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ABSTRACT

In the latest published results fromGlobal Burden of Disease (GBD) 2017, the top two
contributors to the disease burdenwhich requires the most urgent attention are

Z e S f « Disgase(AD) and female breastcancer.As AD is a neurological disordewith
unknown causes, it is almost impossible to adogny preventive measures.Additionally,
current medical tools are unable to reverse theffects of AD. Henceahe best approach is
to detect the early onset of AD so that measures can be implemented early to halt or slow
down its progress.However, existing techniques for the early detection of AD primarily
focus on usingneuroimaging which may betoo expensiveto conductregularly. Therefore,
there is an urgent need for a lowcost method forthe early detection of ADIn the case of
female kreast cancerdespite being themost diagnosedform of cancer the data alschave
shown that it has very promising survival rates when the cancer is detected and treated
in the early stages However, the effectiveness of existing breast cancer detection
techniques is hugely limited by the low uptakeof the screening program.This could be
due to the lack ofawareness or misconception regarding breast canceand due to the
perceived hassle of having to géor regular screening at periodic intervalsHence, there
is a need to explore alternative breast cancer screening methodlsat are more hassle

free.

A biosensor is a promising candidaten this context, which could provide a low-cost and

hasslefree approach for the screening of diseases such as ABd female breast cancer.
Electrochemical biosensorsare well-established and have already been commercialised
such as blood glucosenonitors. However, such biosensors typically have low sensitivity

which could not be used toaccuratdy diagnosediseasesWith the recent improvement




in the optics field, optical biosensors are also gaing popularity as they have high
sensitivity and a low detection limit. Novel optical biosensors based on the surface
plasmon resonance (SPR) effect are even able to achieabdlree sensing by using
speciallybioengineeringbioreceptors with high specificity towardsthe targetedanalytes
One critical limitation is that current fabrication methods are unable to mass produce the
nanoscale featues which are necessary forthe development of compact optical
biosensors.Therefore, part of the objectives of this thesis would bethe investigations into
potential fabrication techniques for the low-cost fabrication of the nanoscalefeatures
necessary for forming the optical biosens®. Another research objective is to improve
the sensitivity of these optical biosensors so thahey will be comparable toconventional
laboratory-based detection techniquegor high accuracy. Lastly, this thesis would also be
investigating the potential of using graphene, which is a 2D material, to develop a novel

optical biosensor that can be interrogated electrically and optically.

Based on theextensive literature review, interference lithography (IL) was selectedasa
cost-effective method forproducing the nanoscale grating features necessary to form the
grating coupled SPR biosensoiL alsohasthe flexibility of producing different periodic
features to suit different biosensor designs.The interference of light waves was first
validated using theoretical formulation and further confirmed using theoretical
simulations based on the finitedifference time-domain method. Next, wo different IL
configurations were experimertally validated; the first one was based on a specially
fabricated phase gratingand the other onewas based on a custom fabricated singli@put
multiple -output (SIMO) optical fibre splitter. The major advantage of optical fibre
interference lithography (OFIL) is that there is no need to realign the beams when the

angle of incidence was variedThis was successfulljdemonstrated as nanoscale grating

Xi



with a range of periodicity from 514 nm to 1,646 nmwas eadly fabricated by simply
adjusting the angle ofincidence The nanoscale grating features werdhen further
developed into a gratingcoupled SPR biosensor for the sensing of glucose concentration
in a sample fluid. The operating range of the biosensor isn the spectral range from
around 600 nm to approxmately 800 nmwhich is in the visible near-infrared (NIR)
range. The benefit of this is that the optical sensors in the wavelength aremore

economical and easieto integrate with conventional optical components.

Additionally, nanoparticles were demonstrated as a potential approachio amplify the
signal of SPR biosensorg.heoretical simulations showed that the amplification or field
enhancement factors of spikyshaped naneurchins are several orders of magnitude
better than in conventional nanaspheres shaped nanoparticlesThis was experimentally
validated in agold (Au) nanc-urchins basedlocalised surface plasmon resonance (LSPR)
biosensors for the sensing dbeta-amyloid fibrillation which is an essentialbiomarker for
the early detection of AD. TheAu nano-urchins were then added to the surface of a prism
coupled SPR biosensor for the sensing of estrogen receptor alpha (ERvhich is a useful

biomarker for ER =positive breast cancer.

Lastly, different methods were also investigated for the synthesis of highquality
monolayer graphene. Raman spectroscopy was used to characterise the synthesised
graphene which confirms the quality of the synthesised graphene. fie transfer of
graphene from the growth substrateto the desired substrateswas al® successfully
demonstrated. This allowsthe development ofa graphenelayered heterostructure which

was further developed into an electrically controlled SPR biosensor.

It is envisioned thatthe output of this research cancontribute to the efforts to improve

the current process for disease diagnostigsespecially forAD and female breast cancer.
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The primary advantage is that this method can allow patiestto conduct the test atheir
convenience This may greatly increase the uptake and screening frequency to ensure the
diseases are detected earlwhich would greatly reduce their risks.Additionally, the low-
cost fabrication methods for producing thebiosensors could alsoalleviate some of the
financial burdens of existing disease screening techniques and improve their
effectiveness for the detection of diseasetastly, additive manufacturing (AM) methods
could also be integrated with the IL system to develop a hybrid manufacturing method
where the benefits of both techniques can be exploited. This will form part of the future

researchwork to extend this thesis.
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Chapter 1 Introduction

CHAPTER 1

INTRODUCTION

The first chapter begins withthe backgroundmotivation of the thesis.The existing health
strategiesare reviewed to identify thdimitations in the current state of the arfollowed by
highlighting the main objectives and scope of the theditis chapter concludes witthe
research roadmapconceived formeeing the thesis objectivesand a sunmary on the

organization of the whole thesis given at the end

1.1 Motivation

The global Ife expectancyat birth has increasedby 20 yearsover the past50 yearsas

shown in|Figure 1.1{ This could be attributed primarily to the improvement in general

health conditions all over the world [1]. As countries developed, sanitary conditions are

upgraded,and medical care becomebetter and more easily accessibl¢2] .

Figure 1.1: Global life expectancy at birth from 1962017 (data source[3])

However, even with improved life expectancy many peoplestill die or fall into ill health

before reaching theirfull life expectancy[4]. Therefore, this loss of human potentialis a
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huge global problem and an internationatonsortium of researchers haveeome together
on the Global Burden of DiseaséGBD) project to collect data on the different types of
diseases, injuries, and risk factorsthat could potentially lead to premature death or
disability [5]. These data are analysed by the Institute for Health Metrics and Evaluation
(IHME) which is an independent global health reseatt centre at the University of

Washingtonand their results are published annually.

Thistrend is also consistent in Singaporevhere the life expectancy hascreasedby 20.3
yearsfrom 62.9years in 1960 to 83.2 yearsin 2018 [6].D—F —* < %o fapidly geing
population, the disease burd@& would inevitably have a much more significant impacas
compared toother countries [7]. » —S«<e .. ‘e—f8—4 <o%of '"fie %o "t eete— Sf.
a scienceand technology plan for five years (20162020); the Research, Innovation and
Enterprise 2020 Plan (RIE2020), where total of S$19 billion will be invested to address
<* %o f ' fditire national challenges[8]. Out of the four strategic technology domains,
the largest proportion (S$4 billion) of this budget has been allocated for research and
development in Health and Biomedical Science@HBMS). This is targeted to help to

<o’ "7 e %o f ' tiskase burden.

According to the latest findings from the GBD 2017 reportthe top three most fatal
diseases are (1) mental & neurological disorders, (2) cardiovascular diseasesnd (3)
cancers[9]. These three diseases have aldmenidentified in part of the five therapeutic
areas recognised in the HBMS domain of RIE20ZDhis emphasises the urgent need to

target these three diseasegor Singapore to overcomehe challenge of itsdisease burden.

Amongthe threetop diseasesit is observed thatthe cardiovasculardiseaseés burden has
been decliningover the years On the other hand the burden of cancer andnental &

neurological disordershave experienced rapid growth.Out the so many different types

2
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of cancer female breast cancer is the most commonly diagnoségpe of cancer and is the
deadliest among womenmaking it a key contributor to the disease burden[10].
Additionally, the greatest contributor to the mental and neurological disordés burden

is dementia which has been declared bihe World Health Organization WHO) as a publc

health priority and most tfefe—<f ..fefe f"t .. f—ett ,> ZeSicef”is

Therefore, there is an urgent needo improve existing medical and healthtechnologies
to reduce the risk ofthese diseases In this context, this thesis will betargeting female

breast cancer and ADQvhich are two of the deadliestdiseases.

1.2  Limitations of Current Health Strategies to Manage Diseases

There are manyhealth strategies that governments or policymakers canadopt to reduce

the fatality of the risks associated with diseasesThey can be broadly classified into three

main categoriesasdetailed in|Table1.1{ Each strategy has itstrengths and shortcomings

certain strategies are more effective against some types of diseas@herefore, each
strategy will be assessedbased on its effectivenesso reduce the risk of female breast

cancer and AD.

Table1.1: Different health strategies for managing diseases

Stage of Disease Strategies Examples

Pre-growth Prevention Health promqtlon, gctlve_llfe_style,
personal hygiene, immunisations

Early middle Early detection Heal_th screening, V'ta! Signs
monitoring, medical diagnosis

Early end-of-life Medical intervention | Therapy, treatment, medication

Among all these, preventive strategies are thmost idealas prevention is better than cure
[11]. This can be achieved by educating the general public on the risk factors for the
different diseases so they can adopt the necessary precautions such as immunisation to

lower their risks [12]. A recent study has shown that the risk aftroke and coronary heart

3
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disease can b reduced by almost 70% simplyby adopting amore active lifestyle and

changing to a healthier diet[13]. However, preventive strategies are only effective in
people who are highly motivated and proactive in maintaining their health. It may also
not provide a hundred percent protection against disases where the risk factors are not

fully understood such asbreast cancers and AD.

Since it is impossible to completely prevent all forms of diseasdbge next better strategy
is to detect and treat them early. This could be done through seltliagnosis where
patients themselvesmonitor their vital signs and symptoms or a clinical diagnas where
medically trained experts employ advanced medical tools toreveal any diseases.
However, it is often challenging to pinpoint the actual disease&lue to the overlapping
signs and symptomsFor example, in diagnosingAD, doctors employ neuroimaging to
measure the cognitive profile of the patient. However,it is difficult to differentiate
between the early onset of AD from a normal patient undergoing healthageing which
results in an inaccurate diagnosis [14]. Therefore, the effectivenessof early detection

techniquesis limited by their sensitivity towards early-stage diseases.

In the unfortunate case where the disease idiagnosed the patientscan then opt for
medical interventionto cureit. «—S —'tf>ie o' t1”e ot 1<, afridostplldiséasest«a
can be treatedhowever, the success rates are typically linked to therogression stage of

the diseaseLate-stagebreast cancer or invasivebreast cancer has very high chances of
relapse making it almost impossible to completely eradicatéhe cancer[15]. As for AD,
there is currently no known cure to effectively stop or reverse the damage however,
therapy can beemployed to slow down its progress[16]. Hence,the effectivenessof
existing medical intervention techniquesis limited by the effectivenessof existing early

detection strategies.
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For diseases to be detected early, the patienisust periodically go for medical screening

to ensure any early sign®r symptoms are capturedHowever, itseffectiveness is limited
> =St 'f—cfe—ie o'~ f—alith4he rdutine-arid the hassle of laving to male
frequent visits to the clinic. Thiswould lead tolow uptake and delay theprocess of disease
detection [17]. By the time the disease is detected, it would have already progressed to
an advanced stage which would restlin a lower chance of survivalAdditionally, going
for periodic testing would inevitably generatean extra financial burdenwhich may also
deter some people from persisting with the recommended screening schedtE8]. There

is also the fear of overdiagnosis where patiestwith non-life threatening diseases are
sent for unnecessary tet[19].Hence, there is an urgent need to improve current disease

detection techniquesto ensure diseases are diagnosedt an early stage

A potential method is to use biosensors t@omplement conventional clinical diagnogic
techniques Biosensorsare analytical equipment that could be used to detect specific
biomolecules or analytes from a sample fluidThis is achieved by using a specially
bioengineered bioreceptor that binds specifically to the analyte.In recent years,
biosensors hae found commercial successsuch asthe development of blood glucose
monitors by using glucose oxidasé measureblood glucoselevels[20] . Biosensors could
also be used to deteatliseasebiomarkers which can be used taliagnosecertain diseases
or provide an indication of their progression[21]. Hence, here is an increasing interest
in biosensorsand it is projected that theglobal biosensors market will break US$33.76

billion by 2026 [22].

With the improvement in bio micro-electro-mechanical system (bieMEMS) research, the
size of biosensors has shrunk significantly over the yearR3]. In recent literature,

modern optical biosensorscanintegrate full-scale conventional laboratory processes or
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tests into a single compact chipwith even better sensitivity and detection limits than
electrochemical biosensors. However, a critical limitation is that the fabrication
techniques for producing the biosensors @& too slow and not economical[24].
Furthermore, as compared to the existing welestablishedlaboratory-basedtechniques,
the accuracyof biosensors 8§ still lacking for disease diagnosisHence,these form the
untapped domains to explore for achieving the desired research targets.Another
research objective would be to develop aelectrically controlled biosensor by exploiting
the unique electrical property of 2D materials such as graphenelhe electrically
controlled biosensor would combine the high sensitivity of optical biosensors with the

relatively low cost and ease of use of electrical biosensors.

With the development of integrated optical devicestiis envisioned that such biosensors
would allow point-of-care diagnosis of diseases where people can monitor themselves
regularly without having to frequently visit the clinic. The routine screening ofdisease
would reduce the delay for seeking treatment and greatly improve the chances of

recovery.
1.3 Main Objective s

The main objectives of this researchare derived based on the outcome of the literature

review and the identified research gaps. They are sunmamized as follows:

a) Conceptualization anddevelopment of a flexiblenanofabrication technique for
fabricating features ranging from 500 nm 1.5 Jm for biosensing applications
(theoretical and experimental). The targeted spectral response of the optical
biosensor is expected to be in the wavelength band from 400 nm 1000 nm

(visible near-infrared).
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b) Research into the design and development ofnaoptical biosensor for disease
detection with possible enhancement to its sensitivity using gold nanarchins.
The targetedapplications arefor the detection of Estrogen RecepteAlpha (ER3
positive female breast cancer andearly-stageAD detection.

c) Investigations into electro-ionic control of surface plssmons in a graphene
layered heterostrudure for the development of a sensitive plasmonic device

(theoretical analysis and experimental)
1.4  Scope

The different research tasks to be carried outto meet the above-mentioned research

objectivesare given below based on the identified research gaps

a) Flexible nano-fabrication technique
i.  Theoretical formulation and simulation to confirm the formation of the
interference pattern from counter-propagating light waves
ii.  Investigations into grating-basedinterference lithography (IL) system
iii.  Conceptualization and development of highly reconfigurable opticalfibre
basedIL (OFIL) system
iv.  Experimental validation and charactersation of the gratings feature
fabricated using the OFIL system
v. Realisation of a gating coupled SPR biosensor using the grating features
fabricated by the OFIL system
b) Optical biosensor for disease detection
i. Design and development of a fully automated system for the surface

plasmon resonance (SPR) sensor
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Theoretical simulation and experimental validation of aprism coupled SPR
for comparison with agrating coupled SPR sensor

Investigation into the SPR signal enhancementsing gold nanc-urchins as
alocalized SPR (LSPR) sensor f&D detection

Investigation into a gold nanoeurchins enhanced SPRsensor for female

breast cancerdetection

c) Graphenelayered heterostructure

Development and parametric studies of athermal chemical vapour
deposition (CVD) system for graphene synthesis

Development and @rametric studies of a plasmanhanced CVD (PECVD)
system forreduced temperaturegraphene synthesis

Realization of a graphenelayered heterostructure by transferring the
graphene from the growth substrate to the desired substrate

Theoretical formulation of a graphene layered heterostructure model to
explain the electrical control of the surface plasmons

Development of an electro-ionic controlled SPRdevice as a multi-level

optical switch

Figure 1.2

summaries the abovementioned main objectives and variougesearchtasks

into a research roadmap.
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Figure 1.2: Researchroadmap
1.5 Organization o f the Thesis

This thesis is divided intosix chapters. Each chaptelbeginswith a short description of

the primary contents of that chapter.

This chapter introduces themotivation for this thesis and the limitations of current health
strategies for managing female breast cancer and AD was also discusdgaised on this,
the research gaps were identified which forms the main objectives and scope of this thesis.
A research padmap was also presented to summarise the research tasks atim main

objectives of this thesis.

Chapter 2 givesin an in-depth review of the stateof-the-art literature in the related
research fields and is divided into three sections. The first section is a detailed

introduction of the global disease and highlights the few most critical diseases which pose

9
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"ST %o"if-tfe— .. SfZZT %t "7 <o%ef "tic+ ———"1a Tlc—c<ef27
early detection of these diseases will also be reviewed identify the main research gaps

of this thesis. The second section introduces the potential of using biosensors as a
promising method for the early detection of diseases. Various reported methods for

improving the sensitivity of biosensors will also be discased. The last sectiomeviews

the limitations of existing techniques for the fabrication of compact and lowcost
biosensors.On top of that the significance of graphene as a potential substrate to realise

a novel electrically controlled biosensor is alsodiscussed. The chapter then concludes

with a summary of the outcome of the literature review which highlights the important

research gapghat are identified which led to the main objectives of thighesis.

In Chapter 3, the potential of using optical interference lithography (IL) for the
fabrication of nanoscalegrating features which could be usd in a compact grating
coupled surface plasmon resonance (SPR) biosensadn.this chapter, the phenomenon of
light wave interference is first studied by theoretcal formulation and simulation tobetter
understand the critical parameters and their effects on the quality of the features
fabricated by the IL. Next, two different types of IL systems based on a diffraction grating
and singleinput multiple -output (SIMO) optical fibre splitter are experimentdly
validated. The nanoscale grating features were then developed into a grating coupled SPR
biosensor to demonstrate its potential as an economical method for the fabrication of

compactbiosensors.

Chapter 4 introduces the potential of using nanomaterialto amplify the signal in aa SPR
biosensor. First, a conventional prism coupled SPR biosensor was studied using
theoretical simulation and experimental validations. A pair of highly precise rotation

stage was employed to ensure good repeatability and highceuracy in the angular

10
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interrogation mode. The next section compares different geometries of nanomaterials
and the effect on amplifying the SPR signal when coupled to a biosensor. For
demonstration, the optimised nanomaterial design was developed into ra LSPR
biosensor to detectbeta-amyloid (A3 which is an AD biomarker. Furthermore, the
nanomaterial was also integrated into a nanomaterial enhanced SPR biosensor to detect
estrogen receptor alpha ER5 which is a common female breast cancer marker. These
demonstrate the potential of using nanomaterial to enhance the signal in an SPR

biosensor and the possibility of using such biosensors to detect disease markers.

In Chapter 5, the potential of using a graphene layered hetesiructure was investigated
for the development ofan electro-ionic controlled SPR biosensor. The first section of this
chapter discusses the advantages and disadvantages of twldferent approaches of
synthesising high-quality monolayer grapheneto improve the sensitivity of biosensors
This is followed by the steps needed to transfer the graphene onthe desired substrate
to realise the graphene layered heterointerface structure. The last section demonstrates
the potential of using the graphene layered heterointerface structure in an SRibsensor

which is electrically controlled.

The thesis concludes withiChapter 6 where the major contributions of the research work
are highlighted. This is followed by a section giving recommendations for future work

directions.
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CHAPTER 2

LITERATURE REVIEW

This chapter is an irdepth review of the statef-the-art literature in relation to the main
research objectivedt is classified into three distinct sections to better present the different
key research gaps to be addressed by the theSection Aintroduces theglobal disease
burden andthe few critical diseases which po#iee biggestchallenge for Singapordn this
section, thesignificanceand limitations of existingtechniques for the early detection of
diseasesvill also behighlighted. Section Bdiscuses the potential ofusing biosensors as an
alternative method for the early detection of diseasesTheadvantages andmethods to
improve the sensitivityof various state-of-the-art biosensors arealso discussedSection C
reviews thelimitations of existing techniques for the fabrication otompact biosensors.
Following this, grapheneis also introduced as a potential material to realise a novel form
of biosensing configurationThe chapterconcludesvith an outcome of the literature review

which highlights the importantresearchgapsto be fulfilled by thisesearch

SECTION A

2.1 Global Burden of Disease

Diseases arenegative conditions that weaken the health of peopleln most cases, if left
untreated, the disease may cause irreversible damage tbe body which, in certain
scenarios,could even result indeath. Therefore, the affected people arenot ableto live
until their fullest potential due to the premature deaths and disabilities caused by
diseases The loss of human potential is of great sigficance as it createsan additional

burden on the economyand has negative social impacs such as depressiordue to the

12
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passing of lovel onesor anxiety caused by the fear of contracting diseas¢®5] . Therefore,
researchers all over the world have come together undethe GlobalBurden of Disease
(GBD) project to quantify the overall global diseaseburden and their associated risk
factors [26]. The data is also an indication of the gap between theurrent health

standards and theideal diseasefree health standards. Managing the disease burden in

Singapore is an even greater challenge due to its ageing populati@7] |Figure 2.1{shows

the distribution of Singapore residents by age groupvhich shows thatthe majority are
abovetheage of40. S "1 *"14 «<o%of’'‘"tie tceffoet ,—"t%e WotserZt ,f 8§’

as older pegle are more prone to diseases and disabilés.

Figure 2.1: Total number of Singapore residents by age group June 2019 (data sourcg27])

o —Sce ... 'e—13— & Mimstyfof Mgalth has beenworking in collaboration with the
Institute for Health Metrics and Evaluation {(HME) to produce a comprehensive and
TE—f<ZEtt "3 "= ‘o <% [’ T1eAbeordifig tb therédafisthe three greatest
contributors are (1) mental and neurological disorders (16.8%), (2) cardiovascuhlr
diseases 4.2%), and (3) cancers(13.3%) (refer to Appendix A for the data). These
diseases might not necessarilycausethe most deaths, but insteadresult in the most
significant loss of human potential. This is calculated by combining both the numlpef

years of life lost (M.Ls) due to premature death and the number of years lived with
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disability (YLDs) because of the diseas@he resultant metric is the disability-adjusted
life years (DALYswhich is a much moreaccurateestimation of the overall public health
standard as it accounts for both fatal diseases and diseases that cause disabilitiEse
following sectionsdiscuss indetail the threetop-ranked diseases and the effectiveness of

current health strategiesin reducing their burdens.

2.1.1 Cancer

According to the latest available dataconsolidated by the International Agency for
Research on Cancer, World Health Organization (WHO), there are more than 18 million
new cancer casesand about 9.6 million cancerrelated deathsin 2018. In total, it is
estimated that 43.8 million people are stillbeing inflicted by cancer that is diagnosed
within the last five years[28]. Currently, the three most commontypes of cancerin the
world are female breast cancer (15.7%),non-melanoma skin cancer(11.9%), and
prostate cancer (8.5%)(refer to Appendix B for the data) Also, female breast cancerhas

the highest estimated agestandardised inddence rates (ASR) o#6.3 per 100,000 as

shown in|Figure 2.2

Figure 2.2: Estimated global ASR for the 5 mostommon cancertypesin 2018 (data source[29])

The reason cancer is especially challenging toanage is due to the mechanism behind its

growth. |Figure 2.3|is a graphical representation ofthe life cycle of acancer cell. The
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beginnings of cancerare typically linked to a mutated cell that has damaged
deoxyribonucleic acid (DNA) [30]. Under the normal protocol, the mutated cells would
automatically self-destruct or be removed by the immune system However, sometimes,
the mutated cellsmanaged toavoid deathwhich allows themto reproduce uncontrollably.
The mutated cells thenslowly accumulate to form a mass of tissue commonly called a
lump, growth, or tumour. If the growth remains aggressive and startsto invade
neighbouring tissue,it would be classifiedas malignant tumours or cancerou$31] . Late-
stageinvasive cancer is diagnosed when the ¢aerous cells broke away from the original
tumour and are transported to other parts of the body tihough the blood circulatory

system or the lymphatic systen{32].

Figure 2.3: Life cycle ofa cancer cell(adapted from[33])

The root cause for the DNAf healthy cells to become damaged is still unexplainezhd
cancer can grow from any parts of the bod{B84]. Hencepreventative strategies arenot
as effective as it is very challenging to develop a vaccine tgrevent cancer from
developing [35]. Due to the aggressive natre of cancer, it is best to detect and treat it
before it can metastasizeTherefore, early detection would be a better approach than
medical intervention. However, current cancer detection techniques are unable to
pinpoint the exact location where cancerinitiate s as it produces no visible symptoms

during the early stageq36]. The signs would only showwhen the masshad growninto a
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significant sizeand affect thenormal function of other organs.By then, it would be raang
against time to remove the cancerous tumour before tanmetastasize Therefore, there
is an urgent need to improve current cancer detection techniques to esure high survival

rates.

2.1.1.1 Female Breast Cancer
Thefemalebreast is an intricate organ which undergoes many changes as the body grows

and ages. It mainly consists of three major parts, namelyfatty tissue, lobes, and ducts as

shown in|Figure 2.4( The fatty tissue extendsout from the chest wall and supports the

lobes. Milk is produced in the lobes and delivered via the ducts to the nipp|87].Besides
lymph nodes are alsoembedded within the adipose tissue of the breast whichis

connected by a network of lymph vessels forming part of the lymph syste[88].

Figure 2.4: Anatomy of the female breasfwith permission from [39])

Female breast cancer origindes from cells in the breast and can be further classified

according to the specificsite. The most common form ofemalebreast cancer begins from
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the cells in the ducts and are called ductal carcinon{d0]. Less common seeris lobular
carcinomawhich starts from cells in the lobes[41]. Occasionally inflammatory breast
cancer is also diagnosewvhich is a very aggressive form of breast cancer that blocks the
lymph nodesin the skin and causesswelling [42]. Other rare forms of female breast
cancers include beast sarcomas whichinitiate from the fatty tissues and breast

lymphomaswhich starts from the lymph vessels near the bread3].

The risk factors associated with a higher probability of female breast cancercan be
classified into environmental and genetic factors. Environmental factorsare closely
linked ™M<«—S f 't e'eis Z< te_sufh ag etingt ag unbalanced diet high in
saturated fat[44] . Additionally, hormone replacement therapy drugs would alsocrease
the occurrence of breast cancer and may even accelerate the growthaofumour [45].
Genetic factors ardghe geneic makeup of a persorwhich are inherited from the parents.
T™ o f . <co. %ofete ST ,Fte «tfe— ekt = 3 LZ'etZ> "HZf-:
developing breast cancer. They are named BRCA1 and BRCA2 wischn abbreviation
Tt 0," T fe— ... f <[46} THask tvfadgenes do not cause breasincer butare tumour
suppressor genes which play a big role in preventing breast cancdteople with BRCA
gene mutations havehigher risks of developing breast cancer. Therefore, gerganel

sequencingcan feo f —ef " —Z o1 —8't — ""ttc..— f "E e BF. <o " "t fe-

Besidesbeing the mostprevalent form of cancer,inevitably, female breast canceris also
one of the most fatalforms of cancer.In 2018, breast cancer accounts for about 15% of
the total cancerrelated deaths amongemales(refer to Appendix B for the data) [48]. An
even more worrying trend is that the global ASR for female breastancer has been
steadily increasing This is especially true in the AsigPacific region where the ASR for

female breast cancer irsome countries is growing at eight times the increase in the global
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averageASR[49]. In Singaporefemale breast cancer had topped the table as the most
frequently diagnosed cancer typeamong femalessince 1968(r efer to AppendixCfor the

data) [50] . Also, the ASR for female breast cancen Singaporehas been creeping up over

the years as shown ifFigure 2.5 It is now morethan 2.5 times that of the second most

frequent cancer type in femalesand is also fast approaching that of other developed
countries [51,52]. With such a high incidence rate, it is unsurprising that female breast
cancer is alsahe most fatal form of cancer amongingaporefemales which accounts for

about 17.2% of canceirelated deaths infemales in 2018 [53].

Figure 2.5: Agestandardised incidence rate, per 100,000 population, for female breast cancer

by five-year period from 1968-2017 in Singapore(data source[51])

Despite such highmortality rates, the survivalrates of female breast cancer patientshow
surprising promising results which are measuredin terms of five-year agestandardised
relative survival (ASRS) ratesThe five-year ASRS rate is formulated based on the actual
observed survival rate against thesurvival rate of a similar population group that is

cancer free[54]. Thiswould adjust for other competing causes of death such as accidents

or old age. Asshown in|Figure 2.6|the five-year ASRS rate of female breast cancer

patients in Singapore are 100.1%, 89.5%, 73.3%nd 27.0%for Stage |, Stage |5tage Il|
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and Stage I\female breast cancepatients respectively. Therefore,detecting and treating
female breast cancer early could be more effedive strategy than preventive measures

to reduce the mortality rates.

Figure 2.6: Five-year agestandardised relative survival (ASRS) rate for different stages of

female breast cancer from 20122017 in Singapore (adapted from [55])

In 2016, the Economist Intelligence Unit (EIU)’ — ,Z<eS+tt f ™Sc—F "f'§” ‘e 0 "ffe—
<o ecf 6 ™agree.Mth this observation[56]. Preventive strategies against female

breast cancer may not be effective due to it being a multactorial disease and its cause

is still not yet fully understood. Hence, the report proposed two solutions to enhance

current early detection strategies to mitigate female breastancer risk (1) improve

awareness about the risk of breast cancer, and (2) upgrade the current screening

processes

The major limitation of current breast cancer detection techniques is their low uptake.
Reasons for this may be attributed to- S+ %o 1 » 1 ” f Zereeptibn of iseast cancer and
a lack of knowledge regarding the diagnostic procedurgs7]. Other contributing factors

include the worry of overdiagnosiswhich may inevitably lead to unnecessaryexpenses

and could even discourage other femalesrdm participating in the breast cancer
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screening program[58] . Therefore, improving the %ot « $” f Z ’* awareness about the
risk of breast cancercould be an effective way taeducetheir sensitivity towards the risk
of overdiagnosis.However, a recent study has shown that despite efforts by the health
authorities to promote and encouragebreast cancer screening, only about half of the
female population havekept up with the recommended screeningchedule[59]. Hence,
this suggeststhat improving awarenessmay have limited effectivenessn motivating the
general public to go for regular screeningAlternatively, existing techniques for breast

cancer screeningcan also be reviewed for upgrading

2.1.1.2 Early Detection Techniques for Female Breast Cancer

There are several welestablished clinicd diagnostic techniques in use currently for

female breast cancer detectionand there are summarised ifTable2.1

Table2.1: Comparison of differentfemale breast cancer detection technique

Dete_ctlon Principle Advantages Disadvantages

techniques
Selfexamination Visual inspection Private, in Generally
[60] and physical touch | confidence free untrained

.- Examination by More accurate
Clinical ) ) . : .
. trained medical prognosis than self | Emotional barrier
examination [61] . o
professionals examination

Mammography X-ray imaging Quick and .
[62,63] technique relatively simple | Faisepositive

Magnetic
resonance imaging
(MRI) [64,65]

Proton density and | Relatively more

e " Expensive
relaxation time sensitive

Relatively cheaper

than MRI Skill dependent

Sonography[66,67] | Ultrasound imaging
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The cost of each technique varies according to its accuracy and skill requiremefitnong
existing methods of breast cancer detection, themost strongly advocated method is for
women to regularly perform a breast selfexamination [60]. This method isvery simple
and easy to e carried out in a private environment, butfurther tests would still be
required by a medical professional to confirm any diagnosis.Alternatively, a medically
trained professional can also conduct a clinical breast examinatidvy visually looking at
the breast and carefully feel for any abnormalitiesthat could be symptoms of breast
cancer[68]. However, patients may not be comfortable with being touched physically by
others which forms an emotional barrierleading to adelay in the diagnosis These two
methods are usuallynot conclusiveand would almost alwaysrequire further testing by

other methods to confirm the diagnosis.

