric

miniaturized biosensors is intensively discussed.

2.2 Microsystems for energy harvesting

This section reviews the application of microsystems devices in energy harvesting. it
starts with discussions on various available ambient energy sources and the need for en-
ergy harvesting at microscale. Different methods to convert ambient mechanical energy
into usable electrical energy are introduced. The key structures and conversion methods
used in microsystems based EMPG are then discussed in detail. This section ends with

a summary of the state-of-the-art demonstrations of these devices.
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2.2.1 Background

Current wireless sensor, bio-implant, and microscale biosensor devices can operate at
very low power, in orders of microwatts. This has prompted many research into the
field of micro power generator that can harvest the available ambient energy sources to
autonomously supply or extend the life of the sensing system. Current advances in micro
fabrication techniques have further boosted this trend. In our surrounding environment,
there are many available energy sources that can be harvested. These include mechani-
cal, thermal, radiant, and biochemical sources. Figure 2.1 summarizes the power density
of the four main types of mentioned energy sources. Radiant energy source, in form of
solar radiation, has highest power density, which is up to 100000 pWem™2 . It has be-
come the mainstream alternative power source to fossil fuels. However, solar energy is
only available during the day and is reduced in dark areas or on rainy days. In some
applications such as indoor sensing or body implanted devices, this source is not accessi-
ble. Thermal and biochemical sources have comparatively low power density; usually not

exceeding 10 pWem ™2,

Ambient mechanical energy power density is moderately high,
ranging from 100 to 1000 pWem™2 [2]. These mechanical sources are mainly due to
vibration or stress/strain and they are widely available. The causes for these vibration
or stress/strain are ubiquitous. They can be wind, sea water wave, body movement,

car/engine vibration, blood flow and heartbeat, respiration and air-conditioning.
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FIGURE 2.1: Power density of popular ambient energy sources before conversion.
Copied from [2].
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To convert a mechanical energy source to electrical energy, there are three popular
transducer methods being used, namely piezoelectric, electromagnetic, and electrostatic.
Figure 2.1 shows the fundamental concept of these methods. Piezoelectric is the most
widely used technique due to its simplicity in device fabrication and control circuitry,
which usually does not require any external power sources to operate. These devices
exploit the piezoelectric property of materials to generate charge under stress or strain.
However, piezoelectric materials are rare and/or expensive to synthesis. Electromag-
netic power generators are based on electromagnetic induction. They are widely used
at macro scale. However, at micro scale electromagnetic transducer devices are diffi-
cult to fabricate and integrate. Moreover, the magnetic materials required for device
fabrication are expensive. In addition, the efficiency of electromagnetic transducer de-
vice is frequency dependent. They are less efficient at low frequency where most of the

mechanical energy sources are available [2].

Piezoelectric converters Electromagnetic converters Electrostatic converters

Use of piezoelectric materials Use of Lenz’s law Use of a variable capacitor
structure

coil . i

electrode

( |
electrode;
piezoelectric magnet movement I
electrode
movement
stress/strain 000 electrode

FIGURE 2.2: Schematic concept of three main transducer methods to convert mechan-
ical to electrical energy: piezoelectric, electromagnetic and electrostatic. Copied from

[2].
An EMPG operates based on the principle of a variable capacitor. The materials used
to fabricate these devices are conventional materials which are widely used in CMOS
process such as Si and common metals. Furthermore, the fabrication steps to produce
this type of device is simple and based on established microfabrication process. This
type of device has a great potential to be integrated into the current low cost CMOS

devices. This section provides some fundamental concepts related to the EMPG devices.

In addition, some previous works on EMPG are also included.
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2.2.2 Fundamental of microsystems based EMPG

Electrostatic generators operate based on the principle of a variable capacitor. Suppose
a capacitor is modeled with a typical parallel plates structure, its capacitance is defined

as:

C=¢

SIS

(2.1)

where A(m?) is the overlap area between two plates and d(m) is the gap between them,
er(F/m) is the permittivity of the material between the two metal plates. This per-
mittivity relates to the material dielectric constant and permittivity of free space as
e, = k.gg and therefore the equation 2.1 can be rewritten as:

A
C = k.EOE

(2.2)

Suppose the potential different between the two plates is V(volts) and the charge on the

plate is Q (coulomb), then the energy stored on the capacitor is calculated as:

N
E=ZQV=3CV"= (2.3)

2C
The electrostatic force (V) which is perpendicular to the plates of the capacitor can be

defined as follows:

For constant charge ( on the plates:

12Qd
F=_
2 e A

(2.4)

For constant voltage V between two plates:

B leTAV2

F =
2 d?

(2.5)
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The work done against this electrostatic force will be translated to energy to be har-
vested. The origin of the work done is the changing capacitance of the device under

external mechanical vibration while other conditions are maintained [36].

2.2.3 Variable capacitor structures for electrostatic generator

Nowadays, there are fours fundamental micro structures that are widely used to imple-
ment the variable capacitor for electrostatic micro power generator: in-plane overlaps
varying, in-plane gap closing, in-plane variable surface and out-of-plane gap closing [2].

Details of these structures are described as below.
In-plane overlap varying

Figure 2.3 shows a top view schematic of a typical in-plane overlap varying variable
capacitor. In this structure, the two interdigital electrodes (in blue color) are fixed and
the center part (in red color) is movable in the forward-backward direction which will
change the overlap area between them. Hence, the capacitance between the center part
and the electrodes will vary accordingly. This structure can produce two out-of-phase
variable capacitors at the same time, which can be very useful in some power conversion

topology.

FIGURE 2.3: Top view schematic of a typical in-plane overlap varying capacitor: center
part is movable and hence changing the overlap area with the fixed electrodes. Copied
from [2].

In-plane gap closing

Figure 2.4 shows a top view schematic of a typical in-plane gap closing variable capacitor.

In this structure, the two interdigital electrodes (in blue color) are fixed and the center
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part (in red color) is movable in the left-right direction which will change the gap between
them. Hence, the capacitances between the center part and the electrodes will vary

accordingly.

FI1GURE 2.4: Top view schematic of a typical in-plane gap closing variable capacitor:
the center part (red color) is movable and the two interdigital electrodes (blue color)
are fixed, hence the gap between them is changed. Copied from [2].

In-plane variable surface areas

Figure 2.5 shows a cross-section view schematic of a typical in-plane variable surface
areas variable capacitor. In this structure, both the fixed electrode (in blue color) and
the movable electrode (in red color) are patterned to achieve periodically deep surface
roughness. The movement of the top electrode will change the surface areas between it

and the fixed electrode and hence the variable capacitor will be formed.

FIGURE 2.5: Cross-section view schematic of a typical in-plane variable surface areas

variable capacitor: the top electrode is movable in left-right direction, hence the surface
areas between the two electrode is changed. Copied from [2].

Out-of-plane gap closing

Figure 2.6 shows a cross-section view schematic of a typical out-of-plane gap closing
variable capacitor. In this structure, an electrode (in blue color) is fixed and the other

electrode (in red color) is movable in direction which is perpendicular to their surfaces.
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This movement will change the gap between the two electrodes and therefore a variable

capacitor will be formed.

FIGURE 2.6: Cross-section view schematic of a typical out-of-plane gap closing variable
capacitor: the top electrode is movable in up-down direction, hence the gap between
the two electrodes is changed. Copied from [2].

2.2.4 Energy conversion principle of electrostatic generator

An electrostatic generator converts mechanical energy (from vibration or rotation) to
electrical energy by utilizing the variable capacitor structure. There are two main meth-
ods used to perform this conversion, namely charge constraint conversion and voltage

constraint conversion.
Charge constraint conversion cycle

Figure 2.7 summarizes a charge constraint conversion cycle [2]. The cycle starts with the
capacitance of the variable capacitor is at its maximum value Cyax (Q1). The capacitor
is then charged by an external source to the value of Q. at the voltage level of Ui,
and it is disconnected to the voltage source (Q2). Under an external mechanical effect,
the capacitance of the variable capacitor changes to its minimum value Cy,,. Since the
charge Qs is kept constant while the value of capacitance is reduced to its minimum
value Cpin, the voltage across the variable capacitor will increase to a value of Upax

(Qs). At this stage the charge can be removed from the system to the load R (Qq).

cht Cmm 1 cht Cmm

Qust Cruax Quat Cax ]
Rt UT—
(Q1) (Q2) (Qs) (Qq)

FIGURE 2.7: Charge constraint conversion cycle. Copied from [2].

The total energy gained per charge constraint conversion cycle is defined as [2] [11]
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Voltage constrained conversion

Figure 2.8 summarizes the voltage constraint conversion cycle [2]. The cycle starts with
the variable capacitance at its maximum value Cpax (V7). The capacitor is biased at a
voltage Uggs under an external supply source, such as battery or charged super capacitor.
The biased voltage will be maintained over the entire conversion cycle. The external
mechanical force does the work to change the capacitance of the variable capacitor to
its minimum value Cpi, (V2). The change in capacitance, while the biased voltage is

kept constant, generates current which flows back to the charge reservoir (Vs).

U A U o L —
oy — o — [ —

‘max min min

1

FIGURE 2.8: Voltage constrained conversion cycle. Copied from [2].

The total energy gained per voltage constraint conversion cycle is define as [2] [11]

EU = §cht(cmax - Cmm) (27)

2.2.5 Source of biased voltage for conversion

Typically, an EMPG requires a power source to operate. This power source is employed
to provide charge (for charge constraint conversion cycle) or provide bias voltage (for
voltage constraint conversion cycle). There are two main types of power sources used

for this purpose: pre-charged electret and conventional voltage source.
Precharge Electrets

Electrets are dielectric materials that can store charge permanently or over a very long
period of time. They are also referred to as electrostatic dipoles. Generally, an electret
can be achieved by dipole orientation or by charge injection. An electret that is created

by dipole orientation is called oriented-dipole electret. On the other hand, an electret
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that is created from charge injection is called a real-charge electret. Today most electrets
are real-charge electret since they can be produced with a standard fabrication process.
The base of a real-charge electret is a dielectric layer, then an amount of excess charge
is injected into this layer using processes such as corona discharge, electron beam, or
ion/electron guns. Currently, the typical materials used for dielectric layers are Teflon,

SiO2 and CYTOP. The life time of an electret can be as long as 3 years [2].

An EMPG that operates based on the principle of electret is referred to as an electret-
based EMPG. Due to its long term stability, electret-based EMPG generator is targeted

for using in medium and long term applications.
Conventional voltage sources

An alternative method to provide bias voltage source to an EMPG is to utilize conven-
tional voltage sources such as a battery or a charged super capacitor. An EMPG that
utilises this conventional biased sources rather than electret is referred as an electret-free

EMPG.

2.2.6 State-of-the-art research on microsystems based EMPG

The state-of-the-art works on electret-based EMPG devices are summarized in Table 2.1

and electret-free EMPG devices are summarised in Table 2.2.

Reference (Year) Power Size (surface/volume) Electret Voltage Condition
Jefimenko [37] (1978) 25mW 730cm? 500V 6000rpm
Tada [38] (1992) 1.02mW _ 90cm? 363V 5000rpim
Boland [39] (2003) 25uW 0.8cm? 150V 4170rpm
Boland [40] (2005) GV 0.12cm? 850V 7.1GQ60H 2
Tsutsumino [41] (2006) 38uW 4em? 1100V 1.58GQ20H z
Lo [42] (2007) 2260 4.48cm? 300V 14.2GQ60H 2
Sakane [43] (2008) 0.7mW  4em? 640V 0.94GQ20H z
Edamoto [44] (2009)  124W  3cm? 600V 0.87GQ21Hz~
Boisseau [45] (2011) 50uW 4.16cm? 1400V 0.1GQ50H =

TABLE 2.1: The state-of-the-art works on electret-based EMPG devices
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Reference (Year) Power Size (surface/volume)  Bias Voltage  Condition
Tashiro [46] (2002) 36uW 15000mm?3 45V 1.2GQ6H z
Mitcheson [47] (2004)  24pW 1568mm? 2300V 0.4GQ10H z
Despesse [48] (2005) 1050puW  18000mm? 3V 0.3GQ50H 2
Yen [49] (2006) L8uW  21780mm? 6V 1560H =
Hoffmann [50] (2009)  3.5uW 30mm? 50V 13GQ1300H =
Basset [51] (2009) 0.5uW 61.5mm?> 8V 0.25GQ@250H =

TABLE 2.2: The state-of-the-art works on electret-free EMPG devices

2.3 Microsystems for biological sensing

2.3.1 Background

This section reviews a special class of microsystems devices used in biological applica-
tions which is referred to as BioMEMS. Currently, the application of microsystems in
this field is growing rapidly due to the multiple advantages that microsystems technol-
ogy has offered. Firstly, microsystems technology has enabled many medical platforms
to handle very small volumes of biological samples, which can be in microlitres range.
Secondly, fabrication of microsystems devices can be highly integrated, therefore many
sample processing steps (such as filtering, separating, mixing, heating, pumping) can
be included in a single device. Hence, the overall cost to perform an analysis can be
significantly reduced. In addition, microsystems devices have surpassed the traditional
testing methods in terms of sensitivity, specificity and testing time [12]. For this reason,
microsystems has been demonstrated in many biological applications, including minia-
turized biosensors [13] [14] [15] [16], diagnostics [17] [18] [19], tissue engineering [20]
[21] [22] [23] [24], medical implants and surgery [25] [26] [25] [27] [28] [29] [30].

