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Abstract

The interest in organifield effect transistors (OFETs) employed as a biosensing platform
has grown in recent years, driven largely by the potential to create inexpensive, sensitive
analytical devices with a wide range of chemical and biological sensing applications. A
particularly promising architecture for these type of devices is the Chafgdulated
Organic FielkEffect Transistor (CNDFET). In the GRIFET, a control gate electrode is
capacitively coupled to a floating gate and used to bias the OFET, eliminating the need for
an additional, often macroscale, reference electrode. In addition, charge accumulated in a
designated sensing region of the floating gate modulatestthasistoi@ output source

drain current providing sensing activity that is spatially sepedafrom the organic

semiconductor layer.

Here, a CMOFET based on solution processed -pgstacene as the organic
semconductor that is both low cost and very simple to fabriceteeported The thesis

includes a detailed description tfe CM-OFETabricationalongside a detailed discussion
of the principle of operation, both @FET&Nd as analytical for monitoring pH and protein

detection.

The thesis focusses primarily on the characteristics ofGFMT devicelsased on the
Si/SiQ substrate. The fabrication of SiI/SICGM-OFETs was very simple, requiring only a
singleevaporation stage. Despite the simplicity, the {VETSs reliably displayed electrical
characteristics typical dFETsHowever, the responses of the devices when tested for pH
sensing and protein detection, were inconsistent and with large error. Further analysis of
the CMOFET ardtecture revealed limitations associated with the geometrical layout of

the Si/SIQCM-OFET device may have causeeldénsing responseeficiency

A modified CMOFET employing Al/&)k was designed in which the geotmg was

optimized to maximise sensitivityPevelopedAlbased CMOFETs were found to exhibit

typical OFETbehaviout albeit with relatively lower source drain current compared to

Si/SiIQ CM-OFET devices. Due to limited time, the sensitivity of tHea&bd CMOFET was

y20 TFdzZ te& OKINIOGSNAT SR® CdzNIKSNJ 62N] NBIIF NRAY
carrier mobilityand particularly, experimental investigation of the Aad CM-OFET for

sensing applications is needed.
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Figure 3.5: spectrum of laboratory fluorescent light measured at the position of the tested
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Figure 4.2:ionization stats of silanol groups at the interface between the native silica
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Figure 4.3Schematic plot of the Hendersdtlasselbalch relationship of the amine group
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Figure 4.4:A representative XPS survey scan showing the elemental composition of the
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Figure 4.5Experimental XPS spectra for Si (2s & 2p) peaks for the (a and c) APTES modified
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Figure 4.7:Detailed XPSpectra for N (1s) peaks for APTES modified Si substrate. Peak
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Figure 4.8Detailed XPS spectra for C (1s) peaks on (a) APTES modified Si substrate and (b)
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Figure 4.9Detailed XPS spectra for C (1s) peaks for (a) APTES modified Si substrate and (b)
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Figure 410: Thetwo fabrication sequences implemented for fabricating the -ORET
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Figure 4.1: Transfer characteristics of a GFET before and after functionalization of the
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Figure 4.2: Transfer characteristics of a device before and after APTES functionalization
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Figure 4.8B: Effect of immersion in (APTESBIluene) and (APTHSA) solutions on PDMS
chamber, (a) before (b) after immersion in (AP-TBBIene) solution, (c) before (d)taf
immersion in (APTHBA) solutionX X X X X X X X X X X X X X X X X X X X X X X X X X

Figure 4.4: Time dependence of the maximum source drain current for aFET device
due to shielding from ambient light. Here, the Fjgentacene layer is covered by black tape
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Figure 4.5: The percentage of change in the measured maximum source drain current
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Figure 4.%: Experimental results of pH sensing using-ONET device 1. (a) Percentage
change inddMax for three independent measurements over the full pH range. Here, the
transfer characteristics were measured 25 mins after introduction of the test pH solution.
(b) The average change indWlax for the three independent measurements (25min
measurement). (c) Percentage changesgvibx for two independent measurements over
the full pH range. Here, the transfer characteristics were measured immediately after
introduction of the test pH solution. (d) The average changesigvidx for the two

independent measurements (immediate measuremeBtyor bars are +SB X XXdX X &M 0

Figure 4.8: Experimental results of pH sensing using-ONET device 2. (a) Percentage
change inddMax for three independent measurements over the full pH range. Here, the
transfer characteristics were measured 25 mins after introduction of the test pH solution.
(b) The average change isdWlax for the three independent measurements (25min
measurement). (cPercentage change igdWlax for two independent measurements over
the full pH range. Here, the transfer characteristics were measured immediately after
introduction of the test pH solution. (d) The average changesilldx for the two

independent measumments (immediate measurementkrror bars are £SR X XX X @M o

Figure 4.9: Experimental results of pH sensing using-ONET device 3. (a) Percentage
change inddMax for three independent measurements over the full pH range. Here, the

transfer characteristics were measured 25 mins after introduction of the test pH solution.



(b) The average change isdWlax for the three independent measurements (25min
measurement)(c) Percentage change gyWax for two independent measurements over
the full pH range. Here, the transfer characteristics were measured immediately after
introduction of the test pH solution. (d) The average changesilldx for the two

independent measrements (immediate measuremengirror bars are SR X XX X X &M 0

Figure 420: Experimental results of pH sensing using-ONET device 4. (a) Percentage
change inddMax for three independent measurements over the full pH range. Here, the
transfer charactestics were measured 25 mins after introduction of the test pH solution.
(b) The average change isdMlax for the three independent measurements (25min
measurement). (c) Percentage changesgvix for two independent measurements over
the full pHrange. Here, the transfer characteristics were measured immediately after
introduction of the test pH solution. (d) The average changesdildx for the two

independent measurements (immediate measuremeBtyor bars are SR X XX X X ®M 0

Figure 4.4: Expemmental results of pH sensing using €WFET device 5. (a) Percentage
change inddMax for three independent measurements over the full pH range. Here, the
transfer characteristics were measured 25 mins after introduction of the test pH solution.
(b) The aerage change insiMax for the three independent measurements (25min
measurement). (c) Percentage changesigvibx for two independent measurements over
the full pH range. Here, the transfer characteristics were measured immediately after
introduction of te test pH solution. (d) The average changesiViax for the two