Mammography is a norinvasive imaging technique where xrays are used tanspectthe
tissue inside the breas{62]. Theworking principle behind x-ray imaging isbased onthe
differential transmission efficiency of xrays through different types of tissuesto form a
contrasting image Cancerous cells are denser than the normal adipose tissus® they
would absorb xrays more efficiently,and have aelatively lower transmission rate which

canthen be identified by a bright white spot in the xray image as shown in thenset of

Figure 2.7| The procedure is typically performed by having the patient position her breast

on the mammography unit as illustrated inFigure 2.7| A transparent plate would then

press on the breast to spread and even out the tissue, so a margformed image can be
seen. Due to the relative ease in operating the equipment, manography has remained
highly popular with clinicians. However, the major limitation of mammography is that
the image itself may be insufficient to differentiate a normal tumour from a malignant

one which oftenresults in overdiagnosis[63].
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Figure 2.7: lllustration of a patient undergoing mammography(with permission from [64])

Breast MRI isa technique which employs a very strong magnetic field and radio

frequency (RF) pulse to image the internal structure of the breast as shownkigure 2.8

As the human body is composed of mostly water moleculetyydrogen atoms are
abundant Within the nuclei of these hydrogen atoms are protons which are sensitive to
any magnetic field and are randomly orientated65]. The MRI scanner would first apply

a strong magneticfield around the patient, polarizing all the hydrogen atoms within her
body in the direction of the field.An RFpulse is then generated at a frequency resonant
to the hydrogen atoms which excites and causes them to rotate. When they return to the
relaxed energy state, photons with energy corresponding to the energy difference are
emitted and can be picked up as a agnetic flux[69]. These signals are measured by
dedicated breast coils that encapsulates the breasts and the contrast between various

types of tissues would be determined by their respective relaxation timgZ0]. The result
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is a thin two-dimensional (2D) cross-sectional slice of the different tissues within the

breast, as shown in thenset offFigure 2.8 the procedure can then be scanned repeatedly

to produce different slices of the breastdo produce a detailedthree-dimensional (3D)
model [71]. The primary advantage of breast MRI ha& over other techniques isits
sensitivity towards soft-tissues and could create images from any directiofv2]. The
major downside of breast MRI is the high @st which is partly due to the expensive

equipment and the relatively low throughput due to the long processing duration.

Figure 2.8: lllustration of a patient undergoingbreast MRI (with permission from [73])

Breast onography is a painless and nonradiative method where high-frequency sound
waves or ultrasoundis transmitted into the breast. As the ultrasoundwavesare reflected
from the tissue within the breast,a transducer picks up the reflected signabnd process
it to createa sonographimage of the internal structure of the breas{74]. Sonography is
much sensitive to soft tissues as compared to mammographgnd is also relatively
cheaper as compred to MRI [66,67]. However, the quality of the image is highly
dependent on the skill of the operatoytherefore, it is typically usedin conjunction with

other diagnostictechniques.
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For breast cancer to be detected at an early stage, it is recommended for females to go for
periodic breast screening oncea year one to two years. Those withigh risks are also
advised togo formore regular screening[75] . However,the costs of thescreenings would
inevitably increasethe financial burden of the patients[76]. Besides all the techniques
are conducted in a clinical setting and some people may perceive itta® much of ahassle

to make frequent visits for the breast screeningq479].

Therefore, thereis an urgent needan alternative breast cancer detection techrque that

is hasslefree, low cost and highly accurateA biosensoris a potential candidatethat has
been gaining huge popularity inmedical researchfor diagnostic applications[77]. It is
envisioned that future biosensorsfor breast cancer screening can be made affordable for
purchase off the shelves. This would allow everyonethave access to the kits for in situ
testing for breast canceras per their convenience.This should remove the emotional
barrier and significantly improve the participation rate of breastcancerscreeningwhich
would reduce the risk of delayed treatment and result in high survivabilityHowever,the
limitations of current state-of-the-art biosensors are the low sensitivity towards the
biomarkers and highfabrication cost. Thesdimitations would form part of the research

gaps to befulfilled by the thesis.

2.1.2 Mental and Neurological Disorders

In 2017, mental and neurological disorderscollectively contributed about 9.33% to the

over global disease burdepas shown infFigure 2.9| This figure has been steadily

increasing since 1990 andt is projected to overtake cancer as the second most fatal cause
of death after cardiovascular diseaseby the next two decadeq78]. Countries with an

ageing population such as Japan have already started experiencing th&vereeconomic
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impact of this where there is aneed toincrease ts healthcare spending tamaintain more
hospitals anda rapidly shrinking labour force [79]. Singapore is no exception where the
burden of mental and neurological disorderis estimated to be 16.8% of the disease
burden in 2017. Additionally, the mental disorders and neurological disordersburdens
had grown 70.9% and104.6% respectively from 1990 to 2017 (refer to Appendix A for

the data).

Figure 2.9: Contribution of mental and neurological disorders towards the global disease burden

by their DALYs from 19902017 (data source[80])

Even though mental disordersand neurological disorders are classified separately in the

GBD, there is little distinction between them as their symptoms typically overlap with

each other. Neurological disordersi +—...S fe+ Zoe S cark’defined agdisehsdes

that affect the newvous system which includes the brain, while mental disorderssuch as

depression, anxiety and schizophreniagare typically defined as a psychological iliness

—Sf— <o’ fc"e f iveleie | ‘%oec—< " 1" Vefe 14 fe'—c'{8l)fet ,£Sf"
‘—S tee' "t Ere —s L fZZ> <o’ f<” fe <ot Tt -hifllEerceverydaydife — ¢ ... tet-

which would also resut in a higher possibility of disability and mortality as they are not

able to attend to their health problems.Therefore, the patients are highly dependent on
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their caregiver and families, but this would create additional strain and toll on the
economy. Also, these disorders have a huge psychological and emotional impact on the
family members of the patient as theymust deal with the additional economic burden

and manage the added streg82].

Therefore, various health experts and leaders from WHO hawworked together to
'—,Z2¢*S —St 0 te—fZ *fZ-Striréorecammentharious action plans
that governments and policymakers canmplement to managefor reducing the global
mental and neurological disordes burden [83]. According to GBD 2017, the three top
contributors to the mental and neurological disordets burdenin Singaporeare (1)
headache 8.52%), (2) depression (3.4%), and (3) dementia @.01%). These three
disorders account for more than half of the overalmental and neurological disorders

burden and the effectiveness of existing strategies to manage the risks will be analysed.

The most common headachealisorders are migraines which constitutes more than 80%
of the entire headache disorder burdenMigraines usually cause acute throbbing pain in
one side of the head which could last from a few hours #@few days.It can be triggered
by external factors sich as stress and dietor hormonal changes in the body[84].
Therefore, migraines can usuallye preventedby avoiding triggers.Certain medications
such as antidepressants and patrelief drugs can alsdhelp easepain [85] . Although there
are currently no treatment options for migraines clinical trials conduced in recent years
have shown promising resuls for the elimination of migraine headache$36]. Headache
disorders rarely cause deathdut usually hinders the work productivity and quality of

health of the affected people.

Depression isa common mental disorder which is due to extreme sadnesshich affects

as many as 264 million peopldg87]. Sgns of depressioninclude sudden loss of appetite,
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insomnia and incoherent speech orthoughts. As these symptoms arevery common with
other illness or disorders, depressionis easily overlooked and often left urtreated for a
long time which, due to the continualtorture , may often lead to suicid¢88]. Therefore, it
is very challenging to develop early detection techniquesfor diagnosing depression
Hence,preventive measuressuch aspsychosocial supports and management of social

networks could be more effective in reducing the occurrence of depressiqé9].

Dementia is acondition where f 1"« cognitive function progressively degenerate at
arate that is fasterthan expected from normal healthy ageg [90] . Besides affecting the
thought process, dementia fZs* <o’ f<”e —SI 'f—cfe—ie ofe'”54 . ‘e'"fS
communication and orientationskills [91]. The cause and early onset of dementare still
not fully understood which resultin it typically being diagnosed in the late stagf2].In
2015, the estimated number of people affected by dementia iapproximately 47 million
and its growth rate hasalso beenincreasing. By 2030, the number of dementia pagnts
is predicted to reach 75 millionand the economic burden of dementia iglsoprojected to
exceed US$ 2 trilliondue to the los in productivity and increasing expenditure on
dependencycareservices[93] . This is also because dementig a progressive disease that
does not causaleath in a shortperiod. Therefore, patients tend to spend a long duration

in high dependercy and disabled state which requires constant careand support.

In response, the WHO hasfficially recognised dementia as a public health priority in the

0 2',fZ ..—<'s Zfe'e _St — Zc.. tfZ-S -istiv@®4]. Fhedante—<f trs
outlines recommendations that countries can adopt to raise awareness of dementia and

garner community support for dementia careBesidesthe plan also recognises that there

is aresearchgap in exising techniques to prevent and treat dementiaThere are multiple

types of cementia, namely, Zoe St cet”ie tceffeot & “fe...—Zf" tiete—cfa
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dementia and dementia with Lewy bodies.They are not mutually exclusive and
oftentimes, multiple dementias may develop at the same timeThe following section

reviews in detail the most form of dementiawhich is AD.

2121 ZeSfcet"ie tcotfeot
ADaccounts foran estimated60% - 80% of all dementia caseandis caused by damaged

neurons within the brain [95] . A normal fully developed human brain contains ebout 100

billion neurons. As illustrated in|Figure 2.10{ a neuron has multiple synapses which

connect to other neuronsfor the transfer of information between each otherAs signas
travel through the brain, a neuronal circuit is createdallowing for control of other parts
of the body or cognition[96] . However, in patients with AD the neuronal circuit is broken
due to the damaged neuronsAs a result,a "« «ie [, <Zperform'his/her daily

function is impaired.

Figure 2.10: Anatomy of a neuron (adapted fronj96])

As ADis a progressive diseasethe damageypically starts small and slowlydevelop as
more neurons inthe brain aredamaged Inthe preclinical stage, the braincancompensate

for the damaged neurons andherefore, no visible symptoms would be observed97].
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But as more neurons are damaged, a tipping point is reached, and the brain is unable to
compensate anymore. At this point, symptomsuch as declined cognitive abilitystart to

show and it istermed asmild cognitive impairment (M) stage.However, the change is

usually subtle and is most often confused with ageelated cognitive decline.The last

c—f%1 7 =St Tcoetfoed " U%o"feecte <o ofett Atthiststageneurpnd —1t —°

<o o —7—<ZF of.—<'es T St fcoee UL Tfef%tt ™Sendust fTF ... -
its everyday activities. Dementia due to AD can be further divided intdhree levels of

severity (1) mild stage, (2) moderate stage, and (3) severe staf@és] .

At the mild stage, multiple symptoms are present such as cognitive declinend
behavioural changesHowever, the person can still conduct his/her daily activities albeit
with assistance orsupervision to ensure his/her safety Patients would usually spend the
longest time at the moderate stageAt this point, they most like require assistance for
conducting his/her daily activities. Communicating becomes a problem and personality
changes become more significantJltimately, as the disease progressed to the severe
stage,basic bodily functions such as body movemerdre not possible, and the patients

would be bedbound until eventual death.

Once the disease progresseaia later stage, it isalmost impossibleto reverse its effects
or symptoms as there is currently no known method to regenerate damaged neurons.
Hence,detecting AD early could be an effective strateggo thatpreventive measures can
be implementedto slow or stop further progression of the diseas¢99]. However, since
there are no visible symptoms during the early onset of ADit is very challenging to
accuratelydiagnose itwith existing detection techniqueswhich may result ina high cost
due to overdiagnosis.In this context, the next sectionwill review the effectivenessof

existing state-of-the-art detection techniquesfor the early detection ofAD.
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2122 f"Z> t-F..—<'e F..Sec* —te "7 ZeStcefis coffetf
One of the hallmarks forthe early detecion of AD is the discovery of the close link
between the aggregation ofamyloid plaquesin the brain and the progression of AD.The
amyloid plaques are formed bybeta-amyloid (A 5 which is an extracellular peptide that
is toxic to neurons.Studieshave shown that the accumulation ofA >plaque in the brain
can start 10-20 years before the initial symptoms of AD start to sho100]. Therefore,

monitoring the accumulationof A >plaquewithin the brain is a potential method to assess

the pathogenesis of AQvhich is achievedby using neuroimaging|Table 2.2(is a summary

of different reported neuroimagingtechniquesfor the detection ofA >

Table 2.2: Comparison of differentneuroimaging techniques forA >detection

Detection

techniques Principle Advantages Disadvantages

@ay emission

Positron emission . High spatial Expensive not
from positron ) i .
tomography [101] . resolution readily available
emissiondecay
Sngle_photon Direct @ay Lower costthan .
emission computed S ; . Low spatial
emissionand positron emission .
tomography (SPECT) resolution
[102] measurement tomography, fast
Low sensitivity,

Magnetic resonance | Proton density and | Non-ionizing, high .
poor penetration

imaging (MRI) [103] | relaxation time spatial resolution of contrast agent
Near-infrared Optical imaging Non-ionizing, low | Low penetration
fluorescence (NIRF) | using fluorescence | cost, reattime depth, poor signal
[104] probes results to-noise-ratio

Conventionally, the detection and diagnosis of ARre conducted through a cognitive
assessment. This can be administered by either a specialist or a primary care practitioner.
Through this assessment, if there is any decline in cognitive ability the patiemill be

referred for further check-ups to confirm the diagnosis. Howeverthis method is highly
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subjective and not always frequently being carried oufl05]. It is also only able to detect
AD after symptoms are visibleNeuroimaging techniques could also be used to directly
monitor the accumulation of A>'Zf“—1t ™—-Sce f 'f’Theie aséfa few
techniquesthat are either available clinically or are at various stages of clinical triakhat
could be potentially be sed[106]. However,much research is still necessary to develop

these techniquedfor detecting the accumulation of A>plaque.

Posgtron emission tomography uses a minute amount of radioactive substandenown as
aradiotracer to measure the metabolic activity of the brainTheradiotracer is formed by
attaching aradionuclide to a probe thatcan bemetabolizedby A > 1t is then injected into
—St 'f—cte—ie Z''te—"1fe T¥iSto.th& brainf As’theradiotracer is broken
down by the A>a positron is emitted which interacts with an electron within the body

and produce a pair ofgammaphotons ( @ay). The two @ays are then picked up by the

scanner, as shown inFigure 2.11{ which recreates an image map of the brairAreas with

more A>would appear brighter on the image map as moreadiotracer would bind to it.

Figure 2.11: Schematic of psitron emission tomography(adapted from[101])
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Similarly, sngle-photon emission computed tomography(SFECT) also use aadiotracer
to identify A >plague. However,the radionuclides usedin SPECT do not emit positron but
instead emit @ays directly. These @ays are thencollected using a @ay camera which
rotates around the brain to generate multiple 2D projection images Tomographic
reconstruction is then used to reconstructa 3D model of the brain [102]. As the
radionuclides used are more easilysynthesisedthan those used for paitron emission
tomography, the relative cost of a SPECT scan @so cheaper. However, the spatial

resolution is lower asdue to the limitation of the @ay camera

Brain MRI can also be usetb detect anyaccumulation of A>plagues [103]. Before the
scan, a contrast agent is injected into the patient. The contraagent typically consistsof
a probe which binds specifically to theA >plague and a heavy metalmaterial to increase
its visibility as opposed to the brain tissueTherefore, the presence ofand A >plagueis
indicated by a high concentration of the contraisagent which will appear as a bright spot
in the MRI image Besides the high cost of a brain MRican the poor penetration depth

of the contrast agent is also one of its drawbacks.

Fluorescence imaging is a weléstablished optical imaging technique that has been
widely in used biology and medicine.To achieve greater penetration depth, long
wavelengths than those in the visible spectrumwere employed which resulted in the
developmernt of near-infrared fluorescence (NIRF)imaging [104]. As compared to the
other techniques the equipment necessary for NIRF is much cheaper and easily operated.
It also can provide reattime analysis of theresult. However, suitable fluorescent probe

targeting A>plaguesmust bedevelopedbefore it can be used for AD diagnosis.

In summary, the existingtechniques for diagnosing ADs primarily achieved by using

neuroimaging to detectthe accumulationof A >plaguewithin the brain .However,the high
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cost of the equipmentlimits their effectivenessin diagnosing AD. Recent studies have

revealed that A >plagues present in other parts of the body, such as the skinmay also

have a possible connection to AD ™ S«<...S <o fZe' ee‘™eecfu O ‘%ffeasc el

illustrated in

Figure 2.12

[107]. SuchA >plagues could potentially be detected using a

biosensor that is attached to the skirwhich is highly desirable as it would offera simple

and low-costdiagnostic approachfor AD diagnosisHence detection of A >plagueswould

also formone of the researclobjectivesof this thesis.

Figure 2.12: Links between brain amyloids and skin amyloids (adapted frorfi.07])
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There are currently no known technigues thatare reported to be able to successfully cure

AD.To do so, the technique must be able tepair the damaged neuronsvhich is the most

challenging bottleneckin the development of a cureThe next best approach is to try and

slow or halt the progression of AD by preventing more neurons from being damagéekhis

could be achieved by usingoharmacologic treatments such as medications or an-

pharmacologic therapy approach[108]. However, all these techniques are still in the

research or clinicaltrial phase and an effective cure is still far from developmenAlso,

their effectiveness is highly dependent on thealetection techniquesavailable to identify

people who are genuinely suffering from ADHence, his further reinforces the need to

developa biosensor as a cosgeffective approach for AD diagnosis.
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2.1.3 Cardiovascular Diseases

Cardiovascular diseases are a group @bnormal conditions or diseaseswhich affectthe
cardiovascular system which is also known as the circulatory systenihe cardiovascular
systemincludes the heart, blood vessels, bloodnd the lymphatic system[109]. Its main
function is to supply oxygen and other nutrients to all parts of the body, anithe removal

of wastematerials.

Thetwo greatest contributors to cardiovascular disease burdens are(1) ischemicheart
diseaseand (2) stroke.Ischemic heart disease(IHD) occurs when there is reduced blood
supply to the heart muscle [110]. The most common reason for this is due to fatty
deposits or plaque buildup within the inner walls of the arterial blood vessels which
reduce the diameter of the blood vesselsSymptoms may include acute chest pain and
shortness of breath Further progression of IHD may result in a complete block of the
artery which can lead to a heart attackStrokes are causedby the reduction of blood
supply to the brain which resultsin a partial shutdown of the brain.Reasons for this may
be due to an ischemic condition (blood supply is blocked) or a haemorrhagic condition
(bleedingin the brain) [110]. The signsare usually a sudden impairment of one or more

functions of the body such as vision, body movemenand speech etc.

In Singapore, thecardiovascular disease burderinas been declird steadilyfrom 18.46%
in 1990 to 14.16% in 2017 Also, theage-standardisedrate for the DALY sof both IHD and
stroke has decreased by over 60%refer to Appendix D for the data) This shows that the
impact of cardiovascular diseases on Singaporeans yaeakened slightly over the past
two decadesHence, this indicates a certain level of success in tharrent strategies for
the prevention, detectionand treatment of cardiovascular diseasedn this context, this

thesiswould only focus onthe early detection offemale breast cancer and AD
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SECTION B
2.2 Biosensors

Biosensors areportable devices that are used todetect or measure the concentration of
abiomolecule (analytes) that is present ina samplefluid . A biosensor can achieve this by

using specialbiorecognition elements known as bioreceptors which binds specifically to

the analytes[111]. The most-reported method for biosensing is outlined inFigure 2.13

where the bioreceptors are first immobilised on the surface of theensing site ofthe
biosensor.When the sample fluidflows over the sensing site, the analytes within the fluid
would be attracted and boundto the immobilised bioreceptors[112]. This would trigger

a biochemical reactionthat can be detected by the biosensor.

Figure 2.13: Biosensingdetection protocol (adapted from[112])

In recent years, biosensors have been gaining huge interest as a potential candidate to

replace traditional laboratory-based techniques for biomedical applications such as

detection of health pollutants inthe water supply or s“e<—""<e %o ‘"~ f 'f—<fo—ie “«—fZ
[77].Besides biosensors could also be potentially used to detect the presenof disease

biomarkers in a patient. The major advantage is the ability to provide portable, realime

in situ testing with relatively good sensitivity towards the analytes This could be used to

supplement conventional clinicaltechniques asthe biosensas offer afacile approachto

improve the efficiency ofexisting early detection strategies.
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2.2.1 Biomarkers for Disease Detection using Biosensors

In the context of female breast cancer detection, a variety obiomarkers could be
invaluable in the diagnostic process. Human epidermal growth factor receptor 2 (HER
and Mucinl (MUC1) are two of the most commonlygcoproteins which are present in
nearly 30% ofall breast cances[113]. Also, autoantibodies related totumour associated
antigens (TAA) havebeen identified as an effectivedbiomarker. Estrogen receptor alpha
(ER3 proteins are closely linked to thedevelopment of hormonedependent breast
cancer[114]. Other useful biomarkerdnclude circulatory tumour cells, DNA, micro RNAs
etc.[115]. All these can be detected using bioreceptors such as aptamers for detection of
glycoproteins and antibodies for the detection of proteing116]. The biomarkers canbe

Tt—et <o f Tf—cte—ie o> sSuUZN ¥s salivi@nd hidlk-nedr the breast.

The most important biomarker for the detection of AD isA >plague.Recentliterature has
reportedly demonstrated a certain level of success by using antibodiesuch as aa A>
bioreceptor [117].However, the major bottlenecKimiting the development of biosensors
for disease detection is their sensitivity towards the biomarkersAs the concentration
levels of the biomarkers are typically in very low concentrationsn the psychological
fluids of the patients, the biosensors need to have very high sensitivity to ensure the
biomarkers are detected accurately. The next sections review different types of

biosensors and how their sensitivity can be further enhanced.
2.2.2 Electrochemical Biosensors

One key component of a biosensor is the transduceslement which converts the
biochemical reaction between the analyte and bioreceptor into a signal that can be

measured. Therefore, biosensorscan be broadly classified accordingo their type of
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transducer element. Electrochemical biosensors measure the electrical propertgurent,
potential or impedance) across a sensing surface andre relatively inexpensive to
fabricate [118]. It can alsobe designed to bevery compact and robust whichmakes it
highly portable. However, the bioreceptors selection for electrochemicabiosensorsis
limited to those which produces an electrical signalsuch as those which produces free
electrons after reacting with the analyte Hence, the development of electrochemical
biosensorsis not as flexible due to the limited selection of bioreceptors Nonetheless,
electrochemical biosensorshave found huge successlue to the relativdy low cost and
simple design.One suchexample is the monitoring of blood glucose level indiabetic

patients [20] .

2.2.3 Optical Biosensors

In recent years, optical biosensors are gaining huge popularigs the demandncreases
for biosensors with higher sensitivity and ultra-low detection limits [119]. As optical light
does nd interact with the sensing medium directly, it can measure the signal with
relatively low noise [120]. Additionally, optical biosensors offer more flexibility as it
could employ different properties of light such asntensity levels, phase difference, or
changes in the state opolarization of the reflected or transmitted lightas interrogation
parameters for sensing applications[121]. Alternatively, the spectral wavelength shift
could also be used to indirectly measure any changes in the detected sigfi#12] . Novel
optical biosensingconfigurations based on the resonant coupling of lighsuch as surface
plasmon resonance (SPR) and guidechode resonance (GMRAllows for even high

sensitivity and have been gaining popularity in the recent decadé&23,124].

Optical biosensors rely on coupling light into different structures such asvaveguides,

optical fibres etc. to act as the transducer elemenfl25]. Due to the similar guiding
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principle, waveguide-coupled optical biosensors are mostly replacedby optical fibres
designs[126]. Optical fibres are reatively cheapbut difficult to integrate for multiplex
sensing as the sensing surface are usually at the ends of the optical fibres. Gratingpled
optical biosensors could achieve high sensitivity by exploiting the unique property of
light diffraction which generates evanescent waves along the interface. Advantages of
grating-coupled optical biosensorsare that they can achieve relatively high sensitivity
with low noise due to high intensities of the evanescent waves at the localised region near
the grating. Furthermore, gratingcoupled optical biosensors could also be easily
integrated with microfluid ic channels which is beneficial in delivering amall amount of
the sample fluid for highly accurate sensing127]. However,a critical limitation is that
the currently available fabrication techniques necessary for producing the high
resolution nanoscalegrating features necessary for the biosensors are too slow and not

economical[128].

2.2.3.1 Surface Plasmon Resonance (SPR) Biosensors
An SPRbiosensor uses optical light to excitesurface plasmors (SP)waves at a metal
dielectric interface for sensing At a metaldielectric interface, free electrons can be
excited to oscillate alongthe interface. The collective oscillation of these electrons is

known asSPand can be represented as a transverse magneticNl) electromagnetic wave

which propagates along the interfacen the x-direction asillustrated in|Figure 2.14

Figure 2.14: Schematic representation on SPand the field distribution (adapted from [129])
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The wavevector of this SPwave (ksp) can be expressed aa function of the wavevector
of the incident light (kx) (in the x-direction) which is assumed to be iriree space a$130],

Y% ¥ ih;

b Y EY:f;

where Bis the permittivity of the dielectric layer, B isthe permittivity of the metal layer
fet X <eangBldr frequencyof the light wave.Sincekspis greater thanko by a factor
proportional to the effective material permeability, a couplermust be introduced to

increase thekx value so that themomentum of the incidentlight matchesthat of the SP

[131].|Figure 2.15{shows howthe wave vectors can bemodified in two of the coupling

configurations. At a specific frequency, the kx value of the coupled incident light would
match that of the ksp and therefore the resonancecondition is satisfied. At this point,
energy from the incident light is resonantly transferred to excite the SPFrom Egn (2.1),
sincekspis influenced by the effectivepermittivity or refractive index (RI) at the metal
dielectric layer interface. Any RI change at the interface would cause a shift in the
resonance condition which can be detected by the SPR biosensbtence, an SPR

biosensor is also an effective Rl sensor.

Figure 2.15: Relationship between the wavevectors of different coupling methods(adapted from[132])
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The three major coupling configurations are prism-coupled, gratingcoupled, and

waveguide-coupled and they are schematicallyepresentedin|Figure 2.16| Each coupling

methods has its own merits andimitations; hence,the coupling design shouldalso be

carefully consideredwith respect to the research objectives

Figure 2.16: Schematic of (aprism, (b) grating, and (c) waveguidecoupled SPR configuration

(adapted from[132])

In the prism coupled configuration, evanescent waves are generated due to the
attenuated total reflection (ATR) of light at the prism-metal interface and the wavevector

(kew) is givenas[133],
s L L gdhpgqred td;

where nprism is the RI of the prism andEs the angle of incidenceof the incident light. In

this configuration, SPR sensing could be conducted in either angular or spectral
interrogation mode.In angular interrogation mode, laser light M«—S "<§ft ™ f " $Zfe%—-S
is used and theHs slowly varied until kewmatches that ofksp. As a resultthe resonance

condition is satisfied anddue to the resonant transfer of energythe reflected light would

have asignificant reduction in its intensity. Hence, by measuring the reflectance of the

light againstthe angle of incidencethe corresponding resonance angle can hdentified

by the characteristic sharp dip in the reflectance.
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In the spectral interrogation mode, a broadband light source is usedhile the angle of
incidence is fixed. « 1 f...S | ™veadiffe®rftcorrespondingkxvalue, f ' f"—<...—Zf" |
would match that ofk sp. Therefore,by measuring the spectrum of the reflected lightising
a spectrometer, the resonance wavelength can be identifiedsit would havethe lowest

reflectance

Figure 2.17a shows a typical prism coupled SPR biosensorthat is set-up in the

Kretschmann configuration. First, bioreceptors are immobilised on the surface of the
metal and the reflectance curve is measuredNext, the dielectric sample fluid containing
the analytesflows over the metal surface which forms the metadlielectric interface

necessary to support the SP waveAs the analytes pass near the vicinity of the
bioreceptors, it would get immobilised on the metal surfaceAs a result, the Rl in the

sample fluid near the metal-dielectric interface would be increased Hence, thekspvalue

is changedwhich causes a shiftin the resonance signal as shown jRigure 2.17b.

Figure2.17: (a) Schematic of a prisntoupled biosensorin the Kretschmann configuration, and

(b) the shift in the SPRreflectance signal due to analytébioreceptor binding (adapted from [131])

In a grating coupled SPR setup, light is incident on a grating resultingtime diffraction of
the light in many different directions. Eacldiffracted beam has a different order (m), and

the respective x-direction wave vector can be expressed afl34],
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te
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L gJlpe<aEs A

wSt"t & <o =St 17 tc... «—AS SuehSthediffrafted dain would have a
increased wave vector value which is possible to be matched withksp to realise the
resonance condition.Similarly, a grating coupled SPRcan alsobe configured inangular
interrogation mode or spectral interrogation mode [135]. Sincethe diffraction angleis
highly dependent on the geometry and periodicity of the gratinghe grating design can
be customised for a specific bioreceptor or analyt® ensure optimal SPR sensitivityAlso,
grating coupled SPR biosensors can be made in highly compaetvices and also allows
the possibility of multiplex sensing in a single biosensor chip by using an array wérying

grating features[136].

Waveguide coupled SPRbiosensors make use of guided modes of optical lighh a
waveguiding layerto generate evanescent wavefor excitation of the SP. Suclan SPR
system is typically in spectral interrogation mode but could also be designed for phase
interrogation or intensity interrogation by various waveguide designs.As the optical
fibre has a similar structure as a waveguide, optical fiboreoupled SPR has ab been
demonstrated as aflexible SPRbiosensor [137]. However, due to the scale of the
structures, waveguideand optical fibre coupled SPR biosensorgypically require high-

end fabrication equipment which limits the cost-efficiency of thesedevices.

Out of all the couplingtechniques grating coupled SPR biosensa offers significant
advantages such as flexibily in its design and compactnessThis was demonstrated in
recent literature where a gratingcoupled SPR biosensor was developed for the detection
of breast cancefrelated geneg138] . However, one major limitation identified is the high

cost of fabrication for producing the nanoscale grating feature#As the dimensions of the
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grating features are in the wavelength scale of the optical light, hence, advanced
nanoscale fabrication techniquesuch as ebeamlithography are necessary for producing
the high-resolution features [139]. Hence, the later sections would also review existing
nanofabrication techniques to identifya more economical approach for producing the

grating features necessary for a SPR biosensor.

2.2.3.2 Localised Surface Plasmon Resonance (LSPR) Biosensors
With the recent improvement in nanotechnologynew forms of SPR biosensorbased on
nanomaterials have been developedvhich is termed localised SPR (LSPRjosensors

[140]. Metal nanoparticles that are much smaller than the wavelength of lightis

suspended in a dielectric fluidand excited optically. As illustrated in|Figure 2.18| the

nanoparticles and the fluid would form a metal-dielectric interface and the collective
oscillation of the free electrons would form an electron cloud which is described as the
localised SP (LSP)[141]. Hence,LSPR biosensorsare designedbased on theresonant

coupling of optical light, as it passeghrough the nanoparticles for excitation of the LSP.

Figure 2.18: Schematic illustration of the LSPRadapted from [142])

The extreme field confinement of localised SP wave makes LSBRsensors highly
sensitive to Rl changesit the localised region near the nanoparticlesThe geometry, size
and material composition of the nanoparticles can also be modifigd tune the resonance

condition for different targeted applications [143]. However, due to its small size, le
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synthesis of nanoparticles is very challeging and requires expensive fabrication
techniques, henceas a tradeoff, most of the research on LSPR biosensors have been
focused onexploring new nanoparticles designs, geometries and materials to further

improve the quality factor [144].

2.2.3.3 dgnal Amplification in SPRBiosensors using Nanomaterials
Besidesbeing used in LSPR biosensors, nanopatrticles and other nanomaterials including
2D materials such as graphene have begaining popularity in recent yearsas a potential
method to enhance the signal in SPR biosensdis}5,146]. The enhanced SPR biosensor
can be developed for sensing of lower concentration of analytes or smaller biomoildes,

such as DNA in breast cancer gene screening.

