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Abstract

Biosensors are often used detectbiochemical species either in the body or from
collected samples witthigh sensitivity and specificityThose based onigzoelectric
sensing methodsmploymechanicdy inducedchanges to generate alectrial response.
Reliable collection and processing of thesgnak is an important aspect in tdesignof
these systemdo generate the electrical responspecific recognition layerare arranged
on piezoelectricsubstratesn such a way that theinteract with targetspecies and so
change theproperties of the devicsurface(e.g. the mass or mechanical straifipese
change generatea change in thelectrial signal outpullowing the device tbe useds
a biosensor. The characteristics of piezoelectricdmnsors aréhat they are competitively
priced, inherently rugged, very sensitive, and intrinsicajyiable. In this study, a
compoundlabelfree biosensor was developed. This sensor consistwamkElementsa
Love wave sensor and an electrochemical impedance sensor. The novelty of this device i
that it can work in botlklry and wet measurement conditiox¢hilst the Love wave sensor
aspeciof the devicas sensitive to the masd adsorbed analyseunder both dry and wet
conditionswith high sensitivity the sensitivity coefficients in these two conditions may be
different due to thaifferent (mechanical) stregths of interaction between the adsorbed
analyte and the substrat€he impedance sensetement of the device however is less
sensitive to the mechanical strength of the bond between the analyte and the sensin
surface and so can be used fosntu calilration of the number of molecules bound to the
sensing surface (with either a strong or weak lin&jiventional.ove wave sensemare not
sensitive to material loosely bound to the surfadeus, a combination of results from
these two sensors can provia®re information about the analyte and the accuracy of the
Love wave sensor measurements in a liquid environnmiEme devicefunctions with
labelfree molecules andso special reagentsare not neededwhen carrying out

measurementdn addition,the fabri@tion of the device is not too complicated and it is



easy to miniaturise. This may make the system suitable for-pbodre diagnostics and

bio-material detection.

The substrateised in thessensos is 64°Y7T X lithium niobate(LiNbO3) which is a
kind of piezoelectricmaterial On the substrate, there is a pair mterdigital transducers
(IDTs) which arecomposedf 100 Ti/Au split-finger pairs witha periodicity ( &) 4 Ooef m.
The acousticpathlength,betweerboth IDTs, is 200s- a n dperture between ¢iDTs is
100e- On top of the substrate and IDTs, there is a PMMA guiding laytlran optimised
thickness ranging from 1000 nm to 1300 nm. In addition, a gold layer with thickness 100
nm is deposited on the guiding layer to act as dleetrodes for theelectrochemical

impedancesensor.

The biosensor in this study has been used to measure Prot&® Aand GABA

molecules.

Protein A is often coupled to other molecules such as a fluorescent dye, enzymes,
biotin, and colloidal gold or radioactive iodimethout affecting the antibody binding site.
In addition, he capacity ofProtein A to bind antibodies with such high affinity is the
driving motivation for its industrial scale use in biologic pharmaceuticktrefore,
measuing Protein A binding is a useful methodwith which to verify the function of the

biosensor.

IgG is the most abundant antibody isotype found in the circuld@grinding many
kinds of pathogensncluding viruses, bacteria, and fungi, 1gG protects the body from
infection. Also, IgG can bind with Protein A well so the biosensor here could also measure

IgG after a Protein A layes immobilisedon the sensing area.

GABA is the main inhibitory neurotransmitter in the mammalian central nervous

system. It plays an important role in regfihg neuronal excitability throughout the



nervous systenilhe conventional method to measure concentrations of GABA under the
extracellular conditions is by using liquid chromatograpthgwever, the disadvantages of
chromatographic methods are baselin# dnd additions of solvent and internal standards
Therefore, it is necessary to develop a simple, rapid and reliable method for direct

measurement of GABA, and the senBereis an attractive choice.

When thelLove wave sensor works in the liquid di, it can onlybe used to measure
the mass ofinalytes but does not provide information abiet conditions of molecules
bound with the sensing surfada contrastelectrochemical impedance semgbased on
the diffusion of redox species to the ungiery metal electrodean provide reaktime
monitoling of the surface coverage of bountcromoleculaianalytes regardless of the
mechanical strength of the anabggbstrate bond: the electrochemical impedance
measurement is sensitive to the size and éxtérthe diffusion pathways around the
adsorbed macromolecules used by the redox species probe i.e. it is sensitive to the physic
area of the surface covered by the macromolecular analyte and not to the mass of materi
that is sensed through a mechahaaupling effect (as in a Love wave devicAjthough
electrochemical impedance measuremamtder the dry statare quite common when
studying batteries and their redox/discharge properties, these are quite different sorts o
systems tdhe device in thd study Therefore,integratingthesetwo sensrs (Love wave
sensor anelectrochemicalmpedance sensor) insingle deviceis a novel concept and
should lead to better analytical performance than when each is used on théihewew
type of biosensordeveloped here therefore has the potentiamiasure analytes with
greater accuracyigher sensitivityanda lower limit of detection than foungthen using

either a single Love wave sensor or electrochemical impedance atrsar
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frequency range. (b) Equivalent circuit model for impedance sensor. The
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Chapter 1 Introduction

1.1 The classification of biosensors

Biosensors can be useddetectbiochemical ggnalsin the body with high sensitivity
and specificity.In 2013,Ngoepeet al. illustrated the functionsof biosensorsn detail [1]
and their report is cited in this thesBiosensors carmprovide a powerful opportunity in
early diagnosis and treatment of iliness. Early detection and diagnosis can greatly reduce
the cost of patied medical care, associated with advanced stages of diaegss and
far better can prevent diseasg before itbecome a serious problenmFrom a diagnostics
view point, accuracy of the diagnosis is vitatenms of the kind of thergo be used. The
major concern in diagnosis is patient compliance where invasive samples (blood and tissue
are routinelytaken to analse the severity of thdiseasePrognosisonly can estimate the
probable result of a single patiedeiseasesothereare limitationsin general treatments
Both these affectliseasemanagement since dosage and period of treatméuencethe
level of disease patient compliance and medical costéiefiefore for chronic disease
continuous medical intervention is rergd to allow changing of the dosage and treatment
period. This may evidently be observed in diabetes management where treating
hyperglycemia can lead to hypoglycemimbalances of glucose and cholesterol are a
major concerrbecausehese two elementarethe majorreasos of fatal diseags. Glucose
imbalancecausegsliabeteswhichincreases the risk of heart diseases, kidney failure, and/or
blindnesg2]. Both, high and low levels of glucose can result in disability or death. From
the diagnosis and managem point of view, diabetes mellitus requires a continuous
monitoring of blood glucose levels. In 2012 glucose biosensors accounted for
approximately 85% of the world market for bioseng8is Millions of people whasuffer
from diabetics test their blood@lucose levels daily, thus making glucose the most
commonly tested analytéh 1962, heresearch group dflark and Lyong4] invented the

first biosensomwhich successfully detected the glucose levels of the blood. johrsal



paper indicated thajlucose oxidase enzyme was entrapped on an oxygen electrode over a
semipermeable dialysis membrane. Glucose levelsrewendirectly measured by
monitoling the amount of oxygen consumed by the enzyme. In 1973, Guilbault and
Lubrano designed an amperometric (aopdensor to monitor the hydrogen peroxide, a

glucose degradation byprodybi.

Prior to any major impacts, an illness daad toserious problems to the patient such
as neuropathy or retinopathy in terms of diabdbesausethere are a number of
physiochemical changes which occur. Diabetic retinopathy which occurs due to low sugar
levels in the eyes carauseblindness as the new capillaries thatiwker blood to the eye
are frail[6]. For cholesterol, there are a varietypbfysiochemical changes thake place
before signifying future damagé&he occurrence of stroke is usually due lmobl clogging
thatcaugsthe interference of blood flow near the nervous system. Pstgonbany illness
plays a man role in illness maagement. However, through the process of diagnosis,
chronic illnesses will require continuous monitoring for efficient management. The costs
and patients compliance are highly affected by these processes. It is observed tha
selfmonitoring of sugar leveldias benefited patients in terms of costs and disease
management. Design of seifonitoring devices for glucose levels such as SensoCard Plus
(BBI Healthcare) and AecCheck Compact (Roche) hassetedpatients to monitor their
glucose concentrations indar to delay or even prevent the progression of microvascular
and macrovascular complicationg]. If patients feelcomfortableto monitor analyte
concentratiordaily and the processes of monitor are conventéstpatientdwillingness
to conduct selHmonitoring will increasesubstantially For a better illness management,
norrinvasive/continuous sampling is required for optimum medical intervention. There are
different kinds of glucose sensors which can be divided into two groups; enzymatic
(fingerprick glucometer and urine dipstick), and continuous {mwasive, minimally

invasive and invasive). For continuous invasive sensors, these can be intravenous



implantable, microdialysis (glucose oxidase electrochemical sensor) and subcutaneou:s
sensors (enzymelectrodegedox reaction analysis), while for minimally invasigres
micropore or microneedle (collection of interstitial fluid for enzyme based electrode sensor)

can be usefB].

For cholesterol mnitoring it has been shown that accumulative treatmen
discontinuations among lortgrm regimens of all types of drugs is about 50% of patients
during first year and 85% of patients in the second year of treatf@enSimilar to
diabetes, cholesterol is detected by means of using immobilized enzymes (Gtkides
AccuTech, LLC). The enzyme cholesterol oxidase breaks down cholesterol into hydrogen
peroxide and cholegk-en3-one in the presence of oxygE®]. The level of cholesterol is
then measured by an amperometric sensor that can detect hydrogenepiinaxigh redox
mediator [11]. The methods thatutilise enzymes for detection of any analyta@ve
disadvantages such as short lifetime and lower sensitivity. This can be avoided by using
two or more enzymes. In the case of cholesterol, cholesterol oxataseholesterol
esterase can be used in combinatji®®]. Future cholesterol monitoring devices may
include norinvasive mode of cholesterol level detection as in quantifying the levels of

isoprene in human breath3].

For noninvasive sensors the mode of detection can be either optical or via
transdermal analysis. For transdermal analysis, impedance spectroscopy (dielectric
properties of a tissue), skin suction blister technique (vacuum application on the skin to
obtain fluid for analysis), reverse iontophoresis (low electric current application) and
sonophoresis (use ultrasound on the skin) may be [dgded5] For optical analysis the
following methods may be employed; kromoscopy (electromagnetic radiation),
photoacostic spectroscopy (increased ultrasound pulse generated during absorption of
light when there is high glucose levels), optical coherence tomography (tomographic

imaging), scattering (relative refractive indices of a particle), occlusion spectroscopy
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(prodwce high systolic pressure to occlusion of arterial flow), polarimetry (substances
which can rotate the plane of polarized light), thermal infrared (glucose concentration
correlates to temperature variation amdd-infrared MIR, light scattering on the gk),
fluorescence (light emission from molecules in different states), MIR spectroscopy
(wavelength variations due to stretafpiand bending of molecules)earinfrared (NIR)
spectroscopy (absorption based on molecular structure) and Raman spectroscop

(rotational or vibrational energy states within a molec[16).