independent measurements (immediate measuremehtyor bars are +SB X X X X 40m

Figure 4.2: Experimental results of pH sensing using-ONET device 6. (a) Percentage
change inddMax for three independent measurements over the full pH range. Here, the
transfer characteristics were measured 25 mins after introduction of the test pH solution.
(b) The average change isdWlax for the three independent measurements (25min
measurement). (clPercentage change isgdMax for two independent measurements over
the full pH range. Here, the transfer characteristics were measured immediately after
introduction of the test pH solution. (d) The average changesilldx for the two

independent measuremnts (immediate measurementgrror bars are +SR XX X X X4® m

Figure 4.3: Experimental results of pH sensing using-ONET device 7. (a) Percentage

change inddMax for three independent measurements over the full pH range. Here, the



transfer characteristics were measured 25 mins after introduction of the test pH solution.
(b) The average change isdWlax for the three independent measurements (25min
measurement)(c) Percentage change gpgWlax for two independent measurements over
the full pH range. Here, the transfer characteristics were measured immediately after
introduction of the test pH solution. (d) The average changesivldx for the two

independent measgrements (immediate measuremengrror bars are +SR.X X X X X2b m

Figure 4.2: Experimental results of pH sensing using-ONET device 8. (a) Percentage
change inddMax for three independent measurements over the full pH range. Here, the
transfercharacteristics were measured 25 mins after introduction of the test pH solution.
(b) The average change isdWlax for the three independent measurements (25min
measurement). (c) Percentage changesigvibx for two independent measurements over
the full pHrange. Here, the transfer characteristics were measured immediately after
introduction of the test pH solution. (d) The average changesildx for the two

independent measurements (immediate measuremehtyor bars are +SB X X X X 43m
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Figure 4.2: Normalized real time source dragurrent as a function of solution pH for GM
OFET device The data has been smoothed using a 200s averaging period. Here, air was
injected into the PDMS chamber prior to the injection of each buKeX X X X X X X X7 ® X »
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Figure 4.®: Normalized real timsource drain current as a function of solution pH for-CM
OFET device Jhe data has been smoothed using a 200s averaging period. Here, air was

injected into the PDMS chamber prior to the injection of each buKeX X X X X X X X8® @ X

Figure 430: Normalized ral time source drain current as a function of solution pH for CM

OFET device Zhe data has been smoothed using a 200s averaging period. Here, air was



injected into the PDMS chamber prior to the injection of each buKeX X X X X X X X8® ®d X m n
Figure 4.3: Normalized real time source drain current as a function of solution pH fer CM

OFET device Bhe data has been smoothed using a 200s averaging p&riEd{ X X X @ X m n

Figure 4.2: Normalized real time source drain current as a function of solution pH fer CM

OFET device @he data has been smoothed using a 200s averaging p&riEd{ X X X @ X m n

Figure 4.3: Normalized real time source drain current as a function of solution pH fer CM
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harmonics (n=2 and 3) produced by crystal oscillationf30JX X X X X X X X X X . X6& X X X X ®

Figure 5.71llustration of the difference in frequency and dissipation response in a-QCM

system for rigid and soft flms [BBL. X X X X X X X X X X X X X X X X X X X X. X6 X X X X X X X
Figure 58QCM5 n ¥ Yy R 5 @a (i ANogertoNeta thé2layer Sy laged NJ 6§ KS o
adsorption on the Sigxoated crystal for sensor K X X X X X X X X X X X X X X XX X X X X dDm C
Figure 59.0CM5 n ¥ YR 5 @a (i ANogertoNeta thé2layer Sy laged NJ 6§ KS o
adsorption on he SiQcoated crystal for a nebiotinylated surface (sensor 3. X X X XOwm

Figure 5.100CM5 n ¥ @a A Y S "Nusriohd2oyhi [Gyerdb dNdr adsdsption

on the 4 crystal sSenSOrE. X X X X X X X X X X X X X X X X X X X X X X X X XA X X X X X X X X X
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Figure 5.16:The average measureggWlax for CM-OFET device 2 for (a) The three
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Figure 5.17:The average measureggWlax for CMOFET device 3 for (a) The three
measured transfer characteristics with SPB pH8 solution on the biotinylated sensing surface
and (b) The three measured transfer characteristiith SPB pH8 solution on the avidin
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Figure 5.18:The average measure@dgVlax for CMOFET device 4 for (a) The three
measured transfer characteristics with SPB pH8 solution ohititeylated sensing surface
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Figure 5.19:The average measuredgVlax for CMOFET device 5 fdja) The three
measured transfer characteristics with SPB pH8 solution on the biotinylated sensing surface
and (b) The three measured transfer characteristics with SPB pH8 solution on the avidin
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Figure 5.21:The average measureddWlax for CMOFET device 7 for (a) The single
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covered sensing surfacérror bars are SR X X X X X X X X X XXX X X XE X M T

Figure 5.22:The average measuredgWlax for CMOFET device 8 for (a) Tlsengle
measured transfer characteristics with SPB pH8 solution on the biotinylated sensing surface
and (b) The three measured transfer characteristics with SPB pH8 solution on the avidin

covered sensing surfacérror bars are SR X X X X X X X XXX X X X X XXX

Figure 5.23:The average measuredgWlax for CMOFET device 9 for (a) The single

measured transfer characteristics with SPB pH8 solution on the biotinylated sensing surface

and (b) The three measured transfer characteristics with SPB pH8 solutidre @vitlin
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Chapter 1: Introduction

1.1 Biosensors

From identifyingcontaminantsand toxinsto ensure food product safety, taetecting
biomarkersof diseaseand monitoring pollutants in the environmenttechnologies for
detection and quantification of chemical and biological molecules are tadaytegral part

of the modern world A broad range of technologies, generally knowmiasensorshave

been demonstrated to meet these analytical challenges, and the innovation of novel
biosensors with improved sensitivity, speed and applicability remaisignificant research
activity. For example, in 2018 alone, a total of 1,570 articles were published containing the
word biosensor in the title (data from Google scholar).

