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Abstract

Field-effect transistor (FET) sensors and in particular their nanoscale variant of silicon nanowire
transistors are very promising technology platfe for labelfree biosensor applications. These
devices directly detect the intrinsic-sodl ectr.i
interface. The maturity of micro fabrication techniques enables very large FET sensor arrays for
massive mltiplex detection. However, the direct detection of charged molecules in liquids faces a
significant limitation due to a charge screening effect in physiological solutions, which inhibits the
realization of poinbf-care applications. As an alternativeypedance spectroscopy with FET

devices has the potential to enable measurements in physiological samples. Even though promising
studies were published in the field, impedimetric detection with silicon FET devices is not well
understood.

The first goal ofliis thesis was to understand the device performances and to relate the effects seen
in biosensing experiments to device and biomolecule types. A model approach should help to
understand the capability and limitations of the impedimetric measurement nvethoBET
biosensors. In addition, to obtain experimental results, a high precision readout device was needed.
Consequently, the second goal was to build up rehlinnel, highly accurate amplifier systems

that would also enable future myttarameter handid devices.

A PSPICE FET model for potentiometric and impedimetric detection was adapted to the
experiments and further expanded to investigate the sensing mechanism, the working principle,
and effects of side parameters for the biosensor experimenfsotéotiometric experiments, the

pH sensitivity of the sensors was also included in this modelling approach. For impedimetric
experiments, solutions of different conductivity were used to validate the suggested theories and
assumptions. The impedance spgcthowed two pronounced frequency domains: agdass
characteristic at lower frequencies and a resonance effect at higher frequencies. The former can be
interpreted as a contribution of the source and double layer capacitances. The latter can be
interpréded as a combined effect of the drain capacitance with the operational amplifier in the
transimpedance circuit.

Two readout systems, one as a laboratory system and one as-af{oairé demonstrator, were
developed and used for several chemical and bsosgexperiments. The PSPICE model applied

to the sensors and circuits were utilized to optimize the systems and to explain the sensor responses.
The systems as well as the developed modelling approach were a significant step towards portable
instruments wth combined transducer principles in future healthcare applications.



Kur zf alssung

Biosensoren sind leistungsstake Diagnosewerkzeuge zur quantitativen Erkennung einer Vielzahl
von verschiedenen Biomolekilen. Der Bedarf an solchen kostenglnstigen uratenagber
zugl eich auch hochsensi-¢fcaeafn uBdogzawveol s s6 €
rasant an. Dabei ermdglichen markierungsfreie Biosensoren eine schnellere Detektion und eine
wesentliche Kostenminimierung, da der Schritt zur Biomakkedifikation der Zielmolekuile
vermieden wird und zugleich eventuelle Artefakte bei der Biomarkierung vermieden werden.
Neben vielen verschiedenen Biosensorarten sind die auf Feld&ffeidistoren (FET)
basierenden Sensoren einer der aussichtsreichstsorggen. Die FE-basierten Biosensoren
ermoglichen eine direkte Erfassung der nattrlichen elektrischen Ladung eines Biomolekils durch
die Bindung an die Sensoroberflache. Durch die rasante Entwicklung der Mikroelelkrdungkrie

in den letzten Jahrzelart wurde es madglich, hochintegrierte Sensdkeays mit kleineren
SensorgroRen zur gleichzeitigen und selektiven Detektion vieler verschiedener Molekilarten
herzustellen.

In den letzten zwanzig Jahren ist die selektive und parallele Echtzeitdetektiomeloeren
Biomarkern von sehr groRem Interesse in der Biosensor Community. Durch einen bekannten
Ladungsabschirmungseffekt in physiologischen Elektrolyten, stellt die direkte, selektive Erfassung
geladener Biomolekile in einer Testflussigkeit eine groRedsdorderung dar, wodurch eine
direkte Analyse in Blutserum schwierig wird. Als Teillosung des Problems kann eine
Impedanzspektroskopiethode mittels FEISensoren eingesetzt werden, die im Vergleich zur
klassischen, potentiometrischen Methode auch eiessithg in Blutserum ermdglicht. Trotz der
bisher durchgeflihrten, experimentellen Arbeiten in diesem Bereich ist der Mechanismus zur
impedimetrischen Analyse bisher noch nicht komplett verstanden.

Fur die Experimente, die in dieser Arbeit prasentiert werdeurden verschiedene Typen von
Silizium FET Sensoren benutzt. Diese Sensoren wurden von friheren Mitgliedern der
Arbeitsgruppe in speziellen Prozessen entwickelt, wobei eine HochdRbmeaum Umgebung

und nicht standardisierte Protokolle genutzt wurdenWesentlichen wurden zwei Sensortypen
verwendet: Silizium ionesensitive FETs (ISFETs) im MikrometermalRstab und Silizium
Nanodraht Transistoren (SINW FETs) im Nanometermalistab. Deren Designs waren
unterschiedlich in Dotierung, Kanalgeometrie und Gdte®icke. Im Wesentlichen aber hatten

sie unterschiedliche parasitare Eigenschaften durch die verwendeten Verkapselungsmethoden.

Aus dieser Situation abgeleitet war das erste Ziel dieser Arbeit ein deutlich verbessertes
Verstandnis von Messungen mit d&ensoren und eine Erklarung der Effekte, die in den
Biosensorik Experimenten in Bezug auf genutzte Sensoren und bekannte Biomolekll Parametern
beobachtet werden. Ein Modellansatz sollte dabei helfen, die Mdglichkeiten und Limitierungen der
Impedanzspektré®pie mittels FETbasierten Biosensoren zu verstehen. Darlber hinaus, um gute

! (laut Promotionsordnundes Fachbereichs Elektrotechnik und Informationstechnik der Technischen Universitat
Kaiserslautern von 29.07.2013)



experimentelle Resultate mit robusten Sensoren und definierten chemischen Oberflachen der
Sensoren zu erhalten, war ein hochpraziser Verstarker notwendig. Deshalb war einZeleites
dieser Arbeit die Entwicklung, der Aufbau und die Charakterisierung eines impedimetrischen,
tragbaren und hochprazisen Mehrkanal Ausleseystems.

Als praktische Experimente wurden die potentiometrischen und impedimetrischen Messmethoden
basierend auf &t bekannten BiotiStreptavidin Biomolekilbindung verglichen. Die Biotin
Molektle besitzen nur wenig Ladung und die starke Ladung der Streptdadidkile ist vom
pH-Wert der umgebenden Losung abhangig. Aus diesem Grund kann eine Sensorreaktion direkt
nach der spezifischen Bindung prazise ausgewertet und verglichen werden. Die Messungen
zeigten, dass es nicht moglich ist, potentiometrisch die ladungsfreie-Biatinng zu erfassen.
Jedoch konnten mit der Impedanzspektroskdfpethode beide Biomolekularedeutlich und
selektiv nachgewiesen werden.

Um den Detektionsmechanismus, das Funktionsprinzip sowie verschiedene Einflussparameter fur
die Impedanzmessungen zu verstehen, wurde in der Arbeit ein PSPICE FET Model zur Erklarung
der impedimetrischen Auslesethode entwickelt. Fir die potentiometrischen Experimente,
konnte die pH Sensitivitat der Sensoren durch diesen Modellansatz ebenfalls erklart werden. Die
ImpedanzSpektren zeigen zwei deutlich hervorgehobene Frequenzanteile im Niederfrequenz
bzw. Hochfequenzbereich, die entsprechend auf kapazitive Beitrage zurtickzufihren sind. Dabei
spielen die Kapazitat auf dem Sout€entakt fir den Niederfrequenzbereich und die Kapazitat

auf dem DrairKontakt fiir den Hochfrequenzbereich eine grof3e Rolle.