Biosensors are of interest within the field of modern analytical chemistry and
pharmaceuticsThere aramanypublishedjournal papersvhich displayedthe diversity of
approaches and techniquesplied. This is due to new demands and opportunities that are
appearing particularly in clinical diagnostics, environmental analysis, food analysis and
production monitoring17-19]. A biosensor can be defined as a devitéch can generate
a signalthatis proportional tahe concentration of particularbiomaterialor chemicals in
the presence of a number of interfering spef2€3. This s accomplished by means of
utilising biological recognition elements such as enzymes, antibodies, receptorss tissue
and microorganisms as sensitive miale because of thegelective fustionality for target
analytes To develop a universddiosensoris very difficult, because it is impossibte
discoveran all-inclusive parameter estimationgorithm that would povide as much as
information about material properties in all applications. Each application recuires
unique choice of sensor design and associated parameter estimation algorithms. As &
sensor system develops, the requirements for each element become clearer and affect tl
requirements for each element of the trinity displayefiigure 1.1. Sensors can be divad
into various groups based on the mode of function in terms of sensing region and

transdudbn.

There are many classificatiorfier biosensors. In the following sectiondifferent

types ofbiosensorsare described in turrgccording to the type gfhysicaltransduction
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givenin table 1.1. There are six main kinds of physical transductions: optical, thermal,

mass, surface acoustic wave, conductance, and impedance.

Table 11 Groups of biosensors based on transduction signal, their mode of detection an

applications.

Transduction | Mode of Detection Application

Optical Surface Plasmon Resonance Hand held refract meter (Rhino
immobilizes antibodiedigands/ Series, Reichert, Inc., USADetect
receptors. The analyte concentration is| analytes in urine
measured upon adsorption
Imagebased method: Fluorescence Resonance Energy
fluorescencés generated witchemical, | TransferProtein and nucleic acid
enzymatic and cellular changes by meg analysis (Invitrogen, USA)
of probing

Thermal Calorimetric measures a change in Auto-iTC,o system (GE Healthcare

temperature in the solution containing
specific analyte and converts it into

concentration

USA) and DSC used for
characterizing molecular

interactions/ enzyme kinetics

Mass sensitive

Quartz crystamicrobalanceconsists of g
thin quartz disk with electrodes plated ¢
it. Measures a mass per unit area by

measuring the change in frequency of ¢

quartz crystal resonator

QCM200, Stanford Research
Systems, Inc., USA; Attana Cell
200.Measure specific angk

concentration

Surface
acoustic wave

Surface acoustic wavgenerate and
detect acoustic waves using intigital
transducers. This will detect changes o
the surface, such as mass loading,

viscosity and conductivity changes

VaporLab, MicrosensdBystems,
USA. Gas analysis on film swelling
results in electrical signal. Breath

analysis of volatiles

Conductive properties of medium

Enzymatic reactions yielding

Conductance
between two electrodes (ionic strength | charged substances. Enzyme
changes) field-effect transistor (EnFET);
Nanowires
Impedance Measure both resistance and reactancq 1Q Scientific Instruments, Inc

(change from weak or necharge

substances to highly charged)

Field-effect Transistor (FET). Drug

effectson cell based ionic

signatures




Sensor design | =™ | parameter estimation
€— | algorithms

N

Application

Figure 1.1 Every sensing application requires an optimum combination of inherently
dependent elements of theeasurement systecomprising sensor design and parameter
estimation algorithms.

1.1.1 Optical Biosensors

Two major kinds of biosensors using optical transduction method to detect analytes
aresurfaceplasmon resonance (SPfeEhnologyandimagingbased methad

SPR is a phenomenonwhich uses visible or neainfrared radiation from a
monochromatic light source via a hemispherical prisnrremdiate a metallic surface to
generatean electromagnetic (optical) evanescent wakaletector is setup an angle
related to he refractive index (RI)Jn the evanescent wave, the oscillation of free electrons
generates a surface plasmavhich can resonate and absorb light. The specific
wavelength/angle at which this occurs is a function of the RI in the proximity of the
metallic surface and relates to the typedaamount of material on the chip surface. A
change in this material (e.g. the amount adsorbed, or a chassgye)will lead to a
refractive index change and a shift in the resonance to a longer wavelength (if the
refractive index increasespuch achange in massanresult from themmobilisation of a
ligand and, subsequently, further interactions which take place when analytes are passe
over the modified sensor surfg@].

A large selection of commercially availaldB#R optical biosensors can baseal for
pathogen detection. Wet al.applied t he SPREETAE SPR sysgot em
measureCampylobacter jejuni22]. Here, biotinylated leporine polyclonal antibodies were

immobilised directly on the sensor surfaged the assay had a sensitivity of 1 ¥ 10

6



CFU/ml. Barlenet al. chosethe Plasmonic SPR device (Plasmonic Biosensoren) for the
detection ofSalmonella typhimuriunand S. enteritidis[23]. Salmonella typhimuriunm

milk was also successfully measured by the teaMafumdarwith the sameSPR optical
biosensol{24]. A range of other optical sensor platforms, including the ProteOn XPR36
(Bio-Rad) and Sens2Q (Nomadics) and Beddocor e
pathogen monitoring. Olet al. utilised a SPRbased protein chip assay format with
immobilised monoclonal antibodies agair&t typhimurium E. coli O157:H7, Yersinia
enterocoliticaand Legionella pneumophilal x 16 CFU/m of each pathogen couldeb
specificallymeasureadvith their respective antibod5].

Imagedbasedoptical bicsensos arebased onmage recognition and technology has
been developedhich is particularly useful for cancediagnosis and treatmerthere are
many problemsin tradiional methods to diagnoser cure cancer suclas surgery,
chemotherapy and radiation therapy. There are limitations &adivdintage to these
modes of treatments due the difficulty of gettingearly diagnoss, nonspecific drug
distribution, systemic tagity and unpredictable pharmacodynamics and pharmacokinetics
[47]. Whenperforming an operatignmaging would allow tracing cancer cells that are still
localised in the body, and this can even be useful during biapsestigations For
chemotherapygarrier functionality would be beneficial as it offers target specificity and
controlled drug release. Before the radiation therapieagedbased sensocan aidto
identify the target region. Nanoparticle imaging would prevent radiation damage from
harming other tissues around the target area, grasiding better therapeutic targeting.
Targeting and controlled drug release will improve disease management by interfering with
disease progression, whilee use obiosensas will affect disease diagnosisia prognosis
[48]. A fundamentaimethod in somémagedbased senssiis using specifidfluorescence
molecules to conjugate with target cells or proteiftfsenimage recognition technology
can be usetb detect thdright partsin theimage

Aside from theuse of conventional fluorescena@croscopy,optical imaging based



on bioluminescent bioeporters carrying the bacterial lux gene cassette has been well
established for the sensing antbnitoring of select chemical agents. Their ability to
generate targegpecific visible light signals with no requiremdnt extraneous additions

of substrate or other hands manipulations affords a ret@ine, repetitive assaying
techniquethat is remarkable in its simplicity and accuratlye team ofSteven Rippet al.
exploited bioluminescent assays fietectingeEscherichia coli O157:HJ40]. Organic dye
dopeal nanoparticles made of silica, poly or PLGA and doped with dyes such a828G
Cy5, fluorescein isothiocyanate (FITC) and rhodamine B isothiocyanate (RITGIsman

be usedn imagebased biosensarQuantum dots are semiconductor crystals composed of
elements from groups Il to VI, Il to IV or IV to VI from the periodic table while
up-conversion nanoparticles are synthesized fromgzlLaf; Y03 LaPQ, NaYF
co-doped with trivalent rare earth ions such ag+#YliEr+ and Tm+ [47]. Other groups of
imaging biosensors involve multifunctional nanoparticles which can be divided into
metallic nanoparticles such as paramagnetic nanoparticles used in cancer thesgpudip

and dendrimers used in cancer and HIV therapy [49].

1.1.2 Thermal biosensors

The working theory of Hermal biosensorsis to detect the heat fronbiological
reactions. Thse reactions \Which adsortor evolve hea} causechangs in the temperature
within the reaction medium. In earlier studies on calorimetry the change in heat was
directly monitored to calculate the extent of reaction or structural dynamics of
biomolecules in the dissolved std®d]. With the development of thermometric devigces
researcherdegan to use these devices in the fieldbiwisensors. These predominantly
measure the changes in temperature of the circulating fluid following the reaction of a
suitable substrate with the immobilized enzyme molecules.

Thermometrybasicaly means measungent of temperature. Thessentialversion of

such a device is a thermometwihich is routinely used for measurement of body or



ambient temperature. Based on similar principles, in thermometric devices the heat is
measured using sensitive thermistors.Sdevices are popularly referred to as an enzyme
thermistor. Calorimetric devices for routine use were limited by cost of operation and
relatively long experimental procedures. However, the invention of the enzyme thermistor
based on flow injection analgsiin combination with an immobilized biocatalyst and
heatsensing element, circumvented several of these shortcofRibigs

The thermometric technique has bered toselectTrigonopsis variabilisstrains for
high cephalosporitransforming activityby the team ofGemeiner[27]. Similarly, the
cephalosporifiransforming activity of eamino acid oxidase isolated from yeast was also
identified. The adaptation of the theatbiosensor to enzyme linked immunosorbent assay
has also beereportedby Birnbaumet al., for the determination of hormones, antibodies
and other biomolecules generated during the fermentation pr¢28ksin addition
genetically engineered enzyme conjugatesemsed for themeasuremenof insulin or
proinsulin with thermal biosensofMecklenburget al, 1993)[30]. Alkaline phosphatase
was used as the enzyme label for such stuahiésthe team dDanielssordetectednsulin

separatiowith a thermal biosensor [31]

1.1.3 Mass sensitive lpsensors

Mass sensitivébiosensors operate on thermiple that a change in mass, resulting
from the biemolecular interaction(combination betweemn antibody and its I&tive
antiger) can be determine@]]. A well-known exampleof mass sensitive biosensottie
micro-cantileversystem. B coating arecognition receptor layer over the upper side of a
micro-cantilever beantan form a biosensobDue to its label free detection principle and
small size, this type of biosensor has applicable advantages in diagnostic applications
disease monitoring and search in genomics and proteomics [34]. A nycaotilever
biosensor functions by means of transduction of the molecular interaction between analyte

and capturing molecule, immobilized as a layer on one surface of a cantilever.



Biomolecular interactions king place on a solidtate interface leads Bnmass increase
[35]. This process results in bending of the cantilever. The capturing molecules are
immobilized onto the cantilever by means of direct absorption or by means of covalent
attachment to the swate modified with functional groups [36]. In the static mode of
operation, the sensor response is represented by the beam bending with respect to
reference micra@antilever. Alternatively, micr@antileverbiosensors can be operated in
the dynamic modeln this case, the beam vibrates at its resonance frequency and a
variation in this parameter indicates the concentration of the anAlyt¢her example to
use a ntro-cantileversystemas biosensr is settinga mesoporous polymen the device
surface.When an analyte of interest enters into the polymer nanopoadyte particles
will block the ion current, resulting in a downward curfpatse. Through this mechanism,
analytes detection can be achieved by monitoring the blockage of nanopores before an
after an immunological reaction as the currpotse frequency is proportional to the
concentration of the analyte [38].