There are two primary schemeswhere nanomaterials can be use in SPR biosensors for
signal enhancement (1) as amplification tags, or (2)to improve sensing surfaceWhen
used as amplification tags, the nanomaterials are first introduced to the sample fluahd
attached to the analytesThis increases themass of the analyte would then induce a large
RI shiftand produce a greater SPR signafunctionalised nanomatetals arealso beused

to trigger secondary signal amplification by catalytic activity147].

Alternatively, the nanomaterials could be layered ovethe sensing surface of the SPR
biosensorfor coupling between the SP wave to the LSP in timanomaterials [148]. The
increased field confinement would promote better sensitivity and a lower detection limit
in the SPR biosensofThis was demonstrated where the surface of a conventional SPR
biosensor was covered with a gold (Au) nanalot array. Their result shows a significant
enhancement in the detection limit as compared to a normal SPR biosens@d49].
Therefore, nanomaterials could be a potential avenue to explore to further enhance the

signal of the SPR biosensor for disease detection.
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SECTION C
2.3  Fabrication Techniques for Producing High-Resolution Nanoscale Features

Over the recent two decadesjanoscale fabrication techniques have been heavily pushed

2> =St o eFec. et — =t <ot —e—"s0e Thefet 7' eof Antreasinglf——" "1 -
dense integrated circuit (IC) chipsin accordance to ‘*"tie Z[150]. Some of these
technologies have been adapted for research and development into tih&cro-electro-

mechanical system(MEMS and Bio-MEMS industry with potential applications that

include the fabrication of micro and nanoscaléeatures or miniaturisation of laboratory

process into a singladevicefor use in medicine, sensors, photonics, nanorobots eft28].

However, the existing techniques used inBio-MEMSare typically directly adapted from
the IC industrywhich is primarily designed for use with silicon materials.Therefore, the
high cost and bisincompatibility make the equipment highly unfavourable for
fabricating low-cost biosensorsin this context, the following sections will review existing
nanofabrication techniques to explore an alternative approach for fabricating the high

resolution grating features necessary for grating coupledSPR biosensor.

Additionally, an advanced manufacturing technique based on additive manufacturing
(AM) will also be reviewed. AMallows complex 3Dstructures to be fabricated from a
computer model in avariety of materials such as polymer or metals in a layeby-layer
fashion. The relative ease of use and versatility osuch 3D printers would be highly

beneficial for theresearch and development of biosensorwith customised designs.
2.3.1 Photol ithography

Photolithography has beenan integral part of the semiconductor industry and had

evolved overthe last decade[151]. It employs light to transfer micro and nanescale
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patterns from a photomask onto a substrate. Lighsensitive chemicals or polymers,
known as photoresists, are first coated on the substrate materiand when light passes
through the photomask, the resulting patternwould be produced in the photoresist. The

reaction which occurs when the light is absorbed by the chemicals differs according to

the type of photoresist[152]. As outlined in|Figure 2.19| negativetone photoresists

become insoluble when exposed tand would remain on the substrate after washing in
the developer solution. Positivetone photoresists behave m the opposite way where

exposed regions become soluble in the developer and are washed [a62] .

Figure 2.19: Positive-tone vs negativetone photoresist (adapted from[152])

There are also two methods where the pattern can beansferred to the desired material

and the difference between these two methodsire summarisedin|Figure 2.20| For the

lift-off method, the desired material is deposited after the pattern is recorded in the
photoresist. The photoresist would act as an intermediate masking layer between the
material and substrate, hence, when it is removed or |Hbff, the material will only remain
on the exposed regionswhich form the desired pattern. Alternatively, the desired
material can be first deposited on top of the substrate before the coating of photoresist.
The photoresistis now an etch maskwhich prevents the covered regions from being
removed by the etchant.After the removal of the photoresist, thematerial which is

protected remains on the substratewhich forms the desired pattern.

46



Chapter 2 Literature Review

Figure 2.20: Lift off method vs etching methodadapted from[152])

As the feature size shrinkgurther ,the minimum resolution of the system approaches the
limits bounded by the Rayleigh criterion [153]. It defines the minimum distance to
resolve two points from each other asthe distance between the first minimum of the Airy
pattern formed by one of the pointsto the maximum of the othe Airy pattern formed by
the other point. An Airy pattern is the resulting diffraction pattern formed by a spot of
light that is perfectly focused by a lens with a circular aperturd154]. The practical
resolution of a projector lens system used iiypical photolithography is can begiven as,

[155]

~

. a
:lf°‘Z——L<55—aél ta,

where, k1 is the kfactor, | <« =St ™ f t7Z1e% S ‘", arflN.Ads theSwmerieal ...
aperture of the lens system These three factors govern the resolution of the
photolithography system. The k-factor is determined by the mechanical system such as
the type of masks, photoresists, process controls and aberratiorrrection which can
be improved using resolution enhancement techniques (RET)The robustness of the
mechanical components such as the motors and actuatonere redesignedto reduce the

effect of mise on the system. The shape of the light source and mask designs were

47



Chapter 2 Literature Review

optimised to allow better tolerance control in areas where smaller feature size ixitical .
New photoresist technology such as chemically amplified photoresistsvas also
introduced which contains photcacid generators thatperform well in high-resolution

patterns [156].

Different approaches had been employed to change the values of these factorgnprove
the resolution of the system and produce nanoscaleatures. The most straightforward

method is to switch to a light source of a shortel such as ultraviolet (UV) which extends

beyond the visible spectrum as shown ifFigure 2.21| This approach has remained

relatively practical until the wavelength reaches the xays region[157]. Thegeneration
of such high energy rays efficiently was a major technological barrier which makes this
method highly unsustainable for high throughput applications. The costs also increase

exponentially due to the need for specialised equipment for-rkays deivery.

Figure 2.21: Spectrum of light waves from x-rays to infrared (adapted from[158])

Another method to improve theresolution of the system wago increase the N.A. of the
lens systemused in the photolithographysystem,which is given as,
ad e*<mic tay

where n is the RI of the medium between the lens and th&ubstrate and Eone is the
maximum half-angle of the cone oflight as itleaves the lensHaving a high angle means

that the photoresist hasto be very near to the lensThere are twoapproaches toincrease
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the N.A; firstis to increase theRI of the medium between the lens anthe substrate using
immersion lithography, second is to modify the lens design to maximise the N.A.
Immersion lithography works by replacing the medium betweenthe lens and substrate
from air ¢ 3 saraliguid fluid such aswater (n > 1.33). This technique, when coupled
with hyper N.A. lens, was able to sufficiently improve the resolution ofthe
photolithography system significantly without using light with shorter wavelengths (1)
[159]. However, the immersion fluid needs to be filteredto remove anycontaminants

such as dust participles whichwould cause defects

Photolithography has remained a highly competitivenanofabrication technique for high
throughput applications. Coupled with RETs, it is possible to fabricate highresolution
features necessary for the optical biosensors. Howevahe RETs would also inevitably

complicate the fabrication processand increasethe fabrication cost of the biosensors

2.3.2 Interference Lithography

Interference lithography is an advanced fabrication technique that exploits the property
of light wavesto make subwavelength patterns without the use of a photomask160].

IL is a simple and coseffective approach to achieve largescale patterning in a
photoresist, and the patterns could then bdéormed directly for a variety of applications

[161]. Even though the patterns araisually limited to periodic features, such features
resonateespecially well with applications such agphotonic crystals, metamaterials, field
emitter arrays, biosensing high-density magnetic data storage, optical trapping and sub

wavelength structures, etc[162].

IL makes use of the interference of two or more beams from a coherent laser source to

generate a standing wave patternThis pattern can then be recorded in a photoresist
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which can then betransferred to other materials, or used directly as the substrate

material. In a simpletwo-beamIL system, each wavés linearly s-polarized andincident

at equal angle Efrom the normal axis from the plane of interference as shown |Rigure

2.22|[163]. The two light waveswould interfere as they propagate,which generates a

interference patternthat could then be recorded in a photoresisimedium.

Figure 2.22: Interference of two laser beamswith the interference fringes contained in the xy plane
The resultinginterference pattern would have aperiodicity ( § that is given as[163]

a

EL -
tecoq

&

From this, we cansee thatperiodicity of the interference patterns would be in the range
of the wavelength band of the light source usedThe man benefit of IL over the
conventional photolithography is that there is no needo fabricate expensive photomasks.
Additionally, it can be flexibly tuned tocreate onedimensional (1D) grating patterns to
2D arrays or even 3D structures bysimply varying the angle of incidence orecording
multiple exposures on the photoresist[164]. For example, a simple twdoeam IL setup
can only generate 1D line gratings with a single exposure. However, by rotating the

sample stage by 90° and exposing a second tim&D hole/dot arrays with square
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symmetry can also be achieved. Mulbeam IL with at least four beams can produce 2D
or even 3D patterning in a single exposurfl65]. Different lattice patterns have also bee
reported by employingpolarizers to adjust thepolarization state ofeachbeam Two pairs
of s-polarized interfering beams would result in a square latticepattern and a pair s-

polarized beams with a pair of ppolarized beamswould result in a periodic pattern that

is arranged in a hexagonal lattice as demonstrated|Figure 2.23|[163].

Figure 2.23: Simulation results &scanning electron microscopgSEM)images oftwo pairs of

(a) s-polarized beams,and (b) p-polarized beams(adapted from[163])

Therefore, IL is apowerful and simple technique © fabricate largearea, micro and
nanoscale periodic patterns or featuresPatterns with different periodicities could be
achieved using a single IL system with a simple manipulation of the angle of incidence
which is highly desired for modifying the design of the periodicity of the grating for

optimising sensitivity when used in an SPR biosensor.
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2.3.3 Immersion Interference Lithography

Immersion IL is an alternative method to further reduce the minimumachievablefeature
sizeof a conventioral IL system Thisis achieved by incorporating a medium with a higher

RIthan air into the interference planesuch as grism or deionised water[166].As shown

in[Figure 2.24| the addition of a prism would increase the resulting angle of incidence

E-TMEEe £f .8 Efe fe F7 FZZ7c [A6B],™S .S <o %o ie fo
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Figure 2.24: Refracion of the beamsas itenters the prism beforeinterfering at the bottom surface

An index-matching liquid can also be introduced at the interface between the prism and
the photoresist to ensure good optical contact for transferring the pattern to the
photoresist. However, since the RI of the prismwould be muchhigher than that of the
index-matching liquid, care must be taken to ensure that théncidence angle isnot
greater than the critical anglewhich is defined as[166],

J.
éapgrg;;—f<25r—Jgos%£ t&;
B anqu

If the incidence angle is greater than the critical angle, then the light would Hetally
reflected off the prism and no interference pattern would be formed.Recent work
demonstrated the ability of atwo-beam immersionbased ILsystemusing a 364nm laser
source with a highRl prism to realise 60nm periodic grating features whichare smaller

than 0.2 times thewavelength of the laser source used167].
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Immersion IL is a promising technique that could be added to the IL to improve the
resolution of the IL setup and can beachievedby simply adding a highRI prism. However,
the addition of an index-matching liquid may inevitably introduce some participles or

contaminantswhich may result in defects that could affect the integrity of the patterns.

2.3.4 Near-Field Nanopatterning

Near-field nanopatterning techniques have also been proposed as an alternative method
to improve the resolution ofthe IL system further. Such techniques exploit the neatield
optical effect of light at special conditionsat an interface to generate subwavelength,
nanoscale patterns. These approaches can be mainly classified into two categsrie
namely evanescent waves (EW) and surface plasmon (SP) based interference techniques.
When a plane wave is reflected due to thetal internal reflection (TIR), EWis generated.

Multiple EW could then bemade to interfere, and the resulting interferencepatterns

could be recorded in a photoresist asllustrated in|Figure 2.25|[168].

Figure 2.25: Schematicof counter-propagating EWinterference in a prism (adapted from [169])

The EWbased interference technique has been reportedly able to generate 3D surface
relief features with minimum feature size smaller than 0.1 times thavavelength of the

laser and heightto-width aspect ratio of as high as 1(J169]. The geometries of the
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periodic patterns can also be flexibly modified by simplychanging the state of

polarization and therelative phase difference between the incident plane wavg4d70].

SPbased interference techniqueswork by employing counter-propagating SP waves

instead or EW waveg[171]. The SHs generated bydirecting multiple beams of light on a

metal-coated prism as shown ifFigure 2.26| As the SP wavemterfere with each other,

an interference pattern is generated which can be recorded in thehotoresist layer. Since
the wavelength of the SP is muckhorter than the | of the incident light, therefore, the

resulting interference pattern would be much smallethan a conventional IL system

Figure 2.26: Schematicof counter-propagating SPinterference in a prism (adapted from[172])

Simulation results using afinite -difference time-domain (FDTD) analytical method ao
suggests thatan SP based interference system could theoretically achieve sw30nm
periodic features which are less than 0.1 times thevavelength of the laser sourcg172].
Additional work was done to support this experimentally with good agreement between
both the simulation and experimental results[173]. Therefore,near-field nanopatterning
is a useful method to further enhance the resolution of a conventional IL system with

relatively simple optical components such as a prism.
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2.3.5 Additive Manufacturing

Additive manufacturing (AM) is a process that builds 3D structures in &yer by layer
method by joining, solidifying or deposition of materials[174]. AM or 3Dprinting is a
novel form of manufacturing technology, and in the recent few years, a variety of
commercial 3D printers with different capabilities had appeared in the market, all
possessing their advantages ahlimitations. AM has the primary benefit of being abl¢o
print a model with any level of complexities that ardifficult to achieveor impossible to

realise using traditional manufacturing technologies.

Out of the many types of AM techniquediquid-based AM techniques have the best

resolution, but the build material is only limited to photopolymers. One such example is

the stereolithography apparatus (SLA)printer as shown inFigure 2.27{ A UV light source

or laseris incident on a2-axis galvo-scanner which selectivelycures the photopolymer
contained in a resin tankas per the CADnodel. The stage then movesipwards, and the

process is repeated for each layeauntil the desired structureis 3D-printed .

Figure 2.27: Schematic ofin SLAprinter (adapted from[174])
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The major drawback of an SLA printer is that theresolution of the printer is limited by
the effective laser spot size formed within the resiriank which is typically around 100
pum. Due to the optical diffraction limit, it is difficult to focus the spot size of the light

further to achieve higher resolution

A PolyJet3D printer usesmultiple print nozzles to selectively depositsmall amounts of
liquid photopolymer on a build platform to form the layers of the printed part UV light
sourceis attached to the print headso that the resins are cured aghe print head scans
around the build platform. The major advantage PolyJetasis the ability to print parts
with multiple materials or a specificmixing ratio of different build materials. This allows
the potential to print a part that is both rigid and soft in certain locations from a single
print job [175]. Such components have the potential of being used in flexible biosensor
where it could be soft on tle outside to prevent the usefrom being injured but have rigid

internal structures for optimal fluid flow and sensing performance.

Direct laser writing (DLW) is a suitable technique to realise ultra-high-resolution
nanoscale 3D printing by using the principle of two-photon absorption (TPA) or
sometimes even multiphoton absorption (MPA). Photons of identical or different
frequencies are simultaneoudy absorbed by a molecule whichresults in excitation
energyequdled to the combined sumof the energy of the photon As such, the absorbed
energy is at a higher level which is about the same as the energy of a photon with a much
shorter wavelength[176].Since here is a strong dependency on the spatial and temporal
match of the photons the absorption functionis a nonlinear response whichresults in a
tightly focused light beam.The advantage of this is that ability to achieve a very high
resolution that is less than a cube of the wavelengthlf) which is much smaller than the

optical diffraction limit [177].
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The working principle of a DLWsystemis shown in[Figure 2.28| To achieve veryultra-

high precision, apiezoelectric 3D scanning stagas used which iscapable of linear

translation in the order of nanometers. The laser is then focused usingZ00x microscope
objective with a high N.A to selectively cure a single voxel within the photosensitive
material. The stage then moves to a different location, and the process is repeated for

each voxelto slowly form the desired 3D model.

Figure 2.28: Schematic of a DLW systeifadapted from[177])

The ease of use of a DLW system and litigh precision has made it a highly popular AM
tool to achieve nanoscale fabricatioffior research applications Its high resolution is ideal
for fabricating the nanoscale grating features necessary for grating coupled optical
biosensor, however, due tothe limited travel range of the piezoelectric stage, the build
volume of a DLW system is very limited (about 1 mA). The writing speed is also very

slow which result in very low throughput.

2.4  Graphene as a Substrate for Biosensing Applications

One of the most significantdiscoveries of the twenty-first century is the successful

isolation of one-atomic layer thick 2D carbon (graphene) from graphite as shown in

Figure 2.29([178]. Due to its unique 2D structure, graphene demonstrates high charge
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carrier mobility at room temperature that exceeds 2.0x 105> cm2.\f1.s1 (more than 100
times that of silicon), high thermal conductivity ofabout 5,000 W/mK[179]. Besides that,
graphene is also about 98% optically transparent in the visible wavelength band which
makes it ideal to be incorporated into optical device$180]. Addition ally, reports have
shown that graphenebiosensorshave improved sensitivity due to better absorption of
the bioreceptors on the graphene layef181] . Coupled with its good optical and electrical
property, graphenecould potentially be developed into @ SPR biosensor that can be

interrogated both optical and electrically[182].

Figure 2.29: Lattice visualization of (a) single-layer graphene, and (b) graphitgadapted from[183])

2.4.1 Graphene Synthesis Methods

The metod for growing graphene has improved significantly over the recent decade
[184]. The very first sample of graphene was isolated from graphite using a mechanical
exfoliation method which is using scotch tape to repeatedly stick and pull apart the
graphite layers[185]. This method was novel but slow and could only yield small flakes
of graphene of random layers nonetheless, it demonstrated the possibility of creating
atomically thins films. Since then, many modern methods such as chemicahpour
deposition (CVD) had been adopted for the synthesis of higjuality graphene for

practical industrial applications.
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2.4.1.1 Thermal Chemical Vapour Deposition
Thermal based chemical vapour deposition (CVD is a reliable and weliresearched
method for growing large-area, highquality graphene. The working principle of a
thermal-based CVD is to supply excess heat enertgy decompose a carbon feedstock
source such asydrocarbons or polymers The formation of gaphene is then catalysed
on the surface othe growth substrate.Suitable catalysts substrates are transition metals
such as copper (Cu), nickel (Ni), platinum (Pt) and germanium (G¢186,187]. The

synthesis isusually done in a low pressure, high vacuum chamber to minimise the

chances of impurities in the growth substrateA typical CVD system is showfFigure 2.30

where methane (CH) gasis usedas the carbon feedstocland amixture of hydrogen (Hz)
and argon (Ar) gas is added as buffegases to regulate the growtlrate. A copper foil is

used as the growth substratdo catalyse the formation of graphene.

Figure 2.30: Schematic of &CVD system fographenedeposition (adapted from [183])

The growth mechanism behind CVD can be described as a tatep process; dissolution
and segregation[188]. Dissolution is the dissociation of carbon atoms from a carbon
feedstockand being alsorbed into a metal substrate. Segregation is the arrangement of
carbon atoms into a 2D honeycomb structurevhich forms graphene. However, the

growth process b nonstandard and varies according to the carbon solubility of the metal

substrates|Figure 2.31|compares the growth of graphene on two different substrates; one

with high carbon solubility and one with low carbon solubility.
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Figure 2.31: Graphene growth on (a) high and (b) low carbon soluble metal substrates

(adapted from [188])

In metals with high carbon solubility, such afdNickle (Ni), under high heat, hydrocarlon
molecules from the CH decompose into carbon atoms in a process known as
dehydrogenation. Due to the high carbon solubility, the carbon atomsould diffuse into
the bulk Nisubstrate. Once the threshold for nucleation has been reached, the segregation
process will begin forming a layer of graphene on the surface of the metal and will only
stop once the equilibrium has been reachedn metals with low carbon solubility such as
Cu, the growth of graphene is more straightforwardOnce dehydrogenation occursthe
carbon atoms would be dsorbed to the surface of the Cu and ucleation occurs
immediately. The carbon structure would start growing as more carbon atomget

adsorbed, forming graphene.

The graphene deposited using CVD is usually uniformly depositedhrbughout the
substrate which has enabled the upscaling of the process to meet industrial demands and

the lowering of the production cost [189]. However, the process is only possible at
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elevated temperatures (>1000 °C) which limits the type of substrates to materials with
high melting point such as metals. Additional process steps are then required to transfer
the graphene onto the desired substrate which mayalso introduce defects such as
crumpling, tearing and impurities. As graphene performance degrades very rapidly in the
presences of these defects, it is critical to ensure the optimal quality of graphene is

transferred [190].

Plasmaenhanced CVD (PECVD) is a prormg variant to deposit high-quality graphene

at reduced temperatures and low energy consumptiol91]. Plasmacan be artificially
induced in a neutral gas by applying extreme heat or strong electromagnetic fields. Due
to the excess energy, the molecular bonding of the gaseiasily dissociated, and different
chemically active species bthe gas are formed which reacts with the substrate surface
forming graphene[192]. PECVD has been introduced as an alternative method to enable
the growth of graphene at low temperatures as low as 240C[193]. Positive results had
been reported by different teams and proved promising in achieving higkquality

graphene deposition using different plasma sources such aadio frequency (RF and

microwave plasma[191,192]. A typical PECVD system is presented|figure 2.32(where

the plasma is generated using an RF souread the sample is heated using an IR lamp.

Figure 2.32: (a) Schematic ofa PECVDBystemfor graphene deposition(adapted from[192])
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However, due to thedirect interaction of plasma on the substrate surfacedisorder is
typically introduced into the graphene whichis anindication of the presence ofdefects.
There is alsoa higher deposition rate of amorphous carbon which may affect the quality
of the deposited graphene[194]. It is possible to reduce the defect density by
optimisation of the parameters, but it cannot be completely resolved. Hence, even though
PECVD was able to achieve single to fdayer graphene,its quality was not comparable

to that of thermal CVD. However, the potential to grow graphene at low temperatures can
allow direct deposition on nonrmetal substrates which may significantly reduce the

development time ofgraphene-enhanceddevices[195].
2.4.2 Electro Control of Graphene-Enhanced SPR Biosensors

D—1f —*' %" f UBifuetdptical andelectrical properties, its dielectric property can be
reported tuned by changing its electron charge densityia electrostatic gating[196]. As
SPR biosensors are highly sensitive to thaptical and electrical properties near the metat
dielectric interface,a change in the charge density woulthevitably result in achangein
the resonance condition. This means that graphenean potentially be used in the
structure of an SPR biosensor tdevelop a novel SPRinterrogation method by applying

an external electric fieldacross the metaldielectric interface.

Recent work has developed a theoretical model and experimentally validated this
concept by applying different voltages using a direct current (DC) source to tune the
resonance condition [197]. In another work, an electrochemical c# replaces the

dielectric medium to allow better modulation of the potential at the metaldielectric

interface [198]. Theresult from their simulation studies is shown ir{Figure 2.33|where a

clear shift in the resonance angle is observed as the voltage is scanned fr200 mV to

+200 mV.
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Figure 2.33: Reflectionspectra of theSPRbiosensorreported by Abayzeed, S. At. al.when different

voltage is applied(adapted from [198])

The primary advantage of an elecically controlled SPR biosensors that the design can
be much simpler as there is no need for highly precise rotation stages which are necessary
for angular interrogation or spectrometers which are used for spectral interrogationThe
modulation of the voltage can be achieved withvery high precision by using relatively
low-cost and compactlectronics;therefore, the overall cost of such biosensors would be
relatively cheaper than those configured in the other interrogation modesHence,
another focus of this thesis would be to investigate the potential of using a graphene

layered hetero-interface for the development ofelectrically controlled SPR biosensors.
2.5 Outcome of Literature Review

Based on the intensive review conducted on the Glob&urden of Diseases (GBD)
cardiovascular diseases, cancers, mental and neurological disorders atkree of the

significant contributors to the disease burden.This is also an indication of the gapn
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current health standards to cope with the current diseae burden.This problem would
be further amplified in Singapore due to an ageing population as the elderly have a high
risk of developing the mention diseasesHence, there is an urgent need to improve

current health strategies to manage the risk for alltese diseases.

In the caseof cardiovascular diseass, the trend in Singapore is decreasing. This suggests
that efforts to improve the prevention of cardiovascular diseasescoupled with
advancement in medical technology to treatardiovasculardiseaseshave been relatively

successful. Therefore, it is not a priorityor this thesis.

Cancer is challenging to manage as it can develop in any part of the body which nsike
difficult to detect early. Of all forms of cancer, female breast cancdras the highest
incidence rate globally. It alsdhasthe highest mortality rates in women, both worldwide
and in Singapore Despite such high mortality rates, breast cancer has very promising
survival rates for it is detected and treated earlyTherefore, it is critical to improve the
uptake of breast cancer screeningpr the early detection of breast cancerThe critical gap

in existing breast cancer detection techniques lies in thperception of women and their
lack of understanding regarding the processBesides most women may be too self
conscious togo for breast screening Therefore, there is an urgent need to develop a less

invasive technique for the early detection of breast cancer.

Theglobal mental and neurological disordes burden is arapidly growing problem, hence,
there is an urgent need to address the existing strategies to help manage its ri€kut of
all mental and neurological disordersdementiais projected to have one of the highest
financial burdens and has already been declaredoy WHOas a public health priority. The
most commoncause ‘~ tiefe—<f <o ZoeSitcei”ieEfforsttbetieat ADdhas

found little success and the risk factors of AD are still not fully understood to develop
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effective preventive measuresNonetheless the early detection of ADproved to be a
potentially effective method for early intervention which may help slow down or halt its
progression. However, existing techniques for detection of AD is primaly based on
neuroimaging which is expensiveand have high chances obverdiagnoss. Hencethere
isanurgent needto develop an alternative low-cost method for the early detection of AD

based on nonAneuroimagingtechniques.

Biosensorscould be a suitable candidate to provide higlg sensitive andin situ detection
of disease biomarkersThis is highly desired in female breast cancer screening where the
biosensors would enablewomen to conduct the test ina private setting as per their
convenience Another benefitis with the improvement of existing fabrication techniques,
the cost per biosensor may be further reduced to alloior more regular screening. This
would allow the early onset of both breast cancer and AD to be detectedl the earliest

instancewhich would result in better chances ofsurvival.

Currently, most biosensors are electrochemical based as itdeeapand relatively easy to
fabricate. However, in recent yearspptical biosensors have also been gaining popularity
as it has bettersensitivity. Out of the many different opticalbiosensors, SPR biosensors
are highly attractive due to its excellent sensitivity and flexibility in design which can be
suited for a wide variety of biomedical applications.However, one key gap which is
preventing the mass adoption of SPR biosensons clinical settingsis its high cost due to
the expensive equipment needed to produce th&eatures necessary for thebiosensors

which are at the scale of the wavelength aptical light.

State of the artnanofabrication techniques are weltestablished in the semiconductor
industry such as advanced lithographganbe adopted for theresearch anddevelopment

of the sensors. However, the equipment may be t@xpensive,and the materials may not
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be biocompatible or suitable for biosensing applicationsinterference lithography (IL)
could be a potential candidate to fabricate théigh-resolution features necessary fothe
optical biosensors with relatively low cost. Moreover, IL alsohas the flexibility of
producing periodic features with customised design and geometry to suit different
biosensor design.This is especially true as the grating featuresecessary forgrating
coupled SPR biosensorsan be easily fabricated using ILTherefore, IL could be a useful

alternative method to massproduce biosensors at a lowcost.

Furthermore, AM techniques are also discussed as potential method for fabricating
biosensors economically. The main benefit of AMis their ability to produce complex
hollow structures which could beused as microfludic devicesor channels to contain the
sample fluid for sensing. This is highly desirable as the sample volume can be greatly
reduced and the sample preparation steps can hategrated directly into the biosensor
chip itself. However, the main drawback ofAM techniques is their low resolution.
Therefore, a hybrid system combining both IL and AM could be developed to maximise
the benefits of both systers. For example, thehigh-resolution features can be first
fabricated using IL while the AM system can takever to finish the remaining less critical
features of the biosensorThis couldform part of the potential future work to extend the

work of this thesis.

Besides investigating the fabrication of SPR biosensors, another key area of focutis
improve the accuracy of the biosensors so that it can deliver highly accurate results which
are comparable to other wellestablished detection techniquesOne proposed method is

to introduce nanoparticles which are commonly used in localised SPR (LSRi®)sensors.

By addng nanopatrticles in the structure of the SPR biosensors, the surface plasmon (SP)

wave which are used for sensing can be further confined to a localised region near the
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sensing surface whichwould amplify the optical signal Also, the surface area would be
increased which means more bioreceptors can be immobilised on the surface and
increase theactive sensing sites. This wouldllow asmaller concentration of the analytes
to be detectedwhich would be useful to detect the early onset ofliseases where the

concentration level of the analytess very low.

Another approachto improve the sensitivity of the SPR biosensor is to integrate a layer
of graphene.As graphene has better biocompatibility, it should allow more bioreceptors
to be immobilised which would result in better sensitivity asthere are more analytes
from the sample fluid would be attracted to the sensing surfaceand signal would be
increased Addition ally, due to the novel optical and electrical properties of graphene, the
plasmonic response of agraphene-enhancedoptical SPRbiosensor could be tuned by
controlling its charge carrier densitywhich canbe achieved byapplying a biased voltage
across thegraphenelayered metal-dielectric interface of the SPR biosensoiThis could
lead to the development of anelectrically controlled SPRbiosensor which can be
produced with lesssophisticated electronics and can greatly reduce the cost of the SPR

biosensors.

This literature review critically analysed the different female breast cancer and AD
detection techniques available in clinical practice andiscussthe need for a biosensoas
an alternative diagnostictool. Out of the many types of biosensors, optical SPR biosensor
has been identified as the most ideal type of biosensoorfthe targeted application.The
research gap identified is in the fabrication techniques employed to produce the high
resolution features necessaryfor the SPRbiosensors. Therefore, this forms one of the
objectives of this researchwhich is IL basedfabrication of nanoscalegrating featuresas

targeted features in grating coupled optical SPR biosensof3ne key design consideration
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of the SPR biosensor is to keep the spectral response of the optical signal in\tstble to
near-IR wavelength bandwhich may be more costeffective to integrate with existing

technologies.

Another research gapidentified is to improve the accuracyof optical SPR biosensorso

that it is comparable to current wellestablished detection techniquesTherefore, the

second research objective is to improve the sensitivity of the optical biosensor using
nanoparticles. Since nanoparticles have been widely used in LSPR biosensots;si

envisioned that nanoparticles could potentially be used with conventional SPR
biosensorsto amplify the optical signal for the detection of very low concentrations of

analytes. This would allow the biosensors to detect the early onset of diseases whéehe
concentration level of the analyteds Zfee e<%oe< <...fe— fot ... feo fZe' <o’ "Ff

confidence in the test results.

Lastly, the third research objective i2o develop agraphene layeed heterostructure for

use in the SPRiosensor. The few critical challenges anticipated igo synthesise single
layer graphene and to perfect the transfer of the graphene onto the desired substraténel
graphene layered hetero interface couldbe developed into an electrically controlled SPR

biosensor whichcould bring more flexibility in the future development of biosensors.

68



Chapter 3 Optical Interference Lithography
Fabrication of Nanoscale Grating Featureor SPRBiosensors

CHAPTER 3

OPTICALINTERFERENCEITHOGRAPHY

FABRICATION OF NANOSCALE GRATING FEATURES

FOR SPR BIOSEBDRS

This chapter investigates the potential of usingptical interference lithography (IL) to
fabricate nanoscale grating features for use in a grating coupled SPR bioserEoe.
phenomenon of light wave interference is first studied by theoretical formulation and
simulation to understand the critical parameters and their effects on the quality of the
features fabricated by the [LTwo different types of IL systems based on a diffraction grating
and singleinput multiple-output (SIMO) optical fibresplitter are experimentaly validated.
The nanoscale grating featuregere then developed into a grating coupled SPR biosensor

to demonstrate its potential fothe fabrication of biosensors.
3.1 Theoretical Formulation to Generate Inter ference Pattern s

Light can be described as @ransverse-electromagnetic wave which propagates in a
straight line in space with a distinctive electric field and magnetic field that oscillates
orthogonal to each other The oscillations are perpendicular to the propagation direction

and their oscillation speedis defined as the frequency (f) which is described as the
number of cycles per secondThe distance between each cycle is known as the

wavelength (1) of the light wave.