Im Verlauf der Arbeit wurde ein 3XKanal Verstarkersystem mit acht auswahlbaren
Verstarkungsbereichen entwickelt und hergestellt, womit potentiometrische und impedimetrische
Messungen an verschiedenen-Bi6T Sensoren durchgefihrt wurden. Dartber hinaus wurde ein
tragbarer, Microcontroller (MCU) gesteuerter, frei konfigurierbareKahal Verstarker far
potentiometrische und zeitaufgeloste Auslesemodi hergestellt. Die ausgiebige Charakterisierung
beider Verstarker zeigte, dass die entwickelten Auslesegerate reproduibdr eine gute
Messgenauigkeit verfugen, die verglichen mit einem professionellen und teuren Parameter
Analyzer nur unbedeutend (5%) kleiner waren. Anschliel3end wurden die Auslesegerate zur Signal
zu-Rausch Analyse von vielen BEET Sensoren eingesetavobei die Anwendbarkeit der
Messverfahren mittels pMessungen sowie mit DNBlessungen erfolgreich demonstriert
werden konnte. Dabei betrug die {ithpfindlichkeit typische 34 mV/pH auf den SiO
Sensoroberflachen. Durch die Oberflachenbehandlung mit&mgro-Silanschicht mittels eines
Gasphasenprozesses konnte eine hoherEmpfindlichkeit von 45 mV/pH verbunden mit einer
besseren Sensorlinearitat erreicht werden. Durch eine Erweiterung des SINW FET Modells mit
einer schon friuher in der Literatur besebenen Methode zur Modellierung des
elektrochemischen Verhaltens der Sensoroberflache konnten diese Unterschiede auch erklart
werden. Bei den BiomolekiExperimenten verschob sich die charakteristische TraKsfiere der

FET Sensoren reproduzierbar naokchts in Richtung kleinerem Strom, wie es fir die
Oberflachenbindung von negativ geladenen ENl&ektilen zu erwarten ist.



Jedoch konnten zum Ende dieser Arbeit zwei Fragen noch nicht beantwortet werden: 1. Gibt es
beim impedimetrischen Messverfahren aealen Signalanteil durch die Ladung der bindenden
Molektle? Die Frage kénnte zukinftig geklart werden, indem die StrepteRidlim Bindung in
Lésungen gleicher Leifahigkeit aber mit unterschiedlichenVipétten untersucht wird. Leider
waren wahrend diesekrbeit nicht ausreichend Sensoren vorhanden, um robuste, statistische
Aussagen abzuleiten. In den Impedanzmessungen, die PSPICE nachvollzogen wurden, waren die
starksten Effekte durch die parasitaren Parameter wie z.B. die Leitfahigkeit der Messlésung
beenflusst. 2. Der Messnachweis von nicht elektrisch geladenen Molekilen konnte nur mit den
Si-Nanodraht FETs realisiert werden jedoch nicht mit den ISFET Sensoren mit grof3eren
Messflachen im Mikrometerbereich. Die zweite offene Frage ist, ob und warumraiesistoren

eine hohere Empfindlichkeit ermdglichen.

Zum Schluss dieser Arbeit, fuhrte der Modellierungsansatz mit den verfugbaren Tools in PSPICE
zu wichtigen Erkenntnissen Uber den Einfluss der parasitdren Parameter der Sensoren und
Verstarker, jedoch kinte das Modell die bei den BiotBtreptavidin Experimenten beobachteten,
impedimetrischen Spektren noch nicht erklaren. Es kann daher geschlussfolgert werden, dass das
momentane Modell die Effekte am Biosensoreingang noch nicht vollstandig erklarnuresser
geeignetes BSIMBOI Modell fur die SINW FET Sensoren verwendet werden sollte, um Spektren

zu simulieren. Nichtsdestotrotz hilft das tiefere Verstandnis der impedimetrischen Messungen in
dieser Arbeit nun enorm bei Verbesserungen von zukinftigesoBtesigns. Die neuartigen
Verstarkerkonzepte und Ausleseverfahren, die in dieser Arbeit beschrieben werden, zeigen auch
die Notwendigkeit flr prazisere, tragbare Sensorsysteme, um eine kombinierte impedimetrische
und potentiometrische Auslese zu ermdutic. Die in dieser Arbeit beschriebenen Methoden und
Auslesekonzepte konnten zukinftig fir robustere Pafi@are Auslesesysteme flr mehrere
Zielmolekiltypen mit SINWFETSs genutzt werden.
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1.l ntroducti on

1.1 Label-Free BiosensorConcepts

The ability to detecand toquantifythe presence of an analyte suclaasgens or singlstranced
deoxyribonucleicacid (ssDNA) molecules in a biological samptasa significantimpactin life
science researclglinical and medicaldiagnosis[1i 3], food/watersafety and pharmaceutical
testing[41 7]. Biosensors are analytical tools that convert the reactiamioirecognition element
andits analyte intaquantifiablesignals. Theotentialfor biosensorén qualitative and quantitative
detection is very broad including antigens,ssDNA, organisms, tissues, cells, organelles,
membranes, enzymes, receptors, antibodied nucleic acisl[8]. There is an emerging demand
to build low cost point-of-care biosenserthat are portable, wearableand able to perform
multiplexing analysi®f a panel of analytes simultaneouglbiosensodevicein generakonsists

of three man components: bioreceptor, transdyeerd readout systeras described iRigurel-1

[9]. The bioreceptoris typically a biomolecule that recognizéhe specific analyte ofinterest.
Enzymes, antibodiesnd nucleic acids are among the most common biorecognition sulsstance
usedfor highly selective detectiormhe transducer should be able to convert the biorecognition
event into aneasurablsignd [10] usingoptical, mechanicathermal,or electricalprinciples The
readout systenprovides necessary conditi@for the transducer ancheasurests outputsand
convers theminto readablemeaningfulvalues suks as colorchange or digital display of a value

A more detaikdoverview ofthe field ofbiosensors can be found in several textbd8k$1] and
review article§12i 16].

In a reabiosensingneasuremena biorecognitiorelement that possessespeecific affinity to the
analyte of interesffor example antigemantibody binding, DNA hybridiz&in, receptodigand
attachmentis immobilized on the surface of the transducddre measurement soioih will be
washed over the senssurfaceand ifit contains the analyte of interestwitll bind to the surface

of the sensor. In a labdlased detectioschemetheseaecognition reactiomaremarked byalabel
(reporter moleculeyhich hasfluorescent luminescent, radiometric, or colorimetgcoperties
[17]. The label is selected such thatan becadly detectedy its color or its capability to generate
photons atwavelength A wide range of moleculdsr widespread usean be sensed neporter
basedschemesuch as ELISA (enzyminked immunosorbent assay) and PCR (polymerase chain
reaction)[18]. However there areseveralntrinsic problems with labebased sensingn practice,

a high degree of development is required for lddaeled assays to assure that the label does not
alter important active sid@n the target moleculd9]. It is difficult to controlthelabeling yield,
which introduce additionalvariability in the detectionin drug testingan incorrect usef a label

may result ininaccurate ssessmestof the potency of a drugnteraction with its target prate
receptor. This approach also demsabtkngthyperiodof prepaimg and traifng personnej11,20]



1. Introduction
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Figurel-1 Schematic diagram dfhethree main components of a biosensor devjadapted
from [9])

The labelfree approachas its name impliesllows the detection ofbiological analytes without
reportermoleculeq11]. Thismainly involves a transducer that can measure directly some physical
properties of the analyte. Fa@xample,all biochemical molecules have finite mass, volume,
viscoelasticity, dielectric permittivitygonductivity,and some of them cargn electrical charge

that can beused to detectheir presenceor absence using an appropriate senkahelfree
detectioneliminates thdabeling preparation step, whidtelpsto minimize the cost in time and
resourceswhile removing experimental artifacts from quenching, shelf life, and background
fluorescence as well as the effect of the labeghemolecular interaction. In additiomost of the
labeling methodarelimited to onlyendpoint measuremesytin contrast tanore favorablelirect,
continuousandreakttime labekfree detection.