Another kind of mass sensitive biosensorgjigrtz crystalmicrobalance (QCM)
system which mass changes result in alterations in rasee frequency21]. Quartz is
one kind of piezoelectric crystalThe QCM consists of a thin piezoelectric plate with
electrodes evaporated onto both sides. Due to thegdexzoceffect, an AC voltage across
the electrodes induces a shear deformatiahvéce versa. The electromechanical coupling
provides a simple way to detect an acoustic resonance by electrical Mieardectrodes
at the front and the back of the crystal usually areHag shaped; thereby making the
resonator thicker in the ceatthan at theborder,and the overlapping perimeters of the
metallic electrodesconfines the displacement field to the centf the crystal by a
mechanism called energy trapping. Tdueartzcrystal turns into an acoustic lens and the
wave is focused to theente of the crystal. Aering the thickness of the crystedn change
oscillation frequency oQCM. During normal operation, all the other influencing variables

remain constantWhen mass is deposited on the surface of the crystal, the increased
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loadingleads to the frequency of oscillation decreasing from the initial valuerefore,
the QCM can be used to investigate interactions between biomoledyesrranging a

recognition receptor lay@m the surface

1.1.4 Surface acoustic wavédiosensors

Surfaceacoustic wave SAW) devices were firstly used as filters and resonators in
electronics and communicatiorBecausdhe acoustic energy of these devicesdsfined
at their surface SAW devices aresensitive to any changes occurring on the substrate
surfa@, such as mass loading, conductivignd variations of viscosity [43]. This
characteristilhasattraced researcher$o investigate and develgensing applicationsn
the 19803, researchers tried to use a Rayleigh wave, which is one kind of SAWetbpe
biosensors. They could successfully applyoigas sensindput faced a sevus problem
when operahg these devices in a liquicenvironment This is becauseparticle
displacementsn Rayleigh waves are normal to the surface of the device, whilhtes
compressional waves into the liquid and causes severe attenuation and high insertion losse
In order toavoid the high damping caused by the agqueous environment, the acoustic waves
must be shednorizontally polarized in the liquid. The firsuaessful approachds use
SAW devicessensingin liquid environmentwere Flory® group and Moriizun@ group,
respectively, inL987 @4]. Their SAW biosensor®perated with shear horizontal polarized
waves.Nowadays, SAWbiosensas can beaised to detect pteins, DNA, viruses, bacteria
and cells 45].

There are some kinds of SAW suitatieusein biosensingapplications which require
fluid immersion.Oneof these types is based @aky-SAW waves, where the wave is only
partially confined to the surfaceh& leakySAW mode ismainly shear horizontal but not
purely shear horizontal and consequently suffers extra attenwetesr fluid immersion.
Another type usessurface transverse wae(STW) which originate from a surface

skimming bulk wave (SSBW) thatavek very close to the surface but not exactly along it.
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A metal strip grating located in the surface of tevices between the input and output
IDTs produces a slowing effect on the wave propagation velaaidytraps the energy of
the wave in the surée of the device enhancing its surface meessitivity [44]. Love
waves are another kind of shedrorizontal SAWthat can be used for biosensing. Love
wave devicesare comprised of a substrate that primarily excites a SSBW, which is
subsequently confinealy a thin guiding layer located on the top of the substrate and IDTs
The condition for the existence of Love wave modeshat the shear velocity of the
overlay material is less than that of the substraé¢ [Bhe waveguiddayer confines the
wave energ keeping it near the surface and slowing down the wave propagalocity.

The sensitivity of a sensor @etermined by the degree of wave confinement. If the wave is
trapped tightly, it will be stronglperturbed by surface changes, yielding high $ettgi

Love wave biosensosmnoperate efficiently in both gas and liquid media. The parameters
that determine the resonantequency are the spacing of IDTs and the thickness of the

wave guiding layef44].

1.1.5 Conductancebiosensors

The concept of desigmg a conductance biosensmmes from monitoringelectrical
conducivity changs during biological reactions [21]. There are two major methods to
realise conductanameasuremenOne method is toonvert biological signalto electrical
signak via a conduative polymer The team of Hoa applied the methodcohducénce
detectionto measuree. coli and Salmonella sp [32]. A biological signal issuccessfully
converted to an electrical signal via a conductive polymiee materials of conductive
polymer werepolyacetylene, polypyrroleandpolyaniling respectivelyMuhammaeTahir
and Alocilja designed a condueincebiosensor incorporating a polyclonal antibdabsed
sandwich assay format in which the detection antibody was labelled with polyanilme. Th
sensiivity of the sensor couldeach to/79 CFU/m and 83 CFU/rhof E. coliO157:H7 and

Salmonella spprespectively.
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Another way is to use specific nanoparticles to capture analytesse were
subsequently bound om @lectrode Conducancemeasurements wefacilitated through
the application of an alternatirgrrent voltageHnaiein et al. applied this method to
design a conducanceimmunosensor foE. coli [37]. A biotinylated polyclonal antibody
was captured on streptavidiwated magnetite nanoparticleBhese were subsequently
bound on B electrode through the use of glutaraldehyde coupling. Coalcet
measurements were facilitated through the application of an altertatirentsignal The
incorporation of nanoparticles facilitated an increaseoimdactivity, enabling 0.5 CFU/m

to be detected.

1.1.6 Electrochemicalimpedancebiosensors

Electrochemical mpedancebiosensors can be based on the fact that the metabolic
redox reactions of microorganisms are detectable and quantifiable when performed in the
presence of a suitable mediat8€]. Radkeet al. useda highdensity microelectrode array
to develop an impedae biosensdior measuremertf E. coliO157:H7 The sensitivity of
the sensor could reach i@’ CFU/m with coatinga goat antigG polyclonal antibody
layer tocapturetargets [41] An impedance sensor to measurrnalin Bwas developed
by the team ofTully in 2008 [42]. Abiotinylated leporine polyclonal antibodynda L.
monocytogenes ceflurface proteinwere applied in this platformWhen captured on
avidin-coated planar carbon electrodes modified with a conductive polpulyaniling,

the limit of detection fomternalin Bwas found to be 4.1 pgim

1.2 The motivation of this research

Piezoelectric biosensing methods are usualigdon the applications of acoustic
wave sensor and have a number of advantdgmsexamplecompare with the optical
biosensing methods, piezoelectric biosensing methods can be operated with simple an

cheap electronic componeni&he cost per additional sample channel is low on acoustic
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wave sensors. This allows the creation of -@fctive sasor arrays of a single device.
Acousticwave sensors are extremely versatile sensors thgustréeginning to realize
their commercial potentiglb0]. They arecompetitively priced, inherently rugged, very
sensitive, intrinsicallyreliable, and offerthe additional benefit of being passively
wirelessly interrogated. Wireless sensors are beneficial wi@mtoring parameters on
moving objects, such as tire pressarecars or torque on shafts. Sensors that require no
operatingpower are highly desirabl@ remote locations, making thesensors ideal for
remote chemical vapour, moisture, and temperaseresors. As a result of their mass
sensitivity, they can based in numerous physical, chemical, and biological applications
[50-52]. Other applicationsnclude measuring force and acceleratisimpck, angular rate,
viscosity, displacement, flow, and filncharacterization. The sensors also have an
acoustoelectric sensitivitygllowing the detection of pH levels, ionic contaminarasd
electric fields. SAWsensors have proven to be the most sensstwsors in general, as a
result of their larger energy densidg the surface.

For liquid sensing, a special class of -SHW sensors, called Love wave sensors,
have beenproven to be the mosensitive[50]. Furthermore Love wavedevices are
attractive for biosensor application owing to providing a simplicity, small size, and
reakttime solution.However, there are some problems with the conventional measurement
of Love wave biosensors. In the past, researchsiglly used micrechannels or
micro-chamberssystem to input and output the test specimens6g8 These methods
weresuitable for liquid sensingecause it was easy to control the flow. But after the test
specimens werbaded ontdhe platform, the residues of the test specineamsbe found
to bedifficult to remove. Previous studies did not verify that the residues could be totally
removed in the platforms with mici@hannels or micr@hambers. Hence, it is doubtful
whether the bve wave biosensors with mieotannels or micrehamberds a suitable
format for a reusable devicén this study, a droplet based technique was used to replace

micro-channels or micr@hambers platform. After each measurement, the sensing area
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could betreated with plasma to clean and remove all particles on the platform. This
methodhas beewerified as beingusefulfor platforms that need tiereusel several times.
Another problem othe application of Love wave sensais restricted toa single
phaseggas, liquid, solid etc.XConsequently,asearchers usually design the sensing film on
the sensor to measure targetglerspecific conditios. If targets neetb be observe and
detectedn the liquid phase & thefirst step,thenremovng the solutionfrom the sensing
area and meadung the immobilised particles in dry statéhe traditional Love wave
sensos do not readilysatisfy this demandn addition, the measurable parameter dor
Love wave sensor ithe mass changéollowing targetimmobilisation This leads taa
problem, whichis thatthe sensoican only measure the quantity of targets but cannot
distinguish the elements of targels.order to solve this problem, it is necessary to add
another sensor to work with the Love wavesserand provide aadditionalparameter to
aid the identification of targetnd/or calibrate the Love wave sensor respoRse aim of
this researchis to develop a biosensor by employing Lave wave device and an

electrochemial impedance sensor to soltree above problems

1.3 Literature review of Love wave biosensors

The report published by Gaset al. in 2013 was a detailed review about SAW
biosensors [51]. According to this repoearly studies in the 1980s thattempted to
transfer the simple method 8AW gas sensingto a biosensor were not successiithis
is because the researchers used Rayleigh Waves, which is a kind dh&Awludes both
longitudinal and transverse motions. In théewices the signal attenuated sharply when
immersed in liquis [45]. Early successful approaches using horizontally polarsteshr
wave (HPSW)on quartzdevices in a delay line configurati@ould only be obtainedh
nonpolar liquid[113]. If immersed in water, such device$so suffered from higher
attenuation. Me reason to serious signal attenuation was figmificant dielectric

mismatchbetween the liquid and the substrédelectric constant of water is about 78, but
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the dielectric constant of quartz is about ®)e team oflory used a nevacoustic wave
type called surface transverse waves (SToWesign a biosensor [45This type of wave
propagates on theurface of thelevice by a periodimass gr ating with a
wher e @aavelengthtohtlee SAW. Thiway providedbetterenergy confiementon

the crystal surfacehan a pure HPSW traveling along the open surface afrystal.
Although this type of surface wave was more suitedpplications in liquids, the substrate
material was stilfuartzso the problem adlielectric mismatclstill existed [45].In order to
operate efficiently in applications which require fluid immersion, the Shear Horizontal
Surface Acoustic Wave (SBAW) sensor was developedResearchers tried to find
substrate that can generate SFAW, and they investigateddhmaterials such &6° Yi X
LiTaOs; and 64° Yi X LiNbO3. Although thepure shear horizontavaves could not be
generated in these substrates, another kind of S&#ky-SAW, was found in these
materials. The leakySAW is mainly shear horizontal but ngturely shear horizontal
Moreover, this wave extends several wavelengths into the deBige the dielectric
constant ofLiTaOs; and LiNbO3; are 47 and 85, respectively, which are closer to the
dielectric constant of the water and lessen the effect of nmebn@dtdielectric constant
[103]. Themajor dsadvantag®f leaky-SAW devices is that the IDTs ag&rectly exposed

to agqueous medjaso the lifetimes of such devices arat longdue to corrosiof103]. In
order topreventIDTs from corrosion in liquid, dter scientists covered a thin polymer
layer on the devices and another kind of SAMove wavedevice was generated when
some particular conditions were mé&he condition for the existence of Love wave modes
is that the shear velocity of the overlay serél is less than that of the substrate the
thickness of guiding layer is less than the wavelength of the shear wavé&glguidng

layer confines the wave energy keeping it near the surface and slows down the wave
propagationvelocity. Becausehe Love wave is trapped tightlyn the guiding layerit is
stronglyperturbed by surface changes, yielding high sensitiViys device operates with

a surface wave with shear horizontal particle displacem@sta result it can operate

16



efficiently in bah gas and liquid medid 03].