This section provides a brief introduction to microsystems based biosensor concepts.

2.3.2 Fundamental concepts of biosensors

Generally, a biosensor can be defined as a device that consists of a biological recognition
system and a transducer [3]. The biological recognition system is referred as bioreceptor.
This bioreceptor is selected to match with a specific analyte of interest. The interaction
between the bioreceptor and the analyte causes an effect that can be picked up by a
transducer method. A system level diagram which shows the principle of biosensing

system is presented in Figure 2.9.
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FIGURE 2.9: Schematic description of a biosensing system. Copied from [3].

A biosensor can be classified either based on the type of bioreceptor used or by the
transducer methods used. Figure 2.10 shows a diagram of biosensor classification. So far,
well established bioreceptors used are antibody, enzyme, DNA, living cell and biomimetic
[3]. In terms of transducers, the popular methods used are optical, electrochemical, mass-
sensitive, and other methods of detection. From a microsystems technology perspective,

the classification using a transducer method is preferred.

2.3.3 Popular transducer techniques used in biosensors

Optical technique

Optical based detection technique is one of the most widely used techniques in biosensing
applications. In this method, spectrochemical properties such as amplitude, energy, po-
larization, decay time and phase are utilized as the key of detection [3]. Biosensors which
are developed based on optical detection can be categorized by the technology platform

used to implement the devices as proposed by Fan et al. [52]. The main types in this
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FIGURE 2.10: Biosensors classification. Copied from [3].

category include surface plasmon resonance biosensor [53] [54] [55] [56], interferometer-
based biosensors [57] [58] [59], optical waveguide based biosensors [60] [61] [62], optical
ring resonator based biosensors [63] [64] [65], optical fiber based biosensors [66] [67] [68]
and photonic crystal based sensors [69] [70] [71].

Electrochemical technique

The second technique that is widely used in biosensors is the electrochemical detection
method. Sensor devices that are implemented using this technique contain a biorecep-
tor that selectively undergoes a chemical reaction with a target analyte. This reaction
produces an electrical signal that is correlated to the concentration of analyte [72].
Generally, this electrochemical reaction can produce an electrical signal in the form of
current (amperometric), charge accumulation or electric potential (potentiometric) or it
can modify the conductivity of the medium (conductometric) [73]. Examples of poten-
tiometric detection biosensors are reported in [74] [75] [76]. Examples of amperometric
detection biosensors are reported in [77] [78] [79]. Examples of conductometric detection

biosensors are reported in [80] [81] [82].

Mass-sensitive technique

Mass-sensitive technique has recently gained great interest in the biosensing research

community due to its high sensitivity. The principle operation of this method is based
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on the changing mass of a micro or nano cantilever, after a biological analyte binds on its
surface. The additional mass can cause change in surface stress of the cantilever, in the
bulk cantilever material or change the natural resonant frequency of the cantilever [83].
This type of sensor can be categorized using the readout methods, which includes optical
[84] [85] [86] [87] [88], capacitive [89] [90] [91], piezoelectric [92] [93] [94] and piezoresistive
readout [95] [96] [97] [98].

2.3.4 Planar structure impedemetric technique

Among other detection methods mentioned in Figure 2.10, the planar structure impede-
metric detection technique is one of the most widely used method due to its simplicity
in sensor fabrication and ease in system integration. Many previous works based on this
technique [4] [5] [99] [100] [101] [102] [103] [104] [105] [106] [107] have been successfully
demonstrated to be able to detect various analytes such as proteins, antigens/antibodies,

cells and bacteria.

The principle operation of this technique is based on the variation of impedance of the
medium, above planar electrodes, when a specific analyte is presented. Figure 2.11 shows
a schematic concept of a typical impedimetric sensor with interdigital electrode (IDE)
capacitor structure. The device includes two thin metal electrode arrays on top of a
thick substrate, as can be seen in Figure 2.11(a). A top view section of this structure
can be seen in Figure 2.11(b), which also includes the indication of electric field lines
between the two electrodes under an applied voltage when there is no affinity binding
of any analyte. The sensing surface (either metal or oxide) can be functionalized to
capture a specific analyte. Suppose there is affinity binding on the sensing surface, the
electric field between the two metal electrodes will be modified. This can be detected as

in impedance change between the two electrodes.

Geometric structure and size of the electrodes are the most critical parameters that
effect the performance of this sensing technique. To date, IDE is the most widely used
structure. Depending on the size and dielectric property of the target analyte and the
medium above the sensing area, appropriate dimensions can be selected. For an IDE
capacitor structure with the finger width of we; and space between the fingers of wgy,
the effective length is defined as L = we; + wgp. This length is critical for designing

an optimal sensor since it dictates the effectiveness of the medium above the sensing
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(a) Electrodes with electric field lines (c) with affinity binding

FIGURE 2.11: Schematic concept of planar impedimetric, (a) topview of sensor showing

electrodes and electric field lines, (b) sideview of sensor showing the electric field without

affinity binding, (c) sideview of sensor showing affinity binding of analyte and electric
field lines. Copied from [4, 5].

area. Generally, only the medium below two multiples of the effective length L would

contribute to the change in capacitance. This can be visualized from Figure 2.12

2L

F1cURE 2.12: Coverage of electric field above electrode with respect to the effective
length L, 99% coverage is below 1.5L. Copied from [4].

Since the majority of biological sensing measurement are performed in some form of
buffer solution such as phosphate-buffered saline (PBS), an electrical model of this sens-
ing system should also take into account the effect of this solution. Figure 2.13(a) shows

the equivalent electrical model of the sensor in an ionic solution. In this model, Cy;
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FIGURE 2.13: Electrical model of impedimetric biosensor based on IDE capacitor, (a)
a complete model of IDE sensor in a ionic solution, (b) a simplified model without
parasitic effects of the substrate. Adapted from [4, 5].

represent the IDE capacitance, which only depends on the geometric dimensions of elec-
trodes and dielectric constant of the medium on upper half plane. Cpy, is the double
layer capacitance produced from the interface between the liquid ionic solution and the
surfaces of electrodes. Ry, is the equivalent series resistance which depends on the con-
centration of the ionic solution and the surface areas of the electrodes. According to

Van Gerwen et al. [4] these quantities can be estimated as following:

112K (sin(T2e2))

sol = — — 2 2.8

T nlk K (cos(%52)) (28)
K TWsp

Cus = nle, 2105 Car")) (2.9)
2K (sin(—=52))

where K is the complete elliptic integral of the first kind, [ is the length of the fingers

and n is the total number fingers, k£ is the conductivity of the ionic solution and e, is
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the permittivity of solvent of the ionic solution.

The elements of the model which are only due to the effect of the lower half of the sensor,
including C and C,,, are fixed and common to all measurements. Therefore, they can

be ignored, and hence a simplified model can be used, shown in Figure 2.13(b).

In realistic, the targeted binding creates an inhomogeneous dielectric medium. So far,
there has not been any general model proposed for this inhomogeneous medium. How-
ever, due to the nature of the very low concentration of target analyte, the effect of this
inhomogeneous medium is minimal and therefore can be ignored during initial stage of
sensor design and planning of measurement. In general, the sensitivity of this type of
sensor is primarily dictated by the geometry of the IDE structure and the quality of

surface functionalization.

2.4 Conclusion

In conclusion, this chapter provides a literature review on the applications of microsys-
tems technology in the micro scale energy harvesting and biological applications. The
fundamental concepts of microsystems based EMPG are explained both in terms of
their geometric structures and their operational principles. The current state-of-the-art
works in this field are also summarized. This chapter also discusses applications of mi-
crosystems technology in biological sensing with highlights on miniaturized biosensors.

Principle operation of impedance based spectroscopy technique is explained thoroughly.



Chapter 3

Modeling and Simulation of IDE

Capacitor

3.1 Introduction

Interdigital electrode (IDE) is one of the most widely used structures in microsystems
applications. Its popularity is firstly due to its planar structure, which can be easily
fabricated using the current microsystems techniques. Secondly, this structure offers
high capacitance density; therefore, it can provide high sensitive capacitive sensing de-
vice with a small form factor. The first application of IDE structure can be tracked
back to 1970 when it was implemented as a lump element for microwave circuit [108].
Since then, this structure has been intensively utilized in a wide ranges of applications.
In mainstream CMOS IC design, IDE structure is chosen to implement on-chip capaci-
tors. In emerging microsystems technology, it has been used in almost every application.
In their review paper in 2004, Mamishev et al. have listed a great number of applica-
tions based on IDE structure. These include humidity and moisture sensing, electrical
insulation properties sensing, monitoring of curing process, chemical sensing, biological
sensing and other transducers applications [109]. Recently, IDE structure is also utilized

in energy harvesting applications [110-112].

In this thesis, IDE devices are fabricated and utilized in various applications, including

26



Chapter 3: Modeling and Simulation of IDE Capacitor 27

microscale energy harvesting devices and nanoscale biological sensors to detect anti-
gen/antibody. This chapter investigates relevant analytical models used in IDE calcu-
lation and conducts a finite element method (FEM) simulation study on various IDE
structures using CoventorWare, a commercial microsystems simulation tool. The sim-
ulation is carried out to support and verify the design concepts of IDE devices for the

two mentioned applications.

3.2 Analytical model of IDE capacitor structure

FIGURE 3.1: Schematic layout of a typical IDE capacitor:(a) overall 3D structure with

substrate and top dielectric, (b) critical dimensions used in analytical modeling, where

L and W are finger length and width respectively, G is the gap between finger and
A=2(G+W).

A typical IDE capacitor structure can be described as in Figure 3.1. It includes a thick

substrate layer, a top dielectric layer and an array of multiple metal fingers, which are
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combined to form 2 metal electrodes. Various models have been proposed to estimate the
capacitance of this IDE structure. The first model of IDE capacitor can be attributed
to Alley in 1970 [108]. The model was constructed based on lossless coupled microstrip
line theory. This model estimates the capacitance value for IDE capacitor with the same
finger width and the gap between fingers. It assumes that the top dielectric layer is only
air and its thickness is infinite. In 1983, Esfandiari et al. introduced an improved model

which also included the effect of the thickness of metal electrodes [113].

The limitation of these proposed models is that it only performs well for structure with
infinite thickness of the top layer dielectric. This is not practical for most of chemical
and biological sensing applications. In 1996, Gevorgian et al. proposed a model that
considers multiple top dielectric layers [114]. However, this model still gives significant

discrepancy with the result obtained by either FEM simulation or experiments.
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FIGURE 3.2: Schematic description of IDE model proposed by Igreja and Dias, which
includes a substrate layer and multiple top dielectric layer. Copied from [6].

In 2004, Igreja and Dias introduced a new model which took into account multiple
sensitive top layers [6], as shown in Figure 3.2. This model has proven to be in good
agreement with FEM simulation and experimental results. The formula used in this

model is defined as:

Cripc 49 Cr,ipcCE,1pC
2 Cr.ipc + CEg,1pc

Crpc = (N —3) (3.1)

where N is number of fingers, C1 ;pc is capacitance between the internal fingers, Cg 1pc

is the fringing capacitance due to the outer fingers and Crp¢ is the overall capacitance
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of the interdigital capacitor. Figure 3.3 shows detail annotation of these quantities with

a typical 6 fingers arrangement.

CiOACet ) G2 G2 G2 CeCACetC)

k] F a] I i}

Al

2CCHCAHCIIC2

F1GURE 3.3: Schematic description of IDE model proposed by Igreja and Dias, which
shows both the capacitance due to inner fingers and the fringing capacitance due to the
outer fingers, h is the height of the top dielectric. Copied from [7].

For a typical IDE arrangement which comprises a thick substrate (with a permittivity
of €5), a single sensitive layer (with a permittivity of ;) and an infinite air layer on the

top, the value of C7 1pc and Cg 1pc is calculated as

K (kroo) (k) K (k1o0)
— - —enll -1 d 2
Cripc =Cruir +Cr1+Crs =€ <K(k'iroo) + (&1 )K<k,171) +€SK(I€IIOO> (3.2)
and
K(kpso) K(kg 1) K(kp)
Cg,ipc = Cgair + Cp1 +Cps =¢coL | 77— +(e1—1) — T Es
(K(k;;og G VR ) T K (b

(3.3)

In these equations, Cr 4, Cr;1 and Cr g represent the capacitances due to the internal
finger electrode with respect to air, sensitive layer and substrate. Cg iy, Cp,1 and Cg g
represent the capacitances due to the fringing effect of external electrodes with respect
to air, sensitive layer and substrate. Quantity K (k) is the complete elliptic integral of
first kind with the modulus k = % and k' = v/1 — k2 is complementary modulus. Detail

calculation for these terms can be referred to Igreja and Dias.