¢KS GSNXY GoA2aSyazNE Aa 0SSt ASISR2, bovever] @S
it is widely accepted that the first biosensor can be traced back to 1962 to the work of
Leyland C. Clark, the inventor of Clark Oxygen Elect@®@g His concept, which earned

him the title of the father of the biosensor, involved electroatieal reduction of oxygen

as a method of quantifying dissolved oxygen content. This approach laid the foundation for
one of the most commercially important biosensors; the electrochemical glucose biosensor
which provides an approach for the diagnosis anahagement of diabetes through the
detectionand quantificationof glucose using glucose oxidase (GOx) enzyme immobilized
on an electrode3,5,7]. Today, biosensor technologies have becamaulti-billion dollars
market [B-10] and the development of novelitssensors continues to be a major research
activity that spans the scientific disciplines and impacts on a wide range of application areas
including clinical and medical diagnosis, food safety, environmembaitoring, precision

agricultural industrial nonitoring, homeland security and defenc&6,11-13].

Generally, biosensors are analytical devices that combine a biological or biologicaéd
recognition element with a physicochemical detector element commonly referred to as
G G NI y & R42GRNZEhe mle of the transducer is to convert a specific interaction

between the recognition element and a target analyte into a measurable signal that can be



quantified to provide a measure of analyte concentration5[32]. Specificity to the

required analye is provided by the biological recognition element.

Although multiple recognition elements and transducer mechanisms have been
demonstrated, the fundamentals of a biosensor remain the same and can be modelled by
a four components system as illustratedfigure 1.1. The first component of the generic
biosensor is the analyte. This is the target chemical or biological substance that is to be
detected and is often dissolved in a complex aqueous matrix. For example, in clinical
diagnostics the target analyis often a protein biomarker indicative of disease that needs

to be detected in a complex clinical sample, such as plasma or urine. The second
component is the bigecognition element which is able to interact with the target analyte
specifically and withigh affinity, in order to recognise the target analyte despite the
complex sample background. The third entity of the biosensor is the transducer which
translates the interaction between the bioanalyte and -péxognition into a quantifiable
response. Ta final part of the system is the instrumentation that processes the signal from
the transducer and presents it to the user in a ub@&ndly format. This unit often
comprises electronic circuitry, that may amplify, filter and perform computation in order
to quantify the detected signal, integrated with a display unit used to feed information back
to the user [6,9,1112].

! .

! Processing
Analyte  [7* Biorecognition element [* Transducer [T measurable

1

1
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Signal

Figure 1.1The generic biosensor model

It is widely accepted that the term biosensor refers to the integrated ensemble of the bio
recognition element and transducer, however due to #esential role of the processing

unit, some consider the biosensor as a thvedement system [4,8]

A range of bieecognition elements have been implemented in biosensors, including
enzymes, nucleic acids (RNA and DNA), antibodies and antibody mimetigsnsnliving
cells or tissues. The choice of Erognition element depends, to a large degree, on the

targeted analyte. For example, biecognition elements based on oligonucleotides are



best suited for the detection of DNA and RNA biomarkers white galectivity and
specificity of antibodies are ideally suited to the detection of protein biomarkers [12,15
16]. Similarly, a wide range of transduction elements have been demonstrated each
sensitive to a different physiochemical change that occur foligvihe specific interaction
between the target analyte and its associated -bégognition element. These include
transducers sensitive to a change in electric current/potential, conductance, refractive
index, mass, viscosity or temperature [$3.1,14]. Tie choice of transducer is often based

on the physiochemical parameter(s) that change as a result of the interaction between the

targeted analyte and the bicecognition element.

A key consideration for biosensor engineering is the method of integratiegbib-
NEO23aAyAluAzy StSYSyd gA0K GKS (NYyaRdzOSNE
The process of immobilization is critical to ensure the functionality of thedognition
element is preserved following integration and that the transdu@nains sensitive to
interactions between the analyte and biecognition element [55,17-18]. The most
common immobilization methods are physical adsorption [19], covalent binding [20],

matrix entrapment [21], crosBnking [22] and encapsulation [23].

The analytical performance of a biosensor is typically quantified through a number of
attributes or figures of merit. For example, biosensor linearity quantifies the accuracy with
which the measured response shifts proportionally, i.e. linearly, with a@alyt
concentration. [1724]. Perhaps the most important figure of merit is biosensor sensitivity,
also known as the limit of detection (LOD), which quantifies the minimum concentration of
target analyte that can be detected with statistical confidence-28% In addition to
technical attributes, a biosensor should ideally also meet a number of more performance
related requirements. For example, repeatability or reproducibility is a measure of the
ability of a biosensor to yield identical responses in dupdiGasays i.e. provide the same
measure of analyte concentration when challenged with identical samples [24].
Repeatability is a basic requirement for biosensors whether the sample investigated is
simple (i.e. contains only the target analyte) or the targealyte is dissolved in a complex
sample matrix. In complex sample matrices where the target analyte is present within a
background of other molecular species, it is crucial that the sensor only interacts with the

analyte of interest. This ability to detea specific analyte within a complex sample matrix



iIs known as specificity [1Z4]. High specificity is a major challenge to biosensors,
particularly those used in clinical applications where a clinical sample (such as serum) is a
highly complex mixtureof biological molecules. Here, complete specificity is often
unachievable as the transducer is often also sensitive to interference anepemific
interactions from other substances in the sample matrix, complicating the biosensor
response. Typically, @mpromise is often sought, where interference and rspecific
interactions are minimized and sensitivity to the targeted analyte in the sample is
maximized; this is known as selectivity [LE2Z=129]. It should be noted that this distinction
between theselectivity and specificity is not always considered and the two terms are more
often used interchangeably. For biosensor commercialisation, a range of other attributes
need also to be considered, which often relate to the specific application, including

response time, size, durability, amenability for mass manufacturing and3;6<4,30.
1.1.1 Exemplar Biosensors: ELISA and-B&fedbiosensors

Two of the mostommercialsuccessful stories of biosensor thatedeen applied widely
to detectnumerousbiomoleculesarethe enzymelinked immunosorbent assay (ELISA) and

biosensors based oudgace plasmon resonance (SPR) technalogy
1.1.1.1Enzymelinked immunosorbent assay