The firsttwo research teams took advantaget @fe wavedevicesfor biochemical
sensing were Kovaast al.[52] andGizeli et al.[53] in 1992 They demonstratedhow to
usesuch devices amass sensing biosensors in liquiddter that, in 1997 Love wave
deviceswere employal to detect redime antigerantibody interactions in liquid media
[54]. In 1999, acontactless ove wavedevice waslevelopedn order to protect electrodes
from the onductive and chemically aggressive liquids used in biosen$btj. The
advantage of this techniquetisat no bonding wires are requirgdne year latera dual
channelLove wavedevice was used as a biosensor to simultaneously detect Legemmlla
E. ooli by Howe and Hardin{b6]. In this approach a novel protocol for coating bactemnia
the sensor surface prior to addition of the antibody was introduced. Quantistivscan
reach t0106 cellsml, which were obtainedrbm both specieswvithin 3 hours. In 2003, a
Love waveimmunosensor was designed as a model for vinufacteria detection in
solutionby Tamarinet al.[57]. They grafted a monoclonahtibody (AM13 MADb) against
M13 bacteriophage on the device surface §{piCand deteced the M13
bacteriophage/AM13 immunoreaction. The authors suggested the potentialiseshof
acoustic biosensors for biological detection. The same year, it was shown that mass
sensitivity ofLove wavedevices with ZnO layer was langthan that of sensors with SIO
guiding layers and the researchersnonitoredthe adsorption of rat immunoglobulin G,
obtainingmass sensitivities as high as 950°ani58]. They pointed out that such a device
was a promisingandidate for immunosensing applicatioAs. aptametbased lbve wave
sensor which allowed the detection of small molecules was devebyp8dhlensog et al.
in 2004 [59]. This biosensoprovidesan advantage over immunosensbexauseat does
not require the production of antibogiagainst toxic substances. Aue wave biosensor
for the detection of pathogenic spores at or below inhalational infectious Masls
reported by Branclet al. in 2004 [60]. A monoclonal antibody with a high degree of

selectivity for anthrax spores was used to capture thepathogenic isnulant Bacillus
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thuringiensisB8 spores in aqueous conditioMoreover, he Branch teanstated that ve
wavebiosensorsiave widespread application for whalell pathogen detectioMoll et al.
invened anew methodwith a Love wave biosensoo tdetectE. coli in 2007[61]. This
sensoiconsisted of grafting goat antiouse antibodies (GAM) onto the sensorface and
introducing E. coli bacteria mixed with aiffi coli MAb in a second step. Trsensor
response time was shorter when working at 37°C,ignog results in less thantour wth

a detection threshold of iacteria/h More recently, the same group descrited
multipurposeLove waveimmunosensor for the detection of bacteria, virus and proteins
[62]. They successfully detected bacteriophaayes proteins down to 4 ng/nirand E.coli
bacteriaup to 50 x 1®cel | s I n a 500 &L dictparder
reproducibility. h addition,Moll et al.indicatedthat whole bacteria can be detected in less
than one houf62]. Andréa et al. used aLove wave biosensdo investigate the mode of
action and the lipid specificity diuman antimiasbial peptided63]. They analged the
interaction of those peptides witmodel membranes. These membramasnic the
cytoplasmicand the outer bacterial memheawhen attached to the sensor surfack
2008, Bisoffi et al.[64] employed a Love wave biosengordetect Coxsackie virus B4 and
Sin Nombre Virus (SNV), a member of the Hantavifarsily. They described a biosensor
with working frequency at 325MHz, wth has thespecificity provided by monoclonal and
recombinant antibodief®r the detection of viral agents. Rapid detection (within seconds)
for increasing virugoncentrations was reported. The biosensor was able to detect SNV at
doses lower than thkad of virus typically found in a human patient suffering from
Hantavirus cardiopulmonargyndrome.in 2009, it was shown the possibility to graft
strepavidin-gold molecules onto Bove wavesensorsurface in a controlled way and was
demonstrated the capéty of the sensor to detectanoparticles inliquid by Fissiet al.

[65]. In 2010, a complementary metide semiconductor CMOStructure combined
with a Love wavebiosensor for breast cancer biomarker detection was presenigdliby

et al. [66]. This biosensor was fabricatéy using CMOS technology and used gold as
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guiding layer and as interface material between the biological sensing medium and the
transducerLove wavedevices were used as sensors for okadaic acid imiteteetion
through imnobilized specific antibodies by Fournet al. [67]. They obtained three times
higher frequency shiftwith the okadaic acid than with an ireghnt peptide control line. A
Love wavedevicebased bacterial biosensfar the detection of heavy metal in agues
media was reported in 2011 by Gammoetal. [68]. Whole bacteria (E. coli) were fixed
as bioreceptors onto the acoustic path okstresor coated with a polyelectrolyte multilayer
using a layer by layer electrostatic safisembly procedure. Changesf bacteria
viscoelastic equivalent parameters in presenctoxit heavy metals werebserved A
Love wavebased wireless biosensor fothe simultaneous detection o#nti-
DinitrophenytKLH (ant-DNP) immunoglobulin G (IgG) was presented by Sehgl.in
2011[69]. They usegoly (methytmethacrylate) (PMMA) guiding layer andid sensitive
films (Cr/Au). A Love wave bisensor with has phase shifts as a function of the
immobilized antibody quantity, combinedith an active acastic mixing device, was
reportedby Kardouset al. [70] in 2011. Theyevaluaed that mixing at the droplet level
increases antibodies transfer to a sensing area saadaisedthe reaction kinetics by
removing the dependency with the protein diffusioefficient in a liquidwhile inducing
minimum disturbance to the sensing capability of Lmve wave device Love wave
biosensrs have been also useditwestigatethe properties of protein layefgl], DNA
[72] and detect the adsorption and desorption of a lipid [@a3r In 2013,Matataguiet al.
usedelectrospinningtechniqueto setsensitivelayerson Love wave sensors tdorm a
sensorarray [74]. This gas sensor can dete@rylow concentration®f target, such as
0.2ppmof DMMP and1ppmof DPGME In 2014 ,Mitsakakiset al. integrated_ove wave
sensors withmicrofluidicsto implemenimulti-sample sensinfy5]. They demonstrateitie
guantitative correlation of the acoustic signal with the moleautaght of surface bound
proteinsunderseveralbinding conditionsFour cardiac marker proteinsfrom 86 kDa to

540 kDa)have been measured by their sensors successfully andetelts emphasize
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the quantitative nature of the phaddhe acoustic signal in determiningass of the bound
proteins

Currently, the commercial dve wavebiosensor system available in the market is
SAW instruments GmbHwhich is a German company stari@sl an R&Dproject at the
Cente for AdvancedEuropean Studies and Research in BonB00Q The sensor system
can achieve a limif detectiorof 0.05 ng/cni with a sample volume of 48 0 Anbther
Francecompany Mouging has a commercially available microbalance development kit
(SAW-MDK1) which consists of a twahannel love wavedelay linesGenerally speaking,
Love wave biosensors have not beerery well recognized byboth the scietific
communityandthe marke{76]. This might be due to the tedieal hindrances found for
applying thisdevice as biosensor, since it is sensitive to changes in the viscoelastic
properties of the coatingivhich conplicates the results interpretation. Reports about
applications where mass alteratiars separated from viscoelastic effezds enhance the

acceptance of dve wavebiosensorsand this point of view will be applied in this study.
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Chapter 2 Methods and Materials

2.1 Selection of piezoelectric materials

Piezoelectricity was discovered in 1880 by two brothers, Jacques and Pierre Curie,
who observed some crystals swagquartz, Rochelle salind tourmalinevhich generate
spontaneous polarizationhen mechanical stresse applied tahese material§50] and
vice versaThere are tw types of piezoelectric effect) oneis direct piezoelectric effect
2) the other is converse piedectric effect. Whera mechanical stress is applied ttoe
piezoelectric materiabn opposite polarizatia occuss, andcan bechange by inverting the
direction ofappliedstress, as shown in Figurelga) This phenomenon is called the direct
piezoelectric effect. The converse piezoelectric effect is opposite to the direct piezoelectric
effect. When m electric fieldis appliedto the piezoelectric material, the stress on the
substancevould bechangd as functionof the strength of thelectric field as shown in
Figure 21(b). Thetransformation othe electric energyto the mechanicaktress is called

converse piezoelectric effeat7].

A

N - 1o
P-AP P+ AP (b)

Figure21lP i s the el ectrical potenti al(@DirgdP i s
piezoelectric effect. F is the stress applied on the mat@s)alonverse piezoelectric effect.
The change fathe electrical potentialefornsthe shape of piezoelectric material.

Many different types of acoustic waves can propagate in solid ialateandLove waves

areparticularlyinvestigated in this study8]. The subject of surfacgcoustiovave (SAW)
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devices is concerned with all type surface waves that can propagate on aspte,
making use of piezoelectricify9]. It will be seenthat this includes piezoelectric Rayleigh
waves, leakysurface waves, surface transverse waves (STWSs), BleuGidyaev waves
and, in layered systems, layered Rayleigh waves and Love wiwekey point to know
how Love waes can be excited and propagatéo find solutions from wave equations.
Let usconsider a haiSpace of material covered by a layer of another materit, layer
thickness d adisplayedn Figure 2.2 If the layer thickness is smahlan the wavelength of
the Love wavethe solutimsthatwill be similar to the Rayleiglvave for a hakspaceand
canbedescri bed as o6l ayered Rayl ei ghsummming e s 6
partial waves.The layer material is taken to have plawave velocities Yand M. In
addition to layeredRayleigh waves, the layered system can also sumooface waves
with the displacements normal to the sagittal pléne xs). These ar&known as Love
waves[80]. In this case the partial waves are shear waves,wdtte vectork;=( b, O,
in the layer andkd6=( b, &0in thefdifspaceThus the displacements in the layer can

be written[79]:
6 | miplt A@PQdy " mipt A gBdy (2.1)

and the displacement in the hafface i§79]:
6 # miplt A 3P YW (2.2)

where A, B and C are constants. The boundary conditions are the same #e for
Rayleighwave casewhich there should be no forces on tfiee surface atx=0, and

applying these gives the dispersion relafit®i:
OANQ E "vyr' -y (2.3)

where €6 aarde respectively the r i bafspacei es
material,So |l vi ng fnagenerd a rmmberecot mode&mlutionsare obtainable only
forVi<Vi6, and the sol uti othanVihy s o himdmgmarya@dd o ic -

the displacement decays in the kgdhce.At zero frequency the Loveave solution
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becomes identical to tHeH planewave solution for a halépace. Thus Love waves can be
regardedas modified forms of the SH plane wave, where the presdrecéager withlow

acoustic velocity converts the plane wave into a surface wave and damsion.

