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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.
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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

PR : AN
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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



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

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:
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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
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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.

Water
dipoles

Adsorption

Stern layer

Gouy-Chapmann layer

-
IHP  OHP z
Figure3-7 Gouy-ChapmarStern model of oxiddiquid interface and the potentidiop over
them
Gouy-Chapman capacitancgcalculated
R RE
# ——a (32
¢ E ]EN
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whereRr is the dielectric constant favater,and c is the concentration of the electrolyte in ion
pairs/cni.

The equivalent capacitancé®ouy-Chapmarcapacitor inserieswith Stern capacitor then can be
described as follogr

p p P
5 7 7 (33)

It is assumed thdhe charge neutrality conditias correct the surface charge density oe 8ilicon
oxide surface is compensated by the charge densitydoubielayersin the electrolyte:

A A C# (34)
Replace 34) into (30):
e L. w# Lo NI U R,
A U OEIEW | Ip @ U OEIEr— | Ip ® (35
N. 26
T % Ea (36

The parameter is dimensionless andan be considered as the ratio of a voltage v@weltage
related to double layer and thermal voltage kT/q).

It can beassumd that the surface of sdon oxide is far from saturated for the pH measurement

® L p,andOET E x — | the equation35) can be rewrittemsfollowing:

r Ny r
r e Ed4r p
The variation of surface potenti®f induced by a change in the pH value of the bulk solution
can be described by the following equation:

& Tt D ( (37)

o E4 1 .
Yy € nﬁ—ﬁ}@( (38)

This Boltzmanndistribution leads tothe conclusion that the maximum ®ensitivity is®& z —
(V/pH) (= 60 mV/pHat 27°C), the secalled Nernstian limitation.

3.3 Detectionof Biomolecules

As mentioned before, the basic working principle of ISFET devices is detecting the chémge of
surface potendl upon the binding othargel molecules to the dielectric gate surface. The
experiments are conducted in electrolytic solutions that have many dissolved ions stidNais K
CI, etc. In an interface between electrolyte and electroalénter ions will accumulate on the
surface ofan electrode and forma diffuse electric double layd66]. Therefore, if a potential is
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applied to an electrode, it will experience an electrostatic potential drop along thealisttdre
el ectrode. At the di st anc e cdume ionsaeeniltepdtentials c al |

An analogous model of pH sensing canusedto explain biomolecules detection with FET
devices It differs from ion detection where the hydroxyl group and ionscéose to the surface
within the Debye lengthfor most electrolyte awcentratios used. However, when detecting
biomoleculest h e s e n s or 6ts be snadifiéd ardeatedwithespkcific receptors thare
about 10 nnor longer. In this casegarefulselection of buffer solution neettsbe done for optimal
Debye lenth [119]. This length is given by the equatit) [66].

In equation 1), G is given in particles per fnwhich is notvery common in practiceThe ionic
strength of the solution is givexs:) -BA: ; where ¢is the ion concentration given in mM
andz; is thevalenceof the i"ion sort. Then the equation can be rewritten as fatlow

RR E 4

c. ABA: 39

where M is the Avogadro constant and the concentratiam equation 89) is given in mM.

For example: human blood plasinhdhat is blood without rednd white blood cells and without
thrombocytes contains 143 mM Na5 mM K', 2.5 mM C&*, 1 mM Mg*, 103 mM Ci, 27 mM

HCOs, 1 MM HPQ* and 0.5 MM SGF.At36°C t he wat er p ethe@ébyetlengthi t y U0
is 0.78 nm. This length is around twimes the lenth of onebase paiin a DNA molecule(0.34

nm).

It is obvious that detectinthe intrinsic charge oproteins and DNA stranda the physiological
conditions (herel p1 1) with ISFET faces significant difficulty. Proteins and DNA strands

are large molecules and easily longer than one nm. The problem has been indicated in several
publications[120i 123]. Several approacheseve proposed to overcome the Debye screening
effect, such as measuring at high frequefi24], differential readout using transfer functi@9],

or surface modification with polyme[$25]. However, the most common way of minimizing the
screening effect isonducting measurementsdiiuted buffersolutions. In experimesidifferent
phosphate buffer solution®BS)were usedhat include monosodium phosphate and disodium
phosphateThe Debyelengthscalculated in this workor different PBS argiven inTable3-1. The

table showshatto detect macranoleculesexperiments need to run in low ionic strength solution

(1 mM PBS or less)This will increase the sensitivity of tleystem;however,it might not be a
practical technique. It ipreferable to study the molecular interactions at physioldgicalevant

and compatible ionic concentration, because the interactions can be different at lower
concentrations. In addition, certain biwlecules like DNA tend to alter their structure under
reduced buffer concentrati¢@0].
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Concentration | Debye length (nm)
1 MPBS 0.19
100 mM PBS 0.61
10 mM PBS 1.92
2 mM PBS 4.29
1 mM PBS 6.06

Table3-1 Calculated Debye screening lengths for different PBS concentrations

Assuming a charge Q has a distance d away from the chip surface, then the equivalent surface
charge tha#ffects the device as described in pH sensing case can héatedcas:
A
1 1A 7 (40)
This is just a single point charge effetite binding of receptor and biomolecules of interest
involves many charge points and the phydinodel is quite complex the effect of diffision,

masstransportation, nospecific binding, multiple binding sitestc. are includedA more detailed
explanation of biemolecular membrane layer can be foun{lli?6,127]

3.4 Impedimetric M easuremens with FET Devices

The potentiometric sensing presented in the previous seatidies on the surface potentia
varigions of the interface betweahe ISFET oxide and the liquid, which depends on the
biomolecularbinding happening at the surface. This methoddea®ral advantages such that it
does not require redox molecules or enzymes to perforasunement. fie leakge currents
through the interface aiin the range of pA, therefore tiés almost no risk of material corrosion
during measuremef®0]. Thedisadvantage is the Debye screening eftbet meaurementsieed

to be donen low buffer concentratios so the pointof-care solution is not available for this
method. Moreover, the surface potential needs to be kept at a dedinedbtherwise the system

will be susceptible to drift and the change in the buffer solution. Thus in order to obtain precise
experimentafesults a bulky and expensive reference electrode is req{ixs].

The Electrochemical Impedance Spectroscopy (Ed8¥cribed befores a powerful method
capableof characterizing many of the electrical properties of materials and their interface with
electronically conducting electrodg]. A singlefrequency voltage or current ipg@ied to the
interface and the resulting current or voltage phase shift and amplitude (or real and imaginary part)
are measured using either analog circuit or fast Fourier transform (FFT) andtysmsally, the
measurement is de at different frequeneg which results inan impedance spectrum awide

range of frequenes The EIS based biosensarsethe impedance change in response to receptor
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analyte binding at the electro@ééectrolyte interfacg85] (Figure 3-8). One of the following
mechansms can explain the impedance chaasghe bioevent happens on the surf4@8]:

1 The analyteeceptor binding inducgthe reduction othe double layer capacitance {Q
where the thickness of the double layer is increased angkthattivity constant near the
interfaceis decreasede.g, permittivity of water is around 80 and permittivity of organic
molecules is arouh2-3). In addition, the macro molecules hinder the charge transfer at the
interface whichinduce the increment ofd®[20,128,129]

1 When the charged biomolecules bind to the surfdeey can repel or attract chged
molecules around them. Tralects the charge transfer near the surface, leading to changes
in Rct [20]. Moreover, the ionization of the surface caube change in charge density
profile of the electrodelectrolyte interfac§l30], therefore alters the double capanite.

Electrolyte

YYYYYYY ST

Oxide

Electrolyte

99999

Oxide

\

-=C'D|_

¢

Figure3-8 Impedance variatiupon the binding of biomoleculespCis double capacitance,
Rcr is resistance of charge transfer at the interface

The EIS comparedo potentiometric detection with FET, provides much mor@formationabout
electrodeelectrolyte interface at a variety of frequencies. Ifone can combine ISFET chip
fabrication technologies and the EIS measurement technique, the result would be very promising.
One problem is that the &lcan onlywork with anelectrically conducting electrode (the applied
voltage will induce a response current through the interface) where ISFET isslittede
configuration and there is no current flow through the okigled interface. Therefore,the
transfer function technique nestd be introduce.

The transfer functiors acommonly usednathematial representatioto describe the inptdutput
relationship of a linear, timmvariant, differential equation system. It is defined as the ratiloeof t
Laplace transform of the output (response function) to the Laplace transform of the input (driving
function) under the assumption that all initial conditions are @A&d]. In this work,FET sensors

are studiedby frequencyresponse method, in which the frequency of the input sinusoidal ggnal
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varied,andthe transfer functions are obtainddhe advantage dhe frequencyresponse metltb

is that the data measured from the physical systmbe usedithout deriving its mathematical
model. The frequenegesponse is characterized by its magnitude and phase angle with frequency
as the parameter. There awo commonly used graphical repezgations of th frequency
response: Bode plot and Nyquist plot.

The binding of biomolecules to the receptor on the surface of ISFET does not only change the drain
source current but also chasgbee impedance of the oxidiguid interfacelayer. The ISFET
transfer function isisedto study this change of impedance. Tublishediterature showed that

the binding of DNA hybridization or protein interaction altered the impedance spectrum of ISFET
sensos [40,72,96,99,132]In thissection the transfer function offdlSFET sensor and the logk
amplifier technique to obtain the frequency ressmi the systenwill be discussed

3.4.1 Transfer Function of aSiNW FET/ISFET Sensor

Crs

I
AAA Res
ref \

Vout
A1 —-0

Figure3-9 Schematic of frequency response measurement with ISFET sensor

To obtain the frequency response dbiBlW FET/ISFET sasor systemthedevice is biased at a
working point(fixed value of \bs and \ss) (Figure3-9). A sinusoidal voltagés superimposedn
the gate electrodat various frequencies. The output voltage response after the transimgedanc
amplifier is recorded and the transfer function of the output/input is calculated. In thishease,
commonly accepted explanation is that the transconductanbeapmes frequency dependent
[84]:
H E
¢ T 5

(41)

whereipsb e i n AC tirdines o r c e ¢ usrsb e nACkffedtivedyates our ce vol t ag

Figure3-10shows the schematics of the equivalent circuit for an ISFET sensor, which includes the
oxide/liquid interface and the modified FET model. This circuit can be used for gH an
conductivity measurements with FET sensors. To describe the impedance response, parasitic
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3. Theoretical Considerations

parameters need to be included in the model as wella@ Gsare the capacitances of the drain

and source contact lines (equatiést), respectively, caused by the Sigassivation layer.
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Figure3-10 Schematic of the equivalent circuit @ISINWFET/ISFET sensor in frequey
response methd@4]

Wh e rois thédelectric constarg,  is therelative permittivity of Si@, d is the thickness of SiO
passivation layer and A is the area of passivation layer at the drain or source electrode in contact

with the electrolyte solution.