This thesis utilizes this model as a starting point for designing relevant devices since
it only involves in simple numerical calculations yet it gives a good agreement with

experimental results and FEM simulations.
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3.3 IDE capacitor simulation using Coventor Ware

CoverntorWare is a commercial available integrated software tool that supports design
and simulation of various microsystems devices. It is capable of performing simulation
with multiple physics, including electrostatic, coupled electro-machanics, thermal elec-
tric, piezoelectric, piezoresistive, and damping effects. In this section, CoventorWare
is utilized to assist the design and simulation of various IDE based devices for various
applications, ranging from microscale devices to nanoscale devices. The process to set

up a simulation study involved following steps:

Defining fabrication process for the devices and selecting appropriate material.

Drawing layout for the device with appropriate structures and dimensions.

Building 3D model of the device using previously defined process and layout.

Performing mesh study to appropriately set up mesh for simulation.

Setting up simulation using appropriate physics and boundary conditions.

For these studies, the main solver used to perform all simulations is the electrostatic
solver. There are two different set of devices to be investigated, a microscale device,
which is targeted for EMPG, and a nanoscale device, which is targeted for biological

sensor to detect antigen/antibody.

3.3.1 Microscale IDE capacitor for energy harvesting device

One of the aims of this thesis is to demonstrate the concept of a novel EMPG device. The
principle of this device is the use of movable liquid dielectric to achieve the capacitance
change rather than the use of movable solid conductors. This simulation aims to verify
capacitance change with respect to the change in relative dielectric constant of the
material on top of the IDE structure. In practical application, water droplet is utilized
to initiate this change. The value of dielectric constant of the medium above the surface
of IDE device will be greatest when water droplet is presented and will be smallest when

the water droplet is disappeared, as can be seen in Figure 5.3 and Figure 5.8.
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FIGURE 3.4: 3D model of micro-scale IDE capacitor structure used for simulation:(a)

the initial device with only metal electrode on substrate,(b) the inclusion of 20 nm TiO,

layer, (c) device with 20 nm TiOs and only air top dielectric and (d) the device with
20 nm TiO5 and covered with liquid dielectric (H20).

Figure 3.4 shows a 3D model of the device used in this study. The model includes a
thick glass substrate and two arrays of Au metal fingers which form two terminals of
the device, shown in Figure 3.4(a). To facilitate the moving of liquid dielectric on top of
the surface of IDE structure, this surface requires to be treated to become hydrophobic.
A very thin layer (20 nm) of TiO3 is used for this purpose. Figure 3.4(b) shows the
inclusion of this thin hydrophobic layer. The two extreme conditions of dielectric to
be investigated are represented in Figure 3.4(c) and (d), which are corresponding to
a top air dielectric coverage and a top liquid (H2O) dielectric coverage. Typically, the
choice of the material and the dimensions of device should be as closed as possible to the
real fabricated device. However, the size of an actual measurable device can be greater

than 20 mm?, which would require a long period of time to complete a simulation.
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Therefore, the size of the device chosen for this simulation is only 200 gm x 200 pm.
However, the relative change in capacitance due to the change in relative dielectric of
the coverage medium is still held regardless to the dimensions of the device. The finger
width and spacing between them are chosen to be 5 pm, which is a conservative number
for practical fabrication of the device with large areas (greater than 20 mm?). This
dimension corresponds to an effective length of 10 um. Hence, the thickness of the
substrate and the top dielectric layer are chosen to be 20 pum, which is two times of
effective length, to ensure total coverage of the dielectric effect on the capacitance, as
suggested in Figure 2.12. Details of materials used and dimensions of the devices are

summarized in table 3.1.

Parameter Value Unit
Finger width ) wm
Finger length 200 um
Gap between fingers 5 wm
Electrode material Au NA
Electrode thickness 100 nm
Number of finger 20 NA
Thin dielectric material TiOq NA
Thin dielectric thickness 20 nm
Substrate material Glass NA
Substrate thickness 20 wm
Top dielectric thickness 20 um

TABLE 3.1: Materials and device dimensions used for study of capacitance change in
microscale IDE capacitor study.

For this simulation, the key point to investigate is the change in capacitance of the
device with the movable liquid dielectric. The movement frequency of this liquid droplet
should be very low and can be considered as DC. Hence, the MemElectro module of
CoventorWare is used for this simulation. Electrostatic solver of MemElectro module is
selected to calculate the capacitance between the two metal electrodes. The electrostatic
solver performs this calculation with the assumptions that conductors used are perfect
conductor, which have a high enough conductivity that polarization can be neglected,
and dielectrics used are lossless dielectric, which have zero conductivity. This assumption
is reasonable considering the material used for electrode is Au and dielectric materials
in the 3D model are glass, air, TiOs. The electrostatic solver of MemkElectro module

calculates the capacitance using the following equation:

Q=C(Vy —Va) (3.4)
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where @ is the charge on the electrode, C' is capacitance between the two electrodes, V;

and V5 are the voltages on the two electrodes.

A series of simulations are performed for various relative dielectric constant values of
the top dielectric material. The optimized mesh setting for this study is summarized
in Table 3.2 and capacitance of the device, which is corresponding to different relative

dielectric constant of top layer material, is summarized in Table 3.3.

Layer x(pm)  y(pm)  z(pm)
Substrate 1 1 1
Metal Electrode 1 1 0.05
Thin Oxide 1 1 0.02
Top dielectric 1 1 1

TABLE 3.2: Summary of mesh setting for micro power generator study, mesh type is
Manhattan bricks and element order is parabolic.

Condition Cap(pF)
A - top layer g, =1 0.489
B - top layer ¢, = 40 1.231
C - top layer ¢, = 80 2.067
D - top layer e, = 160 3.023
E - top layer ¢, = 240 4.772

TABLE 3.3: Total capacitance variation of the device with air as top dielectric and
with different top dielectric materials. For €, = 80, which is a typical value of water, it
is more than 4 times increment in the capacitance.

Figure 3.5 shows the plot of capacitance values of the device with different relative
dielectric constant of the top dielectric materials. As expected, the device capacitance
is increased as the relative dielectric constant of material is increased. For this proposed
structure, glass is chosen as a substrate with the relative dielectric constant of 5. This is
relatively low compared to the value chosen for relative dielectric constant of top liquid
dielectric, which is ranging from 40 to 240. Therefore, the effect of top layer dielectric
is dominant. As a result, the capacitance between the two electrodes is almost linearly
dependent on the top layer dielectric constant. Water, which has relative dielectric
constant of 80, is supposed to be used in the proposed device. This simulation result
indicates that if water is employed as moving dielectric, almost 5 times increase in
capacitance can be achieved. This change is significant in comparison to conventional

variable capacitor structures.
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FiGURE 3.5: Changing of device capacitance with respect to top layer dielectric con-
stant. HoO, with ¢, = 80, will increase the device capacitance by more than 4 times
compared to the air, with with ¢, = 1.

3.3.2 Nano-scale IDE capacitor for biological sensing application

This thesis also aims to demonstrate the application of IDE structure in biological sens-
ing, specifically, the detection of nanoscale analyte such as antigen/antibody. In this
section, a simulation is set up to study the feasibility of this system. Due to the nanome-
ter size of analyte of interest, the dimensions of IDE capacitor used for this study are
chosen to be in nanometers range. The materials used for this study are selected to be
closely matched with the available substrate and processes used to fabricate real device.
Figure 3.6(a) shows a 3D model of this device. It includes a nanoscale IDE metal struc-
ture located on top of a thin layer of SiO5. The substrate material used here is Si. The

dimensions of the device and materials used are summarized in Table 3.4.

The IDE structure presented here is for impedimtric detection of antigen/antibody,
which is in order of nanometers. To represent this analyte, a thin layer (20 nm) of
polymer (PDMS) is chosen. This layer is considered as the sensitive layer of the sensor
system, shown in Figure 3.6(b). Simulation is conducted to investigate the change in
impedance between the two terminals of the device. Again, the MemElectro module of

CoventorWare is chosen to run this simulation. In this case, the quasielectrostatic solver
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FIGURE 3.6: Model of IDE sensor for nanoscale analyte detection. (a) the 3D model
of a device with only metal layer on top of SiOs layer, (b) the sensor with 20 nm of
sensitive layer.

Parameter Value Unit
Finger length 50 nm
Finger width 200 nm
Gap between finger 500 nm
Electrode material Au NA
Electrode thickness 50 nm
Number of finger 100 NA
Oxide material Si0q NA
Oxide thickness 100 nm
Substrate material Si NA
Substrate thickness 1.5 um

TABLE 3.4: Parameters of nanoscale IDE capacitor used in biological sensing study.

is applied to solve for the admittance between the two electrodes. The quasielectrostatic
solver is selected because biomolecular layer is considered as lossy dielectric, which has
some finite conductivity. This lossy dielectric is not only described by permittivity
but also the conductivity, which is frequency dependent. The quasielectrostatic solver
calculates the conductance and the capacitance between two terminals of the sensor

using the following equation:

I=YV = (G + jwC)V (3.5)

where I,V are current and voltage difference between two terminals, Y = G + jwC is
the complex admittance between two electrodes of the sensor, G and C are conductance
and capacitance respectively. From this admittance, the impedance can be obtained if

desired.
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The simulation is carried out over the frequency range from 1 to 20 GHz. The mesh
setting for this simulation is shown in Table 3.5. At the end of simulation process, the
MEMELECTRO module of CoventorWare outputs the values of complex admittance at
different frequencies. From this data, conductance G and capacitance C are extracted

from real and imaginary parts respectively. The result is summarized in Table 3.6

Layer x(nm) y(nm) z(nm)
Substrate 250 250 125
Metal Electrode 250 250 50
Thin Oxide 250 250 50
Top dielectric 250 250 20

TABLE 3.5: Summary of mesh setting for nanoscale biological sensing study, mesh
type is Manhattan bricks and element order is linear.

Freq(Hz) Cs(fF) Cus(fF) Gs(nS) Gus(nS)
10° 64.99 53.29 0.0001 0.0000
102 64.99 52.56 0.0001 0.0000
104 64.99 52.56 0.0001 0.0000
10° 64.99 52.56 0.0008 0.0003
108 64.99 52.56 0.0608 0.0263
1010 64.99 52.56 4.9052 3.1640
2 x 1010 64.99 52.56 12.5795 6.5512

TABLE 3.6: Frequency dependence of nanoscale IDE device: Cys and C,s are capaci-
tances of the sensor with and without sensitive layer and G and G,,s are conductances
of the sensor with and without sensitive layer.

Figure 3.7 shows the plot of capacitance and conductance between the two terminals of
the sensor for two different conditions: sensor is covered with 20 nm sensitive layer and
sensor is with only air atop. For both cases, the sensor capacitance is almost constant
over the entire frequency range. The capacitance of the sensor with sensitive layer is
10 fF higher than the capacitance of sensor without sensitive layer. This is equivalent
to more than 20% increase in capacitance. Theoretically, this is a significant change,
and therefore can be detectable with many available electronic systems. In practice, the
parasitic effect of metal contacts and wiring may hinder the measurement. Nevertheless,
this indicates a possibility of this sensor system to detect nanoscale analyte with the

size in order of 20 nm.

While capacitance of the sensor is almost constant over the whole frequency range, for
both investigated conditions, the conductivity of the sensor is dramatically changed
when the frequency is higher than 100 MHz. The difference in conductance becomes

more profound as the frequency increases to GHz range. When covered with 20 nm



Chapter 3: Modeling and Simulation of IDE Capacitor 37

sensitive layer, the conductance of the sensor increases by 1.5 times at 10 GHz and
by 2 times at 20 GHz. At these GHz frequencies, the change in conductance become
more significant and hence greatly contributes to the overall admittance (or impedance)

change of the sensor.
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FiGUrE 3.7: Capacitance and conductance of the sensor versus frequency. With a
sensitive layer, capacitance increases more than 20% increase over the entire frequency
range. The change in conductance is profound when frequency is above 100 MHz.

3.4 Conclusion

In conclusion, this chapter highlights various analytical models used to support the
design of IDE capacitor structures which can be used in different applications. In addi-
tion, simulations are carried out using a commercial microsystems simulation package,
CoventorWare, to demonstrate the potential application of IDE structure in energy har-
vesting and biosensing. For the energy harvesting application, a simulation conducted
on a microscale IDE structure (area of 200 pm x 200 um, finger width and gap between
finger are 5 pum) indicates an approximately 5 times increase in capacitance of a variable

capacitor when liquid dielctric (H20) is applied. In term of the sensing application, a
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simulation is performed on a nanoscale IDE structure (finger length is 50 pm, finger
width is 200 nm, gap between fingers is 500 nm and the number of finger is 100). The
result shows a 20% change in capacitance of the device over the entire frequency range
(1 to 20 GHz) when a 20 nm sensitive layer is presented. Furthermore, as the frequency
increases over 100 MHz, the change in conductance of the device also becomes more
profound. The change in both capacitance and conductance indicates a potential for
applying this sensing systems for nanoscale biomolecules detection when measurement

is carried out at frequency higher than 100 MHz.



Chapter 4

Fabrication of Microsystems

Devices

4.1 Introduction

The development of microsystems technology is highly related to the development of the
IC technology. Therefore, majority of microsystems fabrication techniques are derived
from IC fabrication processes, for example, photolithography and thin-film deposition.
However, due to recent expansion in applications of microsystem, there are new methods
and materials that are not common to the traditional IC foundries. The choice of the
fabrication process and necessary equipments are dictated by the materials being used,
the device geometry and the applications. Therefore, the processes to fabricate micro
generator (used in Chapter 5) and nanoscale biosensor devices (used in Chapter 6) may

be different even if they share the same IDE structure.