In the simplest formatof ELISAan antigen is detectedsing itsassociatedantibody which

is linked to a reporter molecujeypicallyan enzyme hence the name ELI8rt iscapable

of producing a colorimetric respons@ypical ELISA assays are performed in microwell
plates and the basic process compsd®o phases;He capture phase wherethe target
antigenis capturedand immobilized to the platefollowed bythe detection phasevhere

the capturedantigenislabelled via a specific antibody to enable detection (see figure 1.2)
The capture phase can either be directindirect @lso referredtoas @ & I y Rasgap K ¢
In direct capturing, the target antigen is directly immobilized to the assay.dlatontrast,
indirect capturingemploys an antibody specific to the target antigbat is first coated to
the surfa@ of the microwell plate Subsequent binding of the target antigéo the
immobilised antibody allows the antigea be tethered to the surface. Once immobilised,
detection and quantification of the target analyte is achieved using an enigbedied,
analte-specific antibody. Againhé detection phase can be direct or indirebt direct

detection the captured antigen is complexed with antibody that is linked to an enzyme,



while in indirect detection the captured antigen is first complexed with anomjugated
antibody (referred to as primary detection antibodyyhich subsequenthbinds to a
secondary detection antibody that is conjugated with an enzyfer both detection
methods, once the enzyme&onjugated antibody is bound and the unbound antitesdare
washed away, a substrate for the enzymadsled and catalysis by the enzyme leads to a
change in colour either chromogenically or by means of chemifluorescence or

chemiluminescencendicating the presence of the antigen [32].
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Figure 1.2:The four different combinations of antigen captusind detectionused commonly in
ELISA.

The most widely used ELISA methodologiydsectcapture with indirect detection. This is
because antigedetection is effectively performed twice to increase sfietty; firstusing

a preimmobilized capture antibodynd second with the primary detection antibody.
Furthermore, in indirect detection, th@rimary detection antibody can bindnultiple
secondary detection antibodies\seachsecondary antibody is conjated with areporter
enzyme, the final signal when the substrate is added is amplifléd.signal can be further
amplifiedby conjugating the primary antibody with multiple reporter enzymes, for example
using the multivalentbiotingavidin interaction(the biotin ¢ avidin interaction will be

discussed further in chapten $31,3334].
1.1.1.2Surface plasmon resonance based biosensors

ELISAelongs to a class of biosensor known as labelled biosensors. Thesadnos rely

on the addition of a label, typically fluorescent dyes, radioactive isotopes or +actose



labels (conjugated enzymes), to quantify detection [11,35]. Although generally considered
robust, labelbased biosensors have fundamental shortcomifigee labelling process itself
can impede the antibodgntigen interaction, for example through changes in molecular
conformation, a reduction in the bioactivity and mobility of labelled molecules, blocking of
active binding sites and an increase in stéradrance. The labelling process is also costly
and can take a considerable amount of time, making-tiea¢ measurement impractical
[36-39]. Labelfree biosensors on the other hand essentially eliminate complexity, time,
and cost associated with labeljiechniques. Labdtee biosensors detection requires the
use of a transducer that is sensitive ¢dbangesn physicochemical properties that occur
inherently following biochemical binding[9,36-38,40]. For example, surface plasmon
resonance (SPR) detetdsal changes in refractive index that occur following binding of an

analyte to a surfac@nmobilized bierecognition element.

SPR is an optical phenomenon that can occur when light is reflected from a conducting film
at the interface between two media hang different refractive indicedn SPRIight is
focused through a glass prism orsoconducting film covering a glass substraiisove a
critical angleof incidencetotal internal reflection occurandthe reflected lightis detected

on the reflection side of the prism Under total internal reflection conditiors, the
interactionof the incidentlight with the seaof free electronsin the conductingfilm creates

a plasmonicowvave on the metal surface(surfaceplasmons) The evanescentlectricalfield

of this plasmoniovaveextendshundredsof nanometersinto the mediumadjacentto gold
suface.Ata certain anglef incidencgknown as resonance angle), the plasmons resonate
with the incidentlight, resulting in absorption of light at that angle. This creates a dark
regionin the reflected beamA change in the refractive index of the meuh above the
surface of the metal film, for example due to analyte binding to the surface, results in a
shift in the critical angle which can be detected and quantifieptovide a labefree

measure of analyte binding [444].

The SPR sensor, often gdass substrate coated witlthin metallic film, is typically
functionalized withthe bio-recognition element Ths sensoris integrated intoan optical
detectionsystem, commonly usinfe kretschmanrconfiguration (see figure 1.3awhere
the sensor ismounted on top of a prism.Here, binding between the bipecognition

element and its associated analyte will result in a local change in refractive index which



leads, in turn, to a shift in the resonamanglg41-42,4547]. The local changm refractive
index and consequently the resonance angular shift is observed by the shift in the
characteristic reflectivity curveneasuredat the light detector (see figure 1.3b)lhe
magnitude ofthe angular shiftprovides information regarding the surface concentration

of analyte, while monitoring the reflectivity cunas a function of timeluring the course

of the interactionprovides information regardinghe kinetics ofa biomolecular binding

event, as shown deematically in figure 1.3c.
1.1.1.2.1Labelfree biosensors for reatime measurements of biomolecular interactions

The change in SPieflectivity canbe plotted as a function of timecan to produce a
sensorgranthat provides information regarding the kinetioga biomolecular interaction
and allows the different stages of a binding event to be visualized and evalJatgdical
sensorgam is displayed in figure 1 comprises of an association phase, equilin

phase, dissociation phase and finally a regeneration phase.
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Figure 1.3(a) A setup of the SPR detection techniques using the Kretschmann configuration, (b)

the detected reflectivity responsand (c) how the angular ghis translated in aensorgrani48].