Until recently, theravereonly afew labelree systemsavailableon the marketThe nost famous
among them are Quartz Crystdicrobalance (QCM) [21,22] and Surface Plasmon Resonance
(SPR)[11,23,24] The QCM sensorconsiss of a thin quartz disk with elecdes deposited on it.
QCM is piezoelectricandan acoustic wave igeneratd by an oscillating electdal field that is
applied across the diskA resonanceoscillation appears whetine frequency othe electrical
stimulation is near the fundamental frequency of the crystal. This fundamental frequenuysdepe
on several agrameters such as the thickness of the disk, its chestraature, and its shape and
mass. Anong those only the masBangesvhenthe analytes bindingto thereceptor immobilized
on the surface of the electrod&$R is aroptical phenomenon that isrsgtive to the alteration in
optical propertienf a metatliquid interface.An SPR setup typically consists of a polarized
monochromatic light source, a glass prisnthin metal film in contact with the base of the prism
and aphotodetectof11]. SPR measusxhanges in the refractive index in the immediate vicinity
of the surface of the metélm, which depends on the binding of analyt® the immobilized
receptors on the surfac&hese two devices can be utilized for many assaysieasurehe
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absorption mass owith & $eesitivdyef\alboat ené sanagam rpér aquare
centimeterthis isin a range ohanomola(nM) in the case o0DNA moleculeg [25]. Both systems
also offer reatime and labefree detection, however it is very challenging to miniaturize these
sensors as pondf-care detection as mulbarameter sensors and handheld devitteis also
difficult to create an array of QCM sensavith simple readout deviceandthe optical degction
componenbf SPRmakest problematidor miniaturization

1.2 Field-Effect SensorConcept andL iterature Review

As most molecules carry charges when being in a liquid, an alternative approach -firelabel
detection is to measurthese chargedy a silicon-based ion-sensitive fieldeffect transistor
(ISFET). A field-effect sensor structure is analogous to a rretale-semiconductoFET where
the metalgate electrode is replaced by a measurement solution and a reference elet®de.
binding of moleales of interest to receptors immobilized on the surface of FET devices medulate
the current through the semsdt thereforeacts as a potentiometer that meassrehe surface
potential at the insulateglectrolyte interfaceThe rapid development of miarfabrication
techniques in recent decadesenablel ISFET sensa@to becomemultiplex arrayg, to scale down

in size andto increase the array densityhe established, higfield industrial complementary
metatloxide-semiconductofCMOS) processes enabtbe fabrication of hundreds sknsorger
silicon waferand greatly reduce the cost of fabricatidm addition, these sensors offer the
capability of reatime, quantitative,and concentratiosensitive detection without any labeling
step.The developmat of compact, integrated sensor systems alline decentralized ponuf-
care diagnostica/here current labedependent or available labieée systerawould be difficult

to use

The ISFET sensors wefastly developedn the 1970s by Bergvelf26,27] and werethe first
miniaturized silicorbased sensoln these tw@ioneeringpapersBergveldsuggested the structure
without using a reference electrotiesteadof a reference electrode in the liguedfeedback cauit

to substrate isisedto stabilize the amplifierLater publication showethat having a reference
electrode plays an important role in stabilizing the measurement as wkltihgng the working
principle ofdeviceq28]. The typical insulatomaterials at the gate of ISFE@resilicon dioxide,
silicon nitride,aluminum oxide or tantalum oxidleat respodto pH change without further surface
modification because the insulator membrane possdabe capability of protonation and
deprotonatiorj29,30]. The pH sensitivity of ISFETallows thér applicationfor detection otcell
metabolismand extracellulaactionpotential measuremesfThe monitoringdf cell metabolism is
based on the acidification rate of a gooof celk (10°-1C° cells on a sensor chip) that resct
differently with different stimulatioiffor example in drug testing31,32]. The second type of cell
based ISFET measuremsit applied to several electrogenic cells such as neurona[2@)83],
muscle cell§34] or cell networkg35]. Electrogenic cellsproducespontaneous action potensial
(transient changes of their membrane potential) that catletextedby an ISFET chiplying
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underneathThelocal potassium concentration within the narrow gap betwaasistor and cell
(=50 nm) during channel activation magjustthe electrical double layer in front of the gate oxide
that effecs the transistor signdl36]. In addition, ISFET can be used for other applications:
combining enzymes and ISFET for chemical sensor (EnFET) (Glucose, [Bégp$&enicillin[38]
etc.); ImmunoFET for detection of antibodgntigen interactiofi39]; or GenFET for detection of
DNA hybridization[40]. More detailaboutISFET and its applicati@can be foundn the review
article[35].

The ISFET sensas normally in the range ofmicrometes in width and lengthldimensionsand
thereforerequires a largéotal numberof moleculesthat bind to the surface in order achieve
measurable sign®[41]. The introduction of silicon nanowire (SINW) in 2001 by Cui et[42]
offerstwo mainadvantagesver the standard ISFH#3]. First, he width of SINW is in the order

of 10 nm whichis comparablén dimensionor even smaller thamost of biological entities such

as nucleic acid, protein, cells, viruses, etc. This leads to a sto&llerTumberof molecules needed

to bind to the chip surface to produce a detectable si§halsurface potential changes, however,
is proportional to the surface density of binding moleculégrefore,FET and SINW sensors
should record signal amplitudes of simg&es However,SiNW could in principleachieve higher
sensitivty or alower detection limitf all molecules to be detected would bind to the sensor surface
only. SecondnanascaleSiNWSs possessiew physical and chemical properties arising from their
size. The high surfaceio-volume ratioallows the surface atom# play an important role in
defining the physicalgchemical,and electronic properties of the devite.addition, the working
current of SINW is approximately 1000 times less thaat ¢f ISFET. Therefore,the power
consumption of the multiplexed sensayace implementedvill be significantly reduce. This is
favorable for portable or implantable devices where continuous monitoring might be necessary.

Since the SINWFET was introducd, the feld of semiconductor nanowire has become one of the
most active research areaghe nanoscience communig4], where the number of publitans
have increasedxponentiallyfor more than ten years. It covers a wide rangepglications in
biosensotechnology. It can detect in real tinlabetfree proteins downs t@0 picomolar[45i 47],
DNA down to 110 fM [48i50]. The SINWFET is also used for drug testirig6] and cell
measuremen{$1i 53].

There are two approaches in fabricating SINW: bottgorand topdown. SiNWemploying the
bottomup method isypically grownwith avaporliquid-solid mechanism with metal nanoclusters

as catalystd54]. The nanowire has a diameter from severahometerso 100 nm while
maintaininghigh surfacequality. However, this approach experienitgo major drawbacks: it is
difficult to integrate a higliensity sensor array because of the complexity in alignment and
contacting the grown nanowir@s5]. And the diameter of nanowire hiasge variance that lead

to differences in electrical characteris{ig6]. The topdown approach utilizes conventional micro
fabrication processes on wafer scale to creat@nowirelike structure on a thin silicean
insulator (SOI) wafer. SINW structure is defined in the active silicon layer by electron beam
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lithography[57], deepUV (ultraviolet) lithography[48,58] or nanoimprint lithgraphy[59,60].
Subsequentlythe final SINW size isleterminedy etching process wet etchind57,61] or dry
etching reactiveon etching (RIE)[62,63] or combinations of thenSiINW FET sensos in this
work are 28x2 array chip that are fabricated by combining high thughput nanoimprint
lithography and wetetramethylammonium hydroxide (TMAH) etching. It showed good electric
performancesind improved sensitivity afensaos. The fabrication processand daracterization

of the SINWFETsweredescribedn detail inanotherearlierwork [64].