The first part of this chapter discusses briefly various fabrication techniques that are
generally employed in microsystems fabrication processes. These include photolithogra-
phy, electron beam lithography, electron beam evaporation, and etching. The rest of the
chapter presents fabrication processes that are applied to build microsystems devices,

including generator, sensor and resonator devices.
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4.2 Microsystems based device fabrication techniques

Photolithography

Photolithography involves exposing a sample under ultraviolet (UV) light using a mask.
Generally, the sample is first coated with a photoresist. There are two types of photore-
sists: positive and negative, as shown in Figure 4.1. For positive resists, the areas which
are exposed to UV light will be removed after development. Meanwhile for negative re-
sists, the areas which are not exposed to UV light will be removed after the development
step. The coated sample is then exposed under UV light with appropriate dosage, which
is determined based on the power of the UV source and the exposure time. Choosing
the right exposure dosage is essential for obtaining desired patterns and usually requires
optimization. After the exposure, the sample is then developed using a developer. The

choice of developer depends on the resist type.

Typically, wavelengths of UV light sources are higher than 350 nm. Therefore, UV
photolithography method cannot achieve patterns with small feature size. The smallest
achievable feature size obtained from photolithography is generally higher than 1 pm.

The advantage of photolithography process is the ability to achieve high throughput at

low cost.
Light
| | Mask
e | —
Film < |
Substrate
Negative photoresist Positive photoresist
I | | |

l Etched patterns l

FIGURE 4.1: Photolithography with two different type of resists. Copied from [8].
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Electron beam lithography

Electron beam lithography (EBL) is a direct lithography method in which a sample is
exposed under a focused electron beam. To define a feature, which is smaller than a
few hundreds of nanometers, it is not possible to use photolithography technique due to
the large wavelength of UV light passing through the mask. In contrast to photolithog-
raphy, EBL lithography does not require a mask. Instead, the sample is coated with
an EBL resist, an electron-sensitive material whose solubility property changes accord-
ing to the energy deposited by the electron beam, and then exposed directly under the
focused electron beam. After exposure, the sample is also required to undergo a devel-
oping process. Commonly used EBL resists are Poly (methyl methacrylate) (PMMA) or
Hydrogen silsesquioxane (HSQ), and ZEP. Similar to photolithography, an EBL lithog-
raphy process also requires optimal dosage to achieve the best outcome. The parameters
are critical in EBL process are beam current, beam spot size, beam step size and lens

aperture size.

The EBL lithography technique, while it can overcome the limitation of photolithography
in achieving nanoscale feature size, is still expensive. In addition, it is a low throughput
exposure system due to the direct sequential scanning of an electron beam to obtain a

defined pattern.

Electron beam evaporator

Thin film deposition is an essential step in microsystems fabrication process. Electron
beam evaporator is one of the most widely used equipment to perform thin film depo-
sition. It can be used to deposit various metals and oxides, such as gold, chromium,
silicon dioxide, etc. It is a physical vapor deposition technique in which the deposition
process is carried out within a vacuum chamber. The key components of a typical elec-
tron beam evaporator chamber is shown in Figure 4.2. Under an applied of high DC
voltage, the tungsten filament will discharge electron. This electron beam is controlled
by a magnetic field to hit the target material, which is placed in a crucible. The target
material is then turned into a vapor phase and moved upward. If the shutter is released,
the vapour will reach the sample surface and condense to form a thin film. Accurate

deposition rate and thickness can be controlled and monitor by a quartz sensor inside
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the chamber. For metals such as gold and platinum, an adhesive layer (using titanium

or chromium) should be deposited first to enhance the adhesion.

Sample facing down

Chamber wall

Magnetic field that drive
the electrons current

Heated material

FIGURE 4.2: Schematic of a typical electron beam evaporating system.

Etching

Contrary to the material deposition process, which is used to deposit material on a
substrate, etching process is utilized to remove a material so that a certain pattern can
be formed. In microsystems fabrication, there are two types of etching: wet etch and
dry etch. Wet etch involves using a chemical, such as sulphuric acid, hydrofluoric acid
or metal etchants, to remove some parts of the target material. In a wet etch process,
the sample is immersed directly in the etchant. The etch rate depends on the type of
the etchant, concentration of the etchant and the material being etched. In a dry etch
process, i.e. deep reactive ion etching (DRIE), the sample is placed in a high vacuum
chamber and gas etchants are introduced. Factors affecting the dry etching process
including the type of gases and their flow rates, chamber pressure, temperature, power

and etch time.
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4.3 Microscale IDE devices fabrication process

This section describes the fabrication process used to fabricate micrometre size IDE ca-
pacitors. These devices are used to implement the EMPG, which is thoroughly discussed
in Chapter 5.

The fabrication process of these microscale IDE devices involves the creation of chromium
mask using a laser ablation system followed by IDE patterning using photolithography

process.

Chronium mask creation with laser ablation system

Cr Mask Mask Writing With Laser Completed Mask

(1) (2) (3)

FIGURE 4.3: Process step for mask fabrication from laser ablation system.

Figure 4.3 outlines the mask creation procedure. Firstly, a glass slide is cleaned with ace-
tone, isopropanol (IPA) and dried with a nitrogen gun. It is then placed in oxygen/argon
plasma with 100 W power for 30 minutes to minimize contaminations. Electron beam
evaporator (Intevac Nanochrome II model) is used to deposit a thin layer of chromium
(100 nm). The lithographic features on the Cr coated slide are produced using a laser
ablation system (SUSS SLP300 model). The areas without Cr allow UV light pass-
ing through while the areas covered with Cr prevent the substrate from being exposed.
The opening areas define the structure of the IDE devices. This mask is used in the

subsequent lithography step.
UV lithography process

Figure 4.3 summarizes the UV lithography process to create microscale IDE devices. The
process starts with a cleaned glass slide. A thin layer of Cr (100 nm) is deposited on the
slide using electron beam evaporator (step (2)), followed by photoresist coating (step
(3)). Here, a low cost positive resist (AZ1512HS) is used. The resist-coated sample
is spun at 3000 RPM (revolution per minute) for 1 minute to achieve a thickness of

approximately 1.5 um followed by soft-bake at 110°C. The Cr mask is used in the next
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step (step (4)) to expose the resist-coated sample under UV light. A light source with
356 nm wavelength is exposed for 15 seconds at power density of 30 mW /cm?. After the
exposure, the sample is developed using AZ712 : HyO (3 : 2) developer for 90 seconds
then rinsed with deionized water and dried under a nitrogen stream (step (5)). Next,
the sample, with the patterned resist as the mask, is undergone wet etching to remove
the exposed Cr areas to form the IDE structures (step (6)). After all exposed Cr is
etched, the sample is cleaned using acetone in an ultrasonic bath (step (7)). In order
to isolate metal fingers and liquid dielectric, a layer of insulator is required. Here, TiO-
is used instead of conventional SiOs due to its native hydrophobicity, which is highly
desired for this type of device. Prior to the deposition of TiO2, Kapton tape is used to
cover metal electrodes (step (8)). An ALD system (Fiji F200 Cambridge Nanotech) is
used to deposit 10 nm of TiO9 (step (9)). Prior to measurement, the protective tape is

removed.

o | NEM [EEA [ [

Glass Slide Cr Ebeam Evaporation AZ1512 Resist Spin Coating

1) 2 (3)

UV Mask Exposure Development Cr Etching

+ 433

4) (3) (6)

Resist Cleaning With Acetone Pad Cover With Kapton Tape ALD Deposition of TiO2
(7) (8) 9
Final Device

(10)

FiGURE 4.4: UV lithography based fabrication process for microscale IDE device,
which is used in EMPG.

A typical device fabricated from this process is shown in Figure 4.5.
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«~—

length = 600 um

FIGURE 4.5: A typical microscale IDE capacitor fabricated with UV lithography and
wet etch process.

4.4 Nanoscale IDE devices fabrication process

This section describes the fabrication process used to fabricate nanoscale IDE capacitors.
These devices are used to implement an impedimetric biosensor system for detection of

nanometre size biomolecule. A demonstration of such system is included in Chapter 6.

The choice of IDE geometry is highly dependent on the requirement of the sensors. These
requirements might include sensor resolution, analyte concentration, physical size of an-
alyte, measurement technique, etc. Therefore, the resolution of IDE structure can be as
small as hundreds of nanometres or can be as large as tens of micrometres. Conventional
IDE impedance based spectroscopy sensors have their finger size in micrometres range.
These devices usually work well for large scale biological species or a large amount of
sample with higher concentration range. However, in order to detect nanoscale biolog-
ical agents such as antibody, protein or virus with low concentration and low sample
volume, the dimensions of the IDE finger should be in nanoscale range. Conventional

photolithography (such as the one discussed earlier in previous section) cannot achieve
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this target. To overcome this challenge, an alternative fabrication process is proposed,

which is based on EBL lithography.

] EF I el

PMMA Resist Spin Coating EBL Exposure After Development
4 4+ & $

(1) (2) ()

E-Beam Evap Cr/Au After Lift-off with Acetone

EE N - - .

4) ()

FIGURE 4.6: Fabrication process of nanoscale IDE devices using EBL lithography.

Figure 4.6 describes the fabrication process flow to fabricate nanoscale IDE structure
using an EBL system. The process starts with a silicon substrate with thickness of 1
mm. This substrate serves as a support for the sensor platform. An appropriate choice
of material is important to achieve good performance of the sensing system. Ideally,
the substrate should have low dielectric constant to minimize its parasitic effect and the
surface should be smooth to facilitate the fabrication of nanoscale features. Here silicon

wafer is chosen mainly due to its readily available and low cost.

Prior to fabrication, the substrate is undergone a standard cleaning process to remove
any contamination. After cleaning, a layer of 100 nm SiO» is deposited using Plasma-
enhanced chemical vapour deposition( PECVD) system (Oxford PlasmaLab System 100
model). For patterning the nanoscale IDE structure, a lift-off process is preferred to a
wet etch process due to its repeatability and hence a positive resist is used. Typically,
positive EBL resists, which can achieve nanoscale resolution, include PMMA and ZEP.
These resists have similar performance for the feature in order of hundreds of nanome-
tre. Among them, PMMA has lower cost and hence it is preferred to ZEP. Giving the
desirable finger’s thickness of 50 nm, a layer of PMMA with thickness of 150 nm is
deposited using a spin coater. The resist-coated sample is then baked at 170°C for 5
minutes before being exposed using EBL system (Vistec EBPG5000P1usES).
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After the exposure, the sample is developed using mixture of MIBK:IPA (3:1) for 60
seconds. The sample is then rinsed with IPA then dried under a nitrogen stream. E-
beam evaporator is then used to deposit 5 nm of chromium (Cr) and 45 nm of gold (Au).
The Cr layer is used to promote the adhesive of Au on SiOy surface. A lift-off process
using acetone in ultrasonic bath is carried out to form IDE structures. The IDE devices
are checked under optical microscope and scanning electron microscope (SEM) prior to

performing electrical measurement.

A typical nanoscale IDE structure fabricated from this process is shown in Figure 4.7.

Metal Electrode

FIGURE 4.7: A typical IDE device after fabrication, the gap between finger is approx-
imately 100 nm and the finger width is 200 nm, scale bar is 4 pm.

4.5 CMOS compatible fabrication process of nanoscale res-

onator

This section describes a CMOS compatible fabrication process of nanoscale resonator

devices, which can be applied in various applications, including frequency reference and
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very high sensitivity mass sensing for single molecule detection. The target device is a
free-free beam resonator structure. It is fabricated based on a Silicon-on-Insulator (SOI)

wafer with the device and buried oxide thickness of 270 nm and 220 nm respectively.

EBL lithography
s = PMMA A resist B P s N s N s
50| wafer

E-baam evaporator
|  [cmau] |

Development Lift-off

EBL lithography
PMMA A2 resist 4L JL .ﬁ, JL Development

E-beam evaporator RIE Etching

Lift-off

HF Etching Critical point dryer release

FIGURE 4.8: An overview of nanoscale resonator fabrication process.

Figure 4.8 shows an overview description of the process. It is a two masks post-CMOS
process, which involves two EBL steps to defined masks. Following is the detail descrip-

tions of critical steps of the process.
EBL lithography

The first step in the fabrication process flow is defining metal pads and interconnection.
In addition, a set of markers need to be created for alignment of the next mask. The
smallest feature size of marker and pads is 20 pm and the required thickness is at least
100 nm of metal (Cr/Au). To ensure a good lift-off, the resist should be at least 3
times thicker than the metal film. PMMA A4 resist with thickness of 330 nm is chosen
for this step. After spin coating of the resist, the sample is undergone EBL exposure
and developing. The metal layer (5 nm/95 nm of Cr/Au) is deposited using an e-beam

evaporator. Finally, the sample is undergone lift-off to form metal markers and pads.
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After the deposition of metal pads and marker, another EBL exposure is required to
create the mask for the nanoscale device structure. The target device is expected to have
its width of 250 nm and the gap of less than 100 nm. For a structure with this small
feature size, a thin resist is required. PMMA A2 with thickness of 100 nm is chosen for
this EBL step. A thorough study to determine optimal beam step size, beam current
and dosage is carried out. A layer of 20 nm of Cr is deposited after EBL exposure to act
as a mask for etching of silicon in the following step. Figure 4.9 shows the outcome of
this fine feature EBL study. Figure 4.9(a) indicates the outcome of EBL exposure when
non-optimal parameters are used. In contrast, when optimal parameters are employed,

the feature and a gap that is smaller than 30 nm can be achieved.