Theassociation phasehich occurs immediately after sample injection, is associated with
binding of molecules from solution to surface immobilised-t@oeptors After a certain
time, the rate ofbinding and dissociain are in equilibrium and a steady state is reached.
The magnitude of the biosensor response at steady state is dependent on the
concentration of analyte in solutio’Whenthe analyte injection is stopped, and an analyte
free buffer is injected to the syste, dissociation dominates the sensorgrdmading toa
decrease ibiosensoresponseWith sufficient time, the response will ideally return to the
initial condition however, dpending on the dissociation rate, a regeneration step maybe

necessary teemoveall bound analyte molecules
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Figure 1.4:Typical SPRensa@gram showing the four phases: association phase, steady state or

equilibrium phase, dissociation phase, and regeneration phége [

The sensorgram can give a detailed pictureaddiomolecular interaction and valuable
information can be extracted from it, including the associatonl dissociation rates and
binding affinity. The simplest and one of the most widely udadetic bindingmodel to
describe molecular interactions is the -salled Langmuir model (also termed 1:1
interaction model or 1:1 Langmuir modeThis model was developed by Irving Langmuir in
1916to describe the adsotimon of gas onto a solid surfacé], 5651]. Thismodeldescribes
areversiblebiomolecularinteraction between a analyte, A, at a concentration of][and

an immobilized ligand_, at a concentratiori]:
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In equation(1.1) ka andkq are theassociation and dissociation rate constants, respectively
[A] is the concentration of analytél ]is the concentration of immobilized ligand ajAlL]
is the concentration of theanalyteligand complex.This model assumesat all binding
sites areequivalent thatbinding events are independene. one ligand molecule interacts

with one analyte molecule with no lateral interaction between the adsorbed analyte

molecules, and only a monolayer is formed at maximum adsorp&2+58].

Combining the dyamic equilibrium equation with the sensorgram respons®@vide

estimates of both association and dissociation rate constantsufll k). This is usually

done from the net rate equation of the complex formation which is expressed as:
Qo8&

a5 Q80 80 Q 808 g

In a labelfree biosensor, such as one based on $®RresponseR is proportional to the
concentrationof the analyteligandcomplex [A.L]. The relationship of equation (1).2an

then be rewritten as:

Q—Y Q&H'Y Y Q8 p®
Qo
Where R is théabelree biosensoresponse at time t which is proportional fA.L], Rnaxis
the maximumresponseand C is the concentration of the analyite solution,[A]. Here,[L]
is expressed as (B¢ R) because at any time the concentration of free ligand equals the
concentration ofmaximum analyte binding capacifignay) minus the concentration of the

complex formed R41, 5354].

Solving this equation at the associationdadissociation phases of the sensorgram give
values ofthe association and dissociation rate constgrits and k. FFom these rate
constants it is then possible to calculate tleguilibrium association and dissociation

constants Ka and ko respectivelywhich are defined as:

, 2. T«
R o) )



These two equilibrium constants are the characteristiof the affinity between two

biomolecules i.ethe strength of theinteraction More detail will be provided inhapter 5

This approach to quariyiing biomolecular interactions mommonly referred to as kinetic
analysiswhere the kinetics of the interaction can be measured. For tintependent
measurements, such as those performed in ELISA, an alternative approach known as
equilibrium analysisan be implemented In equilibrium analysjsa Langmuir binding
isotherm can be generated lajpallenging the biosensor with a series of solution of differing
analyte concentration and plotting the correspondieguilibrium responsgor steady

state responses in figure 1.4againstanalyte concentrationas shown in figure 1.5
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Figure 1.5(a) An example of SPR sensorgraypserated by challenging surface functionalized
with a specific biaecognition element with a range of solutions of differantplyte concentrations,

(b) SPR response at equilibrium from all sensorgrams fappidtted against analyte concentration
[53].

At equilibrium, the né rate of the complex formabn, dR/dt = 0. Equation (1.3) thus

becomes:
T Q&8Y Y Q8 p8
By earranging this equation andkefiningthe responseR, as the equilibrium responsBeq

(i.,e. R =Rg), a new equation can be formed to estimate tleguilibrium dissociation

constant,Kp, between the analyte and the ligara$ follows:
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It can be seen that in this equation when the concentration of the analyte is ¢g#al(C
= o), then Re¢/Rmax = ¥%2. erefore, the Kp value can be easily estimatécbm a plot of
equilibrium response against analyte concentratid®y vs C), as the concentration that

yieldshalf the maximum response.

1.1.2 Next generatiorbiosensors

The labelfree nature of SPR provides significant advantages to traditional labelled
approaches such as ELISA. These include a reductalyomous sample processing steps
lower reagent costs and reduced sample volumk®reover, the abilityto monitor
biomolecular interactions in real time allows thetermination of binding kinetics and not

just binding affinity as in ELISBespite these advantage$SPR equipment is significantly
more costly than the equipment required for ELISAr examp, commercial SPR
instruments such as Biacore models costs hundreds of thousands of dollars, moreover, they
require consumable sensor chips whedrchcost tens of dollarsELISA and SPR also require
trained personnel to perform the assay. There is thgmificant interest in alternative,
labelfree biosensor technologies that reduce the complexity and cost of existing,

commercial biosensors.

Many new technologies are being explored and exploited for the development of each
component of the biosensing ggsn, from the bierecognition element and associated
transducer to the processing part with the aim of identifying innovative solutions to current
limitations in the field of biosensing. However, despite significant research effort into
innovative labefree biosensors, it is striking that so few have penetrated the commercial
market. Much of this can be explained by the challenges associated with manufacturing

biosensors in a cogffective way. [8,567].

Printing technology and microfluidics among othere at the forefront of technologies
that are shaping and advancing the modern biosensor field and that have the potential to
reduce manufacturing costs [8,58]. Printing technology enables mass production and
microfluidics integration allows the use aw sample and reagent volumes and lower
power consumption offering significant cost reduction [4,12]. One of the devices that can

be made using printing technologies and can be integrated with microfluidic technologies



Is organic electronic devices (OEO%$)e next section provides a general overview of OEDs
before proceeding to discuss a specific family of OEDs, namely organic thin film transistors,

and their application in biosensing.