X3 S\‘&x\\\\ﬁ
Vi Ve W |d
&\ N

L J"fff

/ VQ, Vg €6 ﬁ

A A A j

X1

Figure2.2 The structure of a hapace of material covered by a layer of another material,
with layer thickness d. Ma n d;is¥hé phase velocity for shear waves, respectivelsnd
V fis the phase velocity for longitudinal waves, respectively.

The effects asociated with crystal symmetry can be summarized as follphes
referencecoordinatess as shown in figure 2.281]:

(a) If the sagittal plane {xxz) is a plane of mirror symmetry of the crystal, thbe
transverse displacement is decoupled from i us andl . In this casethere may be a
piezoelectric Rayleiglivave solution withu in the sagittaplane.

(b) If the sagittal plane is normal to an exader axis of the crystal, then tbemponents
u; and @ are decoupled fromywtand . In this casethere maybe a norpiezoelectric
Rayleigh wave withu confined to the sagittal planeand possibly also a Bleustéin
Gulyaevwave solution.

These solutions are <called O6puredé mod
velocity in the(x;, X2) plane issymmetric about the; direction, and thereforg has a
maximum or minimum in this directiolhe Rayleighwave andthe BleusteinGulyaev
wave solutions are strongly relatéal the Rayleigh and the SHwave solutions for an
isotropic halfspace, and thesare in turn related to the solutions for a layered-bpédfce.
These relationshipgre summarized in Table12

The piezoelectricitycan only bepresentin the anisotropic material Moreover its

properties vary with directiom relation to the interiatructure[82]. The requirements for
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surfacewave devices have led to a very substantial search for suitable masec@atsplex
topic because for each potential material it is necessary to #ssesfevant properties for
all crystal orientations. Iportant properties are thveave velocity, piezoelectric coupling,
temperature effects, diffraction, attenuati@md the level of unwanted bulkave
generation. It was found that on sowrgstals the surfaewave propagation was almost

ideal.

Table 2.1 Summary of wave types.

Isotropic halfspace Anisotropic haspace
Non-layered Layered
Rayleigh wave Rayleigh wave
Rayleigh wave y g ) yielg
(dispersive) Leaky surface wave
Love wave SH -
SH plane wave _ . Bleustein Gulyaev wave
(dispersive)

However, even smaiinperfections can be relevant whexactrequirements are to be
met and temperature effectdways need to beonsideredSince the material properties
vary with direction, it is essential to quote thigentation when specifying a material. For
examplea general case is 641 X lithium niobate(LiNbO3). This is a rotated ~¢ut. The
surfacenormal makes an ang@&¥® with the crystaly-axis and the wave propagateshe
crystal X-directionas shown in Figure 2.3 his case hastrong piezoelectric couplingut
the temperature stability is poor. The reverse is the case fof §lartz(SiO,). This is a
42.F rotated ¥cut, with wave propagation along X. It hgeod temperature stability, as
quantified by the temperature coefficient of de(@ZD). TCD is the change rate of the
velocity of acoustic waves with the variation of the temperaifthre.delay is maximized at
21°C, where th&CD is zero, and for practicglurposes the delay is a quadratic function of
temperatureMany of the surfacevave preerties of a material can be deduced by
calculating the wave velocity,which is a complex calculation because it involves
anisotropy andpiezoelectricity. The wave velocities for a free surface and a metallized
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surfaceare denoted by \and v, respectivel. In the latter case, the surface has an
idealized metal coating which shorts out the parallel component of electricafielte
surface, but is too thin to have any mechanical effect. The fractional diffebetween
these velocitiesPv/v, characteries the piezoelectric couplinp the wave. It is also
common to define a coupling constarftds twice thiszalue,therefore/81]

@ . 0 U ) 0 (2.4)

+64° rotY

Mirror
Surface
=y
Main Flat
i+ X Axis

Figure2.3 The orientation of the 6%7 X LiNbO3. Y-axis is the normal direction of the cut
face.X-axis is the direction of SAW propagation.

Surfaceskimming bulk waveqSSBW) is a kind of leaky surfacen an isotropic
material[83]. It is a planeshear horizontal§H) bulk wave which canpropagate parallel
to the surface without violating the boundary conditi@tsif has no associated stress on
the surface. Related cases octumnisotropic materials, for example in quai@]. In
particular orientationghe boundary condition is alrabsatisfied and lovoss propagation
betweentwo transducers can be obtained. Such waves can have high velocities, making

them attractive for higifirequency devices. An example is°36 X+90° quartz, which
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gives a velocity of 5100 m/s and a temperaturdfictent of delay(TCD) of zero.The
delay is a quadratic function of temperatared the constant ¢ is about 60X10C)>.
Propagation is normal to the &kis. This case also gives zero piezoelectric coupling to a
Rayleightype surfacewave. Similar befviour is found in 62Y7 X lithium niobate
(LINbO3) and in 36°YT X lithium tantalate(LiTaOs3). These orientations support leaky

waves.

If the analogy of an SH bulkaveis acceptedit might be expected that the amplitude
of an SSBW will not be much affectddy the presence of the surface. Thas,for a
cylindrical bulk wavein an infinite mediuman amplitudevariation as X2 is expected.
This is indeed found experimentally when a transducer gen&8®%/s in quart{84]. In
the above orientations &fiNbO5; and LiTaOs, amplitude variations as*?and exp{(k)
have both been reported[85]. Thesecan be interpreted as SSBWs and leaky waves,
respectively.Hashimotogives a theoretical interpretatidsy making the approximation
that the materigdhas 6mm symmetry, showing that both types of x variation can occur. The
theoryshows that the SSBW amplitude falls a¥%at small x and as3¢ at large x[86].
Auld alsoshowed that, in an isotropic material, a b8l wave can be guided along the
surface byan array of grooves parallel to thevefront [87]. This concept can be applied
to the SSBW in 36Y1 X+90° quartz,in which the wave can be trapped at the surface by
the metal strips comprisingflecting gratings and singkdectrode transducers. Whesed
in this way, thewave is known as a surface transverse wave (S[B8]) The SSBW
orientations do give normahodes with low loss. Generally, the solution gives velocity
higher than thaof the slowest bulk wave, satisfying the boundary conditionswiilt
someattenuation due to radiation of energy into the bulk. At particular orientatens
attenuation may become insignificant because of decoupling betweaevatieeand the
lowestvelocity bulk wave, and then the wave may be suitablgfactical dgices.The

term Ol eaky surface acowurfatewav evav(EePS AW)S AW
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such cases when the attenuation is smaltevo. In contrast, Rayleigh waves generally
exist for all orientations. A widgariety of leakywave cases havesbn found, including
the above orientatiorsf quartz,LiINbO3 andLiTaOs [89]. Generally, the solutionsf wave

equations of LSAWan have the following characteristics:

() Low attenuation only at one specific orientation (at neighbouring orientatibes,
attenuation increases).

(b) High velocity, higher than that of the slowest bulk wave, attractive for fnégjuency
applications.

(c) A grating is often necessary to trap the wave at the surface.

(d) Piezoelectric coupling higher than that of surface waves, dependetite grating
thickness.

(e) Temperature stability similar to that of surface waves, or better.

Table 2.2 displays the properties of leaky waves on uniform metallized surfaces
severalpiezoelectricmaterials The coupling constanbf 64°Y-X LiNbOg; is the highest
among these materials and it indicates liighest efficiency of the energy transformation
from surface waves to electrical signadthough the TCD 0f%64°Y-X LiNbO3 is a little
high, this problem can be solved by temperature compenghtimmgh appropriate system
design.A dual channel system is usually used to overcome the problem [51]. In this system,
two delay lines are installed on the same substrate. The sensing area is set up on the one
them and the other is a reference chanWdlen conducting experiments, the substrate is
arranged on a temperategentrol plate to maintain the temperature constant. The
interferences of measurement which is generated by ihGbe sensing channel can be
neutralsed by the measurement in referenceannel [51].As a result, Ihave chosen

64°Y-X LiINbO3 assubstrate in this study.
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Table2.2 Properties of leaky surface waves on uniform metallized surf@®gs

Material Velocity(m/s) | K?%) | TCD (ppm/°C) | Attenuation@B/a)
363 Y-X LiTaOs 4109 5.6 32 0
Quartz, STX 5078 0.03 0 0.008
Y-Z LiNbO3 7178 3 94 15
643 Y-X LiNbO3 4450 10.2 81 0.004

An introduction of thenature of LiNbQ is reportedin the following paragraph
Lithium Niobate (LiNbQ, LN), is an artificial, negative, uniaxiahon-centrosymmetric,
ferroelectric crysdl. LINbO3 is a widely used crystal in different fields of science and
technology. As matter of fact, LiNkGs characterised by large pyroelectric, piezoelectric,
nonlinear and electroptic coefficients and it islso employed for applications in which
acoustic and acoustuptic properties are require@he preferred method to growth this
crystal is tle Czochralski technique. Rige 2.4shows the typical setup employed in this
method[90] and an example of singleystal of LINbO3 [91]. LiINbOj3 is grown from pure
powders of lithium carbonate @G0O;) and niobium pentoxide (NBs) that are melted in a

platinum crucible. The following chemical reaction regulates the crystal growth:

LioCO3+ Nb,Os A 2 LiNbO3; + CO,

Thereaction occurs in the platinum crucible that is placed inside a furnace. The reactants
are heated to the melting point, and then they kept in the liquid phase. Then a seed attache
to the end of a pull rod is brought close to the melt surface, and headettmperature

near the melting point of LINb§(125CC ) [92]. After that, the pulling rod is lowered to

get into contact with the melt surface, battthe reaction at the salidjuid interface takes
place. At the right temperature, just above thetimglpoint of LiINbG;, atoms from the

liquid will adhere to the seed. At higher temperatures, the seed melts while on the contrary
at lower temperatures the melt freezes locally around the seed. During the growth of the
crystal, the rod is kept in rotation order to guarantee hongeneity and to avoid thermal
gradients in the crystal.
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~ Pull rod

(a)

Figure2.4 (a) Setup view for the growth by using Czochralski technj§Qg (b) Single
Crystal of LINbG [91].