FIGURE 4.9: Outcome of a dose matrix study of sample, (a) shows outcome of non
optimal parameter and (b) shows the outcome when optimal parameter is used, scale
bar is 3 pm for both (a) and (b).

Reactive ion etching (RIE) of Si

After EBL exposure and Cr deposition to define the mask for fine feature beam resonator,
sample is undergone etching to form Si beam structure. For this device, it is critical
to achieve a smooth vertical sidewall structure with small gap; hence a pseudo Bosch
with SFg/Cy4Fg chemical was preferred to standard Bosch process. This etching process
is also referred as mixed mode process in which etching and passivation are happening
simultaneously. The key parameters for achieving ideal result are gas flow rates, ICP

power, RF power, pressure, temperature of the chamber and etching time. Multiple
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iterations of etching experiments are carried out to obtain the ideal result. Figure 4.10

shows various results from these experiments.

(a)

FIGURE 4.10: Study of reactive ion etching of Si, (a) shows a very bad result due to
high flow gas and long etching time, (b) shows a better result and (¢) shows the optimal
outcome, scale bar is 2 pm for all (a,b,c).

SiO2 wet etching and critical point dry

One of the most critical step of this fabrication process is etching of SiO4 to release a sus-
pended structure. Ideally, vapour hydrofluoric acid (HF) should be used. However, this
capability is not available at local fabrication facility (MCN). Therefore, an alternative
wet-etching using HF solution is employed. Typically the etching rate of SiOo depends
on concentration of HF solution. Higher concentration of HF would increase etching rate
but it is also difficult to control the stopping time. Figure 4.11(a) represents an example
of some structures that are over etched. In this case, the entire structure is collapsed.
On the other hand, very low concentration of HF would require a very long time to
completely etch away SiOs under the structure. After multiple studies, 1% HF solution
is chosen. Since the dimension of the device is very small, it would not be suspended if
it is rinsed in DI water and dried with air directly. The strong surface tension of water
would bend the structure down and permanently attach it to the substrate as shown in
Figure 4.11(b). To resolve this issue, a critical point dryer is used. After performing
HF etching, sample is rinsed with DI water and then quickly transferred to methanol.
Following, sample is placed in critical point dryer to be critically dried. During this
process, methanol is gradually replaced with liquid COy before temperature is slowly
raised to release COsy. An example of suspended small structure after HF etching and

critical point dry is shown in Figure 4.11(c).

Results
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FIGURE 4.11: HF etching of SiOa, scale bar (a) 2 ym, (b)(c) 3 pm.

After defining all optimal parameters for the entire process, a batch of free-free beam
resonators is fabricated with thickness of 270 nm, width of approximately 225 nm and
the length varies from 5 to 15 um. Figure 4.12(a) shows a SEM image of a typical 5
pm length free-free beam resonator. A small gap of 50 nm with smooth and vertical
sidewall is consistently achieved across most of the devices. Figure 4.12(a, b) shows a

top view and a tilted view of an example of the devices.

(a)

FIGURE 4.12: An example of prototype device, (a) scale bar is 2 um, (b)(c) scale bar
is 500 nm.

4.6 Conclusion

In conclusion, this chapter introduces the fundamental concepts related to microsystems
fabrication technology, which include resist coating, mask creation, thin film deposition,
and etching. The detail process flows and recipes, which are used to fabricate various
devices from microscale to nanoscale, have also been proposed and discussed inten-

sively. The devices fabricated from these processes have been utilized in a wide range of
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applications, such as micro energy harvesting, impedimetric based nano-biosensor and

ultra-sensitive single molecule detection.



Chapter 5

Microsystems for Energy

Harvesting

5.1 Introduction

There is a significant research effort focused on producing new higher efficiency and
power density mechanical energy harvesting systems. Many small-scale prototypes have
been demonstrated and there is great potential that these concepts may in the future be
realized for large-scale energy harvesting. To date, the three most widely investigated
mechanical energy harvesting methods are based on: piezoelectric [111, 115-118], tribo-
electric [110, 119, 120], and electrostatic [37, 38, 43, 121] principles. Piezoelectric and
triboelectric generators are the most popular, with piezoelectric generators achieving
power densities of 160WWm =2 [111] whilst triboelectric generators with power densities

of 500Wm~2 [122] have been demonstrated.

Notwithstanding the exciting progress, there are some major drawbacks that have hin-
dered the progress of electrostatic generators. These include the requirement for high
bias voltages, some as high as many hundreds of volts [40-42], complex electrical cir-
cuits and high voltage device insulation required for safety in practical applications.The
efficiency of the devices can also be limited as they can usually only harvest vibrational
or kinetic energy along a single axes of motion. The vibration frequencies required to

achieve acceptable power harvesting are very high, usually in the order of hundreds of

53
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Hz to KHz [49-51], which makes them less than ideal for environmental power harvest-
ing. In order to overcome these limitations, a new and highly innovative electrostatic
harvesting liquid electrode device was proposed in T. Krupenkin and J. A. Taylor [123].
Unfortunately, the proposed liquid metal electrode was constructed from mercury, which
is a highly toxic material with extensive evidence outlining mercury’s deleterious effects

on human health and the environment.

Here a new type of electrostatic generator is proposed. The proposed device utilizes
a movable liquid electrolytic dielectric to create capacitance change. It not only takes
advantage of the difference of dielectric constant of water versus air but also uses the
free ions to generate a significantly larger capacitance change due to the formation of a

Helmholtz double layer capacitor.

The ionic liquid electrolytic dielectric offers many desirable attributes. These include
a flexible conformal material that is biocompatible, is abundant (seawater) and most
importantly has a larger dielectric constant, much higher than air, resulting in higher
energy harvesting capability. In addition, the device performance is further improved
by facilitating the sliding motion of the ionic fluid over the electrode surface. This
is done by depositing a thin layer TiO2 over the electrode surface to increase surface
hydrophobicity. The proposed device has significant advantages over traditional electro-
static devices in terms of cost, simplicity of fabrication, no requirement for any specific
high cost packaging or vacuum shielding, and is environmentally friendly. Importantly,
the prototype device possesses a very high surface charge density per conversion cycle
of 3.8 mC/m? and achieves a figure of merit exceeding 10000 ﬁ%, which is two

orders of magnitude greater than previously reported devices.

This chapter discusses the design, fabrication and characterization of an ionic liquid
dielectric power harvesting generator device. Potential applications of this device are
described, including harvesting energy from droplets (raindrops), hydro-power or water

waves.

5.2 Principle of operation

Traditionally, electrostatic micro generator devices achieve changing capacitance by

varying the gap or overlap area between two parallel plates of the capacitor. As shown in
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Figure 5.1(a), the capacitance is maximized when the gap is smallest. In Figure 5.1(b),
when an external mechanical force is applied, the gap between the plates is increased
resulting in reduced capacitance. If the voltage applied to the two terminals of the vari-
able capacitor is fixed (by external sources such as a battery, a pre-charged capacitor or
other active circuitry), the change in capacitance during this transition will generate an

electric current as indicated in Figure 5.1(c).

(a) (b) (c)

- - |ttt EE++ + + + +
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FIGURE 5.1: : Principle operation of a typical gap changing variable capacitor: (a)

represents the situation when the gap is minimal and capacitance is maximal, (b)(c)

describe the situtation when the gap is maximal and capacitance is reduced to the

minimal value, electrons are transferred to maintain constant voltage and hence current
is generated.

The total amount of energy produced over a cycle is equal to [2]

1
EC = §V02 X (CMAX — CMIN)- (5.1)

Traditional microsystems structures used to create variable capacitor are shown in Fig-
ure 5.2. The detailed explanation of these structures can be found in Chapter 2. Based
on equation 5.1, to increase the energy produced per cycle, a higher bias voltage or larger
change in variable capacitance is required. In practice, it is difficult to achieve signifi-
cant change in capacitance of these traditional variable capacitor due to the limitation
in displacement of the solid parts. Therefore to increase generated power, higher bias
voltages (Vi), up to 1000 V [41], are employed. This introduces many challenges in the
electronic circuitry to manage such a high voltage. In addition, the fabrication process
of these structures are relatively complex because it involves wet etching and releasing

of suspended structures.
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FIGURE 5.2: : Traditional microsystems structures used to create variable capacitor:
(a) in-plane overlap varying, (b) in-plane gap closing, (c) in-plane variable surface and
(d) out-of-plane gap closing. Adapted from [2].
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FIGURE 5.3: Principle operation of proposed device (yellow layer represents interdig-

itated metal fingers and grey layer represents oxide layer, (a)(c)(d) represents droplet

(blue color) movement on hydrophobic surface during transition state,(b) indicates

factors which affect geometric capacitance, (e) shows the double layer effect and its
equivalent electrical model.
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The new type of EMPG device proposed here is based on a lateral defined IDE capacitor
structure and liquid dielectric. This device, while still based on the principle of variable
capacitance, utilizes the displacement of a liquid dielectric rather than solid electrodes.
The principle of operation of this device is described in Figure 5.3. Figure 5.3(b) shows
the main factors affecting geometric capacitance of the device; these include electrode
length, width, spacing between electrodes, dielectric constant of substrate and medium
above the electrodes. Analytical expression relating these geometric parameters to ca-
pacitance can be found in Van Gerwen, P. et al. [4]. The addition of a hydrophobic oxide
surface over the electrodes facilitates droplet motion. As can be seen from Figure 5.3(a)
and (c), when the droplet is not over the surface of the electrodes, the capacitance is
only due the interdigital capacitance. This corresponds to the minimum capacitance
value Cysrn. Figure 5.3(d) illustrates the situation when a droplet is fully covering the
electrode area. At this stage, the device capacitance is at its maximum value Cyax.
This change in capacitance is due to two factors. Firstly, the dielectric constant of
the medium on top of the electrodes has increased significantly. For pure water at low
frequency, its dielectric constant is approximately 78 times higher than that of the air
[124]. Secondly, water droplets with dissolved salt (NaCl) contain charged ions. These
ions accumulate at the interface of the metal electrodes and liquid electrolyte when a
potential difference is applied. These layers of accumulated charge create an electrical
double layer, which results in a significant, orders of magnitude, change in capacitance.
Under a potential difference between two electrodes, positive ions are accumulated at the
surface of negative electrode and negative ions are accumulated at the surface of positive
electrode simultaneously. This capacitance due to charge separation can be modeled as
a parallel plate capacitor with very small gap. An estimate of this capacitance can be

obtained by [125]:

Seger
d

Cpr = (5.2)
where S is the area of electrodes that interface with the solution and d is the effective
thickness of the double layer . This dielectric layer thickness is referred as the Debye
length. The major factors that affect the Debye length are ion concentration, ion charge
and temperature. For a specific ion at a certain temperature, a higher ion concentration

will result in a smaller Debye length. Figure 5.3(e) shows the schematic concept of this
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double layer effect and its equivalent electrical model. In this model, Rgps, represents
the series equivalent resistance of the double layer. This equivalent resistor also depends

on ion concentration of the electrolyte, device geometry, and temperature [125].

5.3 Method

5.3.1 Device fabrication

The fabrication process of the proposed liquid electrolyte EMPG involved the following
steps: Glass slides (Sail Brand) were used as the substrate layer and a quartz wafer was
used to produce a mask. A thin film (100 nm) of chromium (Cr) was deposited on the
glass slides and on the quartz wafer by electron beam evaporator (Intevac Nanochrome
IT model). The lithographic features on the Cr coated quartz mask were produced using

laser ablation (SUSS SLP300 model).

To pattern the interdigital capacitor with a finger width of 50 ym and a finger gap of
10 pm, AZ1512HS resist was deposited on the slides, spun at 3000 rpm for 1 minute,
resulting in a resist thickness of approximately 1.5 pm. The resist was exposed using the
Cr coated quartz masks to UV light of 356 nm wavelength and power of 30 mWem ™2
for an exposure time of 15 seconds. After exposure, the sample was developed for 90
seconds using AZ712 : HoO (3 : 2) developer and then rinsed with deionized water and
dried using a nitrogen stream. The slide was then wet etched using a Cr etchant to
define the metal interdigital structure. The sample was then cleaned with acetone in
an ultrasonic bath, rinsed with IPA and then dried with a nitrogen stream. In order to
create the isolation between the metal fingers and the liquid dielectric, a layer of oxide
was deposited. Kapton tape was used to cover the metal pads. A 10 nm layer of titanium
dioxide (TiO2) was deposited using atomic layer deposition (ALD) system (Fiji F200
Cambridge Nanotech). TiOg was chosen instead of conventional SiO2 due to its inherit
hydrophobicity [126]. An image of the fabricated device is shown in Figure 5.4. As can
be seen from Figure 5.4(c), the edges of the fabricated devices are quite rough. This is
because the mask was fabricated in house using our laser ablation system. Generally, at
this resolution, if a commercial mask were used, one would expect a much sharper and

cleaner edges.
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FIGURE 5.4: Image of a device after fabrication, (a) shows the device at large scale,
(b) and (c) represent the interdigited finger with dimensions.