1.2 Organic Electronic Devices

Organic electronic device®©EDs)re electronic devices that have one or more of its
fundamental layers (semiconducting, conducting or insuggtimade of organic materials
[59]. Although aganic materials have been used in the electronic industry forymasars
either as an insulator or a sadcifal layer, e.g. photoresisé(-61], the discoverof organic
materialsthat exhibitelectricalconductvity, transformed the role of organic materials in
the fabrication of electronic deviceRarlyorganic eletronic (OE) materialexhibited very
low electrical conductivity and, as a result, mwftthe earlywork into OEDswvas limited

to academt research Since then, improvements ithe electronic properties ofOE
materials have led to the demonstration of ma@gDsfrom bothindustry and academia
alike [6X62]. While the performance of OEDs remained below that of more traditional,
inorganic electronics (largely dominated by silicon), industrial interest insOk#s
motivated by the possibility of manufacturing devices at significantly lower costs, as

explained schematically in figure 1.6.
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Figure 1.6cost vs performance comparisongiicon-baseddevices and OEDs [b1



Currently OEDs have foundidespread use in the low resolution, low speed, mass
production electronics market such & smart cards and labels, flat, flexible and large

displays, logic for radirequency identificion (RFID) tags and sensors [6165}.

Froma solid-state pergpective, organic semiconducto(®©SCsare very different to their
inorganic counterpartsthis is because they are forméwmm organic molecules which are
bound together byrelativelyweak van der Waals interactisnin contrast to the covalent
bonding béween atoms observed in inorganic semiconductors. Consequehgyband
structure andcharge transport mechanissnarefundamentally different Specificallythe
weak intermolecular electronic coupling in O8jcally results in movement atharge
carriersviaan inefficient procesg hopgingdbetween moleculesThis leads to a reduction
in the electronand hole mobilitycompared to thatbserved in inorganic semiconductors,
where the periodic structurassociated witlcovalent bonding resudtin an energy band
where charge carriersan diffusefreely with limited scattering, hence feature relatively

high mobility B0,6668].

From themanufacturingand commerciaberspective, organic semiconductors offer some
very appealing advantages over inorganic semiconductors. Unlike inorganic
semiconductorswhich are highly crystalline and require extremely high purity and rigorous
processing under highlgontrolledconditions, organic semiconductors are generally much
less expensive, and their synthesis involve inexpensive reactants and reaction conditions.
Manufacturing of electronic evices based on inorganic semiconductor requireghthi
temperature, highvacuum deposition, and costly patterning procedurds contrast,
processing temperatures for organic semiconductors are tylyittal/ (generally less < 100

°C) enabing the fabrication of electronic devices giastic and flexible dastrates.
Moreover, many organic semiconductors are soluble in common solvents which allows
processinglirectly from solutionusing low costechnologiessuch agoll-to-roll and inkjet
printing. Thisallows the production of OE[@s large scale andat afraction of the costlt

is worth noting thatfabrication processes for inorganic semicondudbased devices are
standardize which is of great importance from the manufacturing point of viéw least

for now, such standardization has not been appliedorganic semiconductebased
devices Finally, advances in synthetic chemistry make it possible to tailor the electronic

and optical properties obrganic semiconductorsuch that they can be engineered for a



specific application69-70]. Table 1.1summaizes some of the main differences between

organic and inorganic semiconductors.

Table 1.1The main differences between organic and inorganic semiconductors.

Organic semiconductors | Inorganic semiconductors
Bonding van der Waals interaction | covalent
between molecules
Charge transport Hopping transport Band transport
Charge carrier mobility low high
Mechanically Flexible Inflexible
Fabrication and processin{ Simple and cheap Complicated and expensiv
(but standardize)

The mainactive OEDs that lwa seen significant investigaticeind investmentare. 1)
Organic LighEmitting Diodes (OLEDs) which are now sufficieadlyanced that they are
widely used in the electronicmarket. 2) OrganicPhotovoltaic DeviceqOPVs), which,
despte having efficiencies lower than their inorganic counterpart, are constantly
improving, and with the advantage of low cost materials and processes the balance

of efficiency and cost may shift towards OPVs emgcfor large solar panels [66,]/ B)
Organic ThifFilm Transistors (OTFWg)ich exhibitperformances competing with that of
transistors based oamorphous silicon (&i:H), makinghem a competitive replacement

in liquid crystal displays and similar applications [6],66

Another application for lowcost OTFTs that hascently gained attention is the use of
OTFTs in chemical and biological sensing applicatidess the relatively low charge
carrier mobility associated with organic semiconductors is not critsaletection can take

place over ten®r even hundreds of seconds [[Before discussing the merits of OTFT
based sensors, it is worth appreciating the interesting conduction mechanisms of organic
materials which make their conductivity distinct from the conventionabrganic

counterpart.
1.3 Gonductivity in organicmaterials

The bulk conductivity odrganic materials arises from two charge transport mechanisms;
intra-chainwhere charge transporbccurswithin a singleanolecule orchain andnter-chain

which describes chargeansport between moleculesr chains.



1.3.1 Intramolecular charge transport

Intra-molecular charge transport originates from the ability oérbon atoms, the
fundamentalbuilding block of organic molecule® form hybrid orbitalsOn the atomic
level, carborhas six electronswo core electrons and four valence electromsthe ground
state, the electrons in a carbon atoane distributed over its atomic orbitals in a?22s°2p?

configuration asn table 1.2

Table1.29f SOUNRBYa RAAGNAROdzAAZ2Y 2y OFNDB2yQa | (12Y]

Orbital 1s 2s 2p, 2p, 2p,

No. of electrons | 2 2 1 1

Without hybridization, the structure of a carbon molecule, such as methang,(@buld

be defined by the geometric orientation of the atonocbitals. However, mixing of the
atomic orbitalsof carbon can occur in order tmrm energetically favourable molecular
orbitals which differ in energy and orientation from the atomic orbitals. This process is
known as orbitahybridization or simply hybdization. In carbon moleculesn electron

from the 2scarbonorbital can bepromoted to the 2p orbitals €eefigure 1.7 to yield four
orbitals each occupied by a single electron. In order to minimise energy, the resulting singly
occupied sorbital mixes with one (or more) of the-prbitals to create a new hybrid orbital
known as sporbital. Three hybridization possibilities cancurdepending on the number

of p-orbitals contributing in the hybridation, namely sp, spor sp [73-75].