1.3 Challengesand Openlssues

Even though SiNWs offer severalvaantages compeadto standard ISFETS, they share the same
detection mechanism: the electrical field of chdrgelecules binding to the surface modulates

the drainsource current or characterist@f the sensors. In liquid, neaffar example) negativgl
chargedspecieghere is an accumulation of counterions (ions of opposite charge) and a depletion
of coions because of electrostatic interacti@3§. At a certainength from the surface (called the
Debye length), the counterions will balarice electrical field of the charged molecules. Therefore,
FET sensacan only detect the charge inside the Debye length from the chip surface. For aqueous
solution, this lendt depends on the ionic strengthtlbé measurement solutidoy the following
equation66]:

RR E 4
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where U is relative diel ect théecaseisthe waiet +80ati t y o

=20°C, ~78 att = 2% ) pis thk vacuum pertiivity; k is the Boltzmann constant; T is Kelvin
temperature; e is the elementary chargthecion concentratiqr; is the valence of th'iion.

Using above equation, the dependence of Debye length on the concentration of measurement
solutions can & plotted as ifrigure1-2. In a moderate buffer solution (biological condition), this
length is on the order of 1 nm, meaning beyond this distance from the chip surface, no electronic
charge can be detectable. Therefore, detgdtirge molecules such as longer DNA sequences or
protein in blood samples is not possible with FET devices. In other words, developing these devices
for point-of-care applications in the potentiometric readout mode is far from attainable. The Debye
screeing effect was reported for both ISFH&7,68] and SINWFET [69i 71] sensors in the
literature.

A different approach is to employ the powerful technique of electrochemical impedance
spectroscopy with FET devices. The idea is that when there are bindings of amalgteptors
immobilized on the chip surface, not only the dreaurce current of FET devices changes but also
the whole impedance of the system including the nanowire surface is also modified. The
experimental approaches of the frequency response measuremISFETFbased biosensor
applications were described in Ref82i 75] and showed a stable operation of the sensor against
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many sideparameters such as temperature drift, sensor drift, or pH value variations of the solution
[76]. This detection method depends on thpedeance alteration; therefore, it has the potential to
implement measurements in a direct blood sample that is not achievable with a potentiometric
approach. Even though reported experimentally successful, the understanding of the detection
mechanism anche effects of side parameters (such as the drain, source contact line capacitances,
and solutionds concentration) are not <clear.

Debye Length|

Debye Length (nm)

1

1m 10m 100m 1
Phosphat buffer solution concentration

Figurel-2 Dependence of Debye length measuremergolution concentration

Theother main problem thanhibits thedevelopmenof FET-based array sensis the reference
electrode. As mentioned before, having a wellined reference electrode in measurement
solutionsis necessary in all potentiometric measuremenhts.obtain amicro system, it is
recommended that the reference electioaka comparable dimension to the transistor. ifiaén
problem here is the miniaturization of the electrpt. Even though therbave been many efforts

to miniaturize reference electrodié8i 81], no way has been foundo f a b r i -eferenee i mi
electrodso I n nlundbesghat fulfill basic requirementsstablity, reprodudbility, and
reversibility.

An FET-based biosensor also has three main components like anpioerso(Figurel-1). To

use the devicemeliably, the readout part is equally importamhe binding ofa small numberof
molecules to the chip surface normally genesddttle potential signal (range anly a fewmV).

To obtain an adequate sigriatnoise ratio (SNR), it is crucial to keep the noise as low as possible
todistinguishthe signafrom noise Most of the time, such de&es are measured hyigh accuracy

cr
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semiconductor parameter analyzededicatedsysten|82i 84]. These areitherbig and expensive
or lackthe necessargccuracyportability,and multiplicity.

Besides many effors to develop chemical processes and biological procedfge surface
modification and specific assay developments (not mentioned here), this section described two
main challenges and an open issue that constrairtetstopmenof an FET-based poinrbf-care
handheld biosensor:

1 The measurement of static charges in aidigunvironment is limited by the Debye length
which depends on the ionic strength of slwdution. This prevents the detection of large
molecules in blood sam@and therefore inhibits thereationof pointof-care devices.

1 A reference electrode is nesasy in all potentiometric measurem&nfA method to
fabricateafi mi € ed er enc e e | rumbersioatfelfidl basimrequiramegtie
stable reproducibleand reversiblé is currently not available.

1 A detailed work onthe development of a readt systemespecially a portable/handheld
one is missing in the literature.

1.4 Aims of the Thesis

This work is motivated by thaim of bringing an affordable system to everybody that $iglpm

to monitorcertainhealthparametersvithout involvementof centralized laboratoriesTo realize
thiswith anFET-based biosensgihe two challenges and one open issue mentioned above need to
be solvel. In this work a macroscopic commercial reference electrode will be used. The present
approach is to:

1 Contribute to understanding the mechanism and working principle of impedance
spectroscopy measuremsgnitith FET devices.

1 Createa readout system that can implement both potentiometric and impedimetric
measuremestwith anarray of FET sensors for comparisitie Debye sreening effect on
both methods

1 Createa high accuracyportable/handheld readout device.

1.5 Organization of the Thesis
The format of this thesis is &3lows:

1 Chapterl introduces the general concetnd terminologiesf a bosensor. Thédeaof
labelfree detection with FET devices discussed. Then thenitation of potentiometric
detection and the motivation of the work toward the impedimetric detection and tke goal
of thethesisare described
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1 Chapter2 describs the background of the impedance spectroscopy method and discuss
the state of the adf impedmetric measurement with ISFETSs.

1 Chapter3 discusgsthe theoretical background ti&ld-effecttransistor baesd biosensar
The working principle of ISFET as well as SINFRET, together with two measurement
approaches: potentiometric amngpedimetricwill be explained

1 Chapter4 explairs transducer fabrication. FEJensor chipsencapslation and electric
characterization aralsodescribed.

1 Chaptelb focuseson measurement se@wo different readout systems (8Bannel and
4-channel handheld@re designed and developellleasurements witlthe developed
systems andh standard parameter analyzge comparedThe noise power speam and
signal to noise ratio will bevaluated.

1 Chaptei6 deals with different biosensor applicatiohswvill be started with pH sensing and
then DNAmeasuremestand finally a proobf concept of impedimetric measurement with
thesetup for different buffer concentrations is implemented.

1 Chapter 7 investigats the simulation for SINWFETs At first the characteristic
measuemens of SINW FET aresimulated by both level2 FET and levg€BSIM 3v3) for
comparison.Later, this model isusedto examinefactors that affect thé@npedimetric
measuremestwith SINW FETSs

1 Chapte conclusiosareprovided and possible furthatevelopments of SINWET based
biosensas areproposed.

1 The Appendix contains a more detail@escription of thdabrication process for ISFET
and SINWFET devicesanda PSPICE soureeode for the simlation.



2.St aotftehAr t Inopfe d aSpeet r oscopble vwictens FE

2.1 Electrochemicall mpedanceSpectroscopyBackground

Electrochemical Impedance Spectroscopy (EIS) is a powerful technique for the analysis of
interfacial propest changes of modified electrodaponbiorecognition evest happening at the
surface[85]. The advantage of EIS is that, with a single experimental procedure covering enough
frequenciesthe influence of the governing physical and chemical phenomena can be distinguished
and isolated at a given applied potent[86]. Impedance measurements supply dedail
information on capacitance/resistance variatioa k i ng pl ace at sensorsod s
long been used to characterize biomaterial films associated with electronic elEB7AEB®3.