Rarainand Rourceare the resistance values at the contact lines of the drain and source elecirodes. E
is a voltage source representing the potential variation at the gfetriulator interfaceThe
AC signal of the output voltage after the first amplifieii\can be derived by the following

equation:

) - E

34
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o B2 # * O
where Rg, Crs and Zg are feedback resistance, feedback capacitancefeedback impedance of
the transi mpedance ansgHe angulaefreqan c s ACHdidsoute | vy ,
v o | t agiedépendent on the transistor, oxide/liquid interface, capacitances and resistances at

the source and drain electrodes and the resistance of the solgirei® the distance from the
reference electrode to thé\NSV FET plays an important rol@®7] especially in diluted electrolytes

(43)
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3. Theoretical Considerations

and is kept constant during all measuremetitsy assumd thatac o mp |l ex f ugarct i on
describeghese dependences. TAE gatesource voltag&c+s can then be defined by the following
equation:

O0: MO (44)
From @2),(43)and@4) t he transfer function H(j¥) of sen

0 2
O p B2 #

(B C AD (49

Here the stimulation signakyis the input and atis the output voltage. Isimulationsthevout is
considered aghe output valuefor the following reasons: According togeation @3), the
relationship betweeibs and st depends on the frequency. In impedimetric measunesm ips

and tare calculatedimilarly to what is done in the potentiometric measurements, this frequency
dependencyvould be unintentionally eliminatedMoreover, the coupling betweerrCand Gs

with the feedback capacitancerfCand the transimgdance amplifier plays an important role in
the frequency response measuremené Cpp andCpsare capacitance of passivation layers at the
drain and source contact lines, respectively. In this work, the output capacitagcer@isting
mostly of the tvd p-n junction capacitances connected in series through the semiconductor bulk is
not took into account because of its trivial effedhi@ impedance spectra measuremids]. The
abovementioned coupling prevents a precise calculation e§ from vout in impedimetric
measurementd.herefore utilizing vout is necessary for impedimetric measurement. The resulting
transfer function should then represent effects of the-fgjidd interface, the FET characteristics

I including on chip parasiti¢ and the transimpedance of the amplifier. Any change at the
oxideliquid interface or in the solution will be included in this function.

3.4.2 Lock-in Amplifier T echnique

There are two maiways to measure thieequency response of a systelAnrequency Response
Analyzer(FRA) andfast Fourietransform[94,133]. The FRA or single sine methasl betterin
terms of accuracy and bandwidtBtimulation ofa low amplitude pure sinusoidal voltage or current
waveform at &nownfrequency is applied to the cellhe impedance of the cell at that frequency
is calcubtedfrom measurindghe results ofthe current or voltag\C responseThis method only
provides the impedance resultf onefrequency at a timel o obtain the impedance spectrum, the
frequency of the stimulus is swept across the frequencies of infEreshost coomon method to
implement this approach is the legkamplifier method. The frequency response analyzersgive
accurate experimentatsults buis limited in terns of the speed othe measurementHowever,
with the fast development diie digital signal processor (DSP) technology, this is becoming less
of alimitation at high frequencies. At lofvequenciesit is still a constraint because at least one
cycle of the waveforrmeedgo be implenented.The FFT (Fast Fourier Transform) technique can
provide an alternative method tife frequency analysis where a stimulus waveform consists of
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3. Theoretical Considerations

multiple frequency cmponents (for example a mufline or arandom noisg)and thenthe
impedances calculatedfrom obtainingthe voltage and currenin time donain. This method
includesperforming FFTcomputations to transform tirdomain to frequency domaitt. is not
necessary to sweep at differergdfuenciesthereforethe FFT method can perforrmuchfaster
thanthe FRA method With the development of DSP, iefast measuremesntan be performed.
The advantages of this methakfast multifrequency analysis, fewg@roblemswhen measuring
time variant systems, and a consistent set of data because all frequencies are measured at the same
time. The main disadvatagesare the limited dynamic rangeespecially when measuring over
several decades of frequéax ADCs (Analog to Digital Convertersare very limited in their
maximum sampling rat@and even if a lgh sampling rate can be achieydte datgorocessings
restricted by the high computational requirement. ihige sensitive tmoise anchasproblems
with aliasing of frequenciesMoreover this methodrequires high computing power for data
processing, intensive hardwasnd can be expensive. this wok, only the frequency analysis
based on the loek amplifier techniquavasutilized.

The key feature of hock-in amplifieris its capability of measuring very small signal (down to
a few nanovolts) even when it is obscured by noise sources many tteusfatimes larger
[134,135] A sinusoidal signal at a frequency of intergt#itnulates the device under test (DUTI.
the system is lineagindtime invariant, the response sa will have the same frequency but at
different amplitude and phaddowever, the DUT normally cargenoise that can be much higher
than the signal.To detect the signal, the Logk amplifiersusea technique known as phase
sensitive detectio(PSD)that pasesonly the frequency of interest amdject the remaining parts
of the spectrum.

Multiplier

ZX \ Vi
—

Vi
\ ﬁ

R . -
W\'v,. = Asin(w,t) Lock-in Clock
Reference . Generator

Figure3-11 The principle schematic of the logk amplifier technique (adapted fr¢pn36])

Figure3-11depicts asimplified lockin based Frequency Response AnalyAesinusoidal voltage
stimulatesan unknown impedance system
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O ! OBIO (46)

where A is the amplitude arid is areference angular frequenof the simulation signal This
stimulation voltage will induce aAC current through the system, and after the transimpedance
amplifier the resulting voltag® :

O ! OEJO | (47)
with! |5, [ aretheamplitude, angulairequencyand phase of the resulting voltage output.

The stimulation signal is knowifio calculate the unknown impedance the amplitude and phase
of the response signal need to be meakurhe lockin technique calculates those values by
multiplying the output signal with in phase®(@nd 90-degree oubf-phasecomponent othe
reference signal.

o I 1 OBIOOESO |
. . . . 48
g!IAI&D 50 ] g"AIlD > O J “
O 11 OENO - OEJO J
0 S 5 (49)
C/VOBS 50y TL1OES 507

These PSD signals are directed through low pass filters, and the AC components ed@dtter
In generalall AC part of the resulting sign&® are removed except the frequerdcy 5 . The
filter of the PSD output willthenbe:

o) I ATfO (50

P,
<
; p L s
O =11 OFI (51)
The amplitude and phase shift@fare calculateéh the following:
! S O o) (52
0
. O
] AO Aél— (53
The: atthe frequency dftimulationd can be described by its amplitude and the phase shift as:

9 — I (54)

37



3. Theoretical Considerations

where! [ are the amplifier factor and phase shift of the transimpedance stage respectively.

There are dferent methods in implementing the multiplicatscandfilters in theFigure3-11in
different type of Lockin amplifiers. Conventionally, the signal and reference are analog voltage
signals. The analog multiplieimplements the multiplication of the response signal with the
reference voltage and one or more stage of RC low pass filter will filter oACtltemponents of
the multiplication[137]. Most of analogbased lockn devices have limited bandwidth (up to
hundredkHz), problems with output offset&nd harmonic rejectiofil36]. In digital lockin
amplifiers such as SR830, SR850 Btanford Research Systetmc. or HFZI of the Zurich
Instruments AG, the signal and reference are genebgtesgquences of numbeend a digital
signal processing (DSP) chip implements the multiplication andrfiléghematicallyln thiswork,

the lockin amplifier tasksvereperformed by the HF2L(Figure3-12). The HF2LI combines the
analog frorend for signal samplingndDSP for filter and demodulatioft has highfrequency
outputs with the range from DC to MHz. Its advantageare zero drift, precise phase shafhd
high reservg138].
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Figure3-12 HF2LI functional diagramreprinted with permission frofii38]. Copyright 2016
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4.Sensor Chip rfraadbps scadtdha@@nacEat i on

4.1 ISFET Sensor Arays

The microsized FET devices used in this studye developed and described in previous works
[139i 141]. The transistor arragranged as a 4 x 4 matrix wthh e spaci ng o0X6 200
measurement points on a 5 x 5 frsilicon die(Figure4-1). The transistor array hascammon

source layout, whilendividual drain contacts can be used to address each channel. The gate oxide
consisted ofathermally grown Si@layerof 8-10 nm thickness and tlyate dimensionef 16 pm

x 7 um (width to lengthk mask measuresyere mainly used in thiwork. Thetransconductance

gm of the FET chips was about 0.3 mS. These sensor devices weoatibin an earlier project
atFraunhofer ICFIMM (previouslylnstitute for Microtechnique, MainzA new chip generation,

in which the fabrication processes were modified for better cell adhesion measurements, was
fabricated at the University of Appliecci&nces Kaiserslautern, in Zweilokien, Germanyl142].

In this process, a stronger contact line implantatvas utilizedto reduce the resistance at drain

and source electrodes. Furthermanstead of employing silicon oxide / silicon nitride / silicon
oxide stack (ON@stack),only silicon oxidewas usedor the isolation of the contact lines from
measurement solutions. This resultedan almost flat chip surface and, hence, in a bettiér ce
adhesion in celbased bioassayd42]. From this new design, i¢hannel ISFETs with gate
dimensions of 12 um x 4 ym and 25 um x 5 um (mask measures) weraubedthesisMore
detailcan be found in Appendix A.