In sp’ hybridization,the sorbital mixes with each of the three-grbitals to createfour
singly occupiedp-orbitals. The angle betweesp*-orbitals is 109.8 which results in the
tetrahedral crystal structure of crystal. Aaxample of a molecule containingsp®
hybridizationis ethaneGHs (seefigure 1.8) Here, both carbon atoms are Spybridized.
Three sp-orbitals from each atom form-bonds (direct orbital overlap) with the-arbital
of three H atoms. The remainirsp-orbitals overlap headbn to createl -bondbetween

the C atoms which lies along tipdane of themolecule.

sp? hybridizationarises from a combination of oneosbital and two porbitals. This results

in three sp-orbitals that lie in the same plane, separated by é us one norhybridized



p-orbital perpendiculato the sp?-orbitals. Graphite is a notable example of a carbon crystal
formed from sp-orbitals. Here, the carbon atoms are arranged in single layers, bound
together by -bonds from overlappingsp?-orbitals with the remaining porbitals forming
“-bonds(partial orbital overdp).A similar structure is also observed in simple molecules,
such as ethene, shown in figure 1/% a result of the reduced orbital overlap compared to

02yR YR GKS NBftFdA@Ste I NABS alLldmsl t RAAGHY
results in a double bond between the two carbon atoms. e SOGNRY Ay GKS -~ 062y
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entire molecule giving rise to irdfmolecular charge transport [735].
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Figure 1.7Types of the orbitals hybridization in the carbon atom [75].
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1.3.1.1 Band gap,anjugation and semconducting behaviour

According to molecular orbital (MO) theonywhen two atoms are bound together, their
atomic orbitals with similar energy will split creating two molecular orbitals; one that is
lower in energy than the initial atomic orbital (callednding orbital) and one with a higher
energy than the initial atomic orbital (called abtdbnding orbital).The differencen energy
between the bonding and anrbonding orbitalsreflects the energy of the original atomic
orbitals prior to the splittingand the nature of the bond. For example, ttieect overlapof
atomic orbitalshat occurs inthé 6 2will Rsult ingreater energysplitting between the
02y R oyRY R Y&i'AF 0 <plitiMg BetMdsriRthetsnd and anti -bond
0 -~ FThe @ew molecular orbitals are populated with electrons according to their energy
fromlowto high2 6 S@8Ay3 | dzyRQa NXzZ S | yR tl dzf A SEOf dza A 2
orbital to be occupied with electrons is referred to laghest occupied molecular orbital
or HOMQ whilethe first unoccupied molecular orbital is referred to as lowest unoccupied
molecular orbita] or LUMO. Thedistinct HOMO and LUMQrbitals are also called
frontier orbitalsand theydetermine theoptical and electrical propertiesf a moleule. As
the energy difference between the bonding and antibonding molecular orbitals is smaller
F2NI-UKSOFasS GKEFfgrYZ 8 BOAzZK S & G Kel (Y 20 25/QidrthéyNI "2 ND A G | f
HOMO and LUMO levelsll beof " -~ fporbitals.

The energy diffeence betweerthe HOMO and LUM®@ analogous to the forbidden energy

gap, or band gap, observed in the energy band structure of solidg9[73n organic

molecules, the size of thband3 I L] RSLISYRa 2y (KS REfe@al f Aal GA2Y
delocalization isobserved in large organic molecules containaiternating single and

multiple (double or triple) bonds between carbon atoms. in molecules in which the

bonding alternates beteen™ | YR ¢ . Irbthese mblacylédthe overlap of p

orbitalsf S+ Ra (2 G K Scorffugatelsisterhs@hjch exténd over the whole

moleculeleading to electrordelocaliation along the backbone of the molecylé3-75,78

79]. This alternationin bondingis referred to as conjugation and molecules that have this

structure are referred to as conjugated moleculds illustrated in figure 1.11as the

O2yedzaAl GAz2zy 2F | Y2i{S0dzZ S AYyONBled S@ithe 6 KS -~ St ¢

band gapdeaeasedeading to a semiconducting behaviour of the conjugated molecule.



Since the gap between occupied) (and empty [ p orbitals in delocalized -systems
become smaller with increasing delocalization, it implies thanolecules with extended
delocaliation (e.qg. infinitely longonjugatedpolymer), the band gap could be diminished
leading to an organic conductddowever,the completeelimination of bandgap in a ore
RA Y Sy &-aygtefri-ahd tHus, the development of organic conductors, is inhibited by the
socalled SA S NI & Qrhistkugtura? disiortich Yfappens spontaneously to reduce the
energy of the systemand leads talternating pairs of carbon atoms to move closeeszh
other breaking the symmetry of the bond length in the alternating carbon bo&as2].

This bond dimerization opens up a small degtween fully occupied () and empty T j
orbitals. Organic conjugated moleculese thus classified a®rganic semicoductorsand
metallicbehaviourOl 'y 2yfé& 06S | OKASOSR Ay &2Meke, LI2f
doping of organic semiconductors refers doredoxprocess where electrons are either
removedfrom the full™ -orbitals (oxidation) or added to the empty porbitals (reduction)

using an oxidizing or reducing age80[83.

Ethylene Butadiene Octatetraene Polyacetylene

nﬂ(
LUMO
E t LUMO LUMO
]
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— 43—
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Figure 1.11Schematic of energlevel in alkenes with increasing conjugation length, highlighting
the energy gajpetweenHOMO to LUMO. The bandgap of polyacetylene depends on the number

of monomers n in the polymer. Arrows represent spaired electrong84].

1.32 Inter-molecular charge transporin organic semiconductor films

In OEDs, the organic semiconductor (OSC) materials are typically deposited as molecula

films. This OSC films are typically discorded Ixpghtially and energeticallyCritically,



localized sttes can begeneratedwithin the band gapat the grain boundaries between
molecules,which act totrap the delocalized,mobile charge carrierstor a charge to
transport from one molecule to anothett is thus necessary to excite charge carriers from

the trap states typically through a thermally activated process knowmroaping [8590].