The diameter of the crystal boule is kept constant during the growth until the desired
length is reached. The control of boule dimensions is achieved by setting the choosing the
diameter of the crucible, the rotation and the pulling rate. The crystal is/fsegarate
from the melt by increasing the temperature and raising the rod. After the separation, the
growth chamber is cooled down to room temperature. The crystal is then cut and polished
LiNbO3 can be grown in a wide range afmpositions. The compdgin exactly matching
the chemical compound LiNkQhaving a ratio of [Li]:[Nb]:[O] of 1:1:3 is commonly
referred as Stoichiometric Lithium Niobate (SLN). However, due to the volatility of the Li
ions and their consequent deficiency in the crystal, thevtgraf the stoichiometric
composition is quite challenging. The composition thabimmonly used and isasiest to
grow with a good uniformity is the congruent onel(BlbOs). Historically, LINbO; has
been prepared in both stoichiometric and congruentposition. The latter is now the
preferred one because of its highest optigaality and uniformity. Figre 2.5shows the
phase diagram for LiNb§J93]. There is a unique point called congruent point, at which
both the solid and the liquid phase caregst and it corresponds to the highest poimt o

the melting temperature line.
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LiNbO3 belongs to the perovskite crystal family. The crystal strudhakconsists of
planar sheets of oxygen atoms in a distorted hexagonal-géased cofiguration is
shown in Figure 2.6[94]. The interstices of the oxygen octahedra are filledtbimd by
lithium ions, onethird by niobium and onéhird is vacant. Ire direction, the atoms are

placed in the interstices in the following order: Nb, vacabic{95].

Temperaturep. Liquid Congruent Point
CC e \
12 LiNbO3+iquid | -
= LiNbO3+iquid
LiNbO3
1100 — LiNbO3 LiNbO3
- ;
o Li2NbO4
[ {spoor) (Li-rich)
1000 L I |
40 48 56
Li20 (mol %)

Figure2.5 Li,O-Nb,Os equilibrium temperatureomposition phase diagram of LiNpO

[93].
@ Lithium
©  Niobium
) Oxyzen

Figure2.6 (a) Paraelectric phase LiNB@b) Ferroelectric phase LiNk@94].

LINbOs is a trigonal crystal since it exhibits thri®d rotation symmetry around the
c-axis. It exhibits mirror symmetry of three planes lying @part and forming a threefold

rotation axis, as shown in kige 2.7 These two symmetries classlfiNbO3; as a member

30



of the 3m point group it also belongs to the R3c space daf]pLiNbOj; is ferroelectric
below the Curie temperature (1E@) whereas when above (but below the melting
temperature) the displacement of the Li and Nb ions in respedtet@mxygen planes
vanishes and therefore the spontaneous polarization vanishes too, then #extpara

phase arises.

The orientation of the-axis is given by the position of two neighbour lithiand
niobium atoms, as well as of the vacancies with mesge the closeghacked oxygen
planes. The two atoms are displaced slightly away from the octahedra centre-alogg c
which arising a spontaneous polarization aligned along this axis. These pairs can work as
individual axis and they can be aligned eithg or down indicating the domain
polarizations. The standard methods to determine-thascorientation is to compress the
crystalline in the @xis direction. The cface (the positive end of the ferroelectric dipole)
will exhibit a negative charge uad compression, when the niobium and the lithium ions
move closer to their paraelectric position, thus reducing the dipole, thkile face (the

negative end of the dipole) exhibits a pesitcharge under compression

Theunit celltype ofLiNbOj3 in this study isshowed in Figre 2.7. This is dexagonal
structure In this structure the zaxis is chosen to be parallel to theds of the crystal.
The yaxis is chosen to be parallel to one of the mirror plane, and-&éxéxhosen so to
form a rghthanded systeni97]. This conventional hexagonal unit cell contains six
formula weights (147.843 amu). The thre®valent bondsn the hexagonal unit cell are
120 degree apart and lie in a plane normal to theix These as are chosen to be
perpendtular to the mirror planes(and a are shown in Figre 2.7. It is conventional to
take in this hexagonal unit cell the Nb as the origin, for the congruent compounds;LiNbO
unit cell length a, areqa= 5.1536 A . While in the other type rhombohedra oslit, &

5.474 A and the angl#between these threeesxare 56.180 degré@s].
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Figure2.7 LINbO3z symmetry mirror phas@®7].

2.2 Using interdigital transducers to generate surface acoustic
waves onpiezoelectric materials

In this sectionthe theory ofelectrical excitatiorby interdigital transducers and the
effective permittivity for a piezoelectric hadpaceare discussefP@9]. The method was
first developed by Ingebrigtsefi00] on the situationof electrostatic case for a non
piezoelectric material. Afterward&reebeet al.[101] and Milsomet al.[102] applied it to
analyse the electrical excitation on piezoelectric substrates. Other approaches are th
perturbation theory103] and normal moel theory[104]. They generated results which are

basically the same as the method used here. Coordixedeare defined as in kig2.8.

A Vi <« Vollages

X.
? Xa v, V.
h <— Electrodes
VYacuum _l__
7 h
Dielectric /
Z

Figure 2.8 General configurationof electrodes on a dielectric substrate. Fields are
independent o%,, and the waves propagate ix flirections.

It is assumed that the variablgsurface particleésdisplacementsare proportional to

exp(¥t), with the positivefrequency¥. Initially a harmonic solution with variables
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proportional toexgj B)xwith b real, and generalize later using Fourier syntheéss.us
consider partial waves in which the displacemené@nd potential6 have [¥9he ff o
“lee QWM Qo O T ® (2.5)
N QoL Qo o w
Whereu andn@ar e const anjcempanend of the wage vectbrewhigh
by definition has no xcomponent. These expressions are required to satisfy the equation
of motion in an infinite medium with the material tensors rotated into the frame of the axes

X1, X2, X3 as follows[99],

(2.6)

Substitution into egatiors (2.6) gives four linear homogeneous equations in the four
variablesu andn . Because they do not correspond to excitation at the surface, four of
the roots are not acceptable. It is necessary to choose reasonable roots carefully to have
surfacewave sol uti on. I f the i maginary part
are acceptable so thatpandndecay away from the surfac
plane waves, and these are acceptable only if they carry energy away from the surface
Usually this requires oThetfaur abhcaptable paativeave s i ¢

solutions are written g99]:

6 0 Qo ® QoW o 2.7)
n OO 0 Qo 0T w
m=1,2 3,4

The total solution in the hapace has displacementsand ", where the tilde
indicates a harmonic solution with variables proportional tojbxg)( The total solution is

taken as a linear combination of the partial waves, sq38ht

0 5 0 (2.8)
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Themechanical boundary conditionsquire that there are no forces on the surface, so
that Tis= Tos= T33=0 atx3=0, with the strain . T can bewritten asthe linear relation
[99]:

» 5y 0 0 (2.9)

Here, the superscript ot identifies this as the stiffness tensor for constant
electric field; that is, this tensor relates changedjofo changes of gwhenE is held
constant.Therefore there ardaree homogeneous equatiq@ss, 2.7, 2.8)yelating the four
(m=1,2,3,4)constants A, andthe relative values of these constants can be found. The
relative values of® and n can becalculated fromequation 2.8), giving a solution for
any value ofb. The surface boundary conditions concern the potential and the
displacement. The latter canbe calculated fron® and " by means othe following
equation99]:

o o o v (2.10)

Here - is the permittivity tensor foa constant strainAt the surface, the value of
r is denoted byy on the piezelectric side, andy on the vacuum sideThe
surface potential i$ & k 1 cht. The ratio betweeny and? w is determined
by the above solution, and in general it is a functiob. of

In the vacuunmxz> 0, the potential satisfies Lapl@sequationn n 1t Sincel is
proportioral to exgjbx;) and it must vanish fo © H, thexs dependence iexf-|b[xs),

andsor who k1" o A@bg s . It follows that[99]:
0O -39 ® (2.11)
At the surface, the discontinuity iy is related to the potential bipe effective
permittivity - T , defined by[99]
0O © (2.12)
$9 W
The effective permittivity thus gives the electricdlehaviourof the interface between
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the vacuum and the piezoelectric hgflace. If they and differ, there must be
free charges present at the surface, implying the presence of electrodes. The charg
densities on the upper and lower sides are respectigelyand . Hence if the total

charge density is ® , equation (2.12) becom{&9]

e (2.13)

- :
Y W

Where,, w and!" w are bothproportional toexdj(¥t+b ¥]. This corresponds
to the electrostaticcase and the total charge density can be presented as the following

equation99]:
. @ ., @, O - - 393w (2.14)

In the above equations the potential @ and charge density, w are
proportional toexg(j¥t), and the frequency was taken to ba constant throughout. # is
changed the value of | changes, s@ | is a function ofy as well ash. However,

- T is essentially the ratio off to [, asdisplayed by eq. (2.12), and it can be seen
that it remains unchangedf andb are changed in proportio@onsequently- T isa
function of the normalized quantifyy. It has dimensions the same as the reciprocal of
velocity. This method of analysis applies farconstant frequency, and the effective
permittivity is written as- T  without showing the frequency dependence definitely. A
more general solutiom terms & charge density w and surface potential @ is
readilyobtained by Fouer synthesis. §uation 2.13) can be solvednd ageneral solution

is given &[99],

o 1 (2.15)

Where, T andn I arerespectivelythe Fourier transforms of @ and!” w .
Thus,given ageneic potential function? ® , therelatescharge density may be obtained
by transformingtto " T ,and with a- T to obtain, T , and then transforming back

to thex; domain. For the general solution the potentiato andcharge densityl w

35



are proportional texgj¥t), with the frequency regarded as a constant in the equation
(2.15). In solving a particular problem it is usually found that the potential and charge
density are functions of frequency, so their tramafor, T andn | will also be
functions of frequency. In the Fourier transform, the frequendy held constant during

the integration. The relationship given by the effective permittivity, equation (2.15), applies

for all values ofy.

The above theoryproves that surface acoustic wav€SAW) can beexcited onthe
piezoelectric crystal or piezoelectric thin filoy usingthe interdigitd electrode pattern, or
intedigital transducex (IDTs). This theory haveenemployed to design the mask of IDTs
as show infigure 2.9. Adding electric potentialbetween alternate connected electrodes
causs a periodic electric fieldto be stimulatedon the substrate When aplying the
alternae voltage, a periodic strain filed is generated in the piezoelectysial so that
produces a standing surface acoustic wileanwhile,the wave front is parallel to the
transducer fingers.The transducer operates most efficienthg the quarter SAW
wavelength(ey) matches the periodidistancefido of electrode This happes when the

transducer igxcited at the synchronous frequency.

The relation of he velocity of theSAW (vp) andthe excited workingfrequency(fo) is

given by following equatiofB85]:

w 0 0 (2.16)
Q Q
Jdi i
< L >

Figure2.9 The design of IDTs mask. is the propagation length and d is the width of
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electrode and distance between two electrodes.

In addition the propagation lengthL) betweentwo centres of théDT pairs iscalled
delay line.L influences the magnitude of the transmission power. Tiemwationof the
transmission power wouldse with increasingd., so that shorter delay lines wouyldevent
more powetossfrom transmittingsignal However, mise levels areeduced by increasing
L. Og is the related phase shiftof the electronic circuit andrL/v is the phase shift
associated with the acoustic wave. Since the main soutbe ohndom noise is the small
phase g)hi thet eledtrid dircuit, theeceived signafrequency deviton can be

expressed g85]:
1 Q _1B (2.17)

Q ¢“ 0

Each transducer finger may be considered to be a tisswarce for the generation of
surface acoustigvave in a piezoelectric medium because prezoelectric stress varies
with the position near each transducdmger. Whenthe wave enters thereceiving
transducer, this potential induces carrent flow in each transducer electrode. The
combinedcurrent flowis detected byhe external circuitin relation to the bandwidtbf an
IDT frequencyresponse, this will be narrower when increasing the number of finger pairs
N. However, there is a limitation in the maximum N recommended, due to the fact that, in
practice, when N exceeds 100, the losses associated with mass loading and the scatterir
from the electrodes increa$®05]. This neutralizes any additional advantage associated

with theincrease of the number of the finger pairs.