Al(1% Si)d Bond pad

Drain contact

Bulk contact

Common source conta

Gate

Figure4-1 Layout of 4x4 FET array
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4. Sensor @ip Fabrication Encapsulation, an@haracterization

The chip encapsulatioprotocols werelso reportedefore[143,144] The 5x5 mrA FET chips
were cleaned by acetone/isopropanchirultrasonic bath to remowhe protective layer. Chips
werethen fixed onto a chip sockeéd8 pin LCC6834Global Chip Materials, LLC, USA|Figure

4-3 c), or custom made printed circuit boa@®CB) 68/12 pingFigure4-3) by two-components

glue (EPGTEK H20E175, Epoxy Technology Inc., USA) for differeneasurement systenihe

wire bondng from chip sockets to the FET chip with a 25 um aluminum wire (AlSi 1%) (Heraeus
Germany)was donausinganultrasonic bonding machine (Westbond, USA). The liquid reservoir
to contain measurement solutions werevidedby gluing a glass ring (d = 16 mm, h = 3 mm)
onto the chip socket and a funnel onto the silicon chip. The funnel was made of
Polydimethylsiloxane KDMS) from molding techniques (SYLGARD 182, Dow Corning
Germany). The gap between the funnel and glass rasgfiled with the PDMS glue (SYGARD
96-083, Dow Corning, Germany) to isolate measurement solufronsthe wire bonding The
result is a free gate area of around 7208 mm in diameter) of the FET chips and the total bath
volume is about 700 pFigure4-2 shows a gate area of a used ISFET chip and its zoom in image
of a gate electrode.ifferent encapsulateFET chis areshown inFigure4-3.

Figure4-2 Layout of a used FE@&rrays in the gate area (left side) (Biticroscope picture). On
the rightside,the detailed view of a single gate structure is shown

Characterization of FET-chips

The characterization of FET chips was done by a stdnplarameter analyzer system Keithley
4200 SCS (Tektronix, Inc.) with the electrical contact to the FET chip,Fagumne4-4. The output
characteristicspk(Vps) at constant ¥s and the transfer characteristigg(Vcs) at constant Ws

were implementedThe transconductance graph was calculated by differentiating the transfer
curve.
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Figure4-3 Encapsulated FET clapor different measurement systems

L Vs = Oxide (SiO,)
4 mm  Metal
Ve s I EIectronteI D Vo

T ’ : — |
‘—/_b)s i

n-type substrate

Figure4-4 Electrical contactfor FET chip characterization measurement

Figure4-5 represents the characterization of-enannel FET array with gate size of 25x5 um
(width x length) and a da silicon dioxide thickness of 8 nm. The transfer characteristics (top
graph) show the dependences(Vcs) in the range of ¥sfrom 0 to-3 V (step-0.1V) at constant
Vpsfrom 0 to-3V (step-1V). In this graph, the leaking current through the refergade electrode
alsowasmeasurd. For good qualitydevicesthis currentwasin the range of 1 million times less
than the current between the drain and source electrode of the sensors. Thgmapidepicts

the numerical derivative of the first graphdais called the transconductance of the transistor. The
higher the transconductance value, the higher the amdifator of the sensor as the change
happened at the gate surfaéé.certain drain sourceoltage,there is a value of & where the
transcaductance is maximum, which is the ideal working point for the device. In the bottom graph
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is the output characterissiof the sensoiThedevie is an enhancement madansistoras a gate
source voltagenustbe applied to open the conductance channel.
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Figure4-5 Characterization of a-phannel 285 ISFET sensofThe top graplraces the transfer
characteristicsthe middle graphracesthe transconductancand the bottongraph tracethe
output characwestic asshown.
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4.2 Silicon Nanowire SensorArrays

Silicon nanowire semss can be fabricated by eith@grt -d p wn 6 o r-u pid ornh.dnteteo d
bottomup approach, SINWET is accomplished by taking advantage of ideas from vdigondi
solid (VLS) growth[45] thatinvolves two main steps: 1) the formation of a small liquid metal
droplet and 2jhe alloying, nucleation, and growth of the N¥45]. SINW FET sensors arrays in
this work were fabricated by the talown approachrlhe fabrication of silicon nanowire (SINW)
deviceswas previously accomplished and describe@nother work [64]. The sensarhavea
layout of Bx2 channels with a common source electrode. The lateral gate length of FRNSV
was varied (10 um, 20 um, and 40 pum), while the width was either 200 nm or 4@@pemding

on the design (mask measurds)short, SINW FET arrays vere fabricated withthe topdown
approach o-onirsulatb(SOY) wafdar (SOITMEC, Frae). The active silicon layer was
first thinned out to 50 nm of thickness. Then the structure of SFE/V and the drain/source
contact lines werdefined by combinig narimprint lithography and wet anisotropic etching with
tetra methyl ammonium hydroxide (TMAHIhis combination helps in obtaining robustness, mass
production and reproducibility of the devicgs®,144] While the SINWFET doping level was
retained as almost intrinsic (122 Y -cm) the conducting lines weteeavily doped to reduce the
drain and source line resistances. The advantagesofehehigh chargecarrier mobility inside
the SINWFETSs while keeping low conducting resistances of the drain and source electrodes.
Chipswere passivated by a 300 1810; layer(low-pressurehemnical vapor deposition (LPCVD))

As gate oxide of the SINWETS a thin thermal Si®(6 - 8 nm)was grown bya dry oxidation
process which serves asn input dielectric More detailed information ofthe SINW FET
fabrication processes can be found in Apper8ixThe result of the waferscale, topdown
approachwasthe uniformity of electrical characteristics of SINWET arraysin compared with
the bottomup methodthat enale differential readout beteen differently coated sensors.

The SINWFET chip encapsulation was the same as that of the ISFET sensor. The sensors were
first washed by acetone/isopropanol solutions and rinsed under running DI water to remove
residual lithography resist. The chip igdd on a 68 pin LCC6832 chip socké&lgbal Chip
Materials, LLC, USA)sing epoxy glueEPOTEK H20E175, Epoxy Technology Inc., USAand

wire bonded from the socket to the chip by a wedgdge wirebonder (West Bond Inc., USA).

A custommade silicone fanel made of PDMS (SYLGARD 182, Dow Corning Germany) from
molding techniques was put in the center of the SIlNBT chip with a silicone adhesive
(SYLGARD 96-083 silicone adhesive kit, Dow Corning, Germany), that does not cover the gate
area of SINWFETs To form a reservoir for the measurement solution, a glass ring was glued on
to the socket with silicone adhesive. The space between the silicone funnel and the glass ring was
filled with silicone adhesive to isolate the liquid with the electrical contdatde® sensors and the
socket.Figure4-7 d represents an encapsulated SINRT chip with a volume of reservoir liquid

of around 700 pl.
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Figure4-6 Layout of the 8x2 SINW FET-arrays

Mag = 396 86 K X

Figure4-7 a) DIC image of ahalf of 28x2 SINWFET arrays; b) A zoom imn a singleSINW
FET channel; c) A SEM image of a SINRET; d) An encapsulated SINWET sensor

The setugor SINW FET chip characterizatiors the same as for ISFET chip with te&andrd

parameter analyzer systdfeithley 4200 SCS Tektronix, Inc) with the electrical contact to the

FET chip as inFigure4-4. The ouput characteristicso$(Vps) at constant ¥s and the transfer

characteristicspk(Ves) at constant ¥s were also implemented he transconductance graph was

calculated by differentiating the transfer cur#égure 4-8 representshie characterization of a
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typical SINW FET devicewith wire size of 4x1{400 nmwidth x 10 umlength) and a gate silicon
dioxide thickness of 8 nm. The transfer characteristics (top graph) show the depensigvices |

in the range of ¥sfrom 0 to-3V (step-0.1V) at constant &s from 0 to-2V (step-0.5V). The
drainsource current of SINWET s in the range ahicroamperavhile the leaking current through
the gate electrode mmalllike it is the casdor the ISFET sensorFigure 4-9 showsthe output
characteristic of th&INW FET sensorThedevice is an enhancement mode transistor as a gate
source voltagenustbe applied to open the conductance channel.
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Figure4-8 Transkr characteristics of ax40 SINW
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Figure4-9 Output characteristics of a«20 SINWFET

ISFET and SINWFET sensordgn this work can be reused afteaxperimentdy implementing

proper cleaning procedures. Hewver,these cleaning stepsducethe sensitivitydegradatiorof

the device after each uskhe wearing out phenomenon is mainly dependent on the quality of the
thermal growth gate oxide, cleaning procedures and encapsulation methods, that is beyond the
smope of this thesidn the following sections, sensing experiments are done only with fresh/newly
encapsulated chips.
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In general, one needs to connect an analog circuit to an ISFET or BENWensor in order to
collect a measuring signal. The sensor converts the variation of the surface potential into its
conductivity, which manifests itself as the drawurce current change, as the disonrce voltage

stays the same. All this transition cantkecked back as the variation of the threshold voltage of
the transistor. In this chapter, some existing readout configurations will be reviewed. The summary
provided here is by no means complete, but only considers setups that are suitable for bie availa
microsized ISFET and SINWET sensors. A more thorough review can be found46]. Two
measurement readout systems-¢B2nnel multiplexer and -dhannel handheld) were then
describedand utilized to characterize electrical properties @nel noise power spectrum of the
ISFET and SINWFET sensorspH sensing and DNA measurements in the next chapter also were
done by using these readout setups. The description of the handheldasyddfiierent biosensor
applications were summarized andlfished as a peeeviewed papel47].