Many models have been proposed to describe theroscopic motion of charge carriers in
organic semiconductor matelli® Since the microstructure of the organic matephklys a
significant role irchargehopping transport modelswill varydepending on the degree of
disorder in the OSC film. In higldgdered,molecular single crystals, charge transport can
be considerd to occur through a bantlke transport mechanism. On the other hand, for
amorphousfilms, the variable range hopping (VRH) model is the widely used to describe
charge transportCther modelssuchas Na af SNQa DIl dzaaAly RA&A2NRSNI o.
percohktion (PER) moddiavealso been proposed for amorphous and Higdisordered

semiconductors [9]L

Polycrystalline organic semiconductorsuch astie OSC chosen for this PhD reseatieh
betweenthese two extremes (i.e. single crystal and amorphduass)i Gharge transport in
these materialsswidely considered to be properly described by the multiple trapping and
release (MTR) modeThis model considetsvo conducting mediums; crystalline ordered
grains which are separated from each other by disoedeamorphous grain boundaries.
Inside the grainscarriers are delocalized whikg the grain boundariescarriers become
trapped in localized states and they require thermal assistance to transpaahbther
delocalized region [89,923]. The main assuption of the MTR models that darge
carriers arriving agrain boundarare trapped instantaneouslyvith a probability close to
1. The elea® oftrapped carriers is controlled by a therma#gtivated processThekey
parameters that govern the chargensportthrough theseOSC films are thus the density
of trapstates and the energy levels of those trafiise effective mobilitypes, can be related
to the delocalized band mobility>o, by the following mobility ¢ temperature, T,

relationship

' ‘| Agb— (1.6)



% K S NB themobility at the band edgel¢localized mobility inside grgif is the ratio
between the effective density of states at the transport band edge and the density of traps,

and Eisthe energy othe trap state [94.

1.3.3Approachedo improve intermolecular charge transport

Due to the complex nature of intermolecular charge transport in OSC, a lot of effort has
been put into regulating and modifying the environment surrounding the OSC material to
enhanceintermolecular charge transport condition an extensive review on charge
transport in organic semiconductgrsCoropceanu et.al [95discussed 8 factors that
influence charge mobility namely molecular packing, disorder, temperature, eleetd¢ fi
impurities, pressure, chargearrier dendly and size/molecular weight [986]. In general,

the fundamental concept is to increase the organization ardangement of OSC
moleculesjn order to minimize the density dfaps generatedt grain boundaes between

the OSC molecules [B8]. Two key factorare normallyconsidered Firstly, controlling the
OSC chemical structure armmtocessing conditions during the material depositidfor
example, during synthesis, thmolecular weight, side chain chemistry and regioregularity
of the OSC can be controlled alongside regulation offilne thickness and deposition
method. In the case of materidepositedfrom solution, this includes csideration of the
solvent selection and subsequent thermal annealitegperature and deposition
environment [61. The purity of the OSC mater@nalsoimpact thecharge transportiue

to additional traps associated with impurities [97]99

The second mia factor is control over the surfagen which theOSC wilassembleIn the
OTFT contexfor example whatever the arrangement of the transistor (presented in
section 1.4)the OSC will always make two interfaces; one with source and drain contacts
and the second with the gate dielectric surface. The first interface determines charge
injectionto the OSQ@vhile the secad dictates charge transport [§JA common technique
used to improve molecular ordering of the OSC at the OSC/gate dielectric interthee is
use of seHassembled monolayers SAMs (silane SAMs in particular). Modifying the interface
with a SAM provides ainiform and controllable intermediate layer thapromotes
alignment ofthe OSC molecules by dictating the nucleation and growtth@fOSGilms

[61, 100101].



It is worth noting thathigh mobilityis of particular concern to those developimggh
performance devicesWhile high mobility is advantageous for sensor applications, the

stability of the OSC is of higher significance for sensdopeance.

1.4 OTFT Operation and fundamental Layers

A thin film transistor (TFT) consists of thin film fundamental layers deposited on a
supporting substrate. The organic TFT (O;TiF$)proposed by A. Tsnura, H. Koezuka and
T. Ando in 198& a speall case where the semiconductor layearsorganicfilm, although
since then OTFTs with both OSC and organic dielectric films aildoaganic base®TFTs
have also been reported [10209]. OTFTs are commonly field effect transis{¢i&Ts, and
their basic operation can be described the modulation of a conducting channel inside an
OSC layer assembled between two contaéisown as thesource S and drain D,
electrodesby an electricfield generated at ahird contact the gate electrode, G. It also
can be modelled asgarallel platecapacitor, where one plate is the gate electrode and the
other plate is the S/IOSC/D assembly, separated by the gate diel&@fri€ETs have been
demonstrated in various architectures, depeéng on the arrangement of the gate, source
and drain contacts with respect to the organierseonductor OSC layer [61,7J06he most
common device architectures are presented in figurd2l.Regardless of the OTFT
structure, three fundamental layeend the interfaces between these layadstermine the
OTFT performance; the active OSC layer, S/D contacts and gate dielectriSpepgsfically,
the interface between the OSC and gate dielectric strongly influeheefield effect
mobility, pret (or simplymobility, i) while the contact resistanceR., is regulated byhe

OSC layeand source and drain interface [61,106,110

OFETs normally operate in accumulation mode where charge accumulates in the OSC upon
application of an electric fielccreating aconducting channel between S andTypically

the source contact iBeld atgroundpotential and the accumulation channel is controlled

by thebias applied to thalrain and gate contact. With no gate voltage, the flow of charge
carriersbetween S and s dominated by the intrinsic conductivity of the OSC, which is
typically low in organiéilms due to the high densitgf trap states from grain boundaries

This is the OFF state of the transistdpon application of a voltage to the gadéectrode



a potential gradient iggeneratedin the capacitor structure and at a certain threshold
voltage when all the traps areccupied the transistor is turned ON. As the gate voltage
increases, charges inside the OSC with the opposite sign tgateevoltage wil be
attracted to the OSC/gate dielectric interface. By simultaneously applying a drain voltage
of the same sign to the gate, the accumulated charges at the OSC/gate dielectric interface

drift towards the drainéading to a net current flow [61,11114].

S D
S osC D OsC
_ _

(a) Bottom contact (b) Top contact
G G
[ comdmbemc |  mw mm
S OsC D OSC
(c) Top gate, Bottom contact (d) Top gate, Top contact

Figure 1.12Typical architectures of OTFTs (a) Bottom contact, (b) Top contact, (c) Tdpotfate

contact and (d) Top gat€