EIS canbeclassified as Faradaic or néaradaicinpedance spectroscopy based on the magnitude

of aDC current flowing through the interfaf®0]. If there is no DC cuent, the frequency scanning

is referred to as neRaradic impedancespectroscopyln this casethe measurement results in
capacitive sensing and the capacitance of the interface plays an important role in determining the
impedance responsH.there is aDC current flowng through the interface, the measurement is
referred toasFaradaic impedance spectroscopy. It allows analysis of kinetichantechanism

of bioelectrocatalytic reactignproviding information for the development of amperometric
biosersors and biofuel cell85].

Fundamentapurposeof EIS is to apply a small amplitude sinusoidal excitation signafrto
electrochemical cell artd measure the rafting responserigure2-1 showsa nonlinear FV curve
of a theoretial electrochemical system. A small amplitude wawgv/s i n { s appliedto the
working polarization voltageV/. This inducea current responsg gl si n( ¥t +y) super.i
theDC current |I. The Taylor series expansion isfalows:
— ¥ - — Y6 — — Y6bX
Y h A h A R @)
If the magnitude of the sinusoidal amplitude sigielis small enoughthe higher order terms in

equation ) can beneglectedThe impedance ofttkey st em can t hen be cal ct
law:

A6 Y6 5 3

Ai 93 ©

The impedance spectruai the systentan be obtainetly varyingthe frequency of the applied

signal. Typically, a frequency range of 0.1 H200 kHz is scanned in the measurement with an
electrochemical system. There are two ways of data representation: the real part of impedance
versus the imaginary part (Nyquist Plot); the magnitude of impedance and the phase shifts against

frequency in twdalifferent plots (Bode Plot).

)
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Impedance spectroscopy can be implemented in the potentiostatic or galvanostati@hdde

the potentiostatic mode, experiments are implemented ated EXC voltage. A #mulation
sinusodal voltageis superimposed on the D@dtential andapplied to the system. The response
current is measured to calculate the impedance of the system. On the other hand, in the
galvanostatic mode, experiments amnductedat a fixed DC current. A stimulain sinusoidal

current is superimposed on the @Grrentand applied to the system. The response voltage is
measured to calculate the impedance of the system. Normally, impedance spectroscopy is done
under the potentiostatic mode. In some casgsbatteryresearch, impedance experiments can be
implemented in the galvanostatic mode.

1A
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Figure2-1 Principle of EIS measurement (adapted fii@@])

<v

In order toprovide impedame measurement the system under analysissnieedatisfy the
following conditions[92]:

1 Linearity: this condition is fulfilled when the applied stimulation sinusoidal signal is small
enough such that the selected state of the syistenthanged.

1 Steady state: the measurement should be independemt fine moment of the
measurement. This applies to all frequencies of interest.

1 Finitenessthe real and imaginary parts of the impedance should have finite values at all
frequencies of interest.

1 No memory propédres: the measurement sholdd independentrom the sequence of
measurements.

A typical setup to measure impedance spectrum consists of a cell (the system under interest), a
potentiostat/galvanostat, and a frequency response analyzer (FRA). The FRA stimulates the cell
with a signal and measwwtheresponse from potentiostgalvanostat to calculate the impedance

at the frequency of the applied signal.

10
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To interpret the experimental data, it is common to use equivalent circuilsndtese modsl|
normaly consist of welknown passive elements suah resistor, capacitor, inductor, constant
phase element and Warburg impedaria&b(e 2-1). These elements can be connected in series
and/or parallel to fit the best the impedance spectrum.

Circuit Element Impedance
R, Resistane R
C, capacitance p
B #
L, Inductance ® Q0
CPE, Constant Phase Elemehtis the admittance ) p
of an ideal capacitance ands an empirical 9 B
constantranging from 0O to 1.
W, Warburgimpedanceinder the assumption of _ p
seami-infinite diffusionlayer:9 is the diffusion 9 B
admittance

W, Warburgimpedanceinder the assumption of BO ATET N
finite diffusionlayer thickness9 the diffusion 9
admittance, is the diffusion layer thickness an o
D is the diffusion coiéicient o] e

Table2-1 Summary of equivalent circuit elements (adapted ff@ih)

The main advantages of EIS can be described as &]@f04}

1 Simple and high sensitivity: The impedance spectroscopy is becoming a popular analytical
tool in biosensor research becausewolves a relatigly simple electrical measurement
whose results can besedto investigate properties of sensing membranes. It islyhig
sensitiveto the bioeverd happening close to the sensurface. Utilizing short self
assemblymonolayer for immobilization and low Her strength solutions can improve
sensitivity.

1 Labeklfree:the EIS does not require reporter molecules because it depends on the inherent
properties of molecules. It is therefore suitable for sensing proteins which are difficult to
label.

1 Realtime detetion: a common approach that at first experiments are implemerttedx
situ detection, that the whole frequency spectrum imiokd. However, once a specific
frequency rangés foundwhere thebiorecognitionevents are clearly distinguishethe
detecton can be done at a chosen frequency and the impedancbe measuredith
biomolecular interactions asfunction of time.

11
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1 Ease of mtegration: the EIS is fully electronic in nature, therefore it has great chance to
facilitate handheld point of care alpgations by using standard electronic integration
circuits.

Thoughenjoyingmany advantagesomparedo conventional label detectisand other labelree
methods, EIS has its disadvantggegh as:

1 Blocking and surface cleaning: tekeortimmobilizedmonolayernormallyhas low surface
coveragewhich permits norspecific attachmenin many casest requiresa blocking step
to reduce detection errors, especially if the sample caddargepercentagef interfering
molecules. In addition, the cleagirprocedure also negdo be carefullymonitoredto
minimize the crossalk between channels.

1 Onre of the disadvantages of EIS primarily related to possible ambiguities in results
interpretation. With specific equivalent circuit should be usedife isnecessary? An
equivalent circuit containingpo manycircuit elements can often be rearranged in different
ways and still resulin the same impedance spectra.

Throughthis section, it can be seen that EIS is highly sensitive teebagnition eventsocaurring
close to the sensor surfaead can beisedas labelfreg point-of-care arraylatform Despite its
shortcomings, EI$s still a very promising alternative to some commercially |gbet detection
systemsuchasSPR and QCM.

2.2 Review d ImpedanceSpectroscopyM easuremens with FET Devices

Schasfoort et a][95,96]proposed the impedance spectra measuremenamd8FETto detect the

charge redistribution of afmuman serum albumin) HSantiHSA complex(a precipitate) formed

on top of the sensofThe measurement setigp described inFigure 2-2. A function generator

applied a 20 mV (peageak) sinusoidal signal to the calomel reference electf@deference
electrode that ibased on th reaction between mercury Hg and mercury chlorideCHy To

reduce the impedance of the reference electrode at all frequencies, a Pt wire in series with a 1 pF
capacitor was connected in parallel to the electrode. The slvaitte current was convertexthe

voltage by an-M converter. Authas stated thabnly the magriude of the transfer function is
sufficient to characterize the existencelod antigerantibody complexthe phase shift does not
provide additional information. It wasbserved thathie cutoff frequency ofthe impedance
spectrum of aISFET with thecomplexwasnoticeablyhigher than that ahebare ISFETNoting

the similar effect irmeasurements with different buffeoncentrationsthis work suggested that

the ions present in thexmunocomplex layer diffuse owff the layer after immersing the sensor

into the electrolyte Since the layer closest to the surface of the gatecargabutes the largest

part of the total resi stance fr onhistebigtoris ef er e
influenced heavily by the diffusion of ions out of t@mplex As the resultslemonstraté, after

dipping the ISFET into the solution the @ff frequency decreased afunction of time. Once

12
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this diffusion stopped, the total resistan€éSFET with the immunocomplex was still significantly
higher than that ahebare ISFET, thereforde cut-off frequency of the impedance spectrum of a
ISFET with thecomplexwas higher than that dhe bare ISFET. The papers claimed that the
capacitiveeffect of the protein can be neglected. Kruise ef3],furtherworkedon thisquestion
with experimergwith crosslinked lysozyme. Héearnedhatthe membranessistance is inversely
proportional to the fixed charge density.

Function plotter

/o) generator o) O O

RMS meter /<\

ISFET
V] 5
Electrolyte

Figure2-2 Block diagram ofAC measurement (adapted fr¢@b])

—

Antonisse et al.[72] utilized the impedance spectroscopy to charactenden selective ISFET
(CHEMFET) and the influence of polymer membranes on ISFET (MEMFEEEpectively In

these studies, the ISFET with adhered membrane was depicted by an equivalent electronic circuit
as inFigure2-3. In this model, the nmabrane impedance modeled as sum ofa membranéulk

and an oxideliquid interface impedance. The membrane bulk impedance is represented by a
resistor (Rem) anda capacitor (Gen) in parallel. The oxideliquid interface m@rt is described by

the double-layer capacitance @), the esistance of the charge transfer at the interfage),(Bnd

a contribution from the diffusion of ions/hich arerepresented by a Warburg element (e
interfacial effect on the membrane Bngally detectable at low frequenciddowever, acording

to theauthors, the rapid exchange of the ions at the interface results in a charge transfer resistance
which is too small to be observethe impedance contribution of the ISFET to the whole@ens

is modegdby the silicorelectrode resistance §Rin series with a spaesharge capacitance €€},

and the oxide layer capiéance (Gx). The space&harge capacitance megligiblecompared tahe

oxide layer capacitance when the ISFET is workingnwersion mode. Also, the electrode
resistance and the resistance of the electrolyte solutigh &rResmall (100q o r cdmeases )

with the membrane resistance (*t0) a n d bereglectadl Theequivalent circuit therefore
canbe simplified asn Figure2-4.

13
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Membrane

Figure2-3 Equivalent circuit of a membrarmated ISFET (MEMFET) (adaptéem [72])

T

Rmem

Figure2-4 Simplified equivalent circuit of a membraxeated ISFET
Utilizing the measurement setup kigure 2-5, the drairsource current variatiofip) can be
measured as a function of sinusoidal signal applied at the gate elecisgddife voltage after
the transimpedance amplifiesuwvis calculated fronips, vas, and gn as given by ecation @)

s
&

L
Y Ves

R
MN

= Pt-el.
S D 1+
Electrolyte z
T f +
| J_

Figure2-5 Measurement setup for ISFET transconductance measurement (adaptgt2fjom

(4)

o) 2E 2C O

The applied gate voltageyis divided over the membrane and the oxide when thereitdogical
layer deposited on topf the gate oxide of the ISFETherelationship between the effective gate
vol t age Fomathe shmplifiedle s cr i |

voltage and the applied
equivalent circuit irfFigure2-4, thetransfer function can be definedfaiows:
& p B2 # .
( p B2 # # ©)

The output voltage after the amplifier stage:

14



2. Stateof-the-Art of Impedance Spectroscopy with FET Devices

O 2Cc (B O (6)
0L
Log(0.5)
Log [H]
Crnern " ®
Coen*Cox | . 5

Log(1/5)  Log(1/ty)

— Log 03]
Figure2-6 Theoretical transfer functigii(j¥)|, reprinted with permission frofi72]. Copyright
2000 American Chemical Society

The relation between the transfer function and the frequency is illustrafeguie2-6. The time
constarg corresponding tthe pole and zero points can be calculatedguation(7) and equation

(8). If the capacitance dthe surface oxide is known, by obtaining these two constants, the
evaluation of membrane properties thro2gh and# is possible.

z 2 # # 7)

z 2 # )

Kharitonov et al.[73] employed the theory from Antonisse et &.study the thickness of layered
protein assemblies on the gate interfaceaddition, authors statedtat one crucial prerequisite
needto be satisfiedo usethe impedance spectragry with the ISFET sensor. That is, the protein
layer(s) should besignificantly thinner compared to the thickness of the oxldger orthe
membrane associated with the gate surfate work reported the characterizatiohlayered
assemblies consistiraf glucose oxidase and of biotanosslinked avidin.Additionally, Zayats et

al., [98] compaed the thickness measurement on ISFET with complementary surface plasmon
resonance and found similar film thicknesses of the biomaterial and comparable detection limits.
In this work,a dinitrophenyl (DNP) antigen layer is immobilized as a receptor ésémsing of
antidinitrophenyl antibody (aiDNP-Ab). The detection sensitivity of aFliNP-Ab corresponds

to 0.1pgmL™t. Based ortheimpedance spectrum of the measurements, authors claimed that the
association of the arRbDNP-Ab to the antantibody tothe functional interface mainly altethe
capacitance of the membrane. This work also described the cholera toxin (CT) sensing
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measurement. The binding of the CT and-&ii which is immobilized on the chip surface, was
monitored by the impedanspectoscopy The detection limifor sensing CT was 10 fM.

Ingebrandt et al]99] propo®d a differential impedance readoatsp wasnamedAC readout to
distinguishfrom thepotential(DC) readout method)n FET microarray$or the detection of DNA
hybridization(a short description of a DNA structure and DIBAA hybridization can be found

in the sectios.2). The work also described the comparison betwbeeAC andDC meaurement
methods in termof selectivity and reliability using the same FET devices. DBaneasurement
method carachievea selectivity ofonly two mismatches in 20 base pair (bp) sequences, although
the target DNA concentration wasry high (3 uM inastandard TrisEDTA (TE) buffersolution).

The ionic strength of the buffer solution must be kept low during the potentiometric detection of
DNA hybridization to avoid charge screening. This leada llmng hybridization timefrom 10
minutes to hour®ractically, theDC detection isasilyvariedby side effects such as sensor drift,
temperature drift, changes in electrolyte composition, pH yahftuence of the reference
electrode, etcThe work claimed that the differential impedance measurement method provides
stable operation of the sensor against these parameters.

Figure2-7 depicts results of a DNAybridization experiment with impedimetric detection. After
hybridization, the time constants of the impedance spectrum measurements change relied upon the
probability of the target DNA to bind to the receptor layer on the transistor gate. The perééct mat
(PM) channel showed the largest change. The differences between fully mismatch (FMM), 1
mismatch (1MM) and perfect match (PM) are clearly discriminated. The selectivity of the transfer
function method could resolve the detection of single polymorph{SN®&s), which is superior
compared to the D@ situreadout. Authors claimed that the differential transfer function method
has three advantages over the fluorescence techniques: first, it ifrd@beétection; second, it
reduces unspecific binding these bindings occur at different spots; and third, this detection
method is not modified by any background signal as is the case for the fluorescence method. Author
explained that as the binding of the target DNA to the probe DNA happened, the resultitey d
stranded DNA led to difficulty with protonation and deprotonation processes. As a result, the
resistance of the membrane increased. Consequently, this led to higher time cgnstant
Additionally, the double stranded DNA will be denser compared to the single stranded DNA that
causes the increase of the membrane capacitance, which changes the time zonstarher

words, the authors stated that the membrane formed bythelex of the single stranded probe

DNA and the target DNA induced not only a change in the membrane resistance, but also in the
membrane capacitance.
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Figure2-7 Impedimetricex situdetection of théybridization by readout of the transfer function
for each channel. Aftammobilizationof the different probe DNA sequences, the time constants
for the low pass of the three channels were almost identical. After hybridization, the differences
between FMM, 1 N\ and PM can be clearly distinguished. Reprinted {88}, Copyright
(2007), with grmission from Elsevier.

Further, Susloparova et dl1,00] described the utilization of impedance spectroscopy with ISFET

to study the adhesion status of human embryonic kidney (HEK293) and human lung
adenocarcinoma epithelial (H441) cancer cells airmle cell level. Realtime impedance
measurement at 200 kHz resulted in 20% change in the amplitude of the impedance spectra as
result ofthe introduction o well-known chemotherapeutic drug, topotecan hyatroride, to the

cells. The experimentalesultswereinterpreted with an equivalent electronic circuit to evaluate
the influence of the system parametdilse authors claimed that the developed method doeild
employed to analyze the specificity and efficiency of novel-e@aticer drugs in cancéherapy
research on a single cell level in parallelized measurenfeimdarly, Law et al.[101] reported

the monitoring of human T cells (human CO8 migration on a FETased sensor usitige same
method The realtime impedance mearement at a fixed frequency was used to trace individually
migrating T cellsThe authors were very confident that the system can be adapted to other cellular
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models such as migrating cells during wound healing or single neuron migrations during brain
development.

In summary,since the first introduction of the impedance spectroscopy amitiSFET in 1989,
there hae been several publications that described different applications with this method: from
DNA sequencing to immunosensor andl eelhesion measements. It waglaimed that tts
method is superiocomparedo the potentiometric detection method and can be more immune to
some sideffects that compromidsoththepotentiometric measurement and fluorescence method.
Tointerpret the molecular detémh experimental results, it is cononly assumedhat the complex

of receptors and target molecules foangon permeable membrane on the gate surface of ISFET
This membrane will have either resistive or capacitiveboth effect, on the impedance spiea
measurementAll the impedance spectra presented was only to describe the sensofThself
coupling of sensors and the readout sysaewh effect of other parasitic parameters such as drain,
source capacitansavereleft out of consideratiom manyof the previousworks.
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3.Theeotri omanlsi @er ati ons

3.1 From MOSFET to ISFET and SiINW
MOSFET

The metal oxide semiconductor fieddfect transistor (MOSFET) ishe most widely used
electronic device, especially in the design of integrated circuits (ICs). filneementype
MOSFET is the key element in multiple applications from signal amplification to digital logic and
memory[102,103] Thephysicalstructure of a iype MOSFET is showim Figure3-1. It includes

two highly pdoped regionsp+ source ang+ drain) inan n-type semiconductor substraaed
thereforefits the definition ofa pnp structureA thin layer of silicon dioxide (Sig) of thickness

tox (typically 1 nm to 10 nm) is grown on top of the substrate betwleesource and drain regions,
which functions asn excellent electrical insulatdvletal isdepositedn oxide as well asnthe
source drainregions, and the substrate (also known as the bodgyefidre, MOSFET has four
terminals: the gate terminal (G), the source terminal (S), the drain terminal (D) and the substrate or
body terminal (B).In most MOSFET operatian the body terminal is connected to the source
terminaland to the Ground (GND)rhus, the substrate terminehnbe considered dsaving no
effect on the devide sharacteristics. Commonly, the MOSFET will be regardetlaseeterminal
device: gate (G), drain (D) and source (S).

= Oxide (SiO,)
a) b) - Metal

n-type substrate n-type substrate

IB

Figure3-1 Physical structure of the PMOS transistath two operation mode@dapted from
[102)]), a) linear mode; b) saturation mode

B

In the following, all statementgfer top-channel devices if not otherwigalicated because they
are the kind of device thateremainly used in the scope of this thesis. Howesenceptsan also
applyto ann-type transistoby analogy.

The voltage applied to the Gate will control thereatflows betweerthe Source and Draifor the
conductance of theansistor). A negative voltage on the Gate attracts more holes into the region
between oxide and semiconductOnce this voltage magnitude is greater than the magnitude of
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the threshold eltage, a p channel is created ag-igure 3-1. The threshold voltage is the most
important parameter and is defined H33,104]

1 1 1
#

6 B qu ©

Wherelz  is the workfunction difference between the gate miaemetal/polysilicon) and
semiconductgrl representshe sum of charges in the oxide; is the charge athe oxide-
semiconductor interfacé; refers tothe silicon depletion chargandqu is the sum of voltages
across the semiconductor.

It can beimaginal that the size and number of charge carries is proportional to the excess gate
voltage (VesVTH). A negative voltagd/ps will induce a current flowing fronthe Source tahe
Drainterminal. There are two different modes of operation:

1 The linear modea small value of magnitudeoltage of \bs ([Vbs| <|Ves- VTH|) is applied
betweenthe Drain and Source terminal3his is called the linear mode becauge
MOSFET operas as a linear resistance whose value is cdetidly the GateSource
voltage Thelps-Vps relationship can be derived the following equation:

) gt#7—c6 6 6 6 (10

with Ips being theelectrical current beteenthe Drain and $urce electrodes,, the
mobility of the hole carriers#; ghe @pacitance per unit gate ar&d the chanal width,
andL the channeldngth This is nonlinearelationship, howeveor even smaller value of
Vs (Vps<< 2(VesT V1H)), theequation(10) can be rewrten:

)y t# L6 6 6 (12)

For a given voltage of &, the bs-Vps relationship is lineartliatis why it is called the
linear mode).

{ The saturation modatahigher magnitude of ¥ ([Vos| > |[Vov| = |Vasi VH|), the channel
reacheghe termiichannel pinckoffo at the drain(Figure3-1 b). Increasg the magnitude
of |[Vps| abovethe |Vov| has no effect on the DratBourcecurrent;this current remains
almost constant. This saturatemirrent can be obtained by reptag Vps = Vov in the
equation 10):

) 2[#7—6 6 12

In the following sections, working points of ISFET/SINVET sensors in regime measurements
(Ios vs time) will be always inhe linear mode. But during the characteristieV (kcurve)
experiments there are some time they will go to the saturation mode. However, the lengths of
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ISFET/SINW are above 5 unTherefore, the channldngth modulation phenomenon can be
neglected in this ark.

ISFET

I Vg mm Oxide (SiO,)

J=_ - Metal

Figure3-2 Sketch of an ISFET configuration

Figure 3-2 illustratesthe structure of an ieeensitive fieldeffect transistor (ISFET)Ihe ISFET
discovered by Bergveld drotherg[27] is basicallya MOSFET where the metal (or polysilicon)
gate is replaakby a liquid solution and the channel conductance is controlled by the voltage of a
reference electrode immersed in the analytic solufioravoidthe leakage currestbetweenthe

Gate electrode through the liquid to the Drain and Source tesytimak layes of insulator cover

the contact lines of these electrod€be gate oxide in direct contact with the solution has the
hydroxyl group at the surface that can take or give away protons. Therefore, the simplest
application of ISFE$is a pH sensor. Moreovatifferent chemical processegluce sensintayers

on the top of the gawielectric, whichenablethe ISFETto detecithemical obiologicalspecies

The basic working principle of an ISFET is that the binding and unbinding of ion molecules in the
analytic solution to sensing layer altéhe surface potentiaof the layer and thusodify the
threshold voltage of the devicEhe Vi1 equation oaMOSFETnow can beewrittenfor anISFET
as[105]:

: W 1 1 1

W % ? W = - qu (13

n 0

with the potential of the reference electrode to vacwam. In the liquid environment,this
potential isdefinedby the surface dipole potential of the solutibn ; W is the working function
of the semiconductor and] is the surface gtential which depends on the chemical composition
of the electrolyteand the gate surface materighe potentl drop from the reference electrode to
the transducer is depictediigure3-3. It has beeshownthat having an electrochemical reference
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electrode immersed in the electrolyte is crucial in maintgitie working reliabilityof ISFETs
[64].

In the ideal case, only is thevaryingparameter in equatiod ) upon changes in the electrolyte
composition Thus, Yo Yw . The only question left is how is relatedto the electrolyte
composition. In the simplest application, pH sensing, this relation is described by it ldgears
(Gouy-ChapmansStern) theory[106i 110] and the sitébinding mode [111], which will be
discussed imletailin thenextsection

Figure3-3 Potential drops along the ISFET structwiéh liquid gate (adapted frofil12])

The transconductanggm) of an ISFET is theharacteristi¢hat reflects the change in the Drain
Source current upon the variationtbé GateSource voltage. It is another important criterain
anISFET device becausehintsat how sensitive the sensorlisthe realtime measurement mode,
the working point where thengs at maximum is selected to monittire variation othelps upon
the bindingof molecules of interegb the sensing layer of ISFET devic&gyure 3-4 depicts an
example of transfer characteristics of an ISFET andr@ssconductancealue. Having the
relationship betweemnd-Ves in equation {1) and (2), the transconductance can determined
by taking the derivative of those equations:

= t # —6 , ET RAAA
¢ B 7
t# —6 6 3AO0O0OAIOKA I

(14)
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Figure3-4 Transfer characteristic of an ISFET and the transconductance value
SINW FET

It is important to understand the working principlea@ilicon nanowire (SiNW) based sensor to
evaluate its poterdl as well ago overcome its constraintd. SINW-based sensdundamentally
shares the same working principle as the conventional ISFET in the waytridwasférshechange

of the surface potential on the nanowire to the wire conductance vartatiamver, there are also
differencesSiNWswere fabricated o8iliconon insulator wafex(SOI) andan oxide layer isolates
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the whole channel from the substr&&8\NW FET is smallerand saareits transconductance values.
A SINW FET structureincludes a low gdoped nanowire between two highlydpped silicon
regions functioning as the source and drain contact(igare3-5). Differing from planar ISFET,
SINW FET hasa multigate(or multiple-gate)structure[113] (shown in theFigure 3-5b) andthe
wire itself is the conductance chanifitl4]. The devicethereforehasa muchhigher surfaceo-
volume ratiocompared to conventional planar ISEBT addition,because the size of SiNA&
comparable wittlthe size of biomolecules, amall total number of biomoleculeattacled to the
surface othenanowirewill inducea detectable variatiaof the devicé sonductancelThus SINW
FET hashigher sensitivity compadto micro-sized ISFET device The reported sensitivity &
SINW FET ®nsor varies from nanomolar to femtomolar of analyte concentrfitidh116]
Because of its significaly high surfaceo-volume ratio and its high sensitivity detection
capability, the detection mechanism of SINAET based sensors is still under discussion. However,
many theoretical considerations for ISF&E also rievantto SINW FET cases.

Figure3-5 a) Structure of a SINWFET based senspb) Cross section of a single SINW

3.2 pH Sensing

Field-effect transistor sensors, because of theirtiead readout capability, arwellsuited to pH
sensingwhich is fast and reversible. Applicat®of pH sensing include metabolic studies on large

and small number of cell[d8]. It is generally considered that the dominating acefcharging
mechanisnof pH sensing with FET devices the protonation and deprotonation of byelroxyl

groups of the silicon oxide surface (SiIOH). Therefore, the surface potential and hence the threshold
voltage W+ of the sensoaremodulated by thek of the measurement soluti¢30,111,117,118]
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which was welldescribed bythe Site-binding theory The following equations 15 38 will

investigate the dependencesoffacepotentialuy at the electrolyténsulator interfaceipon pH of

the bulk solutionfollowing [30,118] Among those the equations-26 and 3537 were derived

from this work for better understanding the final conclusiothefdependenc@he assumption of

thesitebi nding theory is that there are darescrete
considered as amphoteric binding sites (can Ite lp@ton donor and accepfdétigure3-6 :

3E/# 3 E/ ( withequilibrium constantt ~ ——— (15)

3E/ ( * 3K/ withequilibrium constantr ~ ——— (16)

Where Ka and Kb ardimensionlessquilibrium constargdand [H]sis the concentration of Hon
on the chip surface, whichiislatedto bulk[H™] by the Boltzmannequation:

( ( A@% an

g is electon charge, k iBoltzmannconstant, T is Kelvin temperature.

Wo

on  BulkElectrolyte
é- H20 H+

5 w: + ;
i H OH

OH )

OH  Ho0

o]* K

! + -

. ™\’ oH

; +
" ho H

Figure3-6 Hydroxyl group on the oxide surface can function as amphoteric binding sites (can be
both proton donor and acceptor)

Replacing [H]s from equation15) and (6) to (17):

( Ao —— (18)
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WhereU —

A variableis defined as@ ——A 3 H/ @ 3[E

Two other equations can describe the surface species concentration

Number of surface sites:

3H/ 3 3 H/ (19
And the surface charge density:
£ N 3H/ 3E (20)
To calculate@the following equations can be extracted:
3/E A
No o (21
. DK
e 22
O (22
Multiple (15) and (6):
. A %)
3E/
(557 » 23

Replaing (21), (22) and @3) to equation19):
A A %) DK

< = < 24
NG p N++ 9 p NGO p (24)
The parameters isdefnedas® —;7 ¢ + +
Then @4) can be rewritten as follasy
(¢]
p ¢ O c]—fZJ p 8 (25
Solving the equatior2f), the value ofocan be obtaied
8 8
TPy P (26)
@ 8

P
The concentration of  in (18) can be described as follew
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E p P

0
Al @27)
0

p

It is assumed that L p for inorganic insulators such as silicon dioxide. The pH value which is
needed to neutralize the surface poterftial net surface chargej a certain insulator material is
called the point of zero charg® . The value off( of silicon oxide has been reported

between pH 1.5 to pH 3[30]. The neutrality of surface charge lead$Jto mand® 7t

Co . +
2 1T C( e — (28)
The parametex is proportional to the difference between the pH and thgcpH
o
A I T~ & maX D ( (29
Equatiors (27) and(29) give the basic relatiobetween pH and the surface potential:
~ ~ Ae e ~ ~
A U 11— p — | Ip ©
1 1 (30)
8
u OEI E]— 1 1p @

To achieve the relation of pHf themodelof GouyChapmarSternfor anelectrical double layer
is used in whichw is the sum of potéral of the diffusion andthe Stern capacitance.

The surface charges induce an electric field. This electric field brings counter ions to the surface
[66]. The | ayer of surface charges and the count
modeled by the Gou€hapman and Stern theories. As its hame suggests, the eleatribi d

layer consists of two layers: the inner layer of counter ion absorbed on the oxide surface is called

the Stern layer; the outer layer is formed by diffused counter ions from the inner layer to the bulk

of the solution, which is called the Ge@hapma layer. A potential drop over these two layers is
depicted inFigure3-7.

Calculation of Stern capacitancesfises the simple equation for a plate capacitor. The two plates
are formed by the absorbed ions ahd oxide surface. If & is the radius of the hydrated ions

(ions at Outer Helmholtz plane: OHP), the radius is in the orderc@f R 2 a 2 | . The
capacitance per unit area is defined as following:

CR R

3

(31)
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wherer : the permittivity at the surface is reduced and typically of the orderof 6 é 32 f or
water.

Figure3-7 Gouy-ChapmarnStern model of oxiddéiquid interface and the potentidfop over
them

Gouy-Chapman capacitancgcalculated

# (32
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