5.1 Analysis of RossibleAmplifier Concepts for FET Devices
5.1.1 Source and Dain Follower

The souce and drain follower setup is presentedéigure5-1 [148]. The system is powered by a
current source 1land a variable reference voltageeV The amplifier circuitincludes an
instrumentation amplifier and an operational amplifier. The input to the instrumentation amplifier
as well as theibsing voltage betweethe Drain andSourceelectrodesof the ISFET arekept
constant 6 6 ) 22 ), while the anplification factor depends on the resistance of
ISFETin the following equation:

CAE p 2 2 (55)

The operational amplifier A4 magnifies the difference between the output of the instrumentation
anplifier and the reference voltageaeV This voltage then injects another current tadRdefine

the final biasing b the Drain and Source of ti&ET sensor If the operloop amplification of the
interface circuit (including the instrumentation amplifterd the opetoop operational amplifier

A4) is high enough the output voltage can be defined:

o 2 .

Y6 2—Y6 (56)
This configuration has some advantageseduceghe effect of decreasing sensitivity owing to
internal source and drain series resisfp48], and the dependence of the measurement signals and
the change 06 is linear. By adjusting th@ and2 , one can manipulate the sensitivatythe
experimentsHowever,this setup is limited in only detecting rdahe measurement aralfine

adjustment neexto be done for eaatheviceunder test.
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Figure5-1 Source andirain follower
5.1.2 Constant Current Driver

The constant current drivevhich hasa similar fundamentaprinciple to the source and drain
follower setup is presentdéigure 5-2 [149]. The setup utilizes two op amps and two current
sources. The curreit ) goes through resist@ and drog a voltage6 ) 2 2 between the
Drain and Source electrodes of #$ET via an op amp . A chip that provides two constant
current sources to the uppgr é&nd lowerend ¢z))of t he setup was -used.
source currens kept constant as the difference between these two current sources (in titis case
is)). The changing of the threshold voltage of the sensor is reflected in the voltage of the source
electrode and can be measured at the output pin settedp amp! ¢

Although sharing similar principlewith thesource and draifollower, the costant current driver
setup reduces ¢hcomplexity whilekeepng the advantages of the setup. However, this is also only
limited in realtime measuremegtand not flexible enough whemeasuringdifferent kinds of
devices.
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Figure5-2 A constantcurrent driver provides the basis for a chemamaicentration test system

5.1.3 ReadoutCircuit without F eedbackL oop

A simplerconfigurationwithout feedbacks shown inFigure5-3. The sensor is biased at different
controllableDrain-Source and GatBource voltages while tigource is at the GND. The current
of thesensor is measuredi@fatransimpedance amplifier:

6 6 ) 22 (57)

) g'[# 7—(6 6 6 6 (58)

This configuration has some disadvantages: measuring signds aacenot directly relatedand
some fitting procedre needto be done to monitor the chemical effects. In-teaé measurement,
the drifting of seritonductor sensors leads to variationg§ However, by software calculation
and careful controlling of biasing voltaghese drawbacks can lmvercome Moreover, this
configuration enables both characteristic and -tiea¢ measurement without changing any
hardware. Therefore this was employed in some publications bgére41,150] For these
reasons, the simple configuration withhdeedbackvasusedin this thesis as well

||CFB
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Al —O
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e

Figure5-3 Readout circuit without feedback configuration
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5.2 Available Measurement @tupsand Commercial Slutions

5.2.1 Available Measurement Setupsn the Laboratory

Figure5-4 Available measurement setups: Agildi66C Precision Semiconductor Parameter
Analyzer qttp://www.keysight.com(left), TTF box (right)

Thereweretwo systemalready availabléo measure ISFESin the Biomedical Instrumentation
research groupt theUniversity of Applied Sciences Kaiserslautéefore thisvork was started
The first is Agilent 4156C Precision Semiconductor Parameter Analj@eadvanced device
characterization. It has 1 fA and 0.2 puV measurement resolution. The device can wetknas
alone system or with Desktop EasyEXPERT software febB§&d GUI instrument contr@tigure
5-4 (left)). Seconds a dedicatedL6-channel systeroalled Transistor Transfer Function box (TTF
box) which contains g@reamplifier, a main amplifier and a microproceq§88]. The system can
implement loth potentiometric (dc) and impedimetric measurement swidk afrequency range
from 1 Hz to 100 kHz. Theneasurement system is operated by a microcontralfet data is
transferredsia a USB connectioandcan berecorded by aledicatedsoftware writt@ in Borland
Delphi 5.0.

5.2.2 Commercial Semiconductor Chip BasedSequencing

In 2011, lon Torrent (now Thermo FisherScientific Inc) beganthe distribution of the lon
Torrent Personal Genome Machine (PGM), which can be considered as a successful
commercialiation of ISFET sensorfl51]. This is the first DNA sequencing platform that
measures changes in pH rather than light to detect polymerization @bentprinciple is
straightforward: DNA is fragmented, ligated to adapters, and adigabed libraries are clonally
amplified onto beadsThese beads are then captumedmnicrowells [152]. Then unmodified
nucleotide are floatedacross the wellsonce at a timeéWhen the nucleotide is incorporated into

the growing strand, one net liberation of a single proton is released into the solution for each
nucleotide, which is detectdxy the ISFET sensor underneath.
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Figure5-5 Sensor, well andhip architecturea) A simplified drawing of a well, a bead containing
DNA template, and the underlying sensor and electronics. Protof)safk released when
nucleotide (dNTP) are incorporated on the growing DNA strands, changing the pH of the well
(gpH). This induces a change in surface potential of the rogidé-sensing layer, and a change

in potential ¢Jo) of the sourcaerminal of the unddying field-effect transistor. b) Electron
micrograph showing alignment of the well over the ISFET metal sensor plate and the underlying
electronic layer. c) Sensor are arranged in adwmension arrayA row select register enable one
row of sensors a time,causing each sensor to drive its source voltage onto a column. A column
select register selects one of the columns dotput to external electronicseprintedwith
permission from [152]. Available under a Creative Commons license (Attribution
Noncommercial).

The fact that lon Torreft doesnot need ofics allowed them to rapidly expand the output from
their system approximately 4f0ld every six month$153]. This fast improvement, along with
quick run of about 20 hours and relatively inexpensive instrument has loadeorrent™ a
benchtop machinéhat may put mediumsize sequencing projects within reach for almost every
laboratory.Thel on T o r r basa péice of Bpprbkimatel$50k and individual runs cost in
the range of $300 to $75Given its output capabili (currenty up to 1 Gigabageand speed of
runs (2 hours), it is being targeted towards smaller genomes and targeted seduéBtiagher
models of lon Torrenallow for larger chips with higher densitie®ededor exome and whole
genome sequencing.
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5.3 Design, Fabrication and Characterization
5.3.1 32-Channel Readout §stem(T-Box)
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Figure5-6 Amplifier system for FET sensors fboth potentiometric and impedimetric
measuement modes

Figure5-6 describes a schematic design of a single channel readout systeRilfeensors that
was designed in this thedisr both potentiometric and impedimetric measuremertis. drain
source currents first converted to a voltage signal using an operational ampligedback
resistances (f) and a feedback capacitancegCThe reason that a current amplifier is used here
instead of terminating the dragource current with a resistor and amplifyihe resulting voltage
with a voltage amplifieis explainedin the following Large resist@ areneededo get a large
voltage from a small currenin the presence afble and other stray capacitance, this can lead to
unacceptable error in frequenagsponse and phase accuracy. Trans impedance amplifiers have
much better amplitude and phasecombination withstray capacitancgl54].This impedance
amplifier stage is very important geterminingthe noise and the accuracytbé measuremest
Severalop amps weresimulatedfor this purposethe best op ampvas the OPA627 (Texas
Instruments, USA)which hal very low bias current (5 pA max) and reasonable voltage offset (100
MV max) [155]. Here 8 amplification optionsvere includedthat enable the measurement of
different type of FET devics from pA to mA drain source currenthen the voltage signal is
separated into two different parts: low frequency (DC to 33feizpC characteristicand high
frequency (10 Hz to 1 Mz) for impedance spectra measuremeiitse system utilizes data
acquisition devicdUSB-6255, National Instruments (NI), BW$to control the circuit andecord

the data The USB6255 has 80 single ended analog inputs with ADC resolution of 16 bits, no
missing codes guaranteed, absolute accuracy is 1010 pV (input r&nge while the senpling

rate can go up to 1.25 MS/s for single charjhBb]. The device also has 24 digital input output
(DIO) channels that are individually programmafle set the devices to different working points
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of gatesource and draisourcevoltages, the NI cardvas used to generate serial peripheral
interface (SPI) signals through 40 pins. Two 12bit Digital-to-Analog-Converter (DAC) chips
(LTC1451, Linear Technology, USAhathawereliable builtin reference voltages (£ 0.1 LSB),
differential nonlinearity (DNL) oft 0.5 LSBmax integral nonlinearitfINL) of £ 0.5 LSB max
and offset error of #8 mVwereused to generate stable and precise bias voltddeq.To obtain
32-channel readout in one measurement-a 3@ftware controllable multiplexer between the setup
and the sensolrs included This 32channel setupvascalled Transistor box (box).

The internal components of the -box are described ifrigure 5-7. The power supply board
providesfour DC volteges: +12 V, - 12 V, +5 V and GND. he amplifier board incluak
transimpedancemplifier, signal separations argkcond voltage amplifier stagekhe biasimy
boarduses two LTC1451 in combination with a shifting circuit can provide a wide bipolar output
swing of-4.096V to 4.096V. With this output swing 1L.SB = 2 mV. The multiplexer board aedi
multi-channeffunctionality to the box whereachchannel on te sensorsould be addressed and
measured one by one. The DAQ interfa@sthe connector to the US&255 to record ADC signal
and control multiplexer and tH&erial Peripheral Interfac&P)) as well The Lockin amplifier
interface(BNC connectorsallows the box to measure in combination with a commercial-lack
amplifier.

Figure5-8 shows the Ibox as a complete measurement solution: on the topside is the chip socket
IC51-0684-390-1 Plastic Lead Chip Carrier (PLgGYamaichi electronics Co., Ltd) with a
custommade lid that fits to the chip encapsulation methods. On the backside is the connector to
the power supply, while on the front side is the SCSI 68 connector to the DAQ card. The left side
connectors providenterface to a lockn amplifier circuit as well as monitor devices to debug the
system. The system also provides a pin to hook up with a reference electrode to dip into
measurement solutions.