2.3 Sensing theory of Love wave biosensors

In acoustiewave sensor applications, one typically detects the changeawé w
velocityvand/ or attenuation U that is induced
[106,107]. Changes in wave velocity and attenuation can be basically related to changes in

wave energy density and power dissipation, respectiVéith regad to wave velocity
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changes, the power dens®y(power/area) carried by a wave correlates closely with the
wave energy density (energy/volume) stored in a lossless medi@uonsidering a wave

propagags across a unit cupthe time for the wave through® ¢ u =&/ v (figure U

2.10.

Transit time
l¢e—— T=1/v

P - o Power
1 4
SOt L AT vensiy

1 P

Stored Energy
Density U

Figure2.10 Energy stored per unit volume is dependent upon incident power flow and
propagation velocity.
When the wave travels through the cube, the energy density in the cube increases b

the incident power times the transit timie= PU P#A. Hence107],
P=Uv (2.18)

This relation can be used to explain how changes in wave energy density affect
changesin wawe velocity in a lossless medigme., one in whichP is constant.By

differentiaing equation(2.18) one obtain$107]:
Y'Y (2.19)

c‘| éc
_<-l

Where vp and Uy indicate unperturbed propagation velocity and energgsity
respectively Equation(2.19) represents raessential relation between wave velocity and
energy density for a system excited at a given frequency: the fractional variation in wave
velocity is equal to the negative of the fractional variation in wave energy density. It is
reasonhble if considering that in a system excited at a given frequency, the wave length

alters so that the kinetic energy equals the peak potential energy of the wave. The effect i
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that changes of the medium that influence the wave energy density will cange<iud
the wave velocity. From equation(2.19), the fractional change is minus the fractional

changes in mass density of the med{wov]:

Yo Im (2.20)

Because ok changeof thewave velocity the signal transit time through the sensing
surfaceis alteredand it leads to frequency or phase shift. Therefore, detecting signal
frequency or phase shift can be used to measure the quantity of change on the sensir

surface.

2.4 Fabrication of Love wave hosensors

Love wave sensors designed and realised in wsk are constituted by a
piezoelectric substate (64°Y-X LiNbOs3), interdgital transducers(IDTs, 100pairs), a
guiding layer (PMMA, thickness is 1156nmand arectamular sensing region (gold,
thickness is 20nm, length is 5mm and width is 2mm, area is £0ifile orientation angle
of LINbOg is 64° andrefers tothe sliced angle of the original wafdtex a crystal is grown
Because different sliced angleill give adifferent atomic arrangement of the substrate
(from the viewpoint of th&Cartesian coordinate systgnthe resulhg piezoelectric effect
will not be the same. The sigh 6 4 dfMmeans that the acoustic wave propagates along
the xaxisand the wafer sliced angle@g° that is rotated from the y axis. The leaky SAW
only can be excited at specific orientation angle of ith@&sm niobatecrystal. In addition,
the velocities of acoustic waves are not equal when they propagate at dfezatdtion
angles. The type of SAW arttie velocity of acoustic waves are two major parameters
when designing a Love wave biosensor. Therefore, it is important to useoftest
orientation angle of thathium niobatecrystaland position the IDTs extg. IDTs were

depositedby lift-off photolithographyin orderto generatepure shear horizontahcoustic
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wavespropagatingoerpendiculato the X crystallographicaxis. IDTs were composedf
100Ti/Au (thickness are 10/100nmsplit-finger pairs witha periodicity ( & ) 40eanf The
acoustigpathlength,betweerboth IDTs, was 200+ a n WD Tstagenrturevas 100-(4mm).

Thedetailfabrication stepsf the sensowere as folloving described59].

(1) In order to ensure thsurface of thesubstrateis cleanand prevent small particles
contaminate the elemensubstratehas to be cleaned at the first step. Typically
contaminants are generated from these sourdest from scribing or cleaving
atmospheric dustabrasive particledint from wipers photoresis residue from previous
photolithographybacteriaor solvent residueThe standard cleaning processolvesthe
following steps i) the substratevasimmersel in acetone with ultrasonic agitatidor 5
minutes.ii) Thenit wassoaledin methanol with ultasonic agitatiorior 5 minutesiii) to
immerse the substrate in DI watdeionizedwater)with ultrasonic agitatiofior 5 minutes.

iv) after that, the substrate wainsedunder free flowing Divater then useclean ritrogen

(N2) stream toblow off dry for tools andthe substrate. If the standard cleaning process
cannot remove all contaminants on the substrate, RCA cleaning processes are considered
employ[108]. Firststep of RCA cleaning processesswa immerse the substrate the
special solutionwhich was composed o0b parts of deionized watet part of aqueous
NH4OH (ammonium hydroxide, 29% by weight of RJHand 1 part of aqueous 1D,
(hydrogen peroxide, 30%at 75C for 10 minutes.This baseperoxide mixture remowke
organic residues andias also very effective in removing particles from the surface.
However, his treatment reswdtl in the formation of avery thin oxide layer (about 18)

on thesubstratesurface, along with a certain degree of metallic contamination that shall be
removed insubsequent step§he second stewas a short immersion in a 1:50 solution of
HF + HO at 25°C for aboul5 seconds, in order to remove the thin oxide layer and some
fraction of iont contaminants. The third steges performed with a solutiorwhich was

composed of 5 parts of deionized watkpart of aqueous HCI (hydrochloric acid, 39% by
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weight), and1 part of aqueous 4@, (hydrogen peroxide, 30%at 75°C for 10 minutes.
This treatment effectively remoddhe remaining traces of metallic (ionic) contaminants,
some of which were introduced in tfiest step.The last step wato rinse the substrate
under free flowing DI watefor 5 minutesghen usd clean nitrogen stream to blow off dry

for tools and the sstrate[109].

(2) The next step wsto bake the sample 86°C for 3 minutes to removaoisture content

on substratesurfaceto improve theadhesiorof the photo resist.

(3) Then the samplevas held on a spinner chuck by vacuum aodked the prepared
sanple with S1818positive photoresist layer with tepinnerrotating rate o000 rpm for
30 secondsThe reasons to use S184&: i) this kind of positive photoresist provides high
resolution in photolithography technology and has besgineeredto satisfy the
microelectronics indust requirements for advance device fabrication. Tdreesion and
coating unibrmity were excellent; ii)it was optimized for G-Line exposure and vga
suitable for operating b$uss MA6 contact mask align@ethicknessof the photoresist
could be measured bsurfaceprofilometry Dektak 6 The result was uniform thickness

of 1.%m S1818 layeattachen the substrate.

(4) The next process was soft bake, whicls weed to evaporate the coating solvent and to
densify tle resist after spin coatinghe sample wsabakedon hot plate aB5°C for 10
minutes. Hot plating the resistvas usually faster, more controllable, and does not trap

solvent like convection oven baking.

(5) Beforeexposureprocess, the sample waoaked in standard developer (Microposit
developerMicroDEV concentrate: bD 1:1) for 60 secondd110]. According to the
previous investigationfl11, 112] this process modified the top surface of the photoresist

by removing shorthain molecules and Mming longchain, high molecular weight
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molecules. It couldncreasehydrophobicity of the neeasurface layer imparted by alkaline
based developer inqooration. This treatment reducel@velopment rate of the surface
layer, whist the resist beneath devpkxd at the normal rate, therefore resulting in an
undercut profile after development. Thiethod was experimentally provenincrease the
yield of quaified devices. Then the sample svlbaded into mask aligneMAG6) which
wasmounedthe photomask(the IDTs patterns were on the chrome mask, whick @G

on soda lime gla3so exposahe sampldor 5 seconds.

(6) After that,the samplavas developed in thstandarddeveloper solutioffor 75 seonds.
Subsequently, the sample ssinmersed under D.l. watéar 60 seconds toXithe pattern.
Then the sample vgadried byclean nitrogen (B stream The surface profilefdhe sample

after development vgaobserved bipektak 6and displayed in figure 2.11.

(7) The next stepvasto evaporatemetallayer on thesample. The gold (Au) veachosen

for the main material to construct the IDTs patterns due to its high conductivitg and

of the least reactive chemical elementhich can prevent reaction with targgtecimens

in biosensor application. Because tmhesionbetween gold and lithium niobate is not
very good thin titanium (Ti) layer shouldbe deposited first on the substrate to increase the
adhesiorof metal IDTs on the lithium niobate substrate. Theodéjn thickness of Ti and
Au were 10nm and 10@m, respectively. This process svaperated byhe metallization

system Plassys MEB 550S Electron Beam Evaponator

(8) Then thesamplewas soakedn acetone for 30 minutes lift off the undesirednetalon
the substrate antie sample islried by N, stream again The profile of the sample tafr

metallization and lift offvas also observed by Dektak 6 and displayed in figui2.

(9) Thena PMMA layerwas coatedn the substrate asfiiove wave guiding layer for

the sensorThe thickness of the PMMA layavas controlled by the spin coating between

42



lem and 1.5m to optimize the sensitivity of theegslice. Another important issue s#o

open the window (remove partial PMMA) on the signal metal contact pad for signal wire
connection.

(10) The next step wato establish a sensing area on the devices. A tjoidfilm with
thickness 20nm wsadeposited upon the PMMA layeetiveen IDTs pairs and its areasva
10mnf (its length is 5mm and its width is 2mmd.narrong ap wi t h 100&e m
gold sensing area between ID¥asalso arranged tprovideanotherfunction to detect the

impedance of specimen.

“= Program: ChipG.mp Data: ChipG.001 Scan #: 1 of 1

Function | RPos | RWidth MPos

e (LI - S—
Vs start -_Y S X F WY

Figure2.11 The surfaceprofile of the sample after developmeiithe interdigital patterns
are shown as periodical gaps in the profile and their width are aboot The thickness
of residual photoresiss approximately 1.6m.

2 Program: ChipG.mp Data; ChipG.001 Scan #: 1 of 1

Figure 2.12 The profile of the sample aftenetallization and lift off The interdigital
patterns are shown as periodical gaps i

thickness othe metal IDTSs approximately @4rm.
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From the effectiviy performed processg, two critical points were discovered and
are briefly summarizedhere They are partially base on the pictures taken during the
processing and reported figure 2.13 One critical point is theleaning of the substrate.
Although residues from theeaning are scarce, their influence ongheductionprocess is
dramatic andjenerallyresultsin the discaraf the processed waférhe other critical point
is that without the treatment of soaking samples in the standard developer before exposur
andit causes some problems at the edges of patterns when goifl. [ifhe realizedLove
wave sensor is displayed in figure 2.T¢he flow chart of manufacture process of the

sensor is sbwn in figure 2.15
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Figure 2.13 (Left) the resist can stick to the mask (hamhtact photolithography) and
damage thepatterrs. Without treatment ofpre-soaking samples in the standard developer
causes some problems at the edgegatterns when gold IH#off. (Right) Well patterned
structureshave the same width and are equally spaced.
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electrode

Figure2.14 Thepicture of therealized Lovewave sensain this study.