In the context of IL, the ight wavesare Tte...”<, 1T ,> —"fee "eceBguafich™ $Z7Z7ie
with the assumption that it is propagating inisotropic, linear, nondispersive, non

conducting, and homogeneous materialsSince the features formed by interference
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patterns are usually much smaller than the beam diameterhé interfering beamsare

assumedto be plane waves and the electric fieldsH) and magnetic fields H) can be
expressedwith the respective simplified sinusoidal solutions [199],
0: &5 L Oy... A—F ® E0y; Uy,
0: & L0oy... A-F ® E 04; UK
where, Eo, Ho is the respective complex electric and magnetic fielcamplitude vectors, k
is the wave vector which determines the propagationdirection and wavelengthof the

light wave,r is the position vector; Xis the angular frequency of the wavet, is the time,

and Qis the phase angle

As illustrated in|Figure 3.1| interference of light waves occurs whentie optical path of

two or more light waveswith the same |, interests with each otherat a particular angle,

BEwith respect to the normal axis.

Figure 3.1: lllustration of two interfering plane waves with the samewavelength but at an angle

to each other and the resulting interference patterr(adapted from [199])
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The result is a superposition of thetwo waves and the total electric field(Er) in the

interfering region can be described as the sum of the individual electric fields of theo
plane waves[199],

60: &L 6y &E6: & Uy,
where, Ei(r, t) and Ex(r, t) are the electric fields of thetwo plane waves respectively.

By substituting Eqn (3.5) into Eqn (3.7), thetotal electric field Er can be written as
0: & LOy... A-F g®EOB,; Edy... "i—F g® E O4; TuE;
and by assuming the amplitude of both waves to be equal, (i.E1 = E2), Egn (3.8) can be
written equivalently as,
6: &L o> “i-F (®EO, E..“i-F y® E 06,7

tA-F: yE 0;®Et64;® 2 oF 0 ®;

L 6pt d.. == .. -h ‘ug;
o t t q
Theintensity (I) of the resultant waveis thus,
CAaL 6 &0L6: @Y &
5 tA-F: ygE g ® Etdy; ouF 0 ®;
LéUUvd...‘G‘t Y tU1® to4’®..‘6- J tU’®’h udr;
and the time-averagedintensity can be written as
: 'LéUva\d 6-:tﬁ—F: = U;®Etb4;® 6. " UF 0;®;h5\
; " o n
5 o uF 0 ®;
L v 6y GE@.. 6. U S h
t t
q o uF 0 ®;
Ltold, 62 U "' UB S,
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Therefore, the intensity distribution of the resultant wave is acosine-squared function

and from Egn (3.11),the maximum intensity is observedonly when,

oF g ®;
L6 Y tU Ls Tuds t;

or when,

‘Leed  D: ud U

where rm is the position of themth number of maximum intensities and m is an integer
(:). As the magnitude of thetwo wave vectors are equal (i.e.|k1|=|kz|), Egn (3.13) can
alsobe written as,

o® ;F: g® ;
t
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From this, thedistance betweenthe positions of two adjacentmaximacan be derived by
calculatingthe difference in theposition of the first maximum (r1) and the position of the

second maximum (r2) [163],

” FH L :t;é F :S;é s
3 < uas w
6 5 fecea tecoq W

which gives thefringe-to-fringe spacingor periodicity ( & of the interference pattern as

- TUd X
teceq
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This agrees with the theoretical values found ithe literature which was given previously

in Egn (2.6).From this, we can see that it is possible achievean interference pattern
with a periodicity that is smaller than the wavelength of the incident light sourceThe
periodicity can be easily tuned by varying the Ebetween the two plane waves.By
exposing a photosensitive material to the interfeence pattern, L can easily write

nanoscale periodic structures without the need for photomasks.
3.1.1 Ciritical Factors for Forming Interference Patterns

One of the most critical factorsfor consideration when working with IL systemsis the
contrast (C) of the interference pattern. This is described as the intensityatio between
values of themaximum (Imax) and minimum (Imin) intensity of the interference pattern

which is defined ag[199],

k vF kgl

L usy,

k vE kgl

The contrast is highly sensitive to thepolarization orientation of the electric fields of the
interfering beamsand is defined aghe vector dot product of the twopolarization vectors

of Ex and Ez2 which is given ag200],

L g® Us z

where e1 and ez are the polarization vectors of thetwo plane waves respectivelyFrom
this, we can see that for pair ofs-polarized light, the contrast is alwaysqual to 1as the
angle between thewo polarization vectors is always0, regardless of the incidenceangle.
However, for the p-polarization case the angle between the twopolarization vectors

changesin relation to the angle of incidenceand contrast canthen be expressed as,

n?n B .. ‘#a Ua{,
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This shows thatminimum contrast will be observedwhen the incidence angle is a#5°

and thetwo polarization vectors are orthogonal. Hence,interference would not happen

if the polarization states of each beam are orthogonal or perpendicular to one another

Figure 3.2|shows the variation in contrast with different interference angles for thewo

polarization pairs.Hence, spolarized light wavesare typically preferred to be used forL
as having goodcontrast in the interference pattern isideal for producing high-quality

grating features with well-defined lines and edges.

Figure 3.2: Interference contrast plots of a pair of spolarized and apair of p-polarized light

Another important factor to be considered for the formation of the interference patterns

is the coherence length (k) of the light source used which is given aR01],

LtZ¢ 3
- IﬂG Tudr

6
L —
a e a

where o is the centre wavelength and 1 is the spectral bandwidthof the light source.
The interference pattern could only be successfully formed if the optical path difference
(OPD) between the two interfering beams is lesser than theclof the light source. This
means that having a light source with high coherence length ideal as it would be easier

to align the beams to ensure the OPD is within the limits of the.lAlso, the L limits the
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maximum size of the interference pattern. Hence lasers with longclare typically

preferred to be used in IL.
3.1.2 Theoretical Simulation for Validation of the Interference Pattern

Tectt o' Z7co% f3™IZZie the'thegretical formulation, it is also possible to
use theoretical simulation tools to assist in visualisation and confirmation of the
interference pattern. Finite-difference time-domain (FDTD) is a welideveloped
numerical analysis technique used primarily for finding approximate solutions to

fE8™tZZie 1*“—f-istvidéN Sised ® model electromagnetic wave interactions

The intensity distribution of interfering waves can be simulated directly to verify the

interference pattern.|Figure 3.3|shows the simulated interference pattern formed bya

pair of s-polarized, 351 nm light source at45° angle of incidence

Figure 3.3: Simulatedintensity distribution showing the interference pattern

The periodicity of the simulated interference patterncanthen be measured by taking the

line profile plot in the x-direction which is shown inFigure 3.4{ The peak centresan then

be easilyidentified by a fitting program and the average distance between the peaks
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would correspond to the periodicity which is calculated to beapproximately 248.2 nm

(refer to Appendix E for the full calculation steps)

Figure 3.4: Line profile plot of the simulated interference pattern

For comparison purposes, the periodicity can also becalculated using Eqn (3.16) by

substituting in the sameparameters whichgive,

3 Uwge _ _
EL— Ntvzi e ‘uds;
tecevw!

Hence, the simulatednterference pattern generated using FDTD methods comparable
to the theoretical formulated model This confirms that FDTDis a highly accurate tool to
predict the expected interference patternof an IL systemThe main benefit of ugng FDTD
simulation is the ease in using the software ancklatively short time needed to solve the

model. Addition ally, more complex interference patterns formed by multbeam IL can

also be easily simulatechs shown inFigure 3.5| The simulated interference patterns are

consistent with the results from the literature where different lattice patterns were
generatedby adjusting the stae of polarizationindependently for two pairs of interfering

beams[163].
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Figure 3.5: Simulated interference pattern of (a) a pair of golarized light with a pair of p-polarized light,

and (b) two pair of spolarized light

Therefore, FDTD simulationis a useful technique to verify the resulting interference
pattern of an IL systemThis could potentially be usedfor the development of IL systers

for the fabrication of more complex periodic2D and 3Dfeatures.
3.2  Experiment al Validation of IL System

To keep within the limits of the coherence length, most IL sysins use a single light

source andemploy beam splitters to split the light beam into the desired number of sub

beams.There are a variety of methods for beam splitting and they aiustrated in|Figure

3.6

Figure 3.6: Beam splittingby (a) partially reflecting mirror, (b) cube-beam splitter, (c) opticalfibres,

and (d) diffraction gratings
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A partially reflecting mirror is formed by coating a thin layer of reflecting material over a

transparent substrate or sometimes, pellicles of the reflecting materiatan be directly
mounted on a frameWhen light is incident on the material,a portion of the light passes
through while another portion of the light is reflected off the material As a result, the
incident light is split along two light paths A aube beam splitter is formed by attaching
two prisms on one of their facesThe interface would first be coated with a partially
reflective material to achieve the same effect amspartially reflecti ve mirror. Alternatively,
multiple optical fibres can also be spliced together to create single-input-multiple -
output (SIMO)optical fibre [202]. As light enters one end of the optical filve, it would be
split into multi ple sub-beam asthey exit from each end of the spliced optidafibre. A
diffraction grating can also work like a beam splitterwhere incident light is diffracted

into many individual sub-beams.

Each method has its own merits and shortcomingsvhen used in an IL system The

following sections will discusstwo different IL system, one based on a diffraction grating
and another based ona SIMOoptical fibre. The primary objective of developing an IL
system is tofabricate high resolution, nanoscale grating features which wibe developed

into a grating coupled SPR biosensor.

3.2.1 Diffraction Grating -Based IL System

The diffraction grating-based IL system is well reported in thditerature from previous
researchwork done by the groupand the schematic of the system is illustrateth Figure
3.7 [203]. The diffraction grating is a custom fabricated phase cross grating (Ibsen
Photonics Pte Ltd) which diffacts a perpendicularly incident light into a single zeroth
order beam and fourfirst-order beams at 45° from the normal axisThe laser source is an

argon-gas laser (Coherent Inc.lnnova® 90C) configured to emit circularly polarized
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laser light at a364 nm wavelengthin continuous wave mode After the light is diffracted,

UV mirrors were then used to direct the beams onto the sample stage to generate the
interference pattern. Linear polarizers and attenuators were also added along the optical
path to ensure the maximum contrast is achieved in the interference pattern. A hard stop
was alsoaddedto block the zeroth-order beam since only two beams are necessary for
producing the 1D grating patten. To record the interference patten, the sample must
first be prepared by coating a layer of photoresis{refer to Appendix F for thedetailed
steps on sample preparation and recording of thenterference pattern). After exposing
the photoresist to the nterference pattern, the photoresist is developed and inspected
under a scanning electron microscope (SEM) to confirm the quality of the fabricated

features.

Figure 3.7: Schematic ofjrating-based IL system

The primary advantage of thidL systemis that multiple beams can be achieved with just
a single optical componentThis can simplify the alignment process as there are lesser
optical components.Addition ally, the phase, intensityand polarization of eachbeamcan

also be independently controlled to produce different patternsThe mirrors can also be

tilted to achieve a desired angle of incidencék) asmodelled in|Figure 3.8a. Each degree

of tilt or rotation in the mirror ( ki) towards the sample, wouldincreasethe incidence
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angle of the beans on the mirrors ( i). Snce the first-order beams diffract from the

grating at afixed angle of45°, therefore, i can be expressed as,

&g L VWE &g, ‘udt;
According to the laws of reflection, the angle of reflection of a light ray leaving a surface
would always be exactly equal to the angle of incidence of the incident light rg04].

Therefore,the relationship betweenthe reflectance angle of the bearteaving the mirror

surface (r) and ican be given as,
&p L ag ‘udu;

Hence the relation between it and Ecan be established by simpleirigonometry and

substituting Eqn (3.22) and Eqgn (3.23where,

él'JI— {rl F :ékp E argjl;
L{r' FIVWE &4;E &g
LVWF tag Tudv;
Therefore, it can be concluded tha¢very degree of increment in kit would reduce the E

by double the amount.Substituting thisinto Eqn (3.16), we can establish the relationship

between kit and the periodicity of the resulting interference pattern formed, which is

plotted in[Figure 3.8,

Py ’
l II'(‘-VWFtarg'yr

By using this formula, it is easy to adjust and system to achieve a targeted periodicity.
This alsosuggests that a diffraction gratingbased ILsystemhas the potential to be used
for the fabrication of periodic features ranging from a few hundreds of nanometres (nm)

to a few micrometres (um).
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Figure 3.8: (a) Changingangle of incidencewith mirror tilt, (b) plot of periodicity against mirror tilt

To validate the IL system the targeted periodicityis set to 500 nm.Therefore, based on
Egn (3.25),the tilt angle of the mirrors is calculated to beapproximately 11.8° After

adjusting the mirror, the interference pattern is recorded in the phdoresist and SEM

image of the sample is shown ifFigure 3.9a. The image is furtheranalysel in ImageJ to

extract the plot profile of the grating featureswhich is presented inFigure 3.9p.

Figure 3.9: (a) SEMimage of the grating pattern and (b) plot profile showinghe position of the peaks

From the plot profile, the position of the peaks can be easiigentified, and the periodicity
of the grating features can be estimated from the average distance betweeach peak to

be approximately 526.8 nm.This value is near the targeted value of 500 nm and the
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reason forerror can bemainly attributed to the low precision of the rotation stage which

only has a precision of 1°.Additionally, it is important that the sample stage and
diffraction grating are all perfectly parallel to the »-plane so that all the angles are
referencedexactly to the same datumNonetheless, the results validated the capability of

the diffraction grating-basedIL system in producing nanosale grating features.

One major limitation of the diffraction grating-based IL system is thesheer amount of

optomechanical and optical componerg which is modelled iriFigure 3.10{ Many of these

components (such as the kinematic mounts) are necessary to allow the beams to be
perfectly aligned and to allow minor adjustments if needed.However, due to the
proximity of the components, there is limited space to access tteample stage or the
adjustment knobs of the mounts, making it difficult to align the beams. Thomponents
could be spaced further apart, but the the height of the system would also have to be

increasedproportionally .

Figure 3.10: Model of thediffraction grating-based IL system
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This limitation is especially prevalent whenthe angle of incidence is adjusted to realised

patterns with different periodicity as illustrated in|Figure 3.11a.Due to the trigopnometric

"tZf-<'eeSc’a —SF Stc%S— t< ittt @ "' —St %o"f—<*% -
beams interfere varies according to the angle of incidence. Thissthnce is significantly
smaller at alarger angle of incidences as compared to themaller angle of incidences.To
demonstrate this, the distance between the two mirrorsis fixed at 50 cmwhile the

mirrors are tilted to vary the angle of incidenceThe rfZ f —<‘eeS<’ |- ™ fHyeis & feot

plotted in|Figure 3.11b which shows thatto tilt the mirror in the range of £ 20°, thetravel

range required for oce ™ ‘beZrdm approximately 25 cm to 250 cm This would be
impractical as the optomechanical components would be unnecessarily bulky.
Additionally, it would be difficult to align the optics over such a long distance as the

alignment error would be magnified significantly.

Figure 3.11: (a) Mirror tilt resulting in different height, (b) plot of height difference against mirror tilt

Therefore, there is a tradeoff between havingenough space to access the components
and the flexibility in achieving different patterns using the IL system. Hence, the
diffraction grating-based IL system may not be suitable for the mass production of grating

features for SPR biosensors as it it asversatile.
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3.2.2 Flexible Optical Fibr e-Based IL System

Besides serving as a beam splittera SIMO optical filse would also provide a flexible
medium for beam delivery.The main benefit of this is that the end faces of the optical
fibre can be repositionedeasily for delivery of the sub-beams at adesired angle of
incidence without the use of mirrors or reflectors. Additionally, the polarization and
intensity of each of the sukbeams canalso be independently controlled to maximize the
contrast and generate different patterns Hence, anoptical fibre-based interference
lithography (OFIL) systemwould greatly enhance the versatility of an IL system and

greatly reduce its complexity The schematianodel of the proposedOFILsystem is shown

in|Figure 3.12

Figure 3.12: Schematic of thedlevelopedOFIL system

A diode-pumped solid-state laser (CNI Coltd.) with 405 nm emission wavelengthwas
selected as the light sourcevhoselong coherence length (31 m) is ideal for IL. The optical
fibre is designed to be singlemode for 405 nm and the input end is splitusing a custom

fabricated fusedfibre splitter (FONT Co.)into two output ends with a 50:50 splitting ratio.
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The input end was first mounted on a fitre launch systemwith 3-axis adjustability

(Thorlabs Inc.)to ensuremaximum coupling of laser light into the opticalfibre. A 0.0 NA
4x microscope objective (Olympus Corp.)was also used to tightly focusand couplethe
laser light into the optical fibre. Eachof the output ends was then mounted on separate
optical rails which areattachedto individual rotation stages that are aligned orthe same
rotation axis. Therefore, the interference plane would always be at the same distance
from the fibre output end regardless of the rotation anglewhich reduces the need to

realign the laser beam after each adjustmenf cage system was also instat at each

optical rail for mounting of different optical components asshown in|Figure 3.13| Optical

components, such as polarizers and lens, can basily added to thesystem in a controlled
way to reshape the beams for achieving the desired contrast, type of interference pattern
and pattern area The cage system makes it easy to add or remove the optical components

and simplify the alignment process with improves the ase of use of the OFIL system.

Figure 3.13: Model of thecage system used in th©FIL system

In the system, a filbe collimator was attached directly to the fitre end face to collimate
the laser beamas it exits the optical fibre. Aseries ofplano-convexlenseswere then used

to expand the diameter of the sudbeams to approximately 5 mm. Ainear polarizer was
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also added to ensure the sulbeams are spolarized for the best contrast in the

interference pattern. The versatility of this system is demonstrated by fabricating 1D

grating features with different periodicities by rotating the optical rails to realise

different angles of incidencg.Table 3.1|shows the targeted periodicity (&) valuesin the

interference pattern and thenecessaryangle of incidencevascalculated using Eqn (3.15.
The achieved ormeasured periodicity ( &) of the fabricated 1D grating features is also
given in the third column for comparison purposes. These values are calculated by
analysing the line profile plot of the SEM imagesBased on the measured periodicity
values, it is possible taderive and estimate the actual angle of incidenci®r generating
the interference pattern which is given in the last columnThere is very little error
between the two values which suggest that the rotation stages are ffigiently accurate

enough for geneating patterns ranging from 500 nm to 1,500 nm.

Table 3.1: Required angle of incidence for the targeted periodicity and the actuathievedperiodicity

Targeted Required angle of Achieved / Estimated angle
periodicity (&) <o <tfe. r_negs_ured of incidence
periodicity (&)
500 nm 23.89° 514 nm 23.2°
1,000 nm 11.68° 980 nm 11.9°
1,500 nm 7.27° 1,646 nm 7.1°

The SEM images of the differertD grating featuresand the respectiveline profile plots

extracted from the SEM imageare shown inFigure 3.14{ In the figure, each column is a

set of three imageswith the corresponding & values labelled at the top while the
respective & valuesare given at the bottom of the figure.The images in the top rows
show the featuresat 3,500x magnification while the imagesin the middle row are ata
higher magnification of 20,000x. The respective lineprofile plot of the grating featuresis

extracted from the SEM images and given at the images at the last rowThe grating
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features are observedo be uniformly distributed throughout the entire patterned area

and haverelatively good contrast.Hence this demonstrates the potential ofthe OFIL

systemas a highly versatile method for the fabrication of grating features witta wide

range of periodicity .

Figure 3.14: SEM images of thgrating features at @)-(c) 3,500x%, and (d)-(f) 20,000x magnification.
(9)-(i) Line profile plot of the respective grating featuresextracted from the SEM images

The &of the grating featuresis labelled at the top of each column while the& is given at the bottom.

A possible explanation for the difference betweenthe &and & valuesof the 1D grating
features could be attributed to thezero error with respect to the interference plane and

due to the accuracy of the rotation stage (1° resolution)One possiblemethod to reduce
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this error isto replace the rotation stags with motorised rotation stagesto achievemore

precise control of the angle of incidenceDifferent optical components such as flat-top
beam shapercan also be added to modify the beam profile to achieve a more unifoeth

intensity distribution in the interference pattern which is ideal for IL.
3.3  Grating Coupled SPR Biosensorfor Sucrose Sensing

The potential of using the IL as @ alternative method to fabricate low-cost biosensors
was demonstrated by developing the grating features in a grating coupled SPR biosensor.
For demonstration, a grating couple SPR biosensor was dewpéd for sucrose sensing.
Before the grating features were fabricated, theoretical studies werfrst conducted to
optimise the grating design for optimum coupling of light and sensitivity in the biosensor.
Next, the grating features were fabricated usinghe OFIL system and developed into a

grating coupled SPRsucrosebiosensor.
3.3.1 Parametric Sudy for Optimisation of Grating Coupled SPRBiosensor Design

As discussed previouslythe resonance condition for a grating coupled SPR biosensor is

given bycombining Eqn (2.1) and Egn (2.3) which give

LYY i . te .

Yo —— L glpe<AEs — Tudx;
&

The main variables influencing the resonance condition is the effective permittivity of the

metal-dielectric interface. Since the metal coatig remains unchanged, thereforekspis

only sensitive to the relative permittivity of the dielectric layer ( # which has the

following relationship,
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3 L ¥ 3, Tudy;

where Jis the permeability of the dielectric material. Therefore, any change in th&I of
the dielectric medium (/) would also affectkspand result in a shift in the resonance

condition. Hencean SPR biosensor is effectively a Rl sensor.

Due to the dispersion of light, each wavelength would diffract at different angle, hence,

a grating coupled SPR system has the advantage of being able to be configured for both

angular and spectral interrogation mode as shown in|Figure 3.15| In angular

interrogation mode, the wavelength of the light would be fixed by using a laser source
while the angle of incidence isslowly scanned Due to this, theangle in which thelight
diffracts is changedwhich increase in the magnitude of the wave vedor along the
interface direction. When thewave vectorincreases until it matches that of the SP, the
resonance condition is satisfied which results in a drop in the reflectance of the diffracted

light.

In wavelength interrogation mode, a broadband lightsource is used while the angle of
incidence remains constant. A spectrometer would then be employed to measure the
spectrum of the reflected or transmitted light after it is incident on the gratingAs each
wavelength of light ha a distinctive wave vecta, the angle in which theindividual
wavelengths of light diffract is also different. Hence there would be a particular
wavelength would have awave vectorthat perfectly matches that of the 8. Therefore,
the resonance wavelength can be easily identified by monitoring the spectrum of the
reflected light asthe reflectance at that wavelength would be significantly reducedas

compared to the other wavelengths.
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Figure 3.15: Gratingcoupled SPRbiosensorin (a) angular, and (b)spectralinterrogation mode

The primary advantage of spectral interrogationover angular interrogation mode is the
ability to achieve real-time sensing as the entire optical spectral sital can be captured
within a very short samplingtime. Hence,spectral interrogation modeis selected for the
design of thegrating coupled biosensor. This chapter will primarily focus on spectral
interrogation mode while the spectral interrogation designwill be discussed in the next

chapter.

The spectral responseis targeted to be in the wavelength band from visible tmear-
infrared (NIR) as the light source and spectrometers in this wavelength range are readily
available and easy to alignin this context, a parametric study was undertaken using
FDTD simulations to understand the effects of the variougeometric parameters of the

grating features on the performance of the SPR biosensorThe grating geometric

parametersare defined irfFigure 3.16

Figure 3.16: Definitions of theimportant geometric parameters of a grating
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In the FDTD simulations, thematerial for the grating and the underlying metal film was

chosen to be gold (Aulwhich is conventionally used for SPR biosensomue to its good

biocompatibility . As shown inFigure 3.17| the light source was set to incident normally

(purple arrow indicates the propagation direction) on the grating features and the
spectrum of the reflectedlight is monitored. The light source isalsoset to be ppolarized
(blue arrow indicates the polarization angle)from 400 nm to 1,000 nm The background
(black region) is in a dielectric medium with a refractive index (RI) of 1.33 to simulate a
sample fluid which is deionised water (DI water)and substrate (red region) is set as

silicon (Si).

Figure 3.17: FDTD simulationscreenin (a) x-z view, and (b) perspective view

Onecritical figure of merit used to assessthe performance of the SPR biosensor ihe
coupling efficiency between the optical light and the SP at thpoint of resonance Ideally,
the coupling should be maximisedo have a very high signal to noise ratio so that the
resonance wavelength can be easily identifieddence, the followng parametric study
aims to investigate the most optimum grating geometry and dimensions to ensure the

SPR signal can beasily identifi ed for sensing.

The simulation is to determine the minimum thickness necessary for theetal film layer

and the simulation result is shown ir[Figure 3.18a. As can be sen from the figure, T the
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layer is too thin (30 nm), it would not be possible to support SP as the waves would

penetrate through the metal film and reach the substrate layewhich results in poor
coupling efficiency. As the layer thickness increases, tkeupling efficiency also increases
until it reachesthe maximum (50 nm). Therefore, the optimum metal film thickness is set

to 50 nmas there is no extra benefit in using excess material

Next, the second set of simulation is to determine the optimum grating height and the

result is shown in[Figure 3.18p. From the result, the grating height should ideally be

around 250 nm to 260 nm for maximum coupling efficiencyHowever, it is also important

to note that the grating height would alscaffectthe resonance wavelength.

Figure 3.18: Simulated reflectance plotwith varying (a) metal film thickness, and (b)grating height

The nextsetof simulations is to determine theperiodicity of the grating featureand the

result is shown in|Figure 3.19a. Based on Eqgn(3.26), we can expect the resonance

condition to change significantly with varying grating periodicity. This is confirmed by
the simulation result where the resonance wavelendt increases with increasing
periodicity . Therefore, choosing the appropriate periodicity is important as it would

control the operating wavelength of the SPR biosensoiSince the IL system has
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demonstrated its potential in fabricating grating features with500 nm and the expected

resonance wavelength is also in the targeted wavelength range, therefore, the periodicity

of the grating is fixed at 500 nm.

Finally, the last set of simulation for the parametric study is to determine the duty cycle

of the grating and the result is given iTFigure 3.19b. From the result, a duty cycle of 0.5

gives the maximum coupling efficiency. A higher or lower duty cycle would reduce the
coupling efficiency which is indicated by an increased reflectance at the resonance
wavelength. The targeted duty cycle of grating features can be easily modified by

controlling the exposure dose of the laser beam in the IL system.

Figure 3.19: Simulated reflectance plot with varying (a)grating periodicity, and (b) duty cycle

Based onthe optimised parameters, the sensitivity of the SPR biosensor can also be
estimated by increasing the RI of the samplefluid to simulate the increasing

concentration of sucroseFor the biosensor to be effective, its sensitivity should ideally
be as high as possiblevhich is defined as the shift in the resonance wavelength shift for

each increase in refractive index uni{RIU).

For comparison purposesthe optimised Au grating design will be compared against a

grating made of photoresist material. A photoresist grating would be beneficial in
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reducing the fabrication steps for producing the SPR biosensordherefore, this

simulation will be used to benchmark the theoretical sensitivity between the two

materials when used in a grating coupled SPR biosensor.

The simulation was firstconductedwith a sample fluid that has a RI of 1.38nd repeated
with a Rl of 1.34.Next, the Ai grating is replaced with a photoresist grating and the

simulation is repeated. The simulated reflectance plot ofboth grating designs is

presented inlFigure 3.20(where the solid lines are fora Rlof 1.33 and the dashedlines

correspond toa Rlof 1.34.

Figure 3.20: Simulatedreflectanceplots for the two different grating desigrs

atRIl = 1.3 (solid line) and RI = 1.3} (dotted line)

For both designs,the resonance wavelength can bélentified by the sharp dip in the
reflectance. However, the coupling efficiency of the photoresist grating is very poor as
compared to the Au grating designThis could be due to avariation in the refractive
indices of the different layers Nonetheless, lte sensitivity of each grating designs then

calculated by dividing the wavelength shift by the RI change in the sample flughd given

in|Table3.2
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Table 3.2: Regpective resonance wavelength and sensitivity of the different grating designs

Resonance Resonance Senzjzizéty’
Grating design wavelength, 11(hm) | wavelength, Iz (nm) TJ
[n1 = 1.%] [nz = 1.34] (nm/RI)
Au grating 696.848 701.601 475.3
Photoresist grating 718.109 720.610 250.1

From the table,the photoresist grating designhas alower sensitivity as comparedto the
Au grating design.This suggess that having a high coupling efficiency would also have a
direct relation to the sensitivity of the biosensorNext, the next step would be to fabricate
the grating features as per the optimised design and transfer the pattern into the Au

material for experimental validation of the SPR biosensor.

3.3.2 Experimental Validation of the Grating -Coupled SPR Biosensor

A two-step lift-off process was used to fabricate théu grating features as outlined in

Figure 3.21| First, 50 nm layer of Au is sputtered over the Siwith a 3-5 nm layer of

chromium (Cr) adhesion Next, & approximately s J «thick layer of photoresist is spir
coated over the Au layer and the OFIL system is used to generatkD grating interference
pattern with 500 nm periodicity. To control the duty cycle of the Au grating feature, the
exposure dose of the laser beam is varied to achieve a duycle of about 0.5. After the
desired pattern is formed in the photoresist, the second layer of Au which is
approximately 250 nm thick is deposited over the patterned photoresistThe Au would
fill the gaps in between the grating features anthus, thedesired Au gratingfeaturesare
fabricated. Subsequently, the photoresist is liftoff in an acetone bathwhich removes the

photoresist grating pattern and the desired Au grating pattern is left on the Si substrate.
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Figure 3.21: Au gating fabrication process usingthe lift -off method

The Au grating was then developed as @ SPR bigensor in the spectral interrogation

mode as shown iTFigure 3.22| A broadband halogen light source is first collimated and

directed through a polarizer and acube beam splitter to incident TM polarized light
normally to the surface of theAu grating. The rdlected light from the Au grating is then
collected by a collector lens which is coupled to a spectrometer (USB4000, Ocean Optics,
Inc.). The fluidic cell is formedfrom polydimethylsiloxane (PDMS (SYLGARD szv

silicone elastomer, Dow Inc.sing soft lithography.

Figure 3.22: Schematic model of the grating coupled biosensor in spectral interrogation mode
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Fluids with different concentrations of sucrosewere then introduced into the fluidic cell

through the inlet and outlet of thefluidic cell. As the fluid covers the surface o the grating,

the reflection spectraare captured and shown iTFigure 3.23a. From the figure, a sharp

dip in the reflection spectrais observed at the resonance wavelength for all the sample
fluids and there is a redshift with increasing sucrose concentration. This confirms that
the sucrose concentration has a direcgffect on the refractive index of the sample fluid
which would affect the resonance condition at the metalliclielectric interface formed by
the gold and sucrose fluid. Theexperiment was repeated 3 timesto determine the

average resonance wavelength valigeand the respective sucrose concentration values

were then converted intothe respectiverefractive indicesas shownin|Figure 3.23p [205].

From this, the sensitivity ofthe SPRsensor can be estimated from the linear fit to be

267.29 + 9.91 nm/ Rl unit.

Figure 3.23: (a) Spectrum of the reflected light for each sucrose concentration,

(b) plot of the observed resonance wavelength againshe refractive index

To confirm that the reflectance is indeed due to theéSPReffect, aseparate control
experiment was also performedFor the first controlled experiment, the polarzation was

changedfrom p-polarized to spolarized light. The spectrum of the reflected lightis
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plotted in [Figure 3.24a. For the spolarized light, there is no distinctive drop in the

reflectancewhich indicates that there is no resonant coupled of light to excite the Skhis

is because the poladation direction is now perpendicular to the grating direction, and
therefore, thediffracted light would have awave vectorthat is orthogonal to the interface

and cannot excite the SP

Next, the experiment was repeated by taking the reflection spectrum of DI wateirdctly

on anAu coated Si substrate without any grating featureS.he resultsof this experiment

aregiven inFigure 3.24p. For both p-polarized and spolarized light, the reflectance curve

is flat and the distinctive drop in reflectance is absentThis confirms that the grating
features are indeed able to couple incident light to excite the SPTherefore, this
demonstrates the potential of using the OFIL téabricate grating featureswhich can be

developed into a grating coupled SPR biosensor.