In DC (potentiometric) readout mode (switch KFigure5-6 opened), the FET chip was biased at

a working point where it had the maximum transconductance gal@®attime measurement).

At this working point, the amplification factor of a FET sensor that converts variation of the surface
chargepotential into change of the drasource current is maximum. Alternatively, the chip could

be biased at different values of draiource and gateource voltages for characterization. The DC
signals in the low frequency part of the setup are measurechjplpyng the analogue inputs of

the NI device using a LabVIEW program (LabVIEW 2011, National Instruments, USA). This
software version based on the statachineprogramming method was developed, the flowchart

of which is depicted ifrigure 5-9. This method is not only suitable in programing medium size
LabVIEW software but also adaptable to upscale to more channels multiplexer. At first, the
program initialized the biasing and other protocols ready for measurements, and then itntiited
users clicked the start button. Once started, the program automatically set channels, measured, and
displayed experimental results on the GUI and saved data into a log file until it finished the
predefined number of channels that it was measuringo Versions of the software were
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developed: 1&hannels software for microsized ISFET and &Bannel one for SINVFET chips.
Figure5-10shows exemplary results of two kinds of devices (microsized ISFET and SiNW). Both
devices wer@-type transistors; however, the system has been adapted to meageealavices

and even bpolar chips from graphene materials. Although capable of implementing both
characteristic and redélme measurements, the system only could measureh@nels n
characteristics mode. Using the rdate option, it only could measure one channel that can be
selected by the softwarEigure5-11). The resolution of ADCs of the US&?55 is 1mV, therefore
theoretically the device can measuretia accuracy of 1 nA and 1 pA forthecasgR 1 Mq N
01%andRe= 1 kg N 0.1% respectively, however the
are 5 nA and 5 pA. This is because the noise contribution of other discrete components and sensors
are added onto the noise level of ADCs.

i Multiplexer [Etm—

Amplifier
Interface

=

o

Figure5-7 Internal setup of th&-box readout system

54



5. Readout System: Design, Fabrication, and Characterization

Figure5-8 T-box as a measurement setup
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Figure5-9 Softwareflowchart for 32channel measurement
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Figure5-10 DC measurement examples (microsized ISFET (left), SiR&V (right)
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Figure5-11 Exemplary reatime measunmment with Fbox

In AC readout mode (switch K iRigure5-6 closed), the lBovementioned setupvas utilizedto

biasdevices. To record the impedance spectra, afastlock ampl i yer (HF2LI , Z¢t
Switzerland)wasused togenerate a stimulation signal of 10 mV amplitude in a frequency range

from 10 Hz to 2 MHz superimposed on the biasing signal at a reference electrode (Ag/AgCI Dri

Ref DRIREF2SH, World Precision Instruments, Germanie highfrequency signal part after
amplificationwasfed into the input channel of the HF2LI device and the specisxecorded
(Figure5-12). TheHF2LI goes with a GUI software call@iControl that has many fctionalities

however using this software lirsithe exgrimens to analyzinga single channedt a time. The

channel selection, parameters adjustmastwell as samg and organizing recording datum

consume a lot of time. In this wore,program to implement those proceduaagmaically was
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developedas wdl. In that casethe LabVIEW program also written baskon the state machine
programming methodeeadto synchronizéhe T-box and the HF2LI: initializing both devices,
usingT-box for selecting channels, setting up biasing voltages and amplifying.sitnenit set
up some parameters ready for measuremehRt@iL| andwentinto a loop of sending command
of current measuring frequentry the device, getting data, displagyit in reattime on a monitor
and until it finisked the current channegnd tha it saval the measurement daitato a log file
After that, it wentback b selecting channels and measuragginuntil finishing a pre-defined
number of channelg\n exemplary experimental result of impedance analyzing ofier¢sized
ISFET can be food in Figure5-13.

Figure5-12 T-box setup in combination with a Loak amplifier
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Figure5-13 An exemplaryimpedancenalyzingof amicrosizedSFET

5.3.2 4-ChannelHandheld Readout §stem
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Figure5-14 Block diagramof the handheld box

T-box providesa laboratorybasedreadout system fadifferent types of FETsensorup to 32
channel;however,it lacks portability and can only measure in réiahe mode one channel at a
time. To build asystem fompoint of careapplicatiors, more channels andandhelddevices need

to be developedrigure 5-14 showsthe Hock design of a €hannel handheld readout system
developed in this wotkT he biasing of the devices at different draource voltage$( ) and gate
source voltages6( ) was done by two 16it Digital-to-Analog Converter (DAC) chips
(LTC16%, Linear Technology, USAhat have typical DNL of £.3 LSB, INL of +8 LSB and
offset error of #0.5 mV [158], which ensuré precise and stable voltagdhat differsfrom the
previous setupd4], where the Serial Peripheral Interface (SPI) signals to these DAC chips were
from a data acquisition device (USR255, National Instruments, USA3 microcontroller PIC
32MX695F58L.2H (Microchip Technology Inc., USA¥as utilized which offers a miniaturization
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of the readout system. This is al3i2 microcontroller that has enhanced features and performance,
which are suitable for not ontigiecurrent application but also for afwé multiplechannel readout
version. It contains a 3Bit Reducednstriction Set @mputer (RISC) MIPS32 M4K core (MIPS
Technologies, USA) witha maximumexecution speed of 80 MIPS (Microprocessor without
Interlocked Pipeline Stages), 512 KB of flash meynand full speed USB 2.0 capabilities. In
addition, it includes 16 10it Analogto-Digital Converter (ADC), 3 SPI and offers a lgpower
consumption operation mogiE59]. On the analog side of the readout unit, the dsainrce current

() ) was converted into a voltage by a transimpedance amplifier which included an operational
amplifier (OPA 627 Texas Instruments, USA), a feedback resista@ce)(and a feedback
capacitance{ ).A 2 @ Bl + 0.1%was used fomeasuring microsizelSFET,while 2

p- LI 1@ P was used in the case of measuring the silicon nanowire chips. The \ait@age

the first amplifier resultefom thebiasing voltag and the amplified signalf) . To achieve

a high precision and a wide dynamic range of the measurement current, the biasing voltage was
subtracted before feeding the voltages to 4agnahannels of the microcontrolldfigure 5-15
exposes 4hannels handheld boan the left side is thelyg for dip-chip like carrier, a the right

side is théJniversal Serial BusUSB) connectoy in the frontis plug for power supply (it can be
either 9V adapter from tH2&20V power lineor 9V from a battery)

Figure5-15 Housing of théhandheldneasurement device

The firmware for the microcontr@i was writtenin C/C++ in the Integrated Development
Environment (IDE) MPLAB 8.9 (Microchip Technology Inc., USA). It controlled two DACs to
sweep6 and6 voltages applied to the sensor chips. Then it rembtde corresponding
voltages at the ADC pins and $¢hese values via the USBID communication protocol to the
measurement PC. On the computer side, a software programmed in LabVIEW 2012 was used to
set the sweeping range and the steps of the biasing voltages during device characterization. It
received tk) current signals from the microcontroller to plot the characteristic camnweto
calculate the transconductance values of all chanRetorded data can be saved inside a text file

for further analysisThe device can measure both charactessind reatime 4-channel chips
simultaneouslyKigure5-16 andFigure5-17).
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Figure5-16 Exemplary characteristic measunent of a ISFET chip
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Figure5-17 Exemplary reatime measurement of a SINRET chip
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5.3.3 Miniaturization AC Readout with Monolithic Impedance Analyzer Chip AD5933
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Figure5-18 Miniaturized impedance readout diagréime operational circuit diagram of AD5933

was adapted frorf160])

The handheldieviceenabled FETbased sensotsstingin remote aras, howeverit still lacks the
capabiliyy in implementing impedimetrimeasuremest In thedesignof thesecondversionof the
handheld devicean impedance convertesystemon chip AD5933 from Analog Device, Inc. was
used to simplify measurement procedures and makestipp@do have aandheldequipment for
both potentiometric and impedimetric testing. The ACS&3animpedance converter chip with a

built-in signal generatoilhe excitation signal can be applied to an external complex impedance at

a known frequency and tmesponsaignalwill be sampled by a 1bit, 1 MSPS, ADC. A discrete

Fourier transform (DF) is performed which returns a real (R) and imaginary (l) data to calculate

impedance and phase shift at each output frequ¢b6§]. The AD5933 has impedance

measur ement

range

fr

om

1 kq

t o 10

Mq

wi t h

frequency resolution of 27 bits (< 0.1 Hz). In the directiomeailizing a functional applicatien
specific integrated circuit (ASIC) design, AB33 represents a stepthe middle It is therefore

interesting to look intdts application capabilities and drawbacks.

The operationatircuit diagram of the AD5933 is shownRingure5-18. It has a 2-bit direct digital
synthesizer (DDS)xore that generates the output excitation signal at a particular freg{semcy
hertz resolution) Table 5-1 provides four options of output pe#dcpeak voltages and their
correspondindpC bias levetfor 3.3 V powe supply.To obtaina frequency spectrum, the AD5933
suppors the frequency sweep feature that can be programmedheithree parameters: the start
frequency, the frequency increment, and the number of increnfér@sesponse current froam
external cenplex impedance after applyirap output excitation voltage is fedto a currento-
voltage amplifier. It is then followed by a programmable gain amplifier (P@#jaliasing filter,
and ADC. The first stage of curretw-voltage amplifier configuratiomeans that VIN is ahe
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virtual ground withthe DC bias of VDD/2. The gain of this amplifier is defined by a uselectable
feedback resistor connected between Pin 4 (RFT) and Pin 5 (8Ngach frequency point, the
AD5933 DFT algorithm is calculatedver 1024 samples that genegatiee real and imaginary
component of the result.