Photoresist coating Exposure and development Metal deposition

7
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Sensing layer deposition Guiding layer coating Lift-off

Figure2.15 The flow chart of manufacture processf the sensor

2.5 Measurement Setup

The basicconfiguration of a tweport Love-wave sensor is illustrateth figure 2.16
[51]. Thisstructure operatess a electronicsdelayline device D is the distance between
input and output IDTL is the cente-to-cente distancebetween the IDTSW is the length
of the electrodes in the IDT3hus, the sensor is a transmission line whremsmits a
mechanicalsignal (acoustic wave) launched by the input port (input IDT) due to the
applied adio frequency (RFglectrical signal. After a time delay the traveling mechanical

wave is converted back to ahectric signal in the output port (@uit IDT). In general,
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changes in the coating layand/or in the semnfinite fluid medium produce variations in

the acoustiavave properties (wave propagation velocity, amplitude or resonant frequency).
Thesevariations can be measured comparing thetimma output electrical signal, since
pha® Vi, remains unchanged, while plag,,; changesConsequentlyfrom an electric

point of view, a Love-wavedelay line can be defined by its transfer functit(f) = VouVin,

which representghe relationship beteen input and output electrical signél(f) is a
complex number which can be defined§=Ae, beingA the amplitale (|VoudVin |) and

0 the phase shift betweéfy, andV,,. For biosensors application, biochemical interactions

at the sensing areaill modify the thickness and properties of the coating, and therefore
variations in the amplitude and phase of the electrical transfer function can be measured
These variations can be monitored in real time, which provides valuable information about

theinteraction process.

Antibody N .
Other molecular = Sensing film Antigen
Yo ]
?. ? B
¥ ¢ >
_ Output Guiding Ia\ye\
Input Love wave | o |
| IDTs 1 > R
\ I€ D >
W < >
L

Piezoelectric substrate

Figure2.16 The configurationof a two-port Lovewavesensorlt is a delay line structure.

RF signal is applied to the input IDTs which launches an acoustic propagating wave and
the output signal is recorded at the output IO $s the distance between input and output
IDT. L is the cente-to-centre distance between the IDTs. W is the length of the electrodes
in the IDTs.

There are two methods to measure the signal change of the Love wave delay line
devices. One is to combine with other electronic elements to set up an active electrical

device (close loop configuration). The other is using passive way to measure signal directly
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by connecting with network analyser (open loop configuratibhg Love wavedelay line

can be used as frequency determining elememiosed loop configuratiomo form an
oscillator circuit.In an oscillator circuit the dve wavedevice is placed as a dellye in

the feedback loop of aRF amplifier in a closed loop configuratighl3, 114] Therefore,

a change in the wave velocity, due to a sensing effect, pgedutime delay in theignal
through the bve wavedevice which appears as phateft thatis transferred irterms of
frequencyshift in an oscillator configuration. Theadvantages of theoscillator
configurationarethe low cost of their circuitry as Weas the integration capability and
can be applied igontinuous monitoringurroundingsThese reasonmake the oscillators
an attractive configuratiofor the monitoring of the determining parameter of the resonator
sensor, which in thease of the tve wavedevice is the phasghift of the signal at
resonanc¢54, 57, 58] However, inmy opinion, the oscillators are not the best option for
acousticwave sensor characterizatiolne tothe following dsadvantages: Firsthey do

not provide direct infomation about signal amplitud8econdthey maybestop oscillation

if insertion losses exceed the amplifier gduring an experimenfThird, despite of the
apparent simple configuration, a very good dessggnecessary to guarantee thatave.
waveresorator will operate at a specific frequency, ahi is not a simple taskn effect,

in the same wagsin QCM oscillators it is required tassure that the sensor resonates on
one defined resonance mode and do[gls§],ilmnot
Love waveoscillators one must assure that the sensor will opataiee phase ramp in the
sensor response bapdss, and does not jump from oneatwther which are almost of
identical characteristics. Moreover, when ttesonator dimensions gsmaller and the
frequency increases this becomes more difficultatthieve, since when increasing
frequency there is a decrease of the resonator quality factecr@ase in frequency
stability[116] and in Love wavethe ramps become nearer to eachotba the other hand,
the passive way measurement worksimn open loop configuratiohe input transducer is

excited at a fixed frequency while tpbase shift betweeng and My, U, is recorded. In
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this configuration, in the absence difiterferences,frequency variations measured
experimentally can be related to changes inptingsical properties of the layers deposited
over the sensing areldetwork analysers are the most commonly used instrumentation for
characterizing bve-wave sensorsn a passiveway measurement as shownfigure 2.17

The resul of the control experiment whictiere is no any test specimen on the sensing
area is shownn figure 2.18 Thefrequencyspectrumof interest is in the regiobetween
115MHz ard 118 MHz. The peakrequency of the Lovwsvave sensor reaches 116.466

MHz, its insertion loss is15.67 dB adthe phase is84.35 degree.

Network analyzer

G

l
gooooooo

e ©

/Test specimen
| > =<
\ —

Calibration points

A

Love-wave delay line sensor

Figure 2.17 figuration of passive way to measumharactersof Love-wave sensorThe
parameters which are recorded are frequency response to insertion loss (Il the S
parameters) and phase
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Figure2.18 Theresultof the control experimerdf the Love-wave sensoin this study The
frequency response of insertion Idsslid line) and phase (dotted line@gre measurelly

using a networlanalyser.
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In this study,frequency mgnals were usedor sensing measurememlthough some
previous researchers used phase signal for sensing applications [114] and the sensitivitie
of outcomes were satisfied, other researchers presented the disadvantage of the pha
signals measurement@suggested to use frequency signals measurement [113]. The main
disadvantage of phase signals measurement is the limit of phase 3f&temthe signal
waveform changes in a cyclic manner, one cycle wavefsraefined as360° Hence,
phase shift would bEmit in the range betweed® and 3®° (or from-180°to 1809, which
would cause a problem when compared with results of measurements. For example, if twc
phase values, 822nd 58, were observed respectively. The phase shift could nsinigay
determired as 13from the equation56° minus 43J decause there may be more than a
cycle between these two values. In contrast, there is no similar question in frequency signa

measurements.

2.5.1 Sparameter measurement with vector network analyser

The parameters of the result that signal is recorded by netaodkyseris
S-parameter$ll17]. The reasons why-farametersre measured with theector network
analyserare as followg118]: At high frequencies, it is very hard toeasure total voltage
ard current athe device ports. One cannot simglgnnect a voltmeter or current probe
andobtainaccurate measuremerttge to the impedance of the prolteemselves and the
difficulty of placing the probes at the desirgsitions. Sparameters have many
advantages over thether parameters, such Hs Y or Z-parametersfiH-parameters are
alsocalledasihybr i d pwhictarepeeseanps tesistancereverse voltage gain
forward current gainand aitput conductancen a twoport network.iY-p ar amet er s
al so caddlmd t asceil par aneaadthe rinpud/qQutputw &dmittamce
relationship of the deviceBAd mi t t ance p ar thenehaeioursobanydlirearc r i
electrical networkvhich can be regarded as a black box with a nunaolbgorts. A port in

this context is a pair of electrical terminals carrying equal and opposite currents into and
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out-of the network, and having a particular voltage between tiiem.e -pf@Z a met er
which arealso called as impedance parametigscribe tb impedances of devicewith

open output portsTo measured, Y or Z-parametersieeds to know the exact current or
voltage through the device and this is difficult to implementimm-frequency networks
measuremenilherefore, lhat is whyS-parametergscatteringparameternsweredeveloped.
S-parametersire defined irterms of voltage traveling waveshich are relatively easy to
measureS-par amet er s don 6 of undesigablé loads tatbendavee tndeo n
test. The measured&rameters omultiple devices can be cascadedptedict overall
system performancéf desired, H, Y, or Zparametergan be derived from-Barameters.

And very important for RF desigis-parameters are easily importadd used for circuit
simulations irelectroniedesignautomation (EDAYools.Also, S-parameters are ttehared
language between simulatioand measuremenfl119]. An N-port device has N
S-parametersHence a twoport device has fous-parameters. The numberieggnvention

for Sparameters is thahe firstn u mber f ol | o the pog where ¢he SigBad i
comes out, and the second number is the pahtere the signal is applieBor example S,

is a measure of the signal coming patrt 2 relative to the RF stimulentering port 1.
When the numberarethe same (e.g.,18, it indicatesa reflection measurement, as the
input and output ports are the sanie incident terms (aa&) andoutput terms (b by)

represenvoltage traveling wave3.he concept o6-parameterss displayed in figure 2.19.

Si1 and $; are determined byneasuring the magnitude and phasehef incident,
reflected and transmitteebltage signks when the output ierminated in a perfect Zo (a
load thatequals the characteristic impedanéehe test system). This conditiguarantees
that a is zero, since thens no reflection from an ideal loa8;; is equivalent to the input
complexreflection coefficient or impedancaf the device under testDUT), which is a
Love wavebiosensor, and gis the forwardcomplex transmissionoefficient. Likewise,

by placing the source at pdtand terminating port 1 in a perfdoad (making azero),
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Sy, and S, measurements can be madg: iS equivalent to the output compleaflection
coefficient or outputmpedance of théiosensor S;; is the reverse complex transmission
coefficient.Figure 2.20 illustrates the method how to measupar@meters of a two port

device.

Incident S21 Transmitted
a]f v
SN 4§02
Reflected DuT S22
b Port 1 PO" 2 Reflected
! & 2 a)

“Transmitted S12 Incident

b1= 81131 +812 82
b2~-82181 +822a2

Figure 2.19 The conceptof S-parametersThe signal input from port Is a. The signal
input from port 2 is a The signal output from port 1 is.brhe signal output from port 2 is
b,. S;1is a measure of the signal coming pott 1 relative to the RF stimulusntering port
1. S;1is a measure of the signal coming pott 2 relative to the RF stimul@ntering port
1. S;»is a measure of the signal coming pott 1 relative to the RF stimulusntering port
2. Sy is a measure of the signal coming pott 2 relative to the RF stimul@ntering port
2.

Incident Sa Transmitted g
a9, g >

8 i o4

Forward , Reflected = [T = 2| Load
1 a>=0

S Reflected b,
H = e = =

Incident ay |a =0
b,

Reflected _ b,

Incident a; |a; =0

Transmitted

‘ ar =0 b

Transmitted !

Incidenr = aa | ar=0

(A'l = () b 2
o |25 oot ] S 2
Load " 5 Reflected Reverse

< 337
Transmitted S Incident

Incident ay

Figure2.20 Themethodof S-parametersneasuremenfApplying a perfect loada(load that
equals the characteristic impedance of the test systemort 2 makes,a0. Then input a
fixed signal a and detect the output signal &and b, which can calculat&;; and S,
respectivelySy,,andS;, can be obtained by similar way to connecport 1 with a perfect
load makes &0, input a fixed signal,aand detect the output signaldnd b.
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