Figure 3.24: Spectrum of the reflected lightin s-polarization and p-polarized for the

(a) substrate with Au grating, and (b)substrate without any Au grating

3.4  Summary and Discussions

In summary, the versatility and robustnessthe OFIL systemis demonstrated by the

fabrication of grating patterns with periodicities ranging from 514 nm to 1,646 nm in an
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area ofapproximately 5 mm in diameter. The patterned areacould also be easilywaried

by adjusting the distance between the lens ousing a lenswith different focal length
without affecting the alignment of the laser beamdAs a result, the time needed to readjust
and realign the optics for realsing different interference pattern or a specific design is
significantly reduced. Additionally, the lser beam is expanded only to the desired pattern
areawhich resultsin minimal energylosses as the unnecessary regions are not patterned.
Therefore, it is envisionedthat the OHL system could be easily integrated withother
micro and nanoscale fabricatio processessuch as additive manufacturing techniques
which would allow greater versatility and efficiency in the fabrication of micro nanoscale
features for the massproduction of photonic devices, such adiosensors and labon-a-
chip devices for medicaland healthcare applicationswhich could be one of the potential

future research directions.

Also, the grating featuresfabricated by the OFIL system were developed into a grating
coupled SPR biosensor for sucrose sensiffgDTD simulations were first used to optimise
the grating design formaximum sensitivity and the theoretical sensitivity is 475.3 nm/RI.
Using the OFIL sgtem, the desired grating features were fabricated andoupled with a
PDMS fluidic cell to form the SPR biosensofhe SPR biosensocan sense different
concentrations of sucrose with a sensitivity oapproximately 267.29nm/RI. This value is
much lower than the theoretical value which could be attributed tovariation in the duty

cycle ofgrating features.

As the optical fibreused in the OFIL systems singlemode, the laser beams exiting the
optical fibre would have a beam profile that is similar to a @issian beam profile
Therefore, the intensity distribution of the interference pattern is not constant

throughout the entire region which results inthe centre region receivng higher exposure
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dose as compared to theeripheral areas.This deviation in exposure dose would cause

the grating features to havevarying linewidths which would prevent the coupling of light
for excitation of the SP waveThis problem could potentially be minimised by using a flat
top beam shaper to redistribute the intensity to be morainiformed (flat-top profile) and

achieve a flat phase front.
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CHAPTER 4

GOLD NANGURCHINS ENHANCED SPR BIOSENSORS

FOR DISEASES DETECTION

This chapter investigates the potential of using nanomaterial tdurther enhance the field
confinement of surface plasmons in an SPR bioseriSost, a conventional prism coupled
SPR biosesor was studied usintheoretical simulation and experimental validationsA pair

of highly precise rotation stage was employed to ensure good repeatability and high
accuracy in the angular interrogation modeThe next section compares different
geometriesof nanomaterials and the effect on amplifying thehift in the resonancengle
when coupled to a SPR biosensdfor demonstrationan LSPR biosensor based on Au nano
urchins was developed intoreA >sensor which coulde used for the earlydetection of AD.
Furthermore, the Au nancurchinswasalsointegrated into a nanomaterial enhancedsSPR
biosensorwith improved sensitivity for thedetecion of ER=which is a common female

breast cancer marker.

4.1  Conventional Prism Coupled SPR Biosensor

Dueto its good stability and relative ease in fabrication, prism coupled SPR biosensor
configuration has found huge successand popularity in biomedical research. Though
most of the commercially available SPR biosensors are based on the prism coupled design,
its bulky size limits its portability. Nonethelesswith the improvement in nanofabrication
technologies it may soon be possible to fabricate prism coupled SPR biosensors using
integrated optics design. This way, the biosensor would be more portable anstill be

highly sensitivewith arelatively low manufacturing cost.
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A prism coupled SPR biosensor can be set up in eith@tto configuration or Kretschmann
configuration [131]. In the Otto configuration, the sample fluid is sandwiched between
the prism and a metal substrate however, it is challenging to realise theaequired
separation gap in the fluid as it is very small. Alternatively, in the Kretschmann
configuration, a thin layer of metal is coated directly on the prism and the sample fluid
flows across the metalcoated surfaceThis metal layerthicknessis within the near-field
region (< | u sothat the evanescent wavgEW), generateddue to the attenuated total
reflection (ATR) of light, can penetrate through it and excite the surface plasmon (SP)

wave at the other side of the metal layer.

For resonance to be achievedhe wave vectors of the EW and the SP must be propagating
the same direction and have equal momentum (i.&sp = kew). If this condition is met,
then the energy from the EW would be transferred to excite the SP. HenEgn (2.1) and

Eqgn (2.2) are equal and the resonanceondition can be given as,
bl oo

NAIE
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The resonance conditionn aprism coupled SPR biosensacan be observed ireither the
angular interrogation mode or spectral interrogation mode.In the angular interrogation
mode, theangle of incidenceis the varied parameter while the reflectance is measured
using a photodetector Alternatively, a spatially sensitive photodetector can also be used
to detect the shit in resonance angleWhen the resonance condition is satisfied, energy
from the incident light is transferred to generate the EW which couples resonantly with

the SP resulting in a loss of energy in the reflected light. Therefore, the resonance angle
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is identified as the point with the lowest reflectanceln the spectral interrogation mode,
a broadband light source is incident on the prism and the reflected spectrum is measured
using a spectrometer. As the spectral interrogation method has been discusseddetail
in the previous chapter, this chapter would focus on the angular interrogatiotechnique

instead.

4.1.1 Theoretical Simulation of a Prism Coupled SPRBiosensor

Before the prism coupled SPR biosensor is validad experimentally, FDTD simulation
was used to determine the optimal thickness of the metal layerto ensure the greatest
coupling efficiency.This is the most important parameter as the metal layer must be thick
enough to support the propagating of the SP wave while also be thin enough so ttz
EW can be able to couple through to excite the SP waxyel is selecedto form the metal
layer asit has the best biocompatibility and is relatively stable in atmospheric conditions.
A BK7prism is modelled with varying thickness of Awand illuminated with a p-polarized,

632.8 nm wavelength light source. The angle of incidence is varied in steps of 0°@tith

abackground Rl is set to 1.0@nd the result is shown irlFigure4.1 where the various SPR

reflectance plotsare simulated with different Au thickness from 10nm to 100 nm.

Figure 4.1: Simulated SPR reflectance plots with varying Au thickness (nm)
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From the graphs, 50 nmthick Au has the best coupling efficiency where the reflectance is
the lowest at the resonance angle,dnce,the Au thickness isselected to be50 nm. Next,
the sensitivity of the prism coupled SPR biosensor can be estimatég repeatng the

simulation with a background RI of 1.01The SPR reflectance plots of bothackground

RI are plotted irfFigure 4.2|and a clear shift in the resonance angle can be observ&dhen

the Rl was 1.00, The resonance angle wd6.75° when the Rl was 1.00 and it washifted

to 47.91° when the RI was increased to D1. Therefore, it can be concluded that the
resonanceof a prism coupled SPR biosens@hould increase with increasing Rl in the
sample fluid andthe theoretical sensitivity can be defined as the resultant shift in the

resonance angle per change in the Rihich is estimated to bel16°/RI.

Figure 4.2: Simulated SPReflectanceplots showing the shift in resonance angle due to differerl
4.1.2 Experimental Validation of a Prism -Coupled SPRBiosensor

Instead of coating the Au layer directly on the prism, the Au is deposited orBK7 (RI of
1.515 at 632.8 nm) glass slideand is attached to the BK7 prism using a refractive index
matching fluid (Series A Refractive Index Liquid no = 1.5000 + 0.0002,Carglle

Laboratories) to improve the optical contact between the two surfacesThis way, the
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prism can be mounted permanently to the SPR system and the glass slide can be swapped
easily. This approach is much more cosffective as only the glass slides arevapped out

for each sample and the flat surface is less challenging for preparing the sample.

A 50 nm thick gold (Au) layer isthen sputtered on the glass slide with a thin layer of
chromium (Cr) as the adhesion layer. The sputtering equipment is first darated to
determine the required deposition time for achieving the targeted thickness. This is
accomplished by the deposition of multiple samples with various deposition durations.
The thickness of each sample is then verified using atomic force microsgofAFM) which
gives the relationship between the thickness of the metal film with respect to their
respective deposition time. Based on the linear fit, the deposition rate is calculated to be

around 6 nm/min and the deposition duration necessary for deposing 50 nm Au is

determined to be around 8 min. Based on the AFM measurement as showjirigure 4.34,

the step height is measured to be around 50 nm and the roughness of the Au film is also

given inlFigure 4.3p which shows relatively good uniformity.

Figure 4.3: (a) AFM image of Au film near the edge and the step height measurement, and

(b) roughness measurement of the Au film

The Au coated glass slide ithen coupled to the prism coupled SPR system as illustrated

in|Figure 4.4| Alinearly polarized helium-neon (He-Ne) gas laser with approximately
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632.8 nm emission wavelength is selected as the light source and a linear polar is
used to ensure that the light is ppolarized so that it can be used for excitation of the SP.
To vary the incidence angle of the light, the prism iattached to a prism tablewhich is
mounted on a rotation stage.The intensity of the reflected light is then measuredby a
photodetector which is mounted ona separate rotation stageand the detected intensity

valueis displayed on a power meter

Figure 4.4: Schematic illustration of the SPR saip in Kretschmann configuration

Thetwo rotation stages (Standa.td.) are mounted on a special mount which allows both

rotation stage to rotate about the same axis with full 360° continuous travel rangas

shown inFigure 4.5( They are also mtorised and can achieve a minimum step size 675

arcsec with a repeatability of 40 arcsec.To minimise any errors and to ensure high
repeatability, a LabvVIEW program wasalsodevelopedto interface the tworotation stages
and thepower meter for measuring the SPR reflectiorturves(refer to Appendix G for the

LabMEW program).
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Figure 4.5: Model of the prism coupled SPR biosensor system

8t 'Z— ° 8% " 7% . —fe.t f%ofcoom —SF fe%eZt " <o <tte..t

plotted in |Figure 4.6 showing the resonance angle to beapproximately 46.6°. For

comparison purposes, the experiment was repeated by usingna-polarized light.

Figure 4.6: Measured reflectanceagainstthe angle of incidencefor p-polarized and spolarized light

From the graph,thereis a sharp drop in the reflectance when the light ip- polarized. The
drop in reflectance isabsent when the light is spolarized, and the reflectance instead

remains high after a certain angle whichis consistent with the phenomenon of total
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internal reflection of light in a prism. Therefore, thisindicates that it is indeed possible to

couple p-polarized light to excitethe SFAn the prism coupled configuration.

The system isrelatively simple and easy toalign and requireslimited optical components
The resonance anglean also beobserved and identified However, prism coupled SPR
biosensor has been reported tohave poor detection limit and isunable to detectan ultra-
low concentration of analytes or smaller biomolecules such as DNRherefore, the later
sectionsof this chapter will introduce a potential signal amplification methodfor a prism
coupled SPR biosensoby using nanomaterials Typically, nanomaterials are useih LSPR
biosensor, however, recent reports havelemonstrated the potential ofusing integrating

nanomaterialsinto SPR biosensorso improve their sensitivity and detection limits.

4.2  Signal Enhancement using Nanomaterials

As discussed in the previous chapts, nanomaterials such as nanoparticlesan realise
localisedconfinement of electric field which are also known as localised surface plasmons
(LSP) The electric field intensities of LSPare typically orders of magnitudes greater than
surface plasmon (SP)waves. Therefore, the enhancedfield confinement would allow
LSPR biosensors to achieve relatively lower detection limitand better sensitivity as

compared to conventional SPR biosensors.

From literature, the field enhancement of thenanoparticlesis heavily influenced by its
geometric shapeand size For example, nanoparticles with urchinslike features would
have significantly higher field enhancement factors as compared to narspheres.This is
because the electric field would be higher concentrated at the tips of the sharp features
which means that any change in the surrounding medium would induce a greater shift in

the resonance condition. This would improve the sensitivity of the biosesor as the shift
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in the resonance condition is amplifiedAdditionally, the size of the nanoparticles would

also influence the resonance condition and field enhancement factor.

For demonstration, FDTD simulations were usedo simulate the electric field intensities
in Au nano urchins as compared to Au nanesphereswhen excited optically. To start.
both Au nano-spheres and naneurchins were modelled with a particle size of 100 nm
and the minimum mesh size of 0.2 nm was selected for theimulation as it has &
extinction wavelength near tothe laser used in our SPR system (@38 nm). These

nanoparticleswere first excited using a broadband light source from 400 nm 700 nm to

determine their respective extinction spectrum as shown inFigure 4.7a. The peak

extinction is at 608 nm and 637 nm for Au nanepheres (Figure 4.7p) and Au nane

urchins (Figure 4.7¢), respectively. This value would correspond to the resonance

wavelengh of the nanoparticles where the electric field enhancement is the greatest

which would be used to determine their respective field enharement factor.

Figure 4.7: (a) Theoretically simulated extinction spectrum for (b) Au nano-sphere, (diameter =100 nm)

and, (c) Au nancurchin (tip-to-tip distance =100 nm)
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Frequency domainpower monitors were used for the study of electric fieldintensity

around the structureswhen excited by a plane wave surce which corresponds to their

respective resonance wavelength valueg-igure 4.8shows the electric field intensity of

Au nanospheres and naneurchins, respectively. From the result, the field enhancement
factor of Au nanaeurchin is 1050 which is more than 7 times greater than the Au nanro
sphere value of 135Therefore, Au naneurchins would be a more effective nanomaterial
design as a higher field enhancement factahould lead to lower detection limits.The
greatest electric field intensity is also observed at thetips of the spiky nanostructures
which suggests that the geometric shape of the Au nanochins is highly advantageous

in LSPR biosensors.

Figure 4.8: Simulated electric field intensity and the field enhancement factor of the (a) Au nargphere,

and (b) Au nanceurchin (refer to Appendix H for the unscaled results)

With this information, the next step of the simulation study is to investigate thmfluence
of the size of the Au nanairchins on the electric field enhancementactor. The extinction

spectraof Au nanaurchins with different particle sizes were first simulated to determine

their individual resonance wavelengthas shown inFigure 4.9} It is observed that there is
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an increase in the resonance wavelength with a corresponding increase in the particle
size.Therefore, it is important to choose an excitation wavelengthequal tothe resonance

wavelength tomaximise theelectric field enhancenent factor of the nanoparticle

Figure4.9: Theoretically simulatedextinction spectrum for Au nancurchins with varying patrticle sizes

The electric field intensitiesof the Au naneurchins with varying particle sizeswere then

simulated by fixing the excitation wavelength at the& respective resonance wavelength.

Based on the result@s shown inFigure 4.10| as the size of the Au nanarchins decreases

from 100 to 80 nm and 60 nm, there is a corresponding drop in the enhancement factor.
The same is also true as the size increases from 100 nm to 120 nrherefore, it can be
concluded that Au nano-urchins with a particle size of 100 nm gives the highest field

enhancement factor which would be ideal for biosensing applications.
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Figure 4.10: Simulated electric field intensity of Au naneurchins with an average particle size of

(a) 60 nm, (b) 80 nm,(c) 100 nm,and (d) 120 nm (refer to Appendix H for the unscaled results)

4.2.1 Experimental Validation of the Gold Nano-Urchin LSPR Biosensor for

ZoeStcof"ie <offed f-t..—ce

Therefore,to demonstrate thepotential of Au nano-urchins as an effective nanoparticle
for biosensing, an Au nanairchins basedLSPR biosensowas developedfor sensingof
the fibrillation kinetics of betaamyloid 1-42 (A >-42). Rapid aggregation ofA >-42, which
is a protein abundant in the central nervous system of humans, results in the formation
of soluble oligomers known as Amyloid >derived diffusible ligands (ADDLS)[206].

Proteolytic activities of >and @ecretase on amyloid proteins leads to the formation of
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A >1.42 fibrils which trigger the onset of ZoeSt«ef”ie AD}[20%]. Therefore, it is
crucial to detectA x-42fibrillation at a very early stageso that preventative measures such
as medications or therapies caie introduced at an early stage to slow down or halt the

progression of AD.

Au nanourchins with an average particle size of 100 nm were purchasecbmmercially
(Sigma Aldrich). Based on the datasheet provide from the supplierhe density of the Au
nano-urchins is 0.1mM which is approximately 3.84 x 19particles/mL and is suspended
in phosphate-buffered saline (PBS) solutionThe purchased Au naneurchins were first

characterised using transmission electron microscopy to confirm its average particle size

and its urchin-like features.The TEM imageis shown inFigure 4.11(and from the image,

the average particle size of the nanairchins is confirmed to beapproximately 100 nm.
Additionally, from the image, the urchinlike features could be observed along the edges
of each particle The overlapping contrast also indicates that the features are three
dimensional. Theurchin features on the surface of thé\u nanc-urchins arealso randomly

orientated which would eliminate any possiblelattice resonance effect.

Figure 4.11: TEM image of the Au nanarchins
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The experimental setup of the LSPR biosensor is iIIustrated-lﬁgure 4.12| A dabilized

broadband light source (360 nm to 2600 nm) is used as the excitation sour@nd the

output is coupled directly to an optical fibre. A lens is then used to focus the light on the
sample which is contained within a cuvetteAs the transmitted light passes through the
sample, itis collectedby a collectorlens which focises the light into an optical fibre that

is coupled to aspectrometer.

Figure 4.12: Schematic model of the LSPR biosensor

The primary advantage of this system over commercially available spectroscopy
instruments is the relative ease in reconfiguring the setup according to different
requirements such asreplacing the spectrometer or light sourcewith one that has a
different wavelength range and the possibility ofmoving the focal spotto other regions
within the sample.To obtain the absorbancespectrum, the transmission value of the
cuvette and PBS solution is first measured to bhesed as the reference transmission data.
After which, the reference cuvette is replaced with the sample cuvette and the

transmission is measured againThetransmittance (T) of the sample can then béerived
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by subtracting the baseline of the reference transmission data’he absorbancgA) can
then be simply calculated byBeerLambert law by usingthe formula L FZ‘%p: ;

[208].

Figure 4.13: Absorption spectra of the sample (Au nanairchins in PBS with Ax.42)

at various incubation times

The A >.42 peptide sample for the biosensing experiment was purchased fromAbcam
(purity >95%). The A>.42 solution was prepared by mixing 1 mg of Az-42 in 100 pL of
sodium hydroxide (NaOH solution and diluted to a concentration of 1 mg/mL by adding
PBSThediluted samples were then aliquoted to 100 j parts and were stored at-200°C.
Samples forthe biosensing study werethen prepared by mixing 50 |L of A>-42 solution
with 500 pL of Au nancurchins. To prevent the Au naneurchins from being clustered
together in lumps,the Au nanourchins were first sonicated for more than 10 mins before

being mixed with the A >-42 solution. The solution was further diluted to 1 ni_. by PBS.To
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sense fibrillation stages of Ax-42, the absorbance study of the sample is performed at
various time intervals. Excitation oer the range500 nm to 800 nm is used to monitor

the change in absorption of Au nanairchins (650 nm peak) in the presence of A-42. The

spectrum data is recorded in every Bminute interval for a total time of90 minutes|Figure

4.13| shows the respective absorption spectra of the sample for the different A >.42

incubation times. A gradual reduction in Au naneurchin absorbance is observd with
increased incubationtime. To identify the LSPRabsorption peak of Au naneurchins with

the A >.42 sample,baseline correction is done based on thabsorption spectrum of PBS

There are two absorption peaks observed which corresponds to the Au naneurchins
peak and the mutual absorption contribution from PBS andA >-42. The &sorbance peak

intensity near to 650 nm corresponds to the LSPR peak of Au nanochins as shown in

Figure4.14pand itis used as the sensing parameter for the sensing o> fibrillation .

The absorption peak observednear the wavelength rangeof 741 nm is attributed to

mutual absorption contribution from PBS and Ax-42 as shown inFigure 4.14p. With an

increase in the incubation times, a decrease in absorbanceobserved.The shift in the
LSPRabsorbancepeakis due to the addition ofA >.42and NaOHwhich alters the RI of the
sample fluid. It is observed from the graph that theLSPRpeak intensity remains almost
constant until 10 minutes which indicates the lag phase of A-42. At this stage Ax-42
monomers slowly start getting aggregated. Since the solution lacks agglomerates, the
LSPR intensity of Au urchins is not getting affected at this stage. Rapid reductiol.®PR
peak intensity is observed in the time interval froml0 minutes to 70 minutes suggesting
the growth phase of Ax-42. Many A>.-42 fibrils are formed at this stage and these fibrils
tend to bind around Au naneurchins hindering their plasmonic response. This resulted

in the reduction of LSPR peak intensity. Amore and more fibrils surround Au nane
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urchins, LSPR intensity gets rapidly reduced. After 70 minutes, absorbance values remain
constant indicating the steady phase where A4 fibrillation has almost completed. It is
inferred from the results that LSPRpeak of Au naneurchins can be used as an efficient

sensing tool for the sensing of A-42 fibrillation.

Figure 4.14: Optical absorption spectrum ofa) Au nanaurchins, and (b)A >.42and PBS

Figure4.15ashows thenormalized LSPR peak intensity valuesxtracted fromFigure 4.13

to highlight the three fibrillation stages of A >-42. For comparison purposesfibrillation
kinetics of A>.42 was also tested using Thioflavin T (ThT) assay which is the standard
method used to confirm the activity of Ax-42 peptide. ThT emission gets enhanced when
it is bound to A>-42 fibrils. This emission feature of ThT is used for the detection of
various fibrillatio n stages of Ax-42. 100 pMof ThT stock solution isfirst diluted to 1uM
with de-ionised water and mixed with 100 pl of A>-42 solution. Emission studies were

performed then at an excitation wavelength of 410 nm which corresponds to the

absorption peak of ThT. Fluorescence intensity was measured every 10 minutgsSigure

4.15b shows the emission plot of ThT at various incubation times of A-42. The gowth

process of Ax.42 was observed to show three phaseslag phase, growth phase and steady

phase.A dight increase in emission intensityuntil 40 minutes indicates the seHassembly
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of A>-42 monomers during lag phase. After 40 minutgsa sharp increase in emission
intensity is observed which is due tdhe binding of alarge number of Ax.42 fibrils to ThT
during the growth phase. After 60 minutesthe fibrillation reaches a steady phase beyond
andthere is no notable increase in ThT emission. Though ThT can sense-4 fibrillation,
due to the possible disadvantage of croseactivity and non-specific binding, labelfree
LSPR based sensing can be a better option for biosensifidne LSPR peak intensity
changes even at a small interval of 5 minutes suggéesj the sensitivity of LSPR peak of

Au nana-urchins for biosensing applications.

Figure 4.15: (a) LSPR sensing of various fibrillation stages of A42in comparison with

(b) kinetics study of Ax.42 fibrillation using ThT assay
Further, Field Emission Scanning Electron Microscogp(FESEM)was usedto inspect the

actual formation of A >-42 fibril. The A >-42 are mixed with Au nano-urchins at incubation

times of 5 minutes (lag phase), 40 minutes (growtlphase) and 90 minutes (steady phase)

respectively. It is clear fron[Figure 4.164a that A>-42 fibrils are in the lag phase. Few small

fibrils of length around 400 nm are observed in lag phase which indicatebe beginning
of monomer aggregation. Au nanairchins are observed asa white layer in the

background. Nucleation of monomers to fully growrfibrils appears to occur at various

118



Chapter 4 Gold NaneUrchins Enhanced SPR
Biosensors for Diseases Detection

regions inFigure 4.16b indicating the growth phase. FromFigure 4.16¢ it is inferred that

the fibrils have been elongated and almost the whole area is covered with fibrilength

of 2 um to 3 um indicating the steady phase of A42 fibrillation. The radial growth of
beta-amyloid fibrils is observedto be consistent withthe growth of beta-amyloid fibrils

that are reported in the literature [209].

Figure 4.16: SEM images of A-42 mixed with Au nano-urchins at an incubation time of
(a) 5 minutes (lag phase), (b) 40 minutes (growth phase), and (c) 90 minutes (steady phase).

The red circles indicate Au nanairchins attached to Ax-42 fibrils.

Due to the fibrillation of A .42, there maybe an effect of change in refractive indexwhich
reduces the LSPR coupling efficiency in the Au namwchins. Therefore, FDTD
simulations are performed to study LSPR intensity decay during the fiblation process

Increase in fibrillation is represented as an increase in effective refractive index in FDTD
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simulations. Electric field calculations are performed between Au nanarchin spikes and

the separation between the spikes is considered as 5 nifthe excitation wavelengthis set

at 632.8 nm.|Figure 4.17|shows the electric field calculations between the spikes for

various refractive indices values of fibrils (from 1.6 to 1.9 in steps of 0.5). Reduction in
LSPR field distribution around the urdin spikes is observed with increase in refractive

indices of fibrils and the results agree with the experimental observations.

Figure 4.17: FDTD simulationsof electric field intensities in between Au naneurchin spikes distributed
on beta-amyloid fibrils with various refractive index values (a) 1.6, (b) 1.65, (c) 1.7, (d) 1.75, (e) 1.8,

(f) 1.85, (g) 1.9 respectively (approximation forincreasing beta-amyloid fibrillation)

To further validate the results, the LSPR &periment was also repeated using Au
nanospheres of diameter 100 nm to confirm tht Au nano-urchins LSPR biosensors would
have better sensitivity towards beta-amyloid. The experimental parameters such as

sample concentrations are keptconstant with that used in the Al nanc-urchins LSPR

biosensor|Figure 4.18|shows the comparison betweenAu nanourchins and Au nane

spheres LSPR biosensors for the study of betaamyloid fibrillation at nanomolar
concentration level It is observed the Au nanospheres LSPR biosensoido not show

much change in optical absorptiorascompared to Au naneurchins at various fibrillation
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stages of betaamyloid fibrillation . Therefore, Au nano-spheres haveimit ed potential to

be developed fomanomolar concentration sensing obeta-amyloid fibrillation .

Figure 4.18: Comparison betweenthe sensing ofA >fibrillation at the nanomolar concentration level

using Au naneurchins and Au nanaespheres

The major advantage of using Au nanairchins in beta-amyloid fibrillation sensing lies in

—St "£"CSEfZ T<f%oote—<...o "7 ZoeStcef"ie Tcedipfevious A ... ...
literature, tissue-level changes of AD are detectable years before their clinical
expressions [210]. These changes in betamyloid proteins are reflected in the body

fluids as these proteins are excreted and expressed in various body regions of the fluids

from the central nervous system. There are reports fonon-invasive detection of beta

amyloid from body fluids such as saliva and blogdhence peripheral diagnostics of AD in

a non-invasive way is highly significant in earlystage detection of betaamyloid

fibrillation. In the present work, LSPR sensing with Au nanarchins is mainly targeting

future peripheral diagnostics applications rather than in vivo applications. For in vivo

applications, further optimization of aspect ratio is required to cros the bloodbrain
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barrier. Though the cytotoxicity of Au nanoparticles is not fully studied, they areeported
to be more biocompatible when compared with other metal nanoparticles. Au
nanostructures are also known to induce nanoparticlenduced endothelid leakage
which will be helpful for the transportation of nanomedicine. With further optimization
of the aspect ratio of Au naneurchins, these structures may be useful for in vivo

applications.

One of the advantages of using Au nangchins for beta-amyloid fibrillation sensing is
the possibility of fibrillation sensing at low concentrations due to the enhanced localized
plasmon resonanceTherefore, there is a scope for further improvement in the sensing
concentration by changing the density and thicknessf spikes over the surface of Au
nano-urchins which will have a huge influence on the localized SPR field enhancement.
Though optical dyes such as ThT and Congo red can give similar information on the
fibrillation kinetics of beta-amyloid, concentration r accurate sensing is observed to be
higher which can adversely affect the capability of optical dyes in earstage beta

amyloid fibrillation sensing.

In conclusion,an LSPRbiosensor for sensingof A >.-42 fibrillation using Au nano-urchins
was developed The LSPRabsorbancepeak of Au naneurchins is observed to be highly
sensitive to structural changes of Ax-42 during the fibrillation growth processeven at
nanomolar concentration. The enhanced localized electric field generation at the spiky
structures over Au naneurchins and high sensitivity of LSPR to ambient conditions
enable them to act as an efficient biosensat.is envisioned that this work can lead to the
realization of highly sensitive labelfree and reattime sensing of betaamyloid for AD

detection.
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4.3 Gold Nano-Urchin Enhanced SPR Biosensorfor Breast Cancer Detection

As discussed previously, nanoparticles have been demonstrated as a potential method to
further improve the detection limit or sensitivity of conventional SPR biosnsor. This can

be achieved by simply immobilising the nanopatrticles on the sensing surface of the SPR
biosensor so that the SP wave can be coupled to the nanoparticles to excite the USP.

this context, an Au nanc-urchins enhanced SPR biosensor was proped as shown in

Figure 4.19| A conventional Au SPR biosensor is selected for its goidcompatibility and

affinity with the Au nano-urchins. A layer of anttER=would also be immobilised over the
Au nanac-urchins for label-free detection of ER=which is a commonly used biomarker for
the diagnosis of breast canceA microfluidic cell will also contain the sample fluid during

the SPR measurement.

Figure 4.19: Schematic illustration of the Au naneurchins enhanced SPR biosensor

To better understand the effect when Au nanairchins are coupled to the SPR biosensor,
FDTD simulations were once again used to validate the electric field intensity distribution
across the metaldielectric interface. For comparison purpose, the first simiation is

based onthe conventional SPR biosensor without the addition of the Au nanarchins as

shown in|Figure 4.204a. The Au thickness is set to 50 nm based on the tipisation study

conducted in the earlier section of this chapterThe light source for the simulation is
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selected to be 62.8 nm wavelength which is close to the theoretically simulated
resonance wavelengthand is also the emission wavelength of thele-Nelaser used in our
SPR system developeith the earlier section of this chapterFor comparison,two different

modelsare also addedvhere a single particle of 100 nm Au nansphere is added to the

dielectric interface of the Au layer as shown iFigure 4.20p, and a single particle of 100

nm Au nancurchin is added to the other model as shown |figure 4.20

1)

Figure 4.20: FDTD simulation window of an (a) conventional SPR biosensor,
(b) Au nano-spheres, and (c) Au nanairchins enhanced SPR biosensor.
(d) Electric field intensity simulation of the SPR sensor without Au nanairchins, (e) with Au nano

spheres, and (f) with Au mno-urchins (the 50 nm gold film layer is located above y = 0)
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The electric field intensity (along the xz plane) of each model, at their respective

resonance angles, is then simulated to determine the maximum electric field

enhancement of all the biosens® configurations|Figure 4.20d shows the electric field

intensity of a conventional SPR biosensor whilEigure 4.20¢ andFigure 4.20f shows the

electric field intensity distribution of the Au nano-sphere and Au naneurchin enhanced
SPR biosensor, respectively. There is a significant enhancement to the maximum electric
field (1.78 to 160) when the Au nanesphere is adled and the electric field increased
further (160 to 2 x 104) when the Au nanesphere is replaced with the Au nanaurchin.
The surface plasmon wave generated by the Au film is coupled to the nanomaterials
leading to localized confinement of the surface ptamon wave. This could be a possible
explanation behind the mechanism for the significant electric field enhancement in the

proposed SPR sensor.

However, it is important to note that in the Au nanesphere enhanced SPR biosensor, the
electric field is only confined to the region near the interface of the Au film and the Au
nano-sphere. In comparison, for the Au nanairchin enhanced SPR biosensor, ¢helectric
field is highly concentrated all around the spikes of the Au nanrorchins. This could
explain why the Au naneurchin have a better field enhancement factor as compared to
the Au nanoesphere. Another possible reason ithat the excitation wavelergth (632.8 nm)
is very close to the extinction wavelength of the Au nanrarchin (637 nm) as compared

to the Au nanasphere (607 nm) which allow for better coupling.

4.3.1 Experimental Validation of Gold Nano -Urchins Enhanced SPR Biosensor

The Au naneurchins enhanced SPR biosensor are experimentally validated in the prism

coupledsetupin the angular interrogation configuration as detailed in thefirst section of
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this chapter.However, the prism was replaced with a material with high refractive index
(N-SF1) andthe Au layer is sputtered directly on the prismNext, Au nanc-urchins with
an average particle size of 100 nnwere purchased commercially 0.1 mM concentration
suspended in jnosphate-buffered saline(PBS) solution,SigmaAldrich) and immobili sed
on the Au surface by first functionalizing the Au surface usingDC/NHS coupling with

poly(ethylene glycol) bis(amine) (DAPEG as detailed in[211].

The Au surface was theimaged using scanning electron microscopy (SEM) as shown in

Figure 4.21| The Au nanourchins are observed throughait the entire area and the

distribution of Au nano-urchins is random with some aggregation in some particles.
However, the majority of the particles are randomly spaced on théu surface with few
Je <o —gdrticle spacing. The orientation of the Au nanairchins on the substate is also

random.

Figure 4.21: SEM image of the Au nanarchins after immobilisation on an Au substrate

The antrER=antibodies (1:100 dilution in PBS, ab16660, abcam) are then bound to the
Au surface by dipping the prism in a solution containing the antibodie®r more than 12

hours to functionalise the sensing surface The microfluidic cell is fabricated from
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polydimethylsiloxane (PDMS)as described in the previous chapterEstrogen receptor

alpha (ER= "% ..'e,cofe— ""‘—tcod ..'eo.. te—"f—c'sB V J% f— rasw % -°

is specifically chosen to work with the aniER=antibodies.Upon delivery of the ER5 PBS
is added, and it is aliquoted into different concentrations before being stored a0 °C.

Samples were then taken out of the freezer and used immediately.

Before the start of the measurement, PBS is first injected into the microfluidic cell which
is also usedas the buffer solution. The analyte is then introduced into the microfluidic
cell and the reflectance is then measured in rotation steps of 0.1°. The measurement is
repeated every 5 min for 30 min to average out the measurement error. Based on the
obtained SPR reflectance curve, the resonance angle can be identified by the angle where

there is a sharp drop in reflectance.

By comparing the respective resonance angles obtained for the various ER
concentration against the control experiment, it is possiblea calculate the resultant shift
in the resonance angles due to the presence of ERThe plot of the resonance angle shift
against the ER=concentration would thenindicate the SPR biosensor sensitivityTo keep
the data consistent, themaximum shift in resonance angle values for each sample were

used.

To further validate the results, the ER=sensing experiment vasrepeated with a100 hm

diameter Au nanospheres enhanced SPR biosensor and a conventiorfal film SPR

biosensor without any nanoparticles|Figure 4.22| shows the combined plot of the

resultant shift in the resonance angles with respect to the various ERoncentrations for
the three different biosensor configurations.The sensitivity of theSPR biosensors can be

determined from the slope of the linear fit. For the Au nanairchins enhanced SPR
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biosensor, the slope is approximately6.7°/nM while the slope for the Au nanaespheres
enhanced SPR biosensor is.&/nM. The conventional SPR biosensohas a slope of
approximately 2.5°/nM. Therefore, it is evident that both the nanoparticles enhanced SPR
biosensor has a better sensitivity than the conventional SPR biosensor. Furthermore, the
Au nancurchins enhanced SPR biosensor has the best sensitiviput of the three

biosensor configurations which support the findings from the theoretical simulations.

Figure 4.22: Plot of the shift in resonance angle against the various ERoncentrations for the different

SPR biosensor configurations

Based on the obtained results, it is shown that Au nanmarchins showed high field
enhancement factor compared to other nanoparticles of different geometry leading to

best sensitivity. The theoretical results are validatecexperimentally. The addition of a

layer of anti- = fe—¢,'Tcte MSc. .S f..—e fo -8t <"f..Ff - <o =St 1
created a gap between the Au nane—"...Scee fet —-St = fefZ>—ted Sce "%
effectiveness of the localized field confinement as is only at the surrounding regions

near the tips of the Au naneurchins and leads to a lower than expected sensitivity in the

developed SPR biosensor. Nonetheless, the Au namchins enhanced SPR biosensor still

showed the best sensitivity out of the thee different biosensor configurations discussed.
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An Au nancurchins enhanced SPR biosensor was developed to enhance the sensitivity
for the sensing of ER= Different concentrations of ER-was sensed by the developed SPR
biosensor to validate its sensitivity. A significant improvement in the SPR signal was
observed when comparing the developed Au nanorchins SPR biosensor against an Au
nano-spheres SPR biosensor and a conventional SPR Igiesor. This was also verified
using theoretical FDTD simulations. It is envisioned that in the future, the Au nano
urchins SPR biosensor can be developed into a highly sensitive EBiosensor which

could be potentially used for the early detection of breascancer.
4.4  Summary and Discussions

In summary, different nanoparticle designswere investigated to assesstheir ability to
amplify the biosensing signain a prism coupled SPR biosensoBased on the theoretical
simulations, Au naneurchins have an electric field enhancement factor that is more than
7 times that of Au nanespheres.Addition ally, different sizes of Au nanaurchins were
alsosimulated, and it was observed that Au nanairchins with a particle size of 100 nm

gives the highest electric field enhacementwhen excited at a wavelength 0637 nm.

Based on this, a Au nano-urchins LSPR biosensor was developed and compared against
an Au nanospheres for sensing the fibrillation of beta-amyloid (A3 which could
potentially be used for detecting the east onset of Z ce S t « Digdiase Due toits sharp
urchins-like features, the Au nanoeurchins LSPR biosensor is highly sensitive andan
detect A>at the nanomolarconcentration levels.Further optimization of the Au nanc
urchins geometry or aspectatio can be conducted to target the possible application of in

vivo sensing of A>swithin the brain by penetrating the blood-brain barrier. It is envisioned
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that this can be developed into dabel-free biosensor which can detect and sense the

concentration of A >in the brain with high sensitivity and in real-time.

Furthermore, the Au naneurchins were also integrated with a conventional SPR
biosensor to amplify its biosensing signal and improve its detection limitThetheoretical
simulations revealthat the Au nanoeurchins enhanced SPR biosensor has an electric field
enhancement factor that is feworders of magnitudes better than a conventional SPR
biosensor(2 x 10 and 1.78respectively). Therefore, it should be possible toincrease the
sensitivity of the biosensors for thedetection of lower concentrations of analytes.For
demonstration, the Au nancurchins SPR biosensor was developed for sensing oRE
which is a commonly used breast cancer biomarkeBoth the Au naneurchins and Au
nano-spheres enhanced SPR biosensors demonstrated significantly better sensitivity as
compared to the conventional Au SPR biosensor. Additionally, the Au naochins
enhanced SPR biosensors has the best sensitivity which suggests that it has the most
optimal shape and geometry for the detection of ERIn the future, such biosensors can

be developedfor the detection ofbreast cancer in women

Therefore, inconclusion, this chapter demonstrated the potential of using nanopatrticles
to enhance the biosensing signal of SPR biosensdrsthe future, nanoparticles canalso
be integrated with highly compact, grating coupled SPR biosensor for improving its
biosensing signal. Nonetheless, further optimisation studies are still necessary to
maximise the signal amplification of the nanoparticles when coupled witta grating

coupled SPR biosensor.
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CHAPTER 5

GRAPHENE LAYEREBETEROSTRUCTURIEOR

ELECTRICALLY CONTROLLESPR BIOSESORS

Thischapterinvestigatesthe potential of using a graphene layerdteterostructurefor the
development ofelectrically controlled SPR biosensors. The first section of this chapter
discusseshe advantages and disadvantages o common method of synthesising high
guality monolayergraphene This is followed by theteps needed to transfer the graphene
onto the desired substrate toealisethe graphene layeredheterostructure. The last sectin
demonstrates the potential of using the graphene layeréeéterostructure in an SPR

biosensor which iglectrically controlled.

5.1 Graphene Synthesis

As discussed previously in the literature review, there are multiple methods which can
be adopted for the gnthesis of graphene and they each have their benefits and
shortcomings.The most critical factor affecting the quality of the graphene is the number
of graphene layersand the size of theindividual grapheneflakes.As graphene is too thin
and transparent, it is challenging to use conventional microscopy to investigate its quality,
hence, Ramarspectroscopyis typically used instead.Raman spectroscopy is anique
optical spectroscopy technique which can measure the molecular vibrations and

determine the crystal structures ofthe sample.

Information on the number ofthe graphene layer is critical as there is a huge difference
in the electrical properties between monolayer graphene and feMayer-graphene(FLG).

A single continuous sheet of monolayer graphene would have relatively higher electrical
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properties which are highly desired as compared to FLG which would have a similar
atomic structure as graphite. Hence, Raman spectroscopy is an ideal tool to @ the
number of graphene layemwhich is used toassesshe quality of the graphenesynthesised

using the deposition system

For graphene, the respective Raman spectrum is recognized by the presence of a G peak
(~1580 cm-1) and 2D peak (~2700 cnt) [212]. The G peak is related to the hexagonal
structure of sp? carbon atoms and the ratio of the intensities of the 2D pé&ao the G peak
would indicate the number of graphene layers. A ratio of greater than 2 woulsuggest
single-layer graphene, and a ratio of about 1 indicates bilayer graphene. Any values lesser
than 1 would indicate fewlayer-graphene (FLG)212]. A Dpeak (~1350 cm?), indicates
defects in the graphene structure such agisorder within the graphene or the presences

of doping. Additionally, the full width at halfmaximum (FWHM) anda shift in the peak
position would also provide further information on the disorder and doping

characteristic of the graphene[213].

In this context, this chapter investigates and compare two different chemical vapour
deposition (CVD) methods for synthesising graphene; thermal CVD and plasmahanced
CVD Raman spectroscopy will be used primaly to comment on thenumber of graphene
layers synthesised from both CVD methodand microscopy techniques will be employed

to determine the size of the graphene flakes.

5.1.1 Thermal Chemical Vapour Deposition Method

Thethermal CVD method is illustrated ifFigure 5.1 A quartz tube with an outer diameter

of 40 mm and a wall thickness of 3 mnwas assembled horizontallyThis would serveas

the reaction chamberto contain the substrate during the deposition processThe low
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pressure is accomplished with a otary vane vacuum pump (Edwards Ltd) that is
connected to one end of the quartz tube. The other end of the quartz tube was attached
to a pressure regulator.Methane (CH) gas is selected as the carbon feedstock and
hydrogen (Hz) gas is mixed in a buffer to regulate the growth speed of theagwhene.The
flow rate of each gas is controlledndividually by digital massflow controllers (Alicat
Scientific Inc.) A ceramic heater isthen positioned over the quartz tube to provide the
heat energy necessaryto decompose the carbon feedstock to catge the growth of

grapheneon the substrate

Figure 5.1: Schematic of theCVDsystem

Copper(Cu)is selectedas thegrowth substrate as it has very low carbon solubility which
makes it relatively easy to gow high-quality monolayer graphene. It is also readily
available as a smooth foil as it is a materiathat is commonly used in industrial
manufacturing processes.The copper foil is first trimmed to size and cleaned in an
acetone bath with sonicationfollowed by aquick rinse in DI water. It is then cleanedin
isopropanol alcohol(IPA) bath with sonication. Afterthe copper foilis cleaned, it isrinsed
againwith DI water anddried on a hot plate atabout110°C It is thenplaced on a graphite
boat andpositioned within the quartz tubeat the centre of the ceramic heater to ensure
a uniformed heating profile across the entire substrateNext, thepressure within the tube

is evacuated tabelow 1.0 x10-2 mbar. After the desired pressure is achievegH: gasflow
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is introduced at 2 Standard Cubic Centimetres per Minut¢dSCCM)which is maintained
constant throughout the entire deposition process The heater is then turnedand the
temperature within the chamber is slowly increaseduntil it reaches 1,000°C The
temperature is then stabilised at roughly 1,050°Gand CH gas is introduced into the
chamber at a flow rate of 35 SCCMfter 30 min, the CH: gassupply isturned off and at
the same time, the heater ishifted away from the substrate location toquickly quench

the substrate to halt the growth of graphene.

After the temperate within the chamber is cooled down to room temperature, the +fjas
supply is turned off and thechamber pressure is equalised The Cu foil is then removed

and investigated usingscanning electron microscopy (SEM) tdetermine the size of the

individual graphene flakes as can be seen fronrigure 5.2 The boundary between each

grapheneflake is observed andthey can be seen throughout the entire surface of the Cu

foil. Each graphendlake is approximately50um to 100pmlong in both directions.

Figure5.2: SEM image of the Cu surface aftdeposition in the CVD system
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There is a noticeabledifference in the contrastbetween the individual graphene flakes
which suggests that there is a variance in the conductivity. This may be due tothe
formation of additional layers of graphene flakes which increased the electrical
resistance at that region.However, it may also simply be due to the variation in the
thickness of the Cu foilHence it would be better to use Raman spectroscopy tdurther

confirm the exactnumber of graphene layersafter deposition by the CVD system

Raman spectroscopy isa highly sensitive toolfor gathering information on the atomic
structure of graphene. However, it is challenging tdirectly measure the Raman spectrum
of graphene on the Cu foilas the surface plasmon emissionof Cu would result in a
background signal that saturates the Raman signal from the graphefi&l4]. This may be
avoided by using a laser source with lower excitatiorwavelength, but our Raman
spectroscopy equipment is limited to 62.8 nm which makes it difficult to eliminate the
photoluminescence effect of Culherefore,the synthesised must first be transferred from
the Cu foil to another such as Si or glass (S)®efore it can be characterised using Raman
spectroscopy. The transfer process will be explained in detail in the later section of this
chapter as it is also necessary to transfer the deposited graphene onto different

substrates to form the desired graphenesnhanced devices.

The characterisation of grapheneis done on Siwafer substrate as it has a highly
orientated crystalline structure which results in a single Raman peak at around 520 cin

The Raman spectrum collected from the graphene after it is transferd on the Si is shown

in |Figure 5.3a. From the graph, there are two distinct peaks can be observed which

corresponds to the & dpeak and @D dpeak of grapheneThis confirms the presence of

graphene andthe intensity of the @D ¢peak is also more than twice the intensity of the
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& eak which suggests that the graphene is indeed monolay&dditionally, a2D Raman
mapping ofanarea 1 uwJe - urid conducted to investigate the uniformity of the
graphene.The & @eak and @D peak are measured during the 2D Raman mapping and

the ratio between their intensities is plotted in a 2D colour map as shown [ﬁigure 5.3b.

In the figure, the regions which are greerand red correspond to monolayer graphene
while blue areaswould suggest a greater number of graphene layer3.herefore, this
suggests that the monolayer grphene can be found ornthe majority of the region,
however, there are certain spots where there FLG. This could be due to overlapping

between the boundaries of the graphene flakes.

Figure 5.3: Raman spectrumof a CVD graphene on ${a) single point, (b) 2D Raman mapping

Nonetheless, he results demonstrate that graphene can begrown successfuly using the
thermal CVD approach andhe graphene is uniformly deposited throughout the entire
surface of the growth substrateThe graphene also remains relatively undamaged after
the transfer processwhich suggests that itwas possible to use this method for the
development of a graphene lgered heterostructure. The structures can then be

employedin electrically controlled graphene-enhancedSPR biosensors
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5.1.2 Plasma-Enhanced CVDMethod

Compared to the thermalCVD method, thplasma-enhanced CVDnethod cansynthesise
graphene with significantly reduced growth temperature and duration. This isvery
practical and highly desirable as graphene could potentially be directly deposited on

materials with alower melting point such as polymers.

Conventional PECVD method involvabe placement of substrates within plasma volume
which usually results in the growth of vertical graphene on the substrates due titve high
electric field caused by plasma sheath formatiof215]. Therefore, to synthesise large-
area, horizontalgraphene, a novel method of remotplasmaassistedCVD was proposed
and developed wherein the heated reaction chamber is separated and placed

downstream from the plasma generation region

As illustrated in|Figure 5.4 the plasma is createdby mounting two parallel copper ring

electrodes, kept atl5 cm apart, on the outer surface of the quartz tubehich is upstream

of the heated CVD reaction chambeA radio frequency (RF) power source (CESAR RF
Generator Model Number 1320) with an operating frequency of 13.56 MHz was used to
generate an RF plasma and an autonatching network was employed to match the source
impedance to the plasmampedance Before deposition, the Cdoll is first prepared in the
same manner as the standard CVD ptess and placed on a graphite boat within the
reaction chamber.Next, the quartz tube is sealed, and the pressuns evacuated to about
1.0 x102 mbar. H:gasis then introduced into the chamber and the temperature is slowly
raised t0 1040 °C for 15 minues toetch the surface of the copper to improve the quality
of the deposited graphene Thereafter, the temperature of the reaction chamber is

reduced to and maintained at 1000 °C, 800 °C, 600 °@nd 400 °C respectively to
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investigate the lowest depositiontemperature. Once the desired chamber temperature is
achieved, CHlgas is introduced into the reaction chamber at 1&CCMilow rate, while at
the same time, theRF power supplyis switched onand set to an output power ofLOOW.
After 15min, the methane sypply and the RF power supply are turned off, and the reaction

chamber is rapidly cooled down to room temperature under the flow of H

Figure 5.4: Schematic othe PECVDsystem

Due to the strong interaction between the feedstock gasesnd the RFplasma, it is
therefore important to characterise the plasma parameters ag would have astrong
influence on the quality of thesynthesisedgraphene. Since the plasma parameters are
governed by the phystal parameters, it is necessary to quantify these parameters (for
example, the dimensions of the quartz tube, electrode space, gas used, RF power, etc.) to
ensure the repeatability of the experiment. Optical emission spectroscopy (OES) is
preferred in this study since the measurements are noinvasive and can provide an
indication of the concentration of the different species present in the plasm&heplasma
temperature can also be estimatedy examining the wavelengths of photons emitted by
atoms or molealles during their transition from an excited state to a lower energy state

This OES studywas achieved by using a spectrometgfuSB4000, Ocean Optics, Ind9
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measure thespectrum of thelight emitted during the generation of theRF plasma The

spectrum formed in the CHi/H 2 gas mixtureat an RF power of 100 W is given ifFigure

5.5| Different distinctive lines were found in the 386 390 and 430 435 nm rangewhich

wasnot present when the spectrum was captured in 100% tplasmaenvironment. This

indicates that these linescorrespondto the CH species found in th€Hi/H 2 plasma

Figure 5.5: Optical emission spectrum of the RF plasma at 100 W formed inGtHs/H 2 environment

The plasma temperature is then calculated from the spectra using thime ratio method
assuming that the plasma is in local thermal equilibrium (LTE) and that the spectra are

optically thin [216]. The intensity of the spectral line is given by217],

S? %e
gﬂ-N—g_P{n_’il'X TWEB;

Ah-

where lij and lij is the intensity and wavelength corresponding to transition from i to j
"fe't...—<"1Z>4 S <+ —S1t i§ the.gdeed.of kght,freis the number density of

emitting species, U(T) is the partition function, Ais the transition probability between
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statistical weight of upper energy level and Hs the upper energy level in eV unitTaking
the intensity ratio of two spectral lines of the same species and ioration stage, the line
ratio can be expressed as,
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where | is the intensity, g is the statistical weight, A is the transition probability| is the
wavelengthand E is the energy of excited state in eNBased on Egn (5.20)the electron

temperature of the plasma can then be estimated from the corresponding +4nd H-

spectral lineswhich are marked irfFigure 5.5[to be approximately 1.38 &/.

The morphology and size of graphene crystals of the deposited graphene on thefGili

were then observed using SEM, and the respective images are showipFigure 5.6| For

the 1000 °C sample, there is overcrowding of particles on top of the graphene flakes
which could be attributed to the oversourcing of the carbon radical due to both plasma
dissociation and a high CVD reaction chamber temperature.The 800 °C sample shows
uniformly distributed large graphene crystallite flakes (~100 Jn x 100 Jn), with no
overcrowding. At 600 °C, the results are similar to the 800C sample. However, for the
400 °C samplethe deposited carbon seems to be very differerftom the observation of
particles and netlike features on the substrate This suggests that the energy of the
plasmaat this temperature may be insufficient to breakdown the carbon feedstock gas
for the deposition of defectfree graphene.Additionally, the spatial uniformity of the
graphene flakeson the surface of the Cu foil wsalso investigated by repeating the SEM

measurements ata different region of the Cu foil along the direction of the gas flow. The

respective SEM imagesf the different samplesare also given iTFigure 5.6
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Figure 5.6: SEM images of the surface of tHeusubstrate atdifferent locations at (a)-(b) 1000 °C,

(c)-(d), 800 °C (e)-(f) 600 °G and (g)}(h) 400 °Cdeposition temperatures
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The results showed that thefeatures of the graphene observed on the surface of the
samples are consistent throughout the entire surface of the Cu folThis suggests that the
growth is uniformed and there is a potential to scale up the deposition method for

synthesis of graphene on a larger scale.

Raman spectroscopy washen used to characterse the quality of the graphene and the

respective Raman spectra of theampledeposited at different temperatures are shown

in|Figure 5.9| The synthesisedgraphenefor all samples wasfirst transferred on to a Si

substrate before the Raman spectrum is measuredS$ '"fefe. ...t ‘'~ —Stinde,06 "ff-
confirms the ability of remote plasmaassisted CVD method to synthesize graphene at

—feF f——"Fe fo Z'™ fe xrr 1A ‘™I"1"4 —St Ot O 'ffe <o of— ‘e
samplewhich confirms the observation made in the SEM image wheparticles and net

like featureswere observed Additionally & —S 1 0 & dlgofobserved for all the samples

which indicate the presence of disordered carbon in graphene.

Figure 5.7: Raman spectra of the samples grown at the respective temperatures

Figure 5.8|showsthe magnified Raman spectra in the range of 1500 to 1700 chwith the

e Z<——<2% T 0 6 'tfe <o) fetlgimEr 1.6 f— f S<%SE” ™[ ie—o,
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of about 1620 cm! fefe "Tfeed St '"tete.. 1fcah liegttiibuted 4o (i)
strained graphene and (ii) disordered graphene due to the presence of dete@and edges.

St co—feec—> ° 0 |6 "tfe <o S<%Ste— <o —Sf ofe’ZF o>e—_SFecatt
the sample synthesized at 600 °@hich suggests theleast defects in 600 °C sample. A
¢S = <o —ST 006 "ffe ec—<'e —' S<%St” ™ fehsingegrbWthfZ—3F ™
temperature is also indicative ofa greater number of graphene layers. The higher
temperature, coupled with plasma, causes accelerated reaction rates and excess amounts
of activated carbon and these two factors resulted in the formation of nitilayer

graphene with more defects and disorder.

Figure 5.8: Magnified view of the Raman spectraf the samples grown at different temperatures

showing therespective 0 feak f T 0pédk

Theintensity ratio between the Raman peaks for the respective samples are also plotted

in|Figure 5.9(and can be used to assess the level of disorder in the graphene. It can also

provide an estimation d the number of graphene layersA smaller b/l cratio indicates a
lower level of disorder which suggests that the 800 °C sample has the least disorder. The

number of graphene layers can be estimated from thed/| c where a value greater than
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two corresponds to highquality monolayer graphene while a véue lower than two would
indicate multi-layer graphene formation. Since the2b/l g ratio for all the samples is less
than two, it can be concluded that the graphene deposited using the remotglasma

assisted method is indeed multilayered.

Figure59:PZ‘— ‘'~ —St "t7Zf—<"% <e—foeec—> "~ St 0 6 ,fet ™Mc-S "'t ... — —* =S

The remote plasmaassistedCVD method haslemonstrated its ability for the growth of
horizontal graphene at a reduced temperature as low a$00 °C Both SEM and Raman
results show the large area graphene growth with anaverage graphene flakesize of

approximately 100 um x 100 pum.

To validate the effect of plasma on the grdpene growth, conventional thermal CVD

without plasma was also used to synthesize grapherat 1000 °Cand 800 °C|Figure 5.10

shows the Raman spect of the deposited maerial on each sampleafter it was
transferred on the Sisubstrate. For the 1000°C, =St 0 6 "ffes fet ...Sf"f..—=1"co—<...
of graphenewere observed which is consistent with the findings from the previous
section. However, the Raman spectrum of the 80Csamplereveals thatthe conventional

thermal CVDis not able to synthesise graphene at such low temperature.
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Figure 5.10: Raman spectra of the deposited material from thermaCVD at 1000 °C and 800 °C

Therefore, this proves that thereduced temperature graphene synthesis is indeednly
possible with the plasmaenhanced CVD approachwith further optimisation of the
plasma parameterssuch as the pressure, power, and concentration of the carbon
precursor feedstock it may be possible to synthesise graphene at even lower

temperatures using theremote plasmaassisted technique.

For demonstration, a graphenebased electrochemical biosensofor glucose sensing was
fabricated from the graphene synthesised usigthe remote plasmaassistedCVD method.
First, the graphene was synthesized at 600 °C and transferred on tdlexible polyethene
terephthalate (PET) substrate. Next, two metal contact pads, at a distance of
approximately 10 mm apart, were added over the graphene surface. The graphene
surface was then cleaned thoroughly by soaking the substrate in a DI water bath for about
8 h. Next, the substrate is placed in a solution containing a concentration of 1 mg/dL of
glucose oxidase (GOx, Sigrrdrich) for about 10 min to allow the immobilization of GOx

on the graphene surface. This would be used as a biorecognition molecule for the label
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free detection of glucose in a sample fluid. After the graphene surface is functionalized
with GOXx, a direct currem (DC) source is appliedusing a sourcemeter (2400, Keithley)
via the metal contact pads while the corresponding voltage is measuredA
polydimethylsiloxane (PDMS)microfluidic chip is then placed over the graphene surface
and glucose solution (>D-glucose 99% purity, Cayman Chemical) ien injected into the

microfluidic chip. The schematic of the graphene based electrochemical glucose

biosensor is given ir{Figure 511

Figure 5.11: Schematic illustration of the graphene electrochemical glucose biosensor

Using the source metera-1 mA current is applied through the biosensor via the contact
pads while the correspondirg voltage is measured. The current is then increased in steps
of 0.1 mA until it reaches +1 mAAfter the measurement is completed, fresh DI water is
injected into the PDMSmicrofluidic chip to refresh the GOxA new batch ofthe solution
with a higher glucose concentration is then injected into the microfluidic chip and the

measurement was repeatediFor comparison, he resulting current-voltage (I-V) curves

for the different glucose concentrationsare plotted in|Figure 5.12
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Figure 5.12: I-V characteristic curves of the graphene with varying glucose concentration

From the |-V curve, the resistance of the grdpene can be obtained by linear curve fitting

and the resulting relationship between the glucose concentration and resistance is

plotted in[Figure 5.13| The resistance wkn only GOx is present witlDl water isestimated

—* ,f yaxx ¢34 St "tece—fe..t tH.."tfeft - x&us 3 <o -Sf "7
glucosesolution fet ~—"—St” tf.."Ffett —* va{t +3 ™MSte —St %Z—..
increased to 200 mg/dL. The reduction of the resistance can be attributed to the
improvement to the electrontransfer rate across the surface of the graphene. This is

because the GOx wouldxidise the glucose contained in the sample fluid forming
gluconolactonewhich then hydrolysesinto gluconic acid.During this process, H+ ions are

produced, and free electrons are generated during this process. The increase in electrons

would then result in a great charge density which is detected as a reduction in the
measured resistance across the graphene interface. By establishing the relationship

between the concentration of the glucose solution and the measured resistance across

the graphene, the grahene layered substratecan effectively function as a labeffree

glucose biosensor.
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Figure 5.13: Change in themeasured resistance across the graphene

with respect to the varying glucose concentration
In summary, a remote plasmaassisted CVD method was demonstrated for the synthesis
of graphene ata reduced temperature as compared to conventional thermal CVD
methods. St ...Sf"f..—f"<ce—<... 0t & "ffe 7 %" f 'SFet <o ‘ et""FT "
which confirms the successful synthesis of graphene. The synthesised graphene was then
further developed into an electrochemical biosensor for the labefree sensing of glucose

concentration in a sample fluid.
5.2  Transfer of Graphene

The transfer of graphene from the Cu ibto the desired substrate is done using the wet

chemical etching method which isschematically presented ipFigure 5.14|First, a layer of

polymethyl methacrylate (PMMA) (950 PMMA A7 MicroChem)which is approximately
1.4 um thickis spin-coated on top of the graphene at 1000 rpm for 45 s and baked at
160 °C br 4 min to fully cure. The PMMA layer protects the graphene layer from breaking

apart during the later etching steps[218]. The Cu layer, which is approximately 2@um
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thick, is then etched from the undersile by floating the PMMA/grapheneCustack on an
iron(lll) chloride ( FeC$) solution. After 20 - 30 min, the Cu is completed etched, leaving
behind the PMMA/graphene stack which floats on top of the solution The
PMMA/graphene stack is then carefully trangdrred to a DI water bath to rinse off any
residual FeCt4 solution. This is repeated multiple times andhe PMMA/graphene stackis
then scooped up from the solution using the desired substratd hesubstrateis then kept
in an oven at 50 °C for about 8 h tomprove the adhesion of grapheneand remove any
moisture caught between the graphene andubstrate. Lastly,the PMMA layelis removed

in an acetone batHeaving the graphene on the surface of thdesired substrate.

Figure 5.14: Graphene transfer processising a wet chemical etching method

To confirm the succeshiil transfer to the graphene,Raman mapping of an area of

approximately 35 um x 25 um is performedhe graphene that has been transferredn to
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a Si substratgFigure 5.15a shows the Raman map of theentre region of the Si substrate

fo=t” ST %[ Stef —"fee t” 7t tee MEtrt _8% "foc 0 _8%

peak to its baseline value is highlighted in red. The remblour can be observed throughout
the entire region which suggests that most of th graphene has been successfully

transferred to the substrate. To further certify the assertion made, Raman mapping was

repeated near the graphene edgérefer to|Figure 5.15p), where the lower region is the

graphene layer while the upper region is uncoveredare Si. The region without any

%" f'Stet Tife o= Sf "t —81 Sf"f. .. —t"co—c... Ot Qr'THiza Ste..

confirms that it is indeed possible to transferhigh-quality graphene with very high

coverage using the wet chemical etching transfer method.

Figure 5.15: Raman2D mapping of the (a) middle portion of the substrate surface,

and (b) edge of graphene a&ér the transfer process

N

1

(colou” s...fZ% .7 "Fe ' ete —* —SF "f—<' " —SF co—tesec—> " St 0t 6 "ffe -

Furthermore, graphene has also been successfully transferred on #&évariety of non
metallic, polymeric substrates These substrates areoptically transparent and highly
flexible, such aspolyethene terephthalate (PET) (MacDermid, Autotex), or flexible and

stretchable substrates such as @ydimethylsiloxane (PDMS) ( © SzZV e<Z«<.. 't

elastomer, Dow Inc). This could potentially be usedfor the development of graphene
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layered hetercstructures which are highly desired in optical biosensors as the optical
signal would be able to transmit through the substrate easily and the

flexibility/stretchability of the substrate i s ideal for the development of wearable devices.

Figure 5.16|shows the respective Raman spectra of the PDMS and PET surface, before and

after the graphene transfer pocess.

Figure 5.16: Raman spectra of graphene transferred on (a) PDMS

and (b) PET clearing showing their@D @eak

Thecharacteristic 0t 0 ' 1qf graphenecould be observed in bothspectraas highlighted
in red which confirms the presence of graphene on the polymeric substrate®Vith the
good electrical property of graphene and its excellent biocompatibility, it is envisioned
that in the future, wearable grapheneenhancedoptical biosensorscould be potentially

developed for reattime patient health monitoring.

5.3 Electrically Controlled Graphene Enhanced SPR Biosensor

Besides being used as a highly biocompatible substrate for biosensoggaphene was
reported as a suitable material for supporting SP waves in optic&8PRbiosensors.

However,the SP waves supported by graphenis typically excited optically by light in the

151



Chapter 5 Graphene LayeredHeterostructure for
Electrically Controlled SPR Biosensors

mid-infrared to far-infrared wavelength which then becomes difficult to be monitored.
Hence, by layering the graphene within the layers othe heterostructure, the SPR
biosensor can be excited using visible light while the excellent electrical properties of

graphene canenhancethe electrical tunability.

A layer of iongel is addedo the heterostructure to achieve the electricainterrogation of
the proposed heterostructure. The significance of the icgel is that it is a unique polymer
where an ionic conducting liquid has been immobilized within. In thegresence of an
electric field, the positively and negatively chargedions within the polymer would
migrate to opposite regions of the electric field which would induce a change in the
localized region near the surface plasmonghich and result in a changen the measured

optical signal[219].

The schematic of the proposedjraphene layeredheterostructure structure is shown in

Figure5.17aand is configured for angulainterrogation mode in an SPR systemA source

meter (Keithley, 2400) is used to apply an extmal voltage across the layers of the

heterostructure to modulate the propagation of surface plasmons which are generated at

the Au/graphene/ion-gel interface as shown ifFigure 5.17pb. When an external voltage is

applied (at Ag), the ion within the ion-gel migrate either towards or away from the ion
gel/graphene interface depending on the polarity of the applied voltage wh the
magnitude of ion movement depending on the amount of voltage applied. This induces a
change in the chemical potential of the localized region near the Au/graphene/iegel
interface affecting the conductivity of the Au/graphene layer that will influece the
resonance condition for the excitation of surface plasmons upon the laser light incidence.

Therefore, due to the applied voltage, a change in the reflectance at the resonance angle
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and shift in resonance angle are expected as schematically showmFigure 5.17¢. The

polarity of the applied voltage is expected to control the direction of the change in the

reflectance where a positive voltage would increase the refttance while a negative

voltage would decrease the reflectance as pictorially presented|Figure 5.17¢.

Figure 5.17: (a) Schematic of the proposed heterostructure coupled to the prism, (b) surface plasmons at
the Au/graphene/ion-gel interface, and (c, d) expected modulation of the heterostructure reflectance

under externally applied voltage
5.3.1 Photoinduced Electric Field f rom Excitation of Surface Plasmons

The photoinduced electric field of the plasmonic device was also formulated theoretically
to support the finding that the graphenelayered heterostructure has a greater electric
field as compared to the heterostructure wihout the graphene layer. In a conventional
plasmonic device, under laser illumination, surface plasmons are generated at the Au/air

interface. Negative charges are indefinitely compressed on one side of the interface
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creating a layer of positive chargesthe other side which provides the restoring force

for electron oscillations. Let h be the width of the positivéayer, which is given by,

g ks W
e

where é:4is the surface charge density induced by the optical field ancis the

background positive charge density.

The electric field generated dueo the oscillating electric field (U) is directly proportional
to the product of applied light intensity (I) and width of the positive layer (h), and
inversely proportional to the light-induced surface charge density & J, which is given

as,

R—

S :
= TWAL
s

With the addition of the graphene layer over the Au film, the surface charge densit@(

will now have contributions from both the Au and the graphene layerand is given as,

éL & Eé& " T
where &is the surface charge in the graphene layer which is induced by the optical field.
The addition of the graphene layer also changes the width of the positive chargeéda
formed (h"). According to the previous reports, charge penetration gets highly enhanced
when the graphene layer is added on to a metal surface which increases the widththe

positive layer (h > h). Hence, the electric field generated at the Au/grane interface

(U) can thus be modified as,

UI_IEP)
(SD)
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where hiis the width of the positive layer at the Au/graphene interface

Since he contribution of graphene tovards surface charge density is relatively low

compared to that from Au.Hence &u+ &can be approximated aséwu.

If the laser intensity remains constant, then théncrease in the width of the positive layer
in the presence of graphenevould "te—Z7— <o feo <o . "ffef <o —=SF "*Z—f% T %ot
Thus, the addition of grafmene layer on Au leads to a greater photoinduced electric field.

This can be confirmed by measuring the photoinduced electric field using a nano

voltmeter (2181A, Keithley) as shown ir|Figure 5.18|to measure the voltage across the

heterostructure. A shutter is added to the laser path to block the laser illumination to
modulate the excitation of surface plasmon§SP). For comparison purposes, the voltage
will be measured n a grapheneenhanced plasmonic device and the plasmonic device

without the graphene layer.

Figure 5.18: Schematic of the voltage potential measurement setup

Before starting the voltagemeasurement, the reflectance plaof the two devicesare used

to identify their respective critical angle and resonance anglas shown inFigure 5.19

From the figures,the critical angle (angle where intensity is maximum) and resonance

angle (angle where intensity is minimum) can be observedhich suggests that theSPare
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excited. For the device with only the Au layer, the critical angle is 40.1° while the
resonance angg is 45.6°. With the addition of graphene, the critical angle shifted to 40.4°
and the resonance angle is now 46.1°. The shift could be attributed to the addition of the
graphene layer over the Auwhich modified the effective permittivity at the

Au/graphene/air interface.

Figure 5.19: Reflectance plots of the Au substrate (a) without graphene, and (b) with graphene layer.

The voltage measurement is then conducted at four different angles, namely (i) before
the critical angle 30°, (ii) at their respective critical angle 40.1° or 40.4°, (iii) at their
respective resonance angle45.6° or 46.1° and, (iv) after the resonance anglé0°. The

measurements were also repeated with the shutter turned off and on.

The difference in the voltage potential between the two laser states for the respective

substrates is then calculated and plotted iEigure 5.20| By comparing the difference in

the voltage potential with and without incident laser light, it is possible to determine if
there is an electric field generatedlue to the excitation ofSP.From the figures, there is a
clear increase in thevoltage potential of both substrates at their respective resonance
angles. When the angles are out of resonance (i.e. at 30°, 4@140.4° and 60°), there is

no significant change in the voltage potential which sygests that there is no
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photoinduced electric field formed at these angles. However, there is an increased voltage
potential when the substrate is at the resonance angle which confirms that the formation
of SP also generates a photoinduced DC electric i@vhich explains the voltage potential
across the Au substrate. Additionally, there is a significantly larger difference in the
voltage potential of the substrate with graphene as compared to the substrate without
graphene. This suggests that there is amkancement in the photoinduced DC electric
field due to the presence of the graphene. This would be beneficial for the development
of an electrically interrogated SPR biosensor device as it would be more sensitive towards

an externally applied electric fidd and can be tuned easily.

Figure5208 S% t< "fF7fe . f <o St effe—"kT T Z-f%t -fe—<fZ& A& ,F-™iie -
turned on and off at the various angles of incidence. The two plots compathe Au substrate
(a) without graphene, and (b) with graphene.
From the figures, there is a clear increase in the difference between the voltage potential
of both substrates at their respective resonance angles. When the angles are out of
resonance there is no significant change in the voltage potential which suggests that
there is no photoinduced DC electric field formed at these angles. However, there is a

significant increase in thedifference in thevoltage potential when the substrates at the
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resonance angle which confirms that the formation of SP generates a photoinduced
electric field. Additionally, there is a larger difference in the voltage potential of the
substrate with graphene as compared to the substrate without graphene. Ehsuggests
that there is an enhancement in the photoinduced electric field due to the presence of the
graphene. Thiswvould be beneficial for the development othe electrically controlled SPR

device asit would be possible to use a larger electric fielddr the control of the SP.

5.3.2 Theoretical Modelling of Electrically Controlled SPR Biosensor

A theoretical model was developed to explain the electrical control of the surface

plasmons in the heterostructure which is shown ifFigure 5.21{ The model consists offte

four layers which are the glass prism, metal Au layer, monolayer graphene, and the-on
gel layer. For comparison purposes, three different heterostructureonfigurations will
be compared (i) GI/Au/Air, (ii) GI/Au/C/Air , and (iii) GI/Au/C/IG (where Glrepresents
glass, Au for Au, C for graphene and IG for kgel). For simplicity, the light diffusion

effects are ignored.

Figure 5.21: Schematic of the theoretical model
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Since the prism used is a rightatnge prism, the incidence angle § of the light at theGVAu

~

co—F""f . f L fe f L fZ..—Zf-FT ,> —ece%o oFZZie Zf™ ™S .. S %

ayL évvF-<3’5k-<kév\4FéooJKjo LA,
where | is the incidence angle of the laser normal to the sample surface @ntihe refractive
index of the glass.
The reflectance of the laser as it is incident on the Au layer can be calculated by solving
OD[ZHOO fV HT XiansMeReédWagneRIM) pdarized light, the respective fields in

each layer are given as,

v 5%0& L VI VAST WK
CBAS L o VT W
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The equations can be modified by representing the two propagating waves with
momentum <L :U& &-;, where <8 E (P L 64, fi%is the light dispersion in each layer

which gives,

s L=k >HIXF ?fdip WY ;
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>and ?values which

As each layer is a different material, there would be differeng e,
correspond to each material and they will be identified by their respective subscripts.
However, for the field to match across all the layers, the frequendyand the projection

of momentum along the interface,Uis assumed to be constanThe remainingconstraints

due to field matching conditions at each interface require continuity for ,:ceand ;e
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The only exception is the graphene layer which is treated as an infinitely thin 2D
conducting layer which a surface charge density L &; ,:cg, where &,<e —S% %" f Stefie
planar conductivity, and :ag;is the xcomponent of the electric field at the graphene
Zf>%"ie ' ecg Therefore, the field matching condition is modified to include the

surface charge densityhich becomes ,:§; L ,:cg;and , @&;L ., @&;F.

To obtain the theoretical reflectance plot of the GI/Au/C/Air heterostructure, the

equations can be solved by usingx;L ¥4 ;& i ... ‘& and UL ¥0cjéy A » <oqywhich

gives,
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The reflectance in the other heterostructureconfigurations can be obtained in the same
method by calculating the momenta in the remaining layers from the light dispersion
relation in each layer. By usingg:- P4, L Fz E ud @0, L td@and g g0, L s& Erdy

the theoretical reflectance plot of the respectivéeterostructure configurationsis shown

in[Figure 5.22| Note that the graphene conductivity is assumed to bé; L ws E Esr’8

which has a similar order of magnitude as the experimentally obtained graphene.
However, the precision of the theoretical model is insufficient to provide a quantitative
estimation of thegraphene conductivity. Additionally, the permittivity of the other layers

might also be slightly altered in the actual samples

Figure 5.22: Theoretically calculated reflectance plots for the various heterostructures

When a voltage is applied througtthe heterostructure, the free ions within the iongel
would migrate to opposite surfaces othe ion-geland cause the chemical potential of the
graphene to be alteredwhich influence its conductivity. Based on the experimental

results which are given i1Figure 5.23g,the reflectance increases when a positive voltage
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is applied through the iongel and it increases with increasing voltage. Additionally, there
is almost no shift in the resonance angle, hence, by fitting the theoretically obtained
results with the experimental results, it is observed that only the real part of the graphene
conductivity is altered while any change in the imaginary part would cause the resonance
angle to shift. Based on literature, it is expected that the real part of the conductivitf
graphene at infrared frequencies decreases with increasing chemical potentif221].

Therefore, when a positive voltage is applied, the chemical potential would increase

which leads to an increase in reflectance as shown|kigure 5.23p.

Figure 5.23: (a) Experimentally obtained plot showing the change in the reflectance due to an externally
applied voltage through the iongel, and ) theoretically calculated change in the reflectance due to a

change in conductance of the graphene layer

Experimental validation of theory is discussed inthe following section to prove the

electrical tunability of the proposed graphene layered heterostruaire.
5.3.3 Experimental Validation of Electrically Controlled SPR Biosensor

The graphene layered heterostructureis set up in angular interrogation mode in a prism

coupled SPRconfiguration as illustrated in|Figure 5.24| The excitation of SPis achieved

using a ppolarized helium-neon (HeNe) laser with an emission wavelength of at
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approximately 632.8nm. The prism is fixed on a prism table and mounted on a motorized
rotation stage to vary the incidence angle while another rotation stage is used to
simultaneously rotate the photodetector to measure the reflectance of the laser from the
prism. The control of the rotation stage and the collection of data from the photodetector

is done via a LabVIEW program interface to ensure high repeatability.

Figure 5.24: Schematic of the experimental setup.

The fabricaion of the Au layer and the graphene layer has been described in detail in the

previous sections.The fabrication steps to prepare the iorgel film is illustrated in|Figure

5.25( 5 ml of acetone and 5 ml of N,-Nimethylformamide solution was first mixed and

then added to 1 g of P(VDIHFP) to prepare the precursor solution. The prepared P(VDF

HFP) solution is then mixed with 4 ml of [EMIM]+ and [TFSi}to form the precursor ion-
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gel sol. The ion gel solution then poured on a glass slide and dried overnight in a vacuum

oven at 60 °C to remove the residual solvent which forms a freganding ion-gel film.

Figure 5.25: Schematic of the fabrication steps for the preparation of the iegel film

The fabricated iongel film is then characterized using the-V curve as shown ifFigure

5.26a. From the graph, two distinctive regions can be clearly observed which is also

cfrett <o =3t %

S g

0"t %<'s 6 fol 0"t%<'s 64

approximately -0.6 V to 0.5 V, the change in the current gnall and vary linearly which

may be die to theelectrostatic charge accumulation between the electrodes and the ien

gel interface. When the voltage increases past a certain pointg(¥ 0.5 V, ¥<-0.6 V), the

behaviour of the ion- %0 1 Z

S fe%eted ™S

S <o TH cett foft@rth@oc'e

threshold voltage, there is a sudden increase in current. This could be due to an

electrochemical reaction in the iongel film which causes non-linearity in the I-V

measurement. The applied potential difference between Ag and Au electrode causks t

negative [TFSI} ions and [EMIM]+ ions within the iongel layer to migrate to opposite

surfaces within the ion-gel,

Figure 5.26

b describes the scenario where the Agusface is
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positively charged while the Au surface is negatively charged. The [TFStns would be
attracted to the Ag surface while the [EMIM]+ ions would be attracted to the Au surface.

When the polarity of the voltage is reversed, the Ag surface woulemegatively charged,

and the Au surface would be positively charged as shown/kigure 5.26¢. The ions would

then migrate within the ion-gel layer and be attracted totie opposite surface.

Figure 5.26: (a) I-V curve of the iongel film, (b, ¢) schematic of the migration of ions within the iomgel

layer due to the externally applied electric field

After obtaining the free-standing ion-gel film, it is trimmed to the desired size and
transferred over the graphene. Lastly, a layer of conducting silver (Ag) ink is added over
the exposed surface of the iomel layer to form the electrical contact pad. A souremeter
(2400, Keithley) is then connected to the Ag and Au surface to apply an external voltage

across the heterostructure.

After the Au/graphene/ion -gel heterc-interface layered structure is fabricated, it is then

coupled to the prism to first determine its resonance anglgFigure 5.27a shows the
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experimentally recorded reflected laser intensity as a function of incident laser angle for
the designed heterostructure; results corresponding to plasmonic devices having
Au/graphene and Au only interfaces are also included for comparison. From the curve, a
characteristic sharp drop in reflectance is observed which is identified as the resonance
angle. For the Au/air interface, the resonance angle is approximately 45.6° and when the
graphene layer is added, the resonance angle increased to 46.1°. When thegehlayer

is added to heterostructure, the resonance angle shifted to around 48.5*he increase in
resonance angle is expected as the addition of more layers increases the affe

refractive index near the Au surface and influence the resonance condition.

Next, theSPRdevice is fixed at the resonance angle and the intensity of the laser reflected
from the prism is constantly monitored over timewith increasing applied voltage(at Ag)
with polarity reversal . After an initial period of 30 s, a +0.1 V voltage is applied using the
source-meter for 30 s. Subsequently, the polarity of the voltage is reversed (i.e-(al V is
applied) for another 30 s. The voltage is then increaseahd reversed in steps of 0.1 V (30
s positive, 30 s negative) until the voltage reached V. For comparison purposes, the
reflected intensity measurements were conducted on the plasmonic device with the

grapheneintegrated heterostructure as well as for aheterostructure without graphene

as shownin|Figure 5.27pFrom the graphs, there is a clear influence of the applied voltage

on the intensity of the reflected light. Wien a positive voltage is appliedat Ag), an
increase in the reflected intensity is observed witha relatively higher increase in
reflected intensity at higher positive voltages. The reflectance also responds to a negative
voltage where the intensity dropsaccording to the amount of negative voltage applied.
This confirms the active tunability of surface plasmons using electrmnic control.

Additionally, the relative change in intensity is plotted against the change is applied
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voltage (at Ag) asshown in|Figure 5.27¢.From the graphs, it is evident that the presence

of graphene allows for better tunability of the surface plasmons as the change in intensity

is greater in the heterostructure with graphene. Therefore, this confirms that the
graphene can indeed improve the sensitivity of the electraonic control of the developed
plasmonic device. At a voltage difference of >0.6 V, it is observed that the change in
reflectance for the grapheneenhanced heterostructure is nonlinear in relation to the

change in applied voltage.

Figure 5.27: (a) Normalized reflectance plots of the respective heterostructures, (b) plot of theeflected
laser intensity over time (an additional axis has been added below the graph to show the change in
applied voltage(at Ag) across the heterostructurg (c) plot of the change in intensity against the change in

applied voltage
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A multi-level optical switch was demonstrated using the proposed Au/graphene/iongel
heterostructure for the electro-ionic control of a plasmonic device in electreptical
interrogation mode. The real part of the electrical conductivity of the heterostructure was
modulated by an external electric field, which resulted in the intensity control of the
reflected laser light. This result correlates well with the theoretical model that was
developed based on the proposed heterostructure. Furthermore, the addition of the
graphene entances the sensitivity of the device towards an externally applied electric
field, which is demonstrated both theoretically and experimentally. The advantage of this
device is that it can also be interrogated with any light source in the visible to NIR
wavelength band for better integration into any existing integrated optical devices. It is
envisioned that in the future, this device could allow better and more precise control over
the intensity of optical light used in subwavelength scale integrated opticalevices for a
wide variety of applications such as optical communications, spectroscopy and optical

sensing.

5.4  Summary and Discussions

In summary, a graphene layeredheterostructure was proposed for the development of
electrically controlled SPR biosensorsDifferent methods for the synthesis of graphene
was discussed and experimentally validated. Thesynthesised graphene was
characterised using SEM and Raman spectroscopy determine its quality and to

optimise the deposition parameters

After high-quality monolayer graphene was synthesised, it was then transferred on to a
variety of substrates for the development of different devicesThe graphene was

transferred onto a PET substrate which was subsequently developed into a flexible
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electrochemical biosensorwhich was able tosensevarying concentrations of glucose

solution by first immobilising GOx on the surface of the graphene.

Additionally , graphene was also transferred on to the surface tiie Au coated glass slide
which wasthen coupled to a prism coupled SPR syster.layer of iongel wasthen added
to the graphene surface to form a graphene layeretfieterostructure which can be
interrogated both optically and electrically. It is envisioned that suctmeterostructures

would allow the development of compact SPR biosensors using integrated optical devices.
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CHAPTER 6

CONCLUSION AND FUTURE WORK

This chapter concludes th#hesis and highlights the majocontributions of the research
work. The last sectiomecommendssome future work which can be undertaken tarther

extend the research work.
6.1 Conclusion

From the latest result published from the Global Burden of Disease (GBR) from 2Qif7e

three primary contributors to the global burden of diseasesas(1) mental & neurological

disorders, (2) cardiovascular diseases, and (3) cancerBurthermore, according to the

data, the primary causefor et —fZ = et —"'7Z'%o<...fZ T<e'"tf"e <o 2eStcet”i
while the most diagnosedtype of cancers is female breast cance@n the other handthe

data also revealed that the trend of cardiovascular diseases is gradually decreasing over

the years.Hence, in this context, a in-depth literature review was conduded on the

currently available techniques for the early detection oAD and female breast cancer in

an effort to understand the limitations of the current art which forms part of the main

research objectives of this thesis.

Since AD is a neurologicatlisorder, current clinical methods rely on neuroimaging to

assesa ' f—<fe—Te | f <otofdetermine-the extent of the damage done by the disease.

However, these methods arerery expensive andwould be too costly to beemployed for

screening for all patientsregularly. As a result, ADs usually diagnosed after symptoms

e—f"—1T ¢S ™ce% ™Sc..S ™' —7t fZ"fft> f°" Eventhelstheref —cte—ie

is no known cure to completely reverse the damage done by AD which nmsathat
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patients would have to live the rest of their lives in a state of ill healttHence, there is an
urgent need to develop a lowcost alternative for more effective screening of ADThis
would allow the early onset of AD to be detected and allow preméative measures to be

implemented early to slow down or halt its progression

Female breast cancer is thenost prevalent form of cancer and is the deadliest cancer
among women.Despite such highmortality rates, the data has shown that the survival
rates of female breast canceare very promising if the cancer is detected and treated at
the early stagesHowever, to detect the early onset of breast cancer, the patients need to
go for periodic clinical screenings which may be perceived as a hassBame caintries
have also introduced a breast cancer screening program to encourage more people to
sign up for the screening program, but the uptake did not even meet half of its target.
Hence, there is an urgent to improvexisting breast cancer detection technigesso that

it is more easily accessible.

A biosensor is a promising candidate to provide lowcost andreal-time testing of diseases
biomarkers which could be useful for the early detection of AD and female breast cancer.
Patients can use the biosensors ttest themselves at their convenience which should
greatly improve the effectiveness of the screening progranilherefore, a review on
biosensors was also conductedon the stateof-the-art biosensors Electrochemical
biosensors are well-established andcan be produced at verjjow cost. However, it lacks
the sensitivity which could beachievedusing optical biosensors especially those based
on the surface plasmon resonance (SPR) effeBut, the fabrication cost of such optal
biosensorsis relatively high due as it demands very highresolution featuresin the order

of the wavelength scale of the optical lightlence, part of the main objective of this thesis
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was to investigate nanofabrication techniques for the lowcost falrication of optical

biosensors

Sinceoptical components and devices operatingn the visible to near-infrared (NIR) are
the most common andrelatively less expensive,therefore, the operating wavelength
range of the proposed optical biosensor itargeted to be in thisrange to ensure the cost
is minimised. From the literature review, it is determined that interference lithography
(IL) would be a potential method for the fabrication nanoscale grating features which
could be used in a grating coupl@ SPR biosensolin this context,theoretical formulations

of the interference of light waves vere conducted to confirm the possibility of achieving
sub-wavelength scale features using IL. This was also validated using theoretical
simulations based on thefinite -difference time-domain method. From the theoretical
method, it is clear that the periodicity of the interference pattern is largely influenced by
the angle of incidence of the interfering light beams, hence, the capability of IL is its
versatility for the fabrication of multiple patterns. This was demonstrated experimentally
where two different IL configurations were set upThe first IL set up employs a diffraction
grating which made the beams difficult to adjust. Hence, another IL set up based on a
single-input multiple -output (SIMO) optical fibre. Theversatility and robustness of the
optical-fibre IL (OFIL) systemwere demonstrated by the fabrication of grating patterns
with different periodicities ranging from 514 nm to 1,646 nm. The patterned aa is
approximately 5 mm butcould also be easilyadjusted by moving the lens orchanging the
lens with one that has alifferent focal length. As a resultit is easy to readjust the optics
for realising different interference pattern or to achieve aspecfiic design Additionally,
the OFIL system isa highly energy-efficient fabrication process as the laser beam is

expanded only to the desired pattern area with minimal losses as theeam is focused to
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the regions to be pattern without illuminating the unne@ssary regions.The grating
features fabricated by the OFIL system were developed into a grating coupled SPR
biosensor for sucrose sensindpy coupling it to a fluidic cell to contain the sample fluid.
The sensitivity of the SPRsucrose biosensor is approximately 267 nm/Rl and can be
further improved with proper optimisation of the grating geometry or using a

spectrometer with higher resolution.

Another critical requirement of using biosensors for diseases diagnostics is that the
sensitivity of such biosensors is still lacking as compared to webstablished laboratory-
based detection techniques. Hence, there is also a need to further improve the sensitivity
of optical biosensors for highly accurate detection of diseases. Through the literature
review, it is reported that the addition of nanomaterials, such as nanopatrticles, to the
sensing surface of the optical biosensorss a viable method to amplify the signal of SPR
biosensors. In this context, a series of theoretical FDTD simulations were was¢o
investigate different nanoparticle designs to assess their ability to amplify the signal in a
prism coupled SPR biosensor. The results show that gold (Au) nanechins have an
electric field enhancement factor that is more than 7 times that of Au nargpheres. For
demonstration, an Au naneurchins LSPR biosensor wagleveloped and compared
against an Au nanespheres LSPR biosensor for sensing the fibrillation of bet@myloid
(A 3 which could potentially be used for detecting the early onset of AD. Due its sharp
urchins-like features, the Au naneurchins LSPR biosensor is highly sensitive and can
detect A>at the nanomolar concentration levels. Additionally, the Au nanarchins were
also integrated with a conventional prism coupled SPR biosensor to iestigate the
amplification of the biosensing signal and determine the improvement in the detection

limit. The theoretical FDTD simulations reveal that the Au nanarchins enhanced SPR
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biosensor has an electric field enhancement factor that is few orders wiagnitudes better
than a conventional SPR biosensor (20,079 and 1.78 respectively). Therefore, it should
be possible to detect much lower concentrations of analytes using the enhanced SPR
biosensor. For demonstration, the Au nanairchins SPR biosensor wasleveloped for
sensing of ER=which is a commonly used breast cancer biomarker. The sensing surface
was first immobilised with a layer of ER=antibodies which is a commonly used
bioreceptor for the labekHree detection of ERs The enhanced SPR biosensor @hs an
increase in its biosensing signal as compared to a conventional SPR biosensor which
suggests that its detection limit is improved. Therefore, it should be possible to detect

even lower concentrations of ER=using the enhanced SPR biosensor.

Lastly, the thesis also investigated the potential of using graphene to develop an
electrically controlled SPR biosensor. The advantage of this is that such biosensors could
be made at even lower cost as compared to conventional optical biosensors as there is no
need for highly sensitive optical components. Two methods for the synthesis of graphene
were first investigated and compared against each otheFirstly, a thermal CVD approach
was investigated where graphene was synthesised using very high temperaturesher
guality of the graphene grown using this method was of very high quality with very clear
Ot 0 fofe "tfes ™MSc..S ."""Fe’ ete — —SF ""iefe .t 7 %"f Sted
temperatures (> 1000 °C) used in this method was not desirable which limited to gwth
substrates to metals. A PECVD approach was also investigated where the high
temperature was replaced with a plasma to synthesise the graphene. The result shows
that it was possible to grow graphene at a relatively low temperature (600 °C). However,

the plasma also inevitably introduced some defects into the graphene which may not be

ideal. The grown graphene was also successfully demonstrated to be transferred from the
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growth substrates onto the desired substrates. The Raman spectroscopy of the grapken
after transferred on to the substrates shows very clear 2D peaks. Nonetheless, this
method allows the development of graphene layeredheterostructure which is further
developed into an SPR sensor. The addition of a layer of iegel allows the graphene
enhanced SPR sensor to be interrogated both optically and electrically where the SPR

signal was tuned by an externally applied electric field across tHeeterostructure.

The future work planned for improving the current work in this report to meet the

targeted research objectives are detailed in théater sections

6.2  Major Contributions

a) Development of a diffraction grating coupled interference lithography (IL) system for
the low-cost fabrication of nanoscale grating features

b) Conceptualisation and development o& flexible optical fibre IL (OFIL) system for a
more versatile fabrication method of grating features with a wide range of priorities
ranging from 514 nm to 1,646 nm.

c) Development of a grating coupled SPR biosensor fabricated using the OFIL system for
the sensing of sucrose concentration

d) An Au nancurchins LSPR biosensor was developed for the sensing ob#hich is a
common AD biomarker. The Au nanairchins LSPR biosensor has a field
enhancement factor that is 7 times greater thanraAu nano-spheres LSPR loisensor

e) An Au nanoeurchins enhanced SPR biosensor was developed for the sensing ofER
which is a common female breast cancer biomarker. The Au naiochins enhanced
SPR biosensor has amplified SPR signal and achieved a lower detection limit as
compared to conventional SPR biosensor which would allow the detection of smaller

concentrations of ER=and improve its accuracy.
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f) A remote plasmaassisted CVD method for the synthesis of horizontal graphene a
reduced temperature was demonstrated. The synthesised graphene has the
CSETf o —F"ce—<.. Ot O fefe'tfe ™MSc..S <ot f—te —St ""feto
g) The synthesis graphene was further developed into a graphene layered
heterostructure which is further developed into a novel SPR biosensor that is
electrically controlled. The graphene layered SPR biosensor shows a change in the

SPR intensity when an extaral electric field was applied across the interface.
6.3 Recommendations for Future Work

This research primarily focuses on optical SPR biosensors for the early detection of
diseases.n order to extend the scope of the research, the follawg recommendations

are discussedasfuture work directions.

X Integration of the developed flexible optical fibre interference lithography system
with other laser-assisted additive manufacturing(AM) methods for highly efficient
fabrication of grating coupled SPR biosensor

X Optimise the beam profile of the IL system using beam shapers to achieve more
uniformed beam intensity

X Improve biosensing sensitivity of grating coupled SPR biosensor by using
nanoparticles such as nanaurchins or nano-spheres

x Developan electrically controlled grating coupled SPR biosensor by adding a layer of
graphene to the grating coupled SPR biosensor

x Extend the capability and accuracyof the biosensor by fabricating multiple sensing
channels for multiplexsensingof detection ofdiverse disease markers

x Fabrication of periodic structures for guidedmode resonance (GMR) applications
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6.3.1 Integration of OFILwith A dditive Manufacturing Methods

The OFIL system can be integrated with &aser-based 3D printing system such as

(stereolithography) SLA or directlaser writing (DLW) to maximise the capability of both

systemsin a hybrid manufacturing system asllustrated in|Figure 6.1

Figure 6.1: Schematic illustration of theadvanced laserassisted3D printing system

Both the OFIL system and a lasdvased 3D printer (SLA or DLW) operates with a laser in
the UV or near UV wavelength rangi record the pattern in a photopolymer. Hence, the
single-input multiple -output (SIMO) used in the OFIL system can be employed to combine
both systemsinto a hybrid system In the proposed system, aingle 405 nm laser is
coupled to a 1x3 optical fibre splitter where two of the optical fibres a& coupled to the
OFIL system while the remaining optical fibre can be coupled to the 3D printing system.
A 3-axis stage can also be added to recotte pattern acrossa wider area.The primary
benefits of the proposed 3D printing system are theelative ease andflexibility in

reconfiguring the OFIL system for the fabrication of a range of periodic nanoscale
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patterns. Additionally, thefabrication of the rest of biosensor features, sch as the fluidic

channels can be easily achieved using the3D printer which greatly reduces the

fabrication time. The flowchart explaining the fabrication process is given ‘ﬁigure 6.2

Figure 6.2: Flowchart of the proposed 3D printingprocess

First, the desired biosensor is designed and modelled in a 3D CAD file on the computer
The 3D CAD model is then sliced into uitiple 2D layers and the regions with the
nanoscale grating features are identified. Next, the fabrication process is split into two
parts (1) interference lithography, and (2) 3D printing. The interference lithography
system would only fabricate the pats where the nanoscale grating features are necessary
while the rest of the biosensors would be fabricated by th8D printer. The sample would
then be repositioned to another region so that other parts of the biosensor can be
fabricated. After all the features for tke first layer are fabricated, the sample can then be

lowered, and thesubsequentlayers can be fabricated by repeating the same process as
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before. The @tire 3D structure of the biosensor would then be formed in a layeby-layer

fashion. For demonstration, a sample biosensor with internal microfluidic channels is

model using CAD software ashown injFigure 6.3a]Figure 6.3p andqFigure 6.3¢ shows the

side profile and top view ofthe biosensorwhich is fabricated using @ SLA 3D printerthat

is similar to the 3D printer in the proposed system

Figure 6.3: (a) 3D model of a microfluidic channel design to be 3D printed, (b) side profile, and (c) top

view of a3D printed biosensor plue dye is added to thevater to highlight the internal channels)

By integrating both fabrication technologies in a single system, the biosensor can be
fabricated from a single substrate which would greatly reduce the manufacturing cost per
biosensor chip. Additionally, the microfluidics channels which are integrated to the
biosensor chip can also beasily customised to suit different applications. Furthermore,
grating features which varying periodicities and geometries can also be easily fabricated
in a single biosensor chip to allow multiplex sensing. Therefore, the proposed system
would be a highly useful 3D printing tool for fabricating grating coupled biosensors at a

low cost. It is envisioned that the proposed system would allow biosensors chips to be
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more affordable which is critical for biomedical applications, especially for disease

diagnostics.
6.3.2 Optimis ation of the Beam Profile of the IL System

The optical fibre employed in the OFIL system ssingle-mode optical fibre, which means
that it only supports a singletransverse propagation modeThe guided propagation mode

within a single-mode optical fibre is described as a LPo1 mode which is illustrated in

Figure 6.4a. Theintensity distribution of such a beamwhen measured across the central

U

axis of the beamyould be similar to a Gaussian beam as shawn|Figure 6.4

Figure 6.4: Beam profile of (a) Gaussian beam, (b) flabp beam,

and (c)-(d), the respective intensity distribution along the central axis
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This means hat there is a variation in the intensityalong the radial position of the beam.
This is not very desirable in IL as the resulting interference pattern would not be
uninformed which would result in deviation in the exposure dose within the
photosensitive medium. Due to this, the grating featuresormed by the IL system would
have varying line thickness or sidewall profiles which may cause some discrepancy in the
signal when used as an SPR biosens®his could be minimised by adding a beam shaper

to transform the Gaussian beams into beams with a flabp beam profile as shown in

Figure 6.4p. From theintensity distribution which is given in|Figure 6.4d, the centre

portion of the beam has a very uniformedntensity distribution which suggests that the
exposure dose vould not vary too much and the grating features would be exactly similar

to each other.

Additionally, using such flattop beams in the DLW system would be highly beneficial as
it would be possible to fabricate features with very steepand smooth sidewalls as
compared to a Gaussian beanThis would greatly improve the quality of the fabricated
biosensors andthe resolution of the DLW systemThis would be especially beneficial for

the fabrication of microfluidic channelsandallow the sample fluid to flow mae smoothly.

Alternatively, besides using beam shapers to achieve a uniformed, flabp beam profile,
this could be achieved usingpecialty optical fibres such as shapedore fibres, long
period gratings or multimode optical fibres with multimode interference devicesThis
would be an interesting research direction to explore for extending the efficiency of the

OFIL system and improve the quality of the fabricated features.
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6.3.3 Improve Biosensing Sensitivity of Grating Coupled SPRBiosensor

In the thesis,nanoparticles were demonstrated as a potential method for amplifying the
signal for a prism coupled SPR biosensor. The results show a promising improvement in
the detection limit which enables smaller concentrations of analytes to be deteateln

this context, this work may be extended to investigate the improvement in a grating

coupled SPR biosensor as shown |fkigure 6.5 The Au naneurchins which were

employed in the thesis can be immobilised directly on top of the grating features to

amplify the SPR signal.

Figure 6.5: Schematic of the Au nanairchins enhanced grating coupled SPR biosensor

However, thiswork would still be challenging asfurther theoretical simulations are still
necessary to optimise the grating parameterso ensure maximum coupling between the
surface plasmons wave generated bygrating and the localised surface plasmons at
nanoparticles. There is also a need tensure the nanoparticles are uniformly distributed
over the gratingswith no aggregation as this could reduce the coupling efficiency of the
grating. The nanopatrticles should also be immobilised on both the top layer and bottom

layer of the gratingsto maximise the surface area

Nonetheless, this is an interestingesearch direction as grating coupled SPR biosensors
are typically more compactas compared toprism coupled SPR biosensors. Ehgrating

features can also be fabricated economically using the developed OFIL system which may
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further reduce the costs of such biosensorslence, this could potentially be used for the
development of highly sensitive and lowcost biosensors which may beer fulfil the

requirements for the early detection ofdiseases.

6.3.4 Electrically Controlled Grating Coupled SPRBiosensor

The addition of a graphene layer allowsfor the development of anovel electrical
controlled SPR sensorThis unlocks new avenue for theSPR biosensors as the cost
benefits of an electrical biosensor and the high sensitivity of optical biosensors can be
achieved in one biosensorln the thesis, theelectrically controlled SPR sensor was
demonstrated in a prism coupled configuration.This method should also be possible to
realise in a grating coupled SPR sensoHence, in this contextanother possible future
research work is to explore the potential of developing aelectrically controlled grating

coupled SPR biosensorThe graphene layeredheterostructure which is necessary to

achieve this is illustrated inFigure 6.6\where the graphene layer is coated uniformly over

the entire surface of the grating features.

Figure 6.6: Schematic of graphene/metal/dielectricheterostructure with the grating features

One possible barrier to realise thisstructure is the difficulty in the transfer of the
graphenelayer over the entire surface of the gratingAs the graphene is synthesised on a
separate growth substrate, a subsequent process sp is necessary to transfer the

graphene over the grating features. However, since graphene is a 2D material, it may not
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conform nicely to the geometrical shape of the grating and may instead only adhere to
the top and bottom surface of the grating feature. This would result in broken graphene
and may reduce the effectiveness of the externally applied electric fietth the tuning of

the SPR condition.

Nonethelessthe development of arelectrically controlled grating coupled SPR biosensor
is highly desirabde as the cost can be significantly reduced as compared to a conventional
grating coupled SPR biosensorAdditionally, the electrical components are typically
much more compact than opticacomponentsand much more costeffective, hence, these
biosensors would also be moreadvantageous to meet the requirementdor the early

detection of diseases.

6.3.5 Multiplex Grating Coupled Biosensor

The advantageof and OFIL system is theelative ease infabricating grating features with
varying periodicities ( §&. Therefore, it would be easy to fabricatean array of grating

features with different periodicities (for example, & & 2,&&) on a single sensor chipas

shown in|Figure 6.7

Figure 6.7: Schematic illustration of a multiplex grating coupled biosensor
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Due to their varying periodicity, each grating features would have a different resonance
wavelengthacross a wide spectrum. Therefore, by monitorinthe entire spectrum of light,

it would be possible to detectand identify any change in the localised region near each
grating features.Different bioreceptors can then be functionalizedon each sensing sites

for the detection ofmultiple analytes using a single biosensor chip

This could be especially useful for the early detection of diseases amultiple disease
biomarkers can be detectedising a single biosensor chip. This would greatly reduce the
time neededfor screeningas compared totaking multiple individual tests for individual
diseases. Furthermore, the multiplexed biosensor can screen forother biomarkers

associated with the diseases and assist clinicians in making a more accurate diagnosis.

However, the grating features need to first be optimised to ensure that their resonance
wavelenghs are spaced out sufficierly to ensure that their operating range does not
overlap with eachother. This would ensurethat the signal from the individual sensing
sites can be distinguished from the overall signaHence, further work is necessary to

develop agooddesign multiplex grating coupled biosensor.

6.3.6 Guided Mode Resonance

Besides being developd for use in SPR sensors, the periodic nanoscale grating features
can also be developed for use in guideshode resonance (GMR) device&MRdevicesby
virtu e of their narrow linewidth, high efficiency, and high phase sensitivity, have been
used for many applications such as bisensors,tunable optical filters and electro-optic
switches [222 224]. The electric field corresponding to the resonant mode of the GMR
structure is strongly confined within the waveguide that can be used to trafight and

hence can enhance the absorption in 2D functional materials such as graphene monolayer
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Graphene is an ideal material for optoelectronic devices such as photodetectors,
absorbers and modulators. However, monolayer graphene lacks the property of spectral
selectivity due to its ultra-broadband uniform spectral response from ultraviolet to
terahertz range. In addition, its absolute absorption is too low (2.3%) in this wavelength
range that results in low photoresponsivity [225]. To overcome these issues, several
mechanisms have been proposed to enhance absorption in a graphene layer by
embedding it in photonic crystals and subwavelength gratings. Most of the reported
works have used critical coupling by guidd resonance and achieved more than 70%
absorption both theoretically and experimentally [226]. However, all these reported
works have used some sort of back reflectorsuch as metal films and Bragg mirrors to
achieve perfect absorption[226,227]. The use of a metallic reflector, however, results in
significant suppression of absorption in graphene, due to metallic losses. On the other
Sfetd T<tZF...="<... "% %o eis’kird of fossiissue.fHdwev&r, they increase
the physical footprint of the device and makes the fabrication process more complicated
since it requires material deposition of several layers. In addition, incorporation of these
back reflectors makes the deice complicated for certain applicationsOn the other hand,
the optical absorption is very low (30-50%) without any back reflectors[228] . Therefore,
absorption enhancement in a monolayegraphene without using any back reflectors is

still rare and in urgent need.

In this context, the possibility of using ILas a costeffective method to fabricate the

nanoscale grating features necessary for the GMR structuregs explored. The GMR

structure will be used to enhance the absorption o monolayer graphene embedded

within the structure. St '7* ‘et ¥ e ——"F L teece—e T f 5 %" f—coe
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a quartz plate as shown i The refractive index of the material forming the

grating is ng. The grating has a duty cycle (f) defined as w& wherew is the line width of

the grating.

Figure 6.8: Schematic of the proposed@MRstructure with an embedded graphene monolayer

First, the necessary theoretical formulae based on coupletiode theory was derivel to
predict and maximize the absorption Based on the developed formulae, the peak
absorptance at the resonancevavelength can be calculated and compared against the
results from the FDTD simulation. The optimized GMR structure was then fabricated
using IL and graphene was embedded within the GMR structure as described in the main
text of the thesis. Refer tdAppendix | for the full steps taken to develop the formulae and

fabrication of the proposed GMR structure.

The absorption spectrum of the fabricated GMR sample was measured using a

spectrometer and a broadband (halogen) light sourcas shown i1Figure 6.9a. Multimode

optical fibre and lenses araisedfor light coupling collimation purposes.S-polarized light
was obtained using a polarizerand is incident normally to the sample.The absorption
spectrum for the graphene monolayeron the SiN coated quartz substratewas first
measured before any patterningThe obtained transmittance (blue), reflectance (green)

and absorptance (red) spectrum are shown ‘rﬁigure 6.9b. As can be seen from the figure,
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Chapter 6 Conclusion and Future Work

the graphene monolayer has a uniform absorption aipproximately 2.3% throughout the

entire spectrum. The absorption spectrum with the grating pattern is shown ifFigure

6.9¢ and resonance is observed at approximately62.16 nm with peak absorptance value

of 0.5952. As can be seen from the figure, the reflectance of the structure at or néae
resonancewavelength is greatly reduced because of the critical coupling conditionlo
further validate the theory, the experimentally obtained absorption spectrumwas

comparedwith that of the simulated GMR structure modelled using FDTD. The result is

shown in|Figure 6.9d, where the experimentally obtained absorption spectrumis fitted

with a Lorentzian function of frequency.

Figure 6.9: Schematic of the experimental set up for measing the absorbanceof the GMR structure
(b) R, T and A of a graphene monolayer on the quartz subste without any GMR structure (c¢) R, T and A
of a graphene monolayer when embedded in the GMR structuiel) Comparison of the experimentally

obtained absorption spectrum and its Lorentz fit with the simulated spectrum

Both the results show similarabsorption spectrum except that the simulated resonance
wavelength is redshifted from the experimental spectrum. The reason for this
discrepancy can be due to the deviation iaxperimental SiNfilm thickness and/or due to

a change in duty cycle or nonunibrm resist thickness throughout the patterned area of
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Chapter 6 Conclusion and Future Work

the sample. Nevertheless, the simulated absorptance value (0.595179) is weihtched

with the experiment (0.5952) and theoretical value (0.5962).

Therefore, it can be concluded that the absorption of gphene embedded in our
developed GMR structure is welmatched with the theoretically calculated derived from
the FDTD model and the formula developed based on the couptetbde theory. The
proposed model does not require any back reflector such asmetal film or Bragg mirror.
Using thisformula, the GMR parametersvere optimised to enhance the absorption up to
70% which is higher than the reported values without back reflectors and comparable
with results with back reflectors. The developedmodel can be aplied for binary as well
as other grating profiles such as pyramidal grating profile obtained using interference

lithography.

Hence, the result of this work can be another possible research direction for future work
where the flexible IL system can enabl¢he fabrication of other GMR structures with

tuneable operating wavelengths.
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APPENDIX A

Z‘”fz T(Oifo:t a— T fe f.-l- (.%Ofs”,:t.l.. T<°¢f°¢ o

«—=S —St "<etcoY%oe ° —St "F - "rre St & <o %of’ '"FTea coeco-"> "
report on The Burden of Disease in Singapore (1992017) [229]. The merices and
concepts used are similar to th&BD,but the data is presented in more detail to highlight
the current and potential health challenges of SingaporeFigure Al is a graphical
representation of the distribution of <« %o f ' * "dfseaseburden for the year 2017by the
total DAYLSFigure 2 sh*™e — St fco—"¢, ——c'e " <o%of *"Fie Tcoeffed ,—"]
compared to 1990 and also the change in the DALYSs.

Figure Al: Graphical dstribution <+ %o f "*" 1T« T <1 f «ii 2037 by tauseall genders(graph

production from [229])
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Figure A2: Distribution and change in DALY $or different diseasesin Singapore from 19902017, all

genders(graph production from [229])
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APPENDIXB

Published data from WHO on the global cancer burden in 2018

Data from the WHO reveals that breast cancer is the most prevaleand the deadliest
form of cancer in 2018.Table B1 shows the ten most prevalent form of cancers in the last
5-years (from 2018) and Figure B1 shows thdistribution in a pie chart.

TableB1: Estimated number ofprevalent cases (5year) in 2018 (worldwide, all ages, all genders)

Cancer sites Number of prevalent cases
(5-year) in 2018
Breast 6 875 099
Non-melanoma skin cancer 5207 882
Prostate 3724658
Colon 2 785583
Lung 2129 964
Thyroid 1 997 846
Rectum 1876 453
Bladder 1 648 482
Stomach 1589 752
Cervix uteri 1474 265
Other cancers 14 531 318
Total 43 841 302

Figure B1: Distribution of prevalent cases (5year) in 2018 (worldwide, all ages, all genders)
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Table B2 shows the terdeadliest form of cancers in 2018 among all females and the
distribution is given in a pie chart as shown in Figure B2.

Table B2: Estimated number of canceirelated deaths in 2018(worldwide, all ages, females only)

Cancer sites Number of deaths in 2018
Breast 626 679
Lung 576 060
Cervix uteri 311 365
Stomach 269 130
Colon 260 760
Liver 233 256
Pancreas 205 332
Ovary 184 799
Oesophagus 151 395
Leukaemia 129 488
Other cancers 1221123
Total 4 169 387

Figure B2: Distribution of cancerrelated deaths in 2018 (worldwide, all ages, females only)

Data source: GLOBOCAN 2018 database, International Association of Cancer Registries
Graph production: Global Cancer Observatory, International Agency for Research on
Cancer, World Health Organizatiofi29]
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APPENDIXC

Five most frequently diagnosed cancers among

Singaporean females by 5-year period (1968 2017)

Table C. Five most frequenty diagnosedcancers amongSingaporeanfemales by 5year period from
1968-2017 (data source[50])

Cancer Site No. | ASIR | Cancer Site No. | ASIR
1968-1972 1973-1977
Female breast 672 20.1 | Female breast 861 22.1
Cervix uteri 603 18.0 | Colon & rectum 715 19.6
Stomach 542 17.4 | Cervix uteri 675 17.6
Lung 489 16.2 | Lung 663 18.5
Colon & rectum 478 15.4 | Stomach 610 16.6
1978-1982 1983-1987
Female breast 1237 | 26.9 | Female breast 1737 | 31.1
Colon & rectum 1084 | 24.6 | Colon & rectum 1393 | 26.1
Lung 893 20.8 | Lung 1072 | 20.4
Cervix uteri 751 16.6 | Cervix uteri 897 16.2
Stomach 643 14.6 | Stomach 772 14.3
1988-1992 1993-1997
Female breast 2631 | 38.6 | Female breast 3598 | 43.5
Colon & rectum 1848 | 28.3 | Colon & rectum 2300 | 29.5
Lung 1174 | 18.0 | Lung 1444 | 18.3
Cervixuteri 1002 | 15.3 | Cervix uteri 1128 | 13.9
Stomach 826 12.5 | Stomach 917 11.4
1998-2002 2003-2007
Female breast 5577 | 55.6 | Female breast 6856 | 58.9
Colon & rectum 2795 | 29.1 | Colon & rectum 3350 | 28.8
Lung 1603 | 16.4 | Lung 1905 | 16.3
Ovary & fallopian tube | 1061 | 11.1 | Corpus uteri 1356 | 11.9
Cervix uteri 1038 | 10.7 | Ovary & fallopian tube | 1347 | 12.2
2008-2012 2013-2017
Female breast 8560 | 63.0 | Female breast 10824 | 69.8
Colon & rectum 3920 | 27.0 | Colon & rectum 4835 | 27.2
Lung 2262 | 15.4 | Lung 2788 | 15.4
Corpusuteri 1787 | 13.1 | Corpus uteri 2610 | 16.9
Ovary & fallopian tube | 1625 | 12.7 | Ovary & fallopian tube | 1874 | 13.1
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APPENDIX D
"Efet ™e (oY% f  "tie L fT< " fe..—7f" tcotfet

(1990 2017)

The breakdown of Singaporé cardiovascular disease burderfrom 1990 to 2017is given
in Flgure D.The agestandardised disability -adjusted life years(DALYs) is used here to
fo. .. —e— T oY% f U ETe fHRINe %o T —Zf—<'e

Figure D: Breakdown of agestandardised DALYs due to different forms of cardiovascular diseases in

Singapore, all genders, 1992017 (graph production from [229])
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APPENDIX E
Calculation of the grating periodicity by finding

the average distance between each peak

In order to calculate the periodicity from the simulated interference pattern, the line
profile plot along the xdirection is first extracted from the image The peak centres are
then identified by a fitting program. With this, the periodicity can be calculated by finding
the average distance between each peak as shown in Table E1.

Table E: Calculation of theeriodicity by finding the average distance between each peak

Peak position (pm) Distance to next peak (um)
-1.98565 0.23924
-1.74641 0.25518
-1.49123 0.25519
-1.23604 0.25518
-0.98086 0.23923
-0.74163 0.23924
-0.50239 0.23923
-0.26316 0.25519
-0.00797 0.27113
0.26316 0.23923
0.50239 0.23924
0.74163 0.23923
0.98086 0.25518
1.23604 0.25519
1.49123 0.25518
1.74641 0.23924
1.98565 -
Average periodicity (um) | 0.2482
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APPENDIX F
Substrate preparation for recording of the

interference pattern in the photoresist

The substrates used ae 100 mm silicon (Si) wafes and are prepared as follows:

1)
2)
3)
4)
5)

6)
7)

8)
9)

Jeaning of waferin an acetone bath with sonicatiorfollowed by rinsing in (DI) water
Jeaning inisopropanol alcohol (IPA) bath with sonicationand rinsing in DI water
Drying of wafer on a hotplate at 100°C
Coating ofhexamethyldisilane (HMDS)to promote photoresist adhesion
Spin coating of photoresis{Merck KGaA AZ® MR ; 701 - 14cPs) at 3,000 rpm (refer
to Figure F forthe photoresist spin curves)
Soft bake at 90°C foB0s followed by cooling of sample at room temperature for 60s
Loading of wafer on sample stage followed by exposure of laser beams. The required
exposure duration is achieved by a mechanical shuttevith a temporal resolution of
10ms, which is installed directly at the laser output.The required duration is
calculated by the following steps
i. A power meter was first used to measure the power in each beam
ii. A variable neutraldensity (ND) filter wheel was used to ensure both beams
have equal intensities to achieve maximum contrast
iii.  Both beams were observed to have power aund 1.5mW
iv.  The beam spot diameter is measured to determine the irradiance of the laser
to bearound 45mW/cm?2

v. The exposure duration can then be calculated byt " f””"<e% —* =St 'S‘—*"Fece
required energy dosewhich is approximately 75 mJcm?2 for a 1 pm film
thickness

vi.  The required exposure timeis approximately 1.6s
After exposure, thewafer undergoespost-exposurebake at 110°C fo90s
Developing of photoresist indeveloper bath (MicroChemicals GmbHAZ® 326 MIF)
for 60s

10)Sample isrinsed in DI water to stop the developing process

Figure F: Spin curves foAZ® <« ; 701 series positive-tone photoresist (source, MerckKGaA
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APPENDIX G

LabVIEW program for simultaneous control of the rotation stages and data acquisition

The Front Panelview of the LabVIEW programis given in Figure G1The user would primarily interact with this window. Figure G2 shows
the block diagramof the LabVIEW programThis is the actual code used to control the rotation stages and acquire the data.

Figure G1:Front Panel view of the LabVIEW program
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Figure G2: Block diagram view of the LabVIEW program
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APPENDIX H

Unscaled simulated electric field intensity

The unscaled electric field intensities of the various nanoparticles from thé&DTD
simulations are given in the follow few figures. Figure H1 is for the Au nargphere with
100 nm diameter.Figure H2 to Figure H5 shows the result from the Au nanorchin with

increasing particle size from 60 nm to 120 nm (in steps of 20 nmjespectively.

Figure H1:Electric field intensity of Au nanesphere, diameter = 100 nmynlax £ Suwa | = Xrz ee

Figure H2:Electric field intensity of Au nanourchin, particle size = 60 nm,thax £ tvua | £ XSz e
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Figure H3:Electric field intensity of Aunano-urchin, particle size =80 nm,hax £+ vwva | £ Xtz e

Figure H4:Electric field intensity of Au nanaurchin, particle size = 100 nm,hax £+ srwva | £ xuy e

Figure H5:Electric field intensity of Au nanourchin, particle size = 120 nm,hax= 804, 1 £ xw{ e«
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APPENDIX |
Enhanced absorption in a graphene embedded 1D
guided -mode-resonance structure without back -reflector and

interferometrically written gratings

Referring to Figure 6.8, since thgrating is comprised of high ng and low indexmaterials
(air), the effective refractive index fer) of the grating film for s-polarized light becomes

Joad 8 IS E:SFTI 6 Y

Asthe graphenemonolayer is incorporated at the interface of the waveguide and grating
layer, the amplitude reflection ( A and transmission (i) coefficientscan be obtainedrom
the coupled mode theory which are given below.

AL”:ﬁFﬁ4;E<:”UFU, v
‘A F fig; E<UE U Y
Ly CAFAGED i
'AF Ay ECUEU, ya

where r and t are the respectively the offresonance (Fresnel) amplitude reflection and
transmission coefficients when there is no resonance taking place in the structureas

the external leakage rate which is defined as theme rate of amplitude change in the
resonator in the absence of input wave Us the intrinsic loss rate due to the embedded
graphene layer The corresponding (intensity) reflectancgR) and transmittance (T) can

be written as

LAaAOL”G:ﬁFﬁ4;6E:”UF U6 v
AFn,0E UEUS Y&

A iFfi,°EQ
LiavL %3 — K LVa,
' AFf,0E UE UGS y

Thus, the absorption, L sF: E ;as a function of incident frequency K can be
calculated as

. sSF S F ;. <iFf, ;s EP=EtULLE",
‘A Ff,;8E:UEUS

Y&
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This absorption spectrum takes the form of Lorentzian function of frequency whose peak
value at theresonant frequency (i L fi,) is given by

. sFFS,FEtULE™;
-UE U6

%2

It can be inferred from Em (7.7) that the peak absorptance depends on the efesonance
reflection (r) and transmission ¢) coefficients, the external leakage rate @and the loss
rate (A. These parameters greatly degnd on the grating parameters, hf, and ng. To
validate this theoretical formula, the effect of these parameterwas analysedfor a fixed
waveguide thickness (0= srr ee  fet %" f —<* %=500 nm). Tie photoresist used
to record the grating patternon the silicon nitride coated quartz substrateis NR7-500P
(Futurrex) and itsrefractive index (ng) of is estimatedto be 1.604 from 700 nm- 800 nm
wavelength range.

First, f is fixed at0.8 andh isfrom 100 nm to 600 nm The obtained FDTD result is shown
in Figure I1a. The absorptance value varies within the range of 0.4 to 0.7 and attains a
maximum value (3 rawhen his 225 nm and 500 nm. Keeping h value fixed at 225 nm
and 500 nm the effect off wasanalysed,and the obtained results are shown irFigure 11b.

As can be seen from this result, the absorptance value is maximurm @.7) when f is
around 0.8 for both 225 nm and 500 nm depth. For further analysis, the grating depit
chosento be around225 nm due to the following three reasons. First, because NFSDOP

is a thin photoresist and could achieve this film thickness easily. Second, photoresist
material absorption (if any) will have reduced effect on the sole analysis of the graphene
absorption. Thirdly, the results of the coupled mode theory are more accurate when the
grating depth is thin. To understand the reason for maximum absorption &t= 0.8, the
external leakage rate (@and the loss rate (A for f = 0.2 to 0.9was calculated @s
calaulated by Lorentzian fit of the stored energy at the guided resonance. When there is
no graphene layer in the GMR, the centre frequency of the Lorentzian (fitted as a function
of frequency) gives the resonance frequency %) and the haltwidth at half maxima
provides @rhe same procedurewas repeated with a graphene embedded structuréo
find the half-width at half maxima, from which @® akd Acan be calculatedThe obtained
@nd Avalues (Tablel) are plotted in Figure 11c.

As can be seen fronTable I, @as different values for different duty cycles, whereasAis
almost independent of it.Both @nd Ahave equal values at 0.8. This is the case of critical
coupling where the condition for maximum absorption is achievedThe condition for
maximum absorption can be explainedas follows: when & Gphotons decay away from
the cavity before being absorbed by the graphene layer. On the other hand, whek G
photons cannot be coupled into the cavity. Thus, maximum absorption is attained when
the critical coupling is achievedwhen £ @Gtf = 0.8). After calculating the Uand Gralues,
the off-resonance reflectancdr) and transmittance ¢) valuescan be dtained. The values
of r and t are obtained by replacing the grating film with a uniform slab of effective
refractive index, nettand thickness that is same as the grating depth (225 nmmett depends
on bothfandngas per Ea (6.1). Thus, using Eq (6.1), neitcan be calculated and used to
derive r2andt2 (Tablel).
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Table I:List of calculated parameters; @A r2 and 2

Duty cycle IeaEli(;Zren?;te Loss rate Off-resonance | Off-resonance
(f) @ A reflectance reflectance
(106 nm-1) (106 nm-1) (r?) (t2)
0.3 6.0320 2.4239 0.1359 0.850693
0.4 7.2716 2.4224 0.1392 0.847516
0.5 7.0081 2.3621 0.1504 0.836448
0.6 5.7384 2.2929 0.1621 0.824899
0.7 3.9606 2.2886 0.1732 0.814005
0.8 2.1855 2.1019 0.1815 0.805782

After obtaining all these required parameters, the peak absorptance at the resonance
wavelength (lo) can be calculatedrom Eqn (7.7). To validate the theoretically calculated
absorption values, the GMRjyraphene structure was also simulatedin FDTD and
comparedagainstthe theoretically calculated adsorption valuesThe obtained results are
plotted in Figure I11dand it can be inferred that both the theoretical values and simulated
valuesagrees well with each other.

Figure I1: Variation of absorptance with gratingdepth for f= 0.8,ng= 1.604, & 500 nm and d = 100nm.
(b) Variation of absorptance with duty cycle for two fixed grating depth, 225 nm and 500 nm
(c) Leakage rate (yand loss rate (&plotted as a function of duty cyclef).
(d) Comparison oftheoretically calculated absorptance with simulated values as function of duty cycle

To validatethe developedtheory, the proposed GMR structurevas fabricatedon a quartz
substrate. A 100 nm silicon nitride(SiN) film was first deposited on a quartzsubdrate by
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plasma enhanced chemical vapor deposition (PECVD) method. Next, monolayer graphene
was grown using the similar chemical vapor deposition method (CVD) systenas
described in thethesis. The grown graphene is then transferred onto the SiN coated
substrate using the wet chemical etching method as explained previously.

Raman spectroscopy was used toonfirm the successful transfer of the graphenes
shown inFigure 12a. The ... Sf"f ...—f"<ce—<... 1t T 'Jis cledriyxoliserved which

indicates the ""Fefe...f *° % "f'Steftda St 17 -tdorrespendsto the
ordered hexagonal structure of the graphene. Additionally, the number of graphene 3
Zfs>t"e . fe fZe' JF <o ET "7 St "FZf—-<7F <o—Ffoeec—> 7 ST

(I2d1 6). A high bdl g ratio of more than 2 indicates singlelayer graphene and a lower
ratio corresponds to a greater number of graphene layer3.he transferred graphene has
alzd/l gratio of approximately 4.53 which confirms that the graphene transferred on top
of the SN coated substrate is indeed monolayer.

Next, the nanoscale grating features are fabricated on top of the graphene/SiN coated
substrate using the IL system which was developed as part of the research work. First,
the required angle of incidence was derivetbased on the targeted periodicity of 500 nm.
After modifying the IL system, a thin layer of NR'BOOP negativetone photoresist was
spin coated on top of the graphene/SiN coated substrate and the interference pattern was
recorded within the photoresist by exposing for 700 msAfter developing and drying, the
substrate is investigated using a laser confocal microscopé&eyence, VKX Series) as
shown in Figure 12b. From the figure, the graphene area can be differentiated from the
exposed quartz surfacdased on the slight difference in colour. The patterned area is well
within the graphene area which forms the desired layered GMR structure.

Figure 12: (a) Measured Raman peak of the transferred graphengb) confocal image of the fabricated
sample, €) AFM image of the grating profileand (d) AFM depth profile of the fabricated gratingstructure
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Atomic force microscopy AFM) was then used to measure the grating profileThe top
view of the grating is shown inFigure 12c and the zoomed image is givemithe inset.
Based on the AFM measurement, the depth profile of the grating is plotted fingure I12d.
From the graph, the experimentally obtained grating features have a slanted side wall
which defers from the FDTD simulation and the theoretical calculatits. This is attributed
to the sinusoidal interference pattern. Themeasured grating parametershave aperiod &
=500 nm, average depthd = 240 nm, base width=470 nm and top width=2100 nm.

The off-resonance reflectancer() and transmittance ) valuesare needed to calculate the
theoretical formula from Eqn (7.7) to validate the experimentally obtain valueSince the
fabricated grating profile is not binary, Eqn (7.1) cannot be applied to find the effective
index (ner) of the grating layer. For thispurpose, the experimentally obtained grating
profile is simulated in FDTDas shown schematically irFigure 13a. The effective refractive
index (nerr) (in a unit cell) for this grating (pyramidal) profile varies from the grating-
waveguide interface tothe grating-air interface. To calculater and t, this grating is
replaced with a uniform slab of thickness equal to the grating depth (240 nm as in
experiment) with a gradient refractive index profile as shown inFigure 13b that is
described with the equation, neft (z) = 1.5824 0.0018z

Figure 13: (a) Schematic of theFDTD grating having a slanted side wall to replicate thexperimentally
obtained grating profile. (b) The correspondingnes profile calculated in one period of the grating

Therefore, the reflectance and transmittance valuesan beobtained as r2=0.115835 and
t2 = 0.870444, respectively.The calculated leakage rate and loss rate for this geometry
are @ 4.5014 x 106 and A= 2.2396 x 10, respectively. Using these values, the
absorptance at the resonance wavelength (762.16m) is calculated to be 0.5962 which
is very similar to the experimentally obtained value (0.5952), thus validating our
theoretical prediction. Therefore, it can be concluded that thabsorption of graphene
embedded in our developed GMR structure is well matched with the theoretically
calculated derived from the FDTD model and the formula developed based on the coupled
mode theory.Hence, the result of this work can be another possibleesearch direction
for future work where the flexible IL system can enable the fabrication of other GMR
structures with tuneable operating wavelengths.
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