Table5-1 Output peako-peak voltage levels and respective bias levels for 3.3 V s{{ply

Range Output voltage amplitude DC bias level
1 1.98V pp 1.48V
2 0.97 V pp 0.76 V
3 383 mV pp 0.31V
4 198 mV pp 0.173V

When utilizing the AD5933 for FEbased biosensors, it hagslrawbackthat he AD5933 was
developed for a twelectrode impedance measurement sethjle a FET is a threeelectrode
configuration. The configiration using the AD5933 that canimplement impedimetric
measuremestwith FET-based biosensors is showrFigure5-18. The excitation signdfom the
AD5933is summed up with an DAC to generate stimulation and biasing signils e¢ference
electrode. The drain electrode of sensors also needs a specific working point and an additional
currentto-voltage amplifier is used, such that both potentiometric and impedinretesurements

are possibleBecause the input to the AD59331st be a currentyo identical nominal resistance

R wereutilized, and the first amplifier stage of the chip is a unity gain amplifier.

The schematic design and layout for the second version of the handheld device was accomplished,
however there arsevenl firmware and software packagésuch as fast USB communication
protocol, 12C etc.were not donelt is therefore not able to test the capabilities and shortcomings

of the AD5933 in impedimetric measurements with HiaBed sensordleverthelesshie degn

and hardware in this worstablisheé foundation for a future work of testing AD5933 as well as
realizing a functional (ASIC) design.

5.3.4 System Calibration and Measurement Acuracy

To calibrate thesystema r esi st or ( 10 0.3+ 16ppmiC) waslutiliaedthatu e N
was connected to the drains and the source pins of the chip socketrsVatage applied to all
channels simultaneously was varied from 0 \ BV with steps of 0.5 V. In this case, thed
currentwasnot affected by ¥sand,hence, the characteristic curves were parallel to the horizontal
axis. In this case the relation betweess¥nd bs is linear. After calibrating, there was a minor
error between the calibration measurement and the theoretical Eigueeb-19) visible.

To evaluate performances tife setup two ISFET (16x7um? gate dimension of the old design
with in total 7 working channelsyere measuredith 0.1x PBSsolution ofpH 7.2 with both the
handheld system and the standard paranagtayzer (Agilent 4156C). The mean eradrseven
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ISFET channel®f the setup evaluateth these measurements was 3.9 + 0.7 % and individual
values were always less than 5% for each channel comparedhightreccuracy systent{gure
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Figure5-20 An exemplarycomparison betweethe developed handhekktup and the Agilent
4156C measuremerd) characteristics measurement (handheld: scattering, Agilent 4156C (line);
b) error calculation
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5.3.5 NoiseFeatures of the 2veloped Readout $stems

The detection membrane hfe sensor i /E , which hadong-term drift due to it®lectrochemical
instability whenimmersed iniquid [29]. In addition, the sensseshow a high noise level due to
the capture and deapture of carriers to and from trap states of the interface betwedlayer
and silicon itself161]. Thus this inhibisthe detection of smatliomolecules concentratismside
the solutions.

Considering noise analysis, it is always instructive to view it in both the time and frequency
domain.In this chapter, the noise theory is reveslfl43,162,163]two fundamental theories (the
Par seval 6s t he ekhiechn tieoram)thatHirk the\iwe domamare introduced

and the noiseneasuremenf the ISFET and SINWFET chipsin combination withthe readout
system are measured.

5.3.5.1 Description of Noise in TimeDomain

In the following,it is consideed thatthe data A(t) as a timéependent measuring data and will
concentrate on how to characterizeése component from it.o simplify, A(t) is measured imolts.

If the data A(t) carries bothomse and signal of interest, the needed vaaenotpreciselybe
measured. However, the average vatithe signatan always be calculated

! B ! (59)

The deviation of A(t) from the average value is given by:
AO 1 O | (60)

A standard function in noise theory is the calculation of the variance (or square of theeerot
square), whiclis a measure of the spread in the data.

oio sk 2 1 61)

5.3.5.2 Power Spectral Density

The power spectraensity describethe distribution of variance amongst ttiferentfrequencies
The power specit densityis basically the square of magnitude of the Fourier transfornCaf

yis AOCA AO (62

/Eis a complex quantity and the magnitude square of it:
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0 s /B s A (63)

0 Ais the power spectral density and it desciibe variance at each frequency.

Parseval 6s t he orpoweristhedmealgmain is the sameragthettodat pawer in
the frequency domain:

47 GAiIxAG AGAO 0mAE (64)
5.3.5.3 Auto-Correlation Function and Its Relationship with Power Spedral D ensity

If a certain signal at tim@ is well known, what is the prediction of the value at the tine O
z. The functionwhich describesiow much the fluctuation functismat timeO andO arecorrelated
is calledtheauto-correlation function.

|z AOGAG 7 AO (65)

The WienerKhinchin theorem says that the Fourieansfornation of the power spectral density
is the autecorrelation function.

3 0 AA A &£ (66)

5.3.5.4 Noise Measurement

A noise measurement of the FE&nsoisetupat the room temperature (ZI) is shown inFigure

5-21, whichshowsthe basianeasuringrrocedure. Sensors were biased at the working point (where
the highest transconductance is), and the signal output was sampled for 5 seconds at the speed of
10 kSamples/siith ADC resolution of 16 bits, no missing codes guaranteed, absolute accuracy is
1010 pV (input range & V) [156]. Figure5-22represents the autmrrelation function calculation

of the data fluctuation. According to Wierk€hinchin theoremby calculating the Fast Fourier
Transformations of this awtworrelation function, thenoise power spectrum can be achieved.
Figure5-23 displays a noise power speatr of a 12x4um? ISFET: it shows the 1/f welknown

noise figure of transistor devices. At high frequencies, the noise spectrum slowli yoleise

noise regionFigure5-24 also describga noise speatim of a 400 nmx 20 um SiNW FET. It can

be seenthat because of a better fabrication technalogiiich wasutilized for SINW FET
fabrication, the 1/f n@ie region is redwd compared with ISFET. However, the white noise is
higherbecause ofising higler value resistance feedbackhe noise spectraniFigure 5-23 and
Figure5-24 are composed of bothe noise ofthe FET sensaand readout device. In the future,

with the help of a Vector Network Analyzer the noise feature of the FET sensors and readout
system can be characterized separa@byiously, compared witbther FET readout systeiv 3],

the noise level ofthe setup is still high (bothl/f noise and white noise level). Treséll a lot of
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roomfor optimization. Concerning readout design, more careful design and components selection
are needed. In addition, careful layout and power supply design would also help ingekec

noise level of the whole system. The noise level in this chapteoitly be evaluated with the -T

box. The handheld device noise level was not able to achieve becassentiiengspeedwas

limited inthegeneric USBhuman interface device (HIprotocol

-0.5000

-0.5005 11§

-0.5010

(mA)

IDS

-0.5015 4

-0.5020

time [s]

Figure5-21 Noise rawdata of the ISFET setup
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6.Experi ments and Resul ts

This chapter will discuss proaff-concepexperiments with the sensors and the diffeaamplifier
systems, which were developed in this theBath T-box and handheld systems can implement
potentiometric measurementdoweverthe followingdata of pH and DNA sensivgere obtained
from the handheld readout as they were reported in the ptibhd147]. On the other hand,
impedimetric measurements can ob&done by the-box setupThese measurements will be the
basis for the circuit simulation models based on SPICE inwuparameters and circuit elements
from the biomolecules under test, which are then discussed in the next dhapliebe staredby
discussinghe detection of hydrogen in liquid with FET devices.

6.1 pH Sensing

-2.0 -1.5 -1.0 -0.5 0.0

0.30 Ves (V)
' ® AV, shift according to pH of solution
0.25 - Linear fit
~ 0.20 l
S ] | ]
£ 0.15- |
= ] |
. 0.10- |
=
% 1 1 ' 1
U0 AV, =-0.120 +0.0356 x pH
0.00 - / | R-square = 0.9824
| | | \ |
I

T T T T T T T
2 3 4 5 6 7 8 9 10 11 12
pH

Figure6-1 a) Typical transfer characteristic measurements for pH sensing on a baRESIO
chip. b) Shift of threshold voltage of bare chips caused by the variation of pH
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The first pH measurements with microsized FET were introdumgdergveldin 1972[164].
Meanwhile there is a vast amountlivérature available in the field. The most common, i.e. the
easiestexperiments are pH sensing with FET device$iténature,alsonanosized (nanowiréET
devices were useid many publicationssuch as Y. Cui et al. (200§45] and Y. L. Bunimovich
(2006)[116], to only name two examplel many cases the sensing membrane is silicon oxide,
however it isnot an ideal material for pH sensjrand other oxidesuch as AlOs [30] and TaOs
[165] show a better sensitivitgnd stability The site-binding theorydescriling the deéction
mechanisnior proton concentratiowasalreadymentioredin chaptei3.

In this work, the pH measuremsntere carried ougither withbareSiO; surfaces or aftesurface
treatment with APTES. Five different pH solutions (pH3, pH5, pH7, pH9 and pbtained from
Merck KGaA, Darmstadt, Germany) were measured with ISFET chips for characteristic curves to
investigate the shift of the flat band voltage upmapH variation of the solutionddeasurements

with a standard pH and conductivity met&@venMutiTM, Mettler Toledo, Switzerland) were
implemented in parallel as tlwntrols forthe experimentsThe chip surface was cleaned and
activated by piranha solution §8:H>SOy = 1:2) for 10 min at 6 to obtain a higldensityof i

OH group. After rinsingvith deionized water and drying with nitrogen, the chip was gas phase
silanized under vacuum conditions. The silanization was performed with aminosilane (3
aminopropyl) triethoxysilane (AFES) in a glove boxThe encapsulateskensorchips can besused

by applyingproper cleaningtepshowever the sensitivity of the device might degesafter each

use Thereforepnly freshchipswere usedor pH sensitivity sensing. In this experiment, four 16x7
um? (width x length)ISFETswere utilized where two chip$8 channels) were treated with amino
silane under gas phase conditions. Tieasurements welmplemented from low to high pH
buffer solutionsor vice versawith the handheld readout systeifio obtain the equilibrium
condition, after eachteppH buffer sdutions were exchanged sevetiahesbefore implementing

next characteristimeasuremest

According tothe site-binding mode|the variation of surface potentialyj ) induced by a change
in pH value of the bulk solution can be describgdhe following equation:

y & 4T YD (67)
W SRS T (

The Nernst equatio5f) shows that an increase of the solution pH leads to a decrease of the surface
potential, thereby inducing a higher flat bandtagé of the ISFET devicgl05]. Thus, the
charactestic curve of the fiype ISFET shifted to the right as the increment of the pH from 3 to
11 (Figure6-1b). In an ideal case, the surface potential variation upon the change of pH value is
close to 59.3 mV per pH. In the measuraemée average pH sensitivity of bare Sd@vices was
34 £ 2 mV/pH of \t+ shift and the linearity of the fitted mean values is only 0.98&u(e6-1a).