5.3.2 Measurement setup
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F1cUre 5.5: Constant voltage measurement setup: Vgprag set a constant voltage be-
tween 2 terminals of the variable capacitor Cy 4, generated current I is converted to
output voltage Voyr by resistor Rg.

Figure 5.5 shows the schematic of a constant voltage measurement setup for our proposed
devices. Voltage across two terminals of the variable capacitor Cy 4g was fixed at Vprag
by using a voltage-clamp amplifier circuit. The charge stored on this variable capacitor

is equal to:
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Q = Cyar(t)VBias- (5.3)

Varying capacitance whilst keeping Vprag fixed results in the generation of current Io.
This current is measured using a trans-impedance amplifier which converts it to voltage

using a resistor Rg.

5.4 Result and discussion

5.4.1 Constant voltage measurement using a patch clamp amplifier
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FIGURE 5.6: Measurement setup for sliding water droplet. (a) a typical test setup, (b)

current generated when a droplet passing through the device at 0 mV bias voltage, (c)

a closer look at the current generated, (d) the dependency of peak current on contact
time.

Figure 5.6(a) illustrates a test setup used to verify the functionality of the device. The
device was fixed at an angle of approximately 60°. A Kd Scientific micro pump was used
to generate small droplets of 18 M(2 water. The patch clamp amplifier (MultiClamp 700B
model) was used to clamp the voltage and to monitor the generated current. As can be
observed from Figure 5.6(b), current is generated when the droplet slides over the device

and there is negligible current generated after droplet had passed over the effective area
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of the device. Figure 5.6(c) represents a magnified section of the output current which
illustrates the current generated when the droplet was passing through each of the 50
pm pairs of fingers. The magnitude of peak current is increased as the droplet’s speed is
increased. As droplets travel across the fingers, the peak current generated is plotted in
Figure 5.6(d). This graph indicates a strong inversely proportional relationship between
the droplet sliding period and the amplitude of generated current. It is consistent with
the equation that defines the generated current due to capacitance change, which is

equal to:

dQ . dC
-y 4
TR (54)

I(t)
The effect of bias voltage on device performance was also investigated by varying the
bias voltage whilst other test conditions, such as droplet size and droplet speed, were
kept constant. The measurements were performed for three different bias voltages (0
mV, 80 mV and 160 mV). The measurements are shown in Figure 5.7. As the bias
voltage was increased, there was an increase in peak current generated, confirming that
the magnitude of current generated depends on the bias voltage. From equation 5.4,
one would expect the peak current is increased linearly as the bias voltage is increased.
However, it is not the case since the capacitance (which is dominantly contributed from
double layer effect) is nonlinearly dependent on bias voltage. In addition, as the bias
voltage is increased, the effect of charge trapping on the oxide layer also becomes more

significant.

5.4.2 A potential application of the device in large scale environmen-

tally friendly energy harvesting

A promising application of the proposed device is harvesting energy from liquid droplets.
Liquid droplets are abundant in our environment. They can be freely available such as
rain drops or can be easily formed in a marine environment by exploiting water waves
or from a prefilled water reservoir. The concept of how water droplets are formed for

practical applications is outlined in Figure 5.8 (b) and (c).

Figure 5.8(a) indicates details of an experimental setup for harvesting energy from the

droplets. The energy harvesting device was placed at a distance of 450 mm below the
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FIGURE 5.7: Dependency of output current on bias voltage. Peak current is lowest at
0 mV bias voltage and it is increased at 80 mV and 160 mV bias voltage.

drop generating tube. The bias voltage was set to be at 1.2 V. The gain-setting resistor
was selected to be 1.8 M€2. A micro pump was used to generate droplets. The flow rate
was 6 mL per minute with an average of 6 droplets per second resulting in a drop volume
of 16.7 pL.. The droplet formed a circular contact surface with the device. The diameter
of the droplet was found to be 3 mm, hence the effective surface area is approximately

7 mm2.

Figure 5.9 summarizes the experimental results. The generated current is shown in
Figure 5.8(a). Current generated from milliQQ water droplets, which have very low ion
concentration, and droplets with 500 mM NaCl, which have similar concentration to
seawater, are overlaid on the same graph for comparison. Current generated varies
significantly depending on ion concentration. The peak current observed was approxi-
mately 2 pA for the 500 mM NaCl droplets. Figure 8(d) shows the corresponding current
density per surface area of the device. The peak current density of approximately 250
mA/m? is achieved for a 17 pL droplet of 500 mM NaCl. Comparison is shown in
table 5.1.
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FIGURE 5.8: (a) Measurement setup for a potential application of the device and
concepts of generating droplets from water wave (b) and from a water reservoir (c).

(b)

To estimate average energy and power generated, the charge generated over 10 s was
integrated. This result is shown in Figure 5.9 (c¢). The average charge generated for
milliQ and NaCl solution (500 mM) were 55 nC and 160 nC per second respectively. For
droplets with 500 mM NaCl the equivalent surface charge density per conversion cycle is
(160nC) /(6 x Tmm?) = 3.8mC/m?. And the peak power density is 357 mWm~2 when
operated at a bias voltage of 1.2 V. Although the output power (Figure 5.9(b)) is lower
compared to other electro-static generator devices it is important to emphasize that a
much lower operating voltage is used here. To evaluate and compare device performance
the figure of merit (FOM) proposed by Basset, P. et al [51] is used. This FOM is defined

as:
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FIGURE 5.9: (a) Peak current (in nA) generated from two different types of droplets
(milliQ water and NaCl), discontinuity at 0.5 s and 8 s on NaCl charge curve is due
to some abnormal spikes of current generated (b) Peak power (in W) associated with
current generated (c) Current density (in mA/m?) (d) Accumulated charge generated
over 10 s (in nC).
Reference Year Current Density (mA/m?)
Moon et al [127 2013 6.4
Kwon et al [112](drop) 2014 328.9
Kwon et al [112](pushing/releasing) 2014 81.3
Lin et al [110 2015 26.3
Lin et al [128 2014 15.0
Cheng et al [129] 2015 31.8
This work 2015 250
TABLE 5.1: Current density of this work in comparison to previous works that harvest
energy from water droplet
P
FOM = —/——F—— 5.5
VEx fxS (5:5)

where P is the converted power (in uW), Vi is the maximum voltage applied to the

variable capacitor (in V), f is operating frequency (in Hz) and S is device area (in mm?).
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The results, shown in table 5.2, indicate that our proposed electrostatic generator has a

two orders of magnitude improvement over previous devices.

Reference Year f(Hz) S(mm?2) V.(V) PuWw) FOM (%)
Despesse et al [121] 2005 50 1800 120 1050 81.02

Yen et al [49] 2006 1560 4356 6 9.74 3.98

Tsutsumino et al [41] 2006 20 200 950 37.7 1.04

Ma et al [130] 2007 4100  25.9 15 0.065 0.27

Suzuki et al [131] 2008 37 234 450 0.28 0.02

Basset et al [51] 2008 250 66 8 0.061 5.78

Hoffmann et al [50] 2008 1460 30 50 3.8 3.47

This work (500mM NaCl) 2015 6 200 1.2 0.192 11111.11

This work (milliQQ water) 2015 6 200 1.2 0.066 3819.44

TABLE 5.2: Figure of merit of this work compared to some previous works on electro-
static generator devices

5.5 Factors that affect the performance of the proposed
EMPG

Our device possesses very high surface charge density per conversion cycle and there is
a great potential for boosting the output power. Here we discuss on some key factors

that affect the amount of energy produced and how output power can be improved.

Electrolyte concentration

Equation 5.1 describes the principal factors that govern the amount of energy produced
by a constant voltage electrostatic generator. At a certain bias voltage Vprag, the pro-
duced energy is directly proportional to the capacitance change. From the model shown
in Figure 5.3(e), this capacitance change depends on geometric capacitance Crpc, dou-
ble layer capacitance Cpy, and its equivalent series resistance Rgor. While electrolyte
concentration has minimal effect on the geometric capacitance, it substantially affects
Cpr, and Rgpr. Hence a higher concentration electrolyte will create a larger overall

capacitance change due to a decrease in Rgor, and an increase in Cpy,.
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Bias voltage

From Equation 5.1, the amount of energy produced is directly proportional to Vg, TAS
Hence, an increase in Vprag will significantly improve the output power of the proposed
device. If the bias voltage is increased to 24 V, which is 20 times higher than our
test condition, the output power could increase by 400 times. However, a higher bias
voltage requires a thicker insulation layer which will reduce the change in capacitance.
To increase the bias voltage of the device while still maintaining the total capacitance

change, a low dielectric constant and higher breakdown voltage material can be used.

Structural dimension and surface area of the device

Reducing electrode and gap dimensions and increasing the total surface area of the de-
vice will also significantly increase the capacitance change, which leads to an increase
in the output power. Currently, the prototype device has finger width of 50 um and
electrode gap of 10 um. These dimensions can be further reduced without increasing the
complexity and the cost of fabrication process. Shim et.al [132] recently has reported
a cheap and reliable technique to produce large area interdigital capacitors with finger
gap less than 500 nm using conventional lithography process. If the device dimensions
can be reduced to 2.5 pm finger width and 0.5 pm gap, the capacitance due to its geom-
etry could be improved by 20 times. In addition, the fabrication process can be slightly
modified to increase the total surface area of the device. Prior to deposition of metal on
substrate, nano-imprinting can be used to increase nanoscale surfaces roughness. Using
nano-imprint technology, nano structures with resolution smaller than 10 nm has been
reported [133]. Assuming a nano-imprint mould with a pattern of 50 nm square and
100nm height is deployed. For every 1 um? area, there will be 100 nano patterns and
therefore the new total surface area will be (1 4 100 x 0.05 x 0.10 x 4 x 100 = 3um?),
which is equivalent to a three times increase in the total surface area. Both the geo-
metric capacitance (Crpc) and double layer capacitance (Cpr) of the equivalent model
described in Figure 5.3(e) are dependent on the surface area of the device. Therefore,
the total equivalent capacitance of the device will be significantly increased because of

an escalation of the total surface area.
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Contact time

By using nano-imprint to predefine surface roughness, the droplet contact angle will also
be increased, and the droplet sliding angle will be decreased [134] [135]. This will lead
to shorter contact time of the droplet on the device surface and hence the generated

current will be increased.

Optimal load value

Further experimentation was carried out to investigate the effect of load on the power
generated. Matching between the load and the device impedance will produce maximum
output power. In this experiment, the load resistor was varied from 110 K to 3.9
MQ. MilliQ water (18 MS2) droplets were used for this experiment, with a drip rate
of approximately 7 droplets per second and bias voltage, applied on variable capacitor,
was set at 2 V. Figure 5.10 summarizes the test results. Figure 5.10(a) represents the
total amount of charge generated over period of 5 seconds. Figure 5.10(b) shows the
estimated average power generated from this generated charge. This result highlights
that the output power of the device is load dependent. The output power for varying
loads can differ by a factor of 5 times. Therefore, by carefully optimizing the load

conditions, the output power of this generator can be substantially improved.

5.6 Conclusion

This chapter demonstrates a great potential of the new type of EMPG device. This
device converts mechanical energy into electrical energy by utilizing movable ionic lig-
uid electrolyte as the dielectric. It offers many advantages over traditional electrostatic
generators. It exhibits large capacitance change due to the electrical double layer effect
formed by ion separation and voltages applied at the electrodes and high dielectric con-
stant of water. The achieved surface charge density and current density are favorable
when compared to previously reported electrostatic generators. The fabrication process
of this device only involves conventional lithography step, which is cheap, scalable to

macro size and does not require any high cost packaging or vacuum shielding. A peak
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current density of 250 mA/ m? and FOM more than 10000 % have been demon-
mm?HzV?)

strated for a prototype with electrode width and gap of 50 yum and 10 um respectively

operating at 1.2 V and a droplet dropping rate of 6 Hz. The experiment demonstrates

a novel concept of an electrostatic generator device that can be used to harvest many

widely available sources of (ionic) saline water droplets.



Chapter 6

Nanoscale IDE Sensor for Glioma

Detection

6.1 Introduction

The development of miniaturized biosensors using microsystems technology has in-
creased significantly recently. Among many different detection methods, which have
been discussed in Chapter 2, the impedemetric detection technique based on nanoscale
IDE structure is widely adopted due to its simplicity in fabrication, integration and
high sensitivity. This chapter discusses the application of such systems to detect glial
fibrillary acidic protein ( GFAB ) antibodies.

A glioma is a tumour that is produced from glial cells of human brain and nervous system.
It is known as the most common primary brain tumour. Its early detection is still a
challenge. Autoantibodies against GFAP have shown the highest differential expression
compared to other glioma expressed antibodies. Today, imaging-based methods are
used for disease detection and treatment management [31]. Imaging based methods
are time-consuming, expensive, and not conducive to large scale screening which is
necessary to assist with early stage diagnosis [31] and in the day to day management of
patients receiving treatment. A low cost, fast and easy to use method for screening and
ongoing management is required. GFAP and Interleukin 6 (IL-6) expression has been
widely detected in glioma patients [33, 34, 136, 137]. It has been reported that GFAP

antibodies can be used as a biomarker for early detection glioma, since tumours elicit an

69
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antibody response before clinical signs manifest and express in low-grade gliomas even

those with undetectable GFAP proteins [31].

Research utilizing laboratory based techniques such as western blot and enzyme-linked
immunosorbent assay techniques to detect GFAP antibodies have been previously re-
ported [31, 138]. To date, point of care biosensors, which can accurately quantitate
concentrations of GFAP antibodies, have not been reported. In this chapter, an im-
munoassay based dielectric biosensor is developed to provide fast, easy to use, low-cost
and real-time detection of GFAP antigen-antibody binding. The proposed sensor can

be used to characterize GFAP antibody concentrations in patient samples.

Dielectric sensors detect concentrations of molecules by measuring changes in the impedance
of the sensors [139, 140] and have the additional advantage that they permit compact
sensors to be implemented as part of integrated on-chip systems [141, 142]. Planar
interdigital dielectric sensors have demonstrated a high sensitivity to target molecules
[35, 143-152]. Recent studies on both label (gold nano-particles) and label free detection
of antigen-antibody binding using interdigital dielectric sensors have shown a detection

limit of 10 pg/ml [143] and 25 pg/ml [35], respectively (Table 6.1).

Target Analyte Limit of Detection Reference
Hepatitis B surface antigen 10 pg/ml [143]

C Reactive Protein, TN Fa, IL6 25 pg/ml [35]

C Reactive Protein 100 ng/ml [146]

IL6, CEA, hEGFR 20 pg/ml [147]

C Reactive Protein 25 ng/ml [148]
Hevein allergenic protein 10 ng/ml [149]
Anti-HRP, Anti-Hep B 100 pg/ml [150]
Goat anti-bovine IgG Ab 10 ng/ml [151]

ST2 antigen 40 pg/ml [152]
GFAP antibody 2.9 pg/ml This work

TABLE 6.1: Comparison of the limits of detection of various IDE impedimetric biosen-
sors.

Here, a wideband measurement technique utilizing an interdigital coplanar waveguide
sensor (ID-CPW), which consists of a coplanar waveguide (CPW) and interdigital elec-
trodes (IDE), is proposed. An equivalent circuit model for the sensor is derived, which
is decomposed into a capacitive and resistive component. The wideband measurement
coupled with the model based capacitance estimation allows for greater detection sensi-
tivity. To demonstrate the sensor’s performance, the proposed sensing system is used to

detect antibodies against an intermediate filament protein expressed in astrocytes cells
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in the central nervous system, GFAP [138] . The total astrocytic protein extracted from
human foetal astrocytes was immobilized on the sensor surface. The GFAP antibodies
at varying concentrations were introduced to verify the binding of GFAP antibodies to
astrocytic protein and the detection performance of the sensor. The proposed method
also uses secondary antibodies to increase the sensitivity of the sensor at lower concen-
trations (< 5 pg/mL) of primary antibodies (GFAP antibodies) via amplification of the

initial primary binding event by secondary antibody conjugation.

This study demonstrates that GFAP bonded ID-CPW is highly sensitive in detecting
anti-GFAP antibodies to a concentration of 2.9 pg/mL, equal to or exceeding the limits
of conventional immunoassay techniques. Here, the capacitance change resulting from
antigen-antibody binding is measured in both dry and wet environments. An important
point of differentiation in our approach is that high excitation frequencies (1-25 GHz)
were used to measure changes in sensor capacitance. The high frequency excitation
was chosen such as to counteract the large capacitances observed at lower frequencies

because of Helmholtz layer formation and electrode polarization.

This chapter describes the design and optimization of ID-CPW using electromagnetic
software, a model to obtain the impedance of interdigital electrodes, and the fabrication
process of the sensors. The protocol for functionalizing the sensor surface and protein
immobilization is also included. The experimental measurement setup and the results
are intensively discussed. The chapter concludes with summary remark to highlight key

achievements of this study.

6.2 Design and fabrication of ID-CPW

6.2.1 Design of the ID-CPW using Electromagnetic (EM) Simulator

The ID-CPW, shown in Figure 6.1(a), comprises of a CPW and IDE. The substrate was
chosen as Si, and a layer of SiOy was evaporated on. The dimensions were miniaturized
so that the sensor was suitable for implementation as a system on a chip. The relative
dimensions of the CPW were designed to match the characteristic impedance of 50 2.
The thicknesses of the Si substrate, SiO2 and metal layer (Cr/Au) were 1 mm, 100 nm
and 50 nm, respectively. The length of the CPW was 200 pum, the width of the IDE was
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200 nm, gap between electrodes was 500 nm, length of the electrode was 50 pm and the
number of electrodes was 99. Verification of the design parameters was performed using

a full wave simulation, Ansoft’s HFSS.

6.2.2 Model of the ID-CPW

(b)

[

YytYy Yot¥sy

F1GURE 6.1: Lumped circuit model of ID-CPW. The capacitance and resistance of the
IDE are Cs and R,. The parasitic capacitance and resistance of the sensor are C},; and
R,;, where i = 1 and 2. The admittance parameters are given by Y.

A model for the ID-CPW is shown in Figure 6.1. The parasitic capacitance and resistance
of the sensor are Cp; and R,;, where i=1 and 2. The capacitance and resistance of the

IDE are denoted by Cs and Rs. The parameters can be estimated from [153],

Cs = —Imag(Y12)/w (6.1)
and

RS = —1/Real(Y12) (62)

where w is the frequency in rad/s, Imag(Y12) and Real(Yi2) are the imaginary and real
parts of Y7o transfer admittance parameter. The parasitic elements can be calculated

from

Cpi = Imag(Yi; + Y12) /w (6.3)

and

Rpi = 1/Real(Y§i + Y12) (6.4)

where i=1 and 2. Since Y11 = Y29, C) = Cp1 = Cp2 and Rp = R,1 = Rpo.
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6.2.3 Fabrication Process of the ID-CPW

The dimensions of the fabricated ID-CPW are listed in Table 6.2. Images of these devices
after fabrication can be seen from Figure 6.2. The details of the fabrication process of
the ID-CPW device can be found in Chapter 4. A brief summary of the fabrication

steps are as following:

A 100 nm layer of SiO2 was deposited on p-type high resistance Si wafer using

plasma-enhanced chemical vapour deposition (PECVD).

o A layer of PMMA A2 positive e-beam resist was spin coated at 1000 rpm to form
a 100 nm thick layer.

e The spin-coated wafer was baked at 170°C' for 5 min.
e Then e-beam lithography was used to pattern ID-CPW.
e The e-beam resist was developed for 1 min using MIBK : IPA for 1:3 ratio.

e After development, a 5 nm of Cr layer was evaporated, followed by a 45 nm layer

of Au, and e-beam resist was removed using acetone.

e The sensors were cut from the wafer using a diode pumped solid state laser.

Parameters Value Unit
CPW length 200 ©wm
Electrode length 50 wm
Electrode width 200 nm
Gap between electrodes 500 nm
Electrode material Au NA
Electrode thickness 50 nm
Number of electrodes 99 NA
Oxide material Si04 NA
Oxide thickness 100 nm
Substrate material Si NA
Substrate thickness 1000 wm

TABLE 6.2: Paremeters of fabricated ID-CPW devices.
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FIGURE 6.2: CPW-IDC devices after fabrication:(a) The ID-CPW consists of a CPW
and IDEs. (b) The fabricated ID-CPW sensors on the chip. (c) Scanning electron
microscope image of the fabricated IDE.
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6.3 Functionalization of sensor surface

Materials

3-Aminopropyltriethoxysilane (APTES), glutaraldehyde (25%) and ethanolamine were
purchased from Sigma-Aldrich. Astrocytic protein lysates were extracted from human
foetal astrocytes that were derived from foetal brain tissue collected from consenting pa-
tients undergoing second trimester (14-18 weeks gestation) terminations at Marie Stopes
Clinic, Croydon. This was carried out under ethical approval from the Human Research
Ethics Committee (HREC No. 1135373) at the University of Melbourne. The cultures
were prepared as described by Trillo-Pazos et al., [154]. Protein was extracted using
RIPA (Sigma Aldrich, USA) lysis buffer under standard conditions with protein con-
centration assayed using bicinchoninic acid (BCA) analysis (BioRad, USA). Polyclonal
rabbit anti-GFAP (50 kDa) was purchased from Dako and a secondary Alexa Fluor-488

goat anti-rabbit IgG was purchased from Life Technologies.

Functionalization protocol and immobilization of antigen
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F1GURE 6.3: The functionalization protocol of the sensor surface, immobilizing anti-
gens and antibody binding. The sensors are incubated with 2% APTES in ethanol
followed by 2.5% Glutaraldehyde in water. Then the protein is immobilized on the
sensor surfaces by incubating astrocytes protein overnight. Then, GFAP antibody is
incubated for an hour followed by secondary antibody for an hour.

The immobilization of protein/antigen on the sensor surface is similar to the protocol
reported in [155] and can be visually described in Figure 6.3. This process involved the

following steps:



Chapter 6: Nanoscale IDE Sensor for Glioma Detection 76

e The sensors were initially cleaned using acetone, isopropanol, water and dried

using No gas.

e The sensors were then plasma cleaned for 3 minutes at 50 W power at a 40 sccm

gas flow comprising of 75% Ar and 25% Os.

e The sensors were dipped in 2% APTES in ethanol for 1 hour and washed 3 times

for 15 minutes using 100% ethanol.

e The sensors were then dipped in 2.5% glutaraldehyde in water for 2 hours and

then washed 3 times for 15 minutes using Milli-QQ water.

e The astrocytic protein (77 pg/mL) in phosphate buffered saline (PBS) was added
to the sensors and incubated for 30 minutes in room temperature and overnight

in the refrigerator(4°C), They were washed 3 times for 15 minutes with 1X PBS.

e The sensors were then dipped in 1% ethanolamine and 1% goat serum in water for

1 hour and then washed using Milli-QQ water.

e Primary antibody diluted in PBS (2.9 pg/mL, 2.9 ng/mL, 2.9 pug/mL) was added

to the sensors for 1 hour followed by 1X PBS wash for 15 minutes.

e Finally secondary antibody in PBS (4 pg/mL) was added and incubated for 1 hour
and washed using 1X PBS for 15 minutes.

Figure 6.4 shows the concept discription of sensor after immobilization of antigens and

antibodies.
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FIGURE 6.4: The IDEs after immobilization of antigens, GFAP antibodies and sec-
ondary antibodies.

6.4 Method

6.4.1 Electrical measurement setup and calibration

The electrical measurements were performed using the vector network analyzer (VNA)
at room temperature (25°C) in the 1-25 GHz frequency range. The measurement set-up
is shown in Figure 6.5. The short-open-load de-embedding scheme was used for VNA
calibration. The S parameters were measured after the microwave probe contact was
established with the on wafer ID-CPW. The Y parameters were calculated from the
measured S parameters [156] and the average value was obtained from five measure-
ments. The capacitance and resistance of the IDEs and parasitic effects were obtained

using Equation 6.1 to 6.4.

6.4.2 Fluorescence measurements

In addition to electrical measurements, fluorescence measurements were undertaken us-
ing an inverted fluorescent microscope (Zeiss, Biolmaging Station). Reflected light illu-
mination and the filter for Alexa Fluor-488 dye were selected. Exposure time was set to

3 seconds and the ZEN imaging software was used to capture and analyze the images.
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S

FIGURE 6.5: Experimental set-up for measurements of S parameters.

6.5 Result and discussion

6.5.1 Optimization of the functionalization protocol

The binding of GFAP antibody to the astrocytic protein immobilized on the SiO9 sur-
face with various duration of plasma treatments was studied. The surface was plasma
cleaned either for 1 minute or 3 minutes and then functionalized using the protocol
described above. The fluorescence measurements are shown in Figure 6.6. The concen-
tration of GFAP antibody was 2.9 ug/mL. The fluorescence intensity of the negative
control (GFAP antibody was not incubated) is significantly lower when compared to the
experiment under positive control with the greatest ability to differentiate positive and

negative control experiments being when the surface was plasma treated for 3 minutes.
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FIGURE 6.6: Fluorescence measurement of SiO5 surfaces with different plasma treat-
ments. The negative control was not incubated with GFAP antibodies. The concen-
tration of GFAP antibody in positive control was 2.9 pg/mL.

6.5.2 Detection of GFAP antibody binding to GFAP: measurements

in dry environment

The S parameters, of a single chip containing 8 ID-CPW sensors shown in Figure 6.1(b),
were measured using a VNA. The capacitance of the IDEs, Cs, was calculated using
equation 6.1. The variation of Cy with frequency is plotted in Figure 6.7. The sensors
were functionalized and astrocytic protein was immobilized as described in a previous
section. The positive control sensors were incubated with both GFAP antibodies and
secondary antibodies whereas the negative controls were not incubated with the GFAP
antibody. Fluorescence microscopy images of positive and negative control sensors are

shown in Figure 6.8.
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FIGURE 6.7: Variation of capacitance of IDEs with frequency. The length of the
electrode is 50 pm, electrode width of IDE is 200 nm and the gap between electrodes
is 500 nm.

(a) (b)

FIGURE 6.8: Fluorescence microcopy images of (a) positive and (b) negative control

sensors. Here, the GFAP antibody and secondary antibody concentrations were 2.9

pg/mL and 4 pg/mL. The negative control sensors were not incubated with GFAP
antibody.
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FIGURE 6.9: The changes in capacitance of IDEs after secondary antibody incuba-
tion with respect to an empty sensor. The measurements were carried out in a dry
environment.

The S parameters of the sensors were measured before functionalization and post incu-
bation with secondary antibodies. The sensors were left to dry in air (dry environment)
before the electrical analysis and the measurements of secondary antibodies were carried
out under dark light. The concentrations of primary antibodies tested were 2.9 pg/mL,
2.9 ng/mL and 2.9 pug/mL with the secondary antibody concentration at 4 ug/mL. The
change in capacitance (AC' = Cg — Cyg) and resistance (AR = Rg — Ryg) of the IDEs,
that is the capacitance and resistance of the sensor after secondary antibody incubation
(Cs, Rg) with respect to an empty sensor (Cnyg, Ryg) for varying concentration of pri-
mary antibody are shown in Figure 6.9 and Figure 6.10. Our results show the ability of
ID-CPW immunosensors to detect antibody levels to a concentration of 2.9 pg/mL in
a dry environment. The results confirm the successful binding of GFAP antibodies to
inter-digital electrodes functionalized with astrocytic protein. Furthermore, the model
based capacitance estimation method suggests that the parasitic capacitance, observed

at lower frequencies, does not adversely affect our ability to detect antigen-antibody
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binding as it is possible to differentiate the capacitance due to antibody binding to the

IDE from the parasitic capacitance.
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FIGURE 6.10: The changes in resistance of IDEs after secondary antibody incuba-
tion with respect to an empty sensor. The measurements were carried out in a dry
environment.

As the dielectric constant of the sensor (Si/SiO9/Air) is approximately constant with the
frequency, the change in capacitance in the dry environment does not vary significantly
with the frequency. We observed that AC increases and AR decreases with the increas-
ing GFAP antibody concentration. The physical mechanism underlying this observed
decrease in resistance with increasing concentration of antibody can be attributed to the

fact that GFAP antigens and GFAP antibodies are biomolecular dipoles [157] [158].
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FI1GURE 6.11: The change in capacitance of IDE after secondary antibody incubation
with respect to an empty sensor. The measurements were carried out in wet environ-
ment by adding PBS.

6.5.3 Detection of GFAP antibody binding to GFAP: measurements

in wet environment

Antigen-antibody binding in a wet environment was performed in 1X PBS. The empty
sensor with PBS (1 pL) was measured before functionalization and post secondary an-
tibody incubation in PBS. The capacitance change, AC, as a function of frequency for
varying concentration of anti-GFAP primary antibody is shown in Figure 6.11. Since
the dielectric constant of water is frequency dependent, decreasing with increasing fre-
quency and becoming constant at very high frequencies, the change in capacitance in

the wet environment exhibits a frequency dependence.

Measurements indicate that the capacitance change of the IDE in the wet environment
is larger when compared to the dry environment. In the wet environment, PBS has free

ions, and at low excitation frequencies the charge on the electrodes attracts chemical
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species with opposite polarity. An electrical double layer, known as a Helmholtz layer,
forms at the sensor-PBS interface which increases the overall capacitance. In our exper-
iments, as the measurements were performed at high frequencies, the large capacitance
due to Helmholtz layer formation and electrode polarization did not manifest themselves.
This is because the impedance contributed from capacitance is inversely proportional to

frequency (Zc = 1/(j2nfC)).

Our results show that the change in capacitance at frequencies greater than 20 GHz
is independent of GFAP antibody concentration. Thus, the proposed model cannot be
used to determine GFAP antibody concentrations at frequencies greater than 20 GHz

in wet environments.
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FIGURE 6.12: The fluorescence measurements of positive and negative controls. The
negative control was not incubated with GFAP antibodies.

Fluorescence measurements were used to validate the electrical measurements of antigen-

antibody binding. Figure 6.12 shows the fluorescence intensity for varying concentration
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of anti-GFAP primary antibodies, where the intensity decreased with decreasing anti-
body concentration. The observed fluorescence intensity of these positive controls was
larger than that of the negative controls. The fluorescence intensity of the negative
control and the samples with 2.9 pg/mL concentration of GFAP antibody exhibited sig-
nificant overlap indicating that the fluorescence method was close to its detection limit.
In contrast, the electrical measurements of the proposed sensor, at the same concen-
tration, were clearly differentiable, supporting the notion that the designed sensor had

increased sensitivity compared to state of the art fluorescence measurements.

Enzyme-linked immunosorbent assay (ELISA) measurements have found the serum
GFAP levels in glioblastoma patients (median: 180 pg/mL, range: 0-5.6 ng/mL) are
significantly higher when compared to those of non-glioblastoma tumor patients (me-
dian: 0 ng/mL, range: 0-24 pg/mL) [33]. Likewise the relative antibody levels have
been shown to increase with grade of tumor [31]. The results presented in this chapter
show that the proposed sensors can be used to detect antibodies against GFAP to con-
centrations as low as 2.9 pg/mL, with a corresponding capacitance change of 2 fF in the
dry environment and 20 fF in the wet environment, for a turnaround time of 3 hours.
These levels indicate that the proposed sensor sensitivity is sufficient to monitor GFAP

antibodies levels in patients with glioma.

6.6 Conclusion

This chapter demonstrates a low cost and highly sensitive immunosensor for the detec-
tion of GFAP antibodies. The results show that the proposed immunosensor is able
to detect antibodies against GFAP down to a clinically relevant concentration of 2.9
pg/mL. Measurements indicate an increased sensitivity compared to state-of-the-art op-

tical detection methods.



Chapter 7

Conclusion and Outlook

7.1 Conclusion

In summary, this thesis has investigated the applications of microsystems in the areas

of energy harvesting and biological sensing.

Chapter 3 presents simulation works on different types of IDE structures to investi-
gate their potential applications. CoventorWare, a commercial microsystems simulation
package, is used to perform these simulations. For microscale IDE structure, which is tar-
geted for energy harvesting application, simulation result indicates a significant increase
in device capacitance when water is utilized as dielectric rather than air. This sug-
gests a great potential for applying this type of variable capacitor in electrostatic based
mirco power generator. For nanoscale IDE structure, which is targeted for nanometers
size biomolecules detection, the simulation is carried to investigate the admittance (or
impedance) response of the sensor over a wide range of frequency, from 1 to 20 GHz. The
simulation result suggests a good response of a nanoscale IDE sensor to a 20 nm sensitive
layer of polymer. The capacitance change is almost 20% over the entire frequency range
and conductance change is significant when the frequency is over 100 MHz. The result

indicates a potential for applying such sensing system for detecting nanoscale analyte.

Chapter 4 introduces fundamental techniques used in microstytems fabrication. These
include resist and spin coating, mask creation and exposure, material deposition and
etching. In this thesis, these techniques are applied to fabricate various devices. Exam-
ples of these devices consist of microscale IDE capacitor for electrostatic micro power

86
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generator, nanoscale IDE capacitor for antigen/antibody detection and nanoscale res-

onator for ultrahigh sensitive mass sensing.

Chapter 5 demonstrates the application of microscale IDE structure in energy harvesting.
Unlike tradition electrostatic micro power generators, which produce variable captiva-
tors based on movement of solid metal electrodes of the device, here the liquid ionic
solution is utilized to obtain significant change in device capacitance. This immense
capacitance change is not only due to the high relative dielectric constant of water, but
also substantially due to the double layer capacitor effect. Other notable advantages of
this novel type of generator are the simplicity of fabrication, low cost, and low opera-
tional constraints (low biased voltage and vibrational frequency). The prototype devices,
which operate at 1.2 V biased voltage with the rate of 6 liquid droplets per second, have

shown an order of magnitude improvement in FOM compared to previous works.

Chapter 6 demonstrates the application of nanoscale IDE structure for the detection of
antibodies. GFAB antibody has been reported to have the highest differential expression
to glioma, a tumour that is originated from glial cells. This chapter demonstrates a
proof of concept of a sensing system that involves a nanoscale IDE structure with pre-
functionalized protein, which can capture GFAB antibody. The sensor measurement is
carried out in both PBS solution and in air using a VNA over the frequency range from
1 to 25 GHz. The results show that the sensor can be used to detect GFAB antibody
with very low concentration, down to 2.9 picograms per milliliter. This is comparable
to the high-end optical methods. This concept can be widely adapted to detect other

types of antibodies or nanoscale analytes.

7.2 Future work

7.2.1 Future work on EMPG device

A proposal for a new configuration of the EMPG can be seen from Figure 7.1. This new
arrangement will improve the performance of the device and eliminate the requirement

of external biased source of the EMPG.

Firstly, the variable capacitors can be fabricated on a flexible substrate, as shown in

Figure 7.1(a). By using a commercial mask, the finger width and the gap between fingers
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can be reduced to less than 2 ym without significant increase in fabrication cost. These
dimensions are substantially smaller compared to the fabricated prototypes, which have
the finger width of 50 um and the gap between fingers of 10 ym. Hence, the capacitance
of the device is expected to substantially intensify. This results in increasing output
power. Furthermore, the use of flexible substrate allows the devices to be rolled to form
a cylindrical structure that utilized all the surface of the device to harvest energy. This

will lead to an improvement in power density.

In addition, the need to provide a biased source for an EMPG can be eliminated. Fig-
ure 7.1(b) shows a circuitry, proposed by de Queiroz and Domingues [9], which can be
implemented to collect energy from an EMPG without an external biased source. The
key components of this arrangement are the two variable capacitors that have their ca-
pacitance changes complement each other ( i.e. C, is minimum when Cj, is maximum
and vice versa). The critical condition for this configuration to be realized is the ratio
of capacitance, Crax : Cmin, must be greater than 1.618. Another significant advantage
of this circuitry is it allows a direct charging of battery with energy converted from an

EMPG. This is desirable in many practical applications.

In summary, the novel EMPG proposed in this thesis can be further enhanced in terms
of performance and usability. The new configuration of the EMPG proposed here can
be used to harvest ambient mechanical energy from many scenarios such as human body

movement, car movement, rotational parts etc.

7.2.2 Future work on nanoscale biosensor device

The concept of nanoscale biosensor presented in this thesis can be further developed into
a low cost portable unit that can be used at point of care or in general clinic. Figure 7.2
shows the concept of the future system, which includes two key components: a sensing

cartridge and an electronic unit.

The sensing cartridge is a one-off disposable unit, which includes built-in microfluidics
and sensing elements. The microfluidic system comprises of sample inlet/outlet, mi-
crofluidic channels with sample processing unit and sensing chamber. The sample-
processing unit performs pre-processing tasks such as filtering and separating unwanted

objects in order to enhance the sensors’ sensitivity and selectivity. The sensing chamber
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FIGURE 7.1: (a) A proposed configuration of the EMPG device, which includes two

identical variable capacitors fabricated on a flexible substrate. The substrate is rolled

to form a shielded cylindrical structure with a liquid droplet trapped. (b) A circuit

proposed by de Queiroz and Domingues [9]. Under shaking or vibration, the droplet

will move and form two complementary variable capacitors, C, and Cp. The energy

converted can be collected to charge the super capacitor C; or a battery using the
proposed circuit.

is where the sensor array resides. These sensing elements are pre-functionalized so that
they target and capture specific analytes. Initially, an external micro pump may be
required to facilitate the flows of the sample along the fluidic channel. Potentially, the
micropump can also be integrated into the sensing cartridge. The electrical connection

from the sensor array to the electronic unit can be realized using a slide-in connector.

The electronic unit is a reusable component. It consists of five key blocks, namely, a
microcontroller (uC), a readout circuit, an input unit (buttons), a display ( OLED)
and a battery management module. The microcontroller is the heart of the electronics.
It receives user commands via buttons, controls the sensing measurement unit, the

battery management module as well as the OLED display. The most critical part of the



Chapter 7: Conclusion and Outlook 90

electronic unit is the readout circuit that includes a VNA which is capable of performing
impedance measurement. The measurement output data from the VNA is captured and
further processed by the microcontroller before being displayed on the OLED screen.
The sensing system demonstrated in this thesis can operates at frequency lower than
1 GHz. Hence, this readout block can be either implemented on-chip or constructed
from discrete electronic components. The power supply for the entire detection system
is provided from a single rechargeable battery pack, which can be recharged from a

standard USB connector.

The proposed sensing platform is generic and can be applied to various applications. It
is not only limited to the detection of various antibodies/antigens, but can also be used

to detect other analytes such as bacteria.
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FIGURE 7.2: Concept of a future sensing system, which includes a disposable sensing
cartridge and a reusable electronic unit.
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