The pH sensitivity is in good agreement with previous publications, vihergensitivity of bare
silicon oxide surfaces was 30 mV/pH[166]. The low lineaity and the sensitivity depend on
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several factors, such as the  of the surface, the density of surface sites, and the equilibrium
constants for protonation and deprotonation of the surface as discussed in chapter 2.

2 0.0
< 01
E
2
= .0.2
-0.3 -
-2.0 -1.5 -1.0 -0.5 0.0
V. (V)
b) 0.4

= AV, shiﬁ according to pH of solution |]

Linear fit

AV_ shift (V)

AV, =-0.138 + 0.0457 x pH

R-square = 0.9964
....... R NUUUUR IUUUNY U

T |
7 8 9 10 11 12

Figure6-2 a) Typical characteristic measurement of pH sensing of a silanized (APTES) chip. b)
Shift of threshold voltage of silanized chips.

To increase sensitivity and linearitf these ISFET sensoréhe chip surfacevas treatedvith
aminosilane in gas phase condioithe sensitivitythenincreased to 45 = 0.3 mV/pknhd the
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linearity improved to 0.996@igure6-2). This can be explained by the change of surface chemistry
of the modified ISFETin which covédent binding of aminosilane to silicon dioxide surface leads
to the presence of boiliNH> and SiOH groupsThese groups hawdfferent equivalent constants.

At low pH, the amino group is protonateditdHs*, while at high pH, SiOH is deprotonatedito
SiO [45]. This resultshiftsthe®  outside ofthe measurement range and hence incretises

linearity of detection

6.2 DNA Sensing

Deoxyribonucleic acid (DNA) is thstorage of algeneticinformation inall cells, thatregulaes

cel |l s& s parddhe fconstraction @fnpsoteins and ribonucleic a®NA) molecules

[167,168] DNA moleculesare polymergpolynucleotides)onsistingof monomer nucleotides.
Nucledides themselves are buitbm three different parts:

1 A deoxyribose sugar {éarbon suga

1 A nitrogenous basedenine (A) and guanine (G) (doubieg structure)or cytosine(C)
and thymine (T) (singleing structure).

1 A phosphate group: condisg of a phosphorous atom bonded with four oxygen atémns.
neutral pHlevel, theyare negativigy charged and therefore gitlee nucleotide andhence
the DNA moleculesa negative charge.

Because the carbon atoms in both the nitrogenous base and sugar areduhdsugar atoms
haveprime (") to distinguish themmaking sugar atoms suekl1’, 2,3, 4" and 5". A nucleotide
is formed such thahe phosphate group attacheshe5” atomof the sugar while the nitrogenous
base binds tthel” atomof the sugarKigure6-3).

Cellular DNA molecules have two polynucleotide iclsatwisted around an imaginary axis,
forming a double helixKigure 6-4). The two sugaphosphate backbones run in oppositd 5
3’directions from each other and ametiparallel. The nitrogenous base of two strandin by
hydrogen bondsn the way that adenine (A) always pairs with thymine (T), and guanine (G) always
fitswith cytosine (C).tlalsocan be said that A is complementary to T and C is complementary to
G. When two strands are ma#chup in terms of their base sequescdhey are called
complementargtranced DNA.

In its naturalform, DNA is then a doubkstranded molecule or a double helix. The base pairs are
only stabilized by hydrogen bridge bonding. At neutral pH and at physiological buffer
concentration the hydrogebridge binding overcomes the electrostatic repellence of the two
negativelycharged single strand3his binding is highly specific depending on the base pair
sequence and the binding reaction is called hybridization.

When heating above a critical tematrre (melting temperature) the thermal energy overcomes
the bonding force and the double strands detachybadization or denaturation)
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DNA sequencingwhich determines the physal order of nucleotides in a DNA strarmays a
crucial role in clinical diagnostics sucheelydetection of genetic diseaggystic fibrosis, sickle

cell anemia, Huntingtn 6 s di s e a s e pharrhacogenetitand parental éestindviost
DNA sequencing today isycle sequencingvhich combinsthe originalchaintermination method
(developed by Fredrick Sanger and cowoskar 1977) with the heating and cooling cycle of
polymerase chain reaction (PCR} begin cycle sequencing, the DNA to le®jgenced, primers
that target the DNAat a specific positigna DNA polymerase (Taq polymerase), many typical
nucleotides (ANTPshand lots ofdideoxyribonucleotide(ddDTPs) are put into the solutiofhe
dideoxyribonucleotide does not have a 3" hydraygup, therefore inhibits the DNA elongation
once it is on the chaifhen the basic cycle of PCR is repeamdduéng many cofesof variant
length of the gene to be sequenced. As the partial seqpasesthrough a gel electrophoresis
which separateDNA strand based on their size and electrical charge, a laser is used to read the
fluorescent tag on each ddNTP. Each tagadsdferent color so that a computer can read and
calculate the sequence of the DNA strand. This meghodidesa result with99.9% accuracy;
however,it is time-consuming, not cosffective,requirestrained persomel, and therefore limg

the realization of poirbf-care applications.

Field-effect transistor (FET) devices offer an alternative approach forfaselapidbiomolecule
detection, in which a transistor amplifigrutilizedas a miniature transducer for the detection and
measurement of potentiometric signals, which are produced by binding events happening on the
gate of the FET40,64,83,116,170QL77]. DNA detection with SINWFET can acheve the level of
subfemtomolar concentration and can distinguish DNA strands with amel fivebase
mismatches from hybridizatigd77]. The basic working princip is that a single stranded probe
DNA is immobilized on the surface of FET chi@nce thee arecomplementary stranadd DNA

in the measurement solution, the hybridizatadrcomplementary DNA strandsappenson the
surface of the chip. The hybridization is higkjyecific,and DNA is highly chargg&with uniform
distributiord each base hassingle excess negative charge aldregdugaiphosphate backbone.
Highly integrated measurement channels can be achieved by using standard CMOS processes.
Moreover, biosensors based on FET devices were propoadtagheldoint-of-care diagnostic
tools more than a decade af§a’8]. On the other hand, detectitige staticcharge ot DNA strand

with an ISFET device faces significant difficulties where the static chargeare screenedin
electrolyte solution.Thus measuremestin low ionic strength solutiorare needed in these
experimentg1.5 mM phosphate bufferThe reasora low ionic strength measurement solution
wasselecte in this work for prooff-concept experiments, similar to what was reported in earlier
works[70,118] However, at low ionic strength the repulsion between two complementary DNA
strands is strongs well Consequently, the hybridization probability wi# reducd and extended
time for hybridizatiorwill be required[179,180] To deal with this problengx situhybridization
wasdone at high ionic strength, and thée detectionmeasuremestwere done in enuch lower

ionic strength solution.
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Measurements with DNA immobilization and hybridizatiegre implementedn two ISFET chips

(16x7 and 12x4) as a proof-principle demonstration of the biomolecule dé&tatcambility of

the setup Miriam Schwartz developed the following procedure of DNA immobilization and
hybridization. Shehelped withthe experimeral work with the handheld devicend the results

were published in a efirst authors papdi47]. At first the chips wereleanedactivatedand then

gas phase silanidewith (3-Glycidyloxypropyl) trimethoxysilang(GPTES. Amino-modified
singlest randed probe BPANGAACACDBGCAJGTAGIGAA3CH; AC6- = ami
modifier) was employedor the DNA immobilization. The probe molecules were diluted in 150

mM phosphate buffer at pH 8.5, consisting of Na&; and NaHPQs. At a pH value of 8.5 9,

the epoxy ring of the GPTES opens and the armodified group of the pDNA can covalently

bind to the opened ring.81]. The capture sequence was-sipecifically immobilized on certain

gates of the ISFETs by ungj a microspotter (sciFLEXARRAYER S3, Scienion AG, Germany).
Three drops of the probe molecule solution with a volume of 20@mspotted on each channel.

To prevent evaporation of the solution, a humidity of 70 % was adjusted in the closed housing of
the microspotting system. The immobilization proceeded overnight at 37 °C in an incubator with a
humidity of around 65%. Afterwards, the chip was cleaned thoroughly with 4x saline sodium
citrate buffer (SSC), 1x SCC, and deionized water to remavspecific bound pDNA.
Subsequently, a blocking step with 1Bévine Serum AlbuminBSA) diluted in 1x PBS pH 7.2

(137 mM NacCl, 2.7 mM KCI, 8.1 mM NBPQ; and 1.47 mM KHPQy) was performed for 3 h to

avoid unspecific binding of the target molecules. Before the tiiglation with complementary
target DNA-TGACTARATGCAGI®ITCAT-36), the chip was rin
1x SSC and deionized water. Hybridization was allowed for 2 h at 37 °C in an incubator with a
humidity of 65 %. Denaturation experiments were earout by putting the chips in deionized
water at 96C for 3 minutes. Subsequently the chips were cleaned with 4x SSC, 1x SSC and
deionized water. The applied DNA sequences were purchased and synthesized by Eurofins MWG
Operon, Germany, and had a length26f base pairsThe immobilization and hybridization
procedures were double checked vatfiuorescent microscopfl81]. After assay optimizatign

only theexperimentsvith theelectronic detection methadere further implemented

After each step (silanization, immobilization, blocking, hybridization and denaturation), the
characteristics were measured in 1.5 mM phosphate buffer pH 7.2, consisting #fQyaiid
NaoHPQOs (Figure6-5a). At this pH, pDNA, BSA and cDNA are negatively charged, therefore the
characteristic curve shifts to the right side upon the binding of these molecules on the chip surface.
When considering the curve aftsilanization as a base line, the variations @f Wpon 1uM

pDNA, 1% BSA and 1 uM cDNA was 29 mV, 42 mV and 55 mV, respectively. After DNA
denaturationthe voltage shifted back to 28 mV, which was the starting valuerotfter DNA
immobilization(Figure6-5b).
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Several publicationdavediscussed the underlying detection principle of DNA with FET devices
[127,178,182,183]In a first approximation, accordintp DebyeHuickel theory, the surface
potentialy can be calculated from the surface charge density by using the Grahame ¢&htion

CcE4. . . A
R RE4

Wi s the per mit twisthe dielectric Eonstant ef the measurensent eléctrolyte, and
T is the buffer ionic strength.

The attachment of DNA molecules to the surface induced the change in the surface charge density
K . Therefore the shift of ¥ can be calculateith the following equatiofl41]:

y B4, . . £ Y S
A IR RE 4 IR RE 4

It is well known that the electrostatic effect in the solution is screened outside of the Debye length,
which depends on the ionic strength of the solution:

E &
cL’JTRT (70)

with z the valance of the ions in the electrolyte.

Therefore, the DNA experimentgere measurewith a low ionic strength buffer solutiof~ 2
mM), which results a Debye length of 6.8 nm. This is comparable with the length of 28airase
DNA double stranded molecules
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Figure6-5 a) Transfer characteristics of an ISFET device after eachistdime shift ofo
extracted from characteristic curves
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Ift he maxi mum sur f adf @8 Ginfican by achieve(lghitisis in ngal dase is
not possiblg)from equationsg8) and 69) the folloving values can be calculated:

W cwd 6 (71)

o . #
Y6 Cw 60 £ T[&T(?— (72)

If one 208base oligonucleotide can contribatenaximun®0 electron charges to the surface charge
density, therthedensity ofDNA is 1 strand per 9.25 ninThis corresporsto ~ 132 strands DNA

per cnf. The surface density of the immobilized oligonucleotide on silicon dioxide/silicon nitride
has been reported to be fron? 10 10 /cn? [184i 186], which depends on the substrate material
and immobilization method. Ithis case, lhe surface charge density after GPTES treatment was
consideredo bethe maximum value of silicon dioxide surface. The fmerfect surface and the
silanization with GPTES lead tos ma | | e r o. Trereforethe densityliof immobilized DNA

will be less than the calculated value.

6.3 Impedimetric M easuremens with Solutions of Different Conductivity

To understand the working principle of the impedance measuremghtFET device aswell as
the effects of parasitic parameters (the drain and source insulation capatieor®asurement
with both ISFET and SINWFET in AC-mode was implementedat different PBS buffer
concentratios while keeping the pH valgeconstant.Here, the frequecy shift of the cubff
frequency of measurement spectra was observed for ISkHille the amplitude at resonance
frequencywas monitoredn case othe SiNW.

At first, severalphosphate buffer solutions (PBS) with different concentrafibrmM, 2 mM, 10
mM, 100 mM, 500mM, and1 M) at the sameH were preparedlhe conducivity and the pH
values were measuredndcontrolledby a standard pH and conductivity me{&evenMultiTM,
Mettler Toledo, Switzerland)'hen, the impedance spectrum of SINMNET andISFET channels
were obtained by the-fhox setup and the Lodk amplifier (chapteb.3.1) with frequencies ufo
2 MHz.

Figure 6-6 describesexemplaryimpedancemeasurementsf an ISFET channel withiffierent

buffer concentrationsAs theconductivityof the solution increases€reasinghe concentration

of the PBS solutions) the coff frequency of the spectra shattto the right side (greatergguency
region). This showedhe lowpass filteregponsewith resistancedombinedesistance of reference
electrodeand electrolytesolution) and capacitance (gate oxidedcontact line insulator) which
were described well in sonsarlierpublicationg73,95] It wasfound from theeexperiments that

the cutoff frequency is linear with the concentration of the measurement buffer concentrations
(Figure6-8)
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The response athe impedance spectrum of SINWET channels to the variation of solution
conductivities is different from those of ISFET sensors. The clear difference interestingly happens
at a certain frequency and only thechipoint varis as the concentration chasgehe reasomay

be thatthe coupling betwen the SINWFET and the first amplifier stage of the transimpedance
creats a resonance at a certain frequency that doedemdndon the conductivity of the buffer
solution. The low paséilter effect is still there in thepectrumhowever,it is hidden and leads to
different amplitudes ahe pitch point at the resonarfcequencyln general, as it can also be seen
from Figure 6-8 and Figure 6-9, this effect could be exploited in sensor applications when the
solution conductivity should be tested.

The AC experiments this workwere done by obtaining the whole impedance spectra (from 100
Hz to 2 MHZz) to find the mdsnteresting frequency rangeowever, mce it is found, only this
range is investigated with a miniaturized impedance analyzer for a certain applicesiddition,

a simple platinum reference electraglassufficient to implement AC measuremeats\en high
conductivity solutions. These wiljpena big opportunity to realize pohaf-care devices for rapid,
mobile era with integrated reference electrode.

6.4 Protein Interaction Detection Using SINWFETSs

Many biological signal cascadasclude proteins ah protein interactios and thesere also
important inmany practical applications such asathogen detectiorenvironmentmonitoring,
medical diagnostics and biomedical resedd@v]. As a prootof-principle demonstration of the
proteindetection capability of the setupboth impedimetric and potentiometrinethodsbiotin-
streptavidin binding experiments were implemente8treptavidinis 52.8kDa protein that is
composed of fourdertical units. It is purified from the bacterium Streptomyces avidi88].
Biotin is a watersoluble small molecule with the weight of 244.3Da that is also called B vitamin.
Biotin is important for many biological processes, including cell growth, the production of fatty
acids, the metabolism of fats, amiacids, and glucog&89]. It is therefore essential to maintain
a healthy digestive and cardiovascular functiBiotin can be found in most foods and biotin
deficiencies are rare. Theinkding of streptavidin and biotin is the strongest 4comalent
interactions known in nature. Each streptaviths four binding sides for biotins. Theptavidin
biotin interaction is highly specific and has a rapierate. In addition, it isesistamnto changsin
temperature or pH, and to the presence of organic solvents such as 80O his makes it an
ideal model for demonstration pfotein sensing applications

Figure 6-10 showsthe individualsteps of implementinthe biotin-streptavidin experiments. At
first, SINW FET sensos are cleaned and activated by Piranha acidbtain a high density of
hydroxyl groups on the silicon dioxide surfadé&en the chipareput under a vacuum condition
(0.6 mPa) with the evaporatiof (3Aminopropyl) triethoxysilanédAPTES) at 78C in two hours
to form a thin amino silane layer &NW surface These amino groups witbvalently bond to a
linker molecule (SulfeNHS-LC-LC-Biotin (Thermo Fisher Scientific Inc.)) during the
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immobilization process. Streptavidin proteins (Sigiddrich Inc.) will then bind to the biotin. The
biotin molecules are not chargatineutral pH of the solutiostreptavidin is a protein that has
isoelectric point (pl) of 6-4. At a pH below the pl, streptiain carries a net positive charge; above
the pl it @rries a net negative charge. In the much larger biomoleculeh#tges are unevenly
distributed.

OH
OH

l APTES

l Streptavidin

_,s.WN)K/\/v Y w

O—SIW NHZ

Figure6-10 Biotin-streptavidin experimental proceesr

The transfer characteristics of the desiagre measured after the silanization, biotinylation and
streptavidin binding. All measurements were implemented with the ¥ PB$ solution at pH 7.5.

In this case, streptavidin is negativalgarged,and bidin is not chargedFigure 6-11). After
immobilization of biotin, the characteristics curve is almost not changed, while after streptavidin
binding the curves move to the right side. This is caused by the negative chargetrepthedin
molecules on the-pype FET devices.

To further investigate the effect of the Debye screening, the measurements with different ionic
strength solutions (1 mM, 10 mM, 100 mM and 1000 mM PBS solutions) were implemented. As
the ionic strength ohie buffer solution increases, the Debye length decrease. Therefore, the effect
of streptavidin on the device characteristics is reduced and the curve moves to the higher absolute
threshold regionKigure6-12).

83



6. Experiments and Results

| ——silanv_=-0V
| ——SilanV_=-15V | |
| ——BiotinV_ =0V
.| ——Biotin V, =-15V|..
| —=—Strep.V =0V [}
1| —&—Sfrep. V,,=-1.5 V}.-

Ihs(1A)

0

| —=— Af. Strep. 10 mM
—=— Af. Strep. 100 MM |
—=— Af. Strep. 1000 mM |-

Is(nA)

Figure6-12 Effect of Debye screening ddC measurements with biotistreptavidin binding
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Similarly, to the potentiometric measurements, after silanizabiotinylationand streptavidin the
impedance spe@ were obtained for evaluatioithe biotin molecules are not charged and
thereforat was not possibl® detecthemby the potentiometrimethod However, they are clearly
detectable by the impedimetric methdtgure 6-13). After biotinylation,the resonancpoint in

the impedance spectrum increasesile after streptavidirbinding this point deceass. Even
though biotin does not carry static charge in liquid, the binding to the chip surface modify the
sensing membrane or the effective oxide capacitance. This tieadchange in the impedance
spectrum in theFigure 6-13. The experiment shows thadvantageof the impedimetriaonode
compared tothe potentiometricmode in detecting norcharge molecules in bio sensing
applications.

Figure6-13 Detection of biomtecules bytheimpedance spectra method (with 1 mM x PBS
solution at pH 7.5)

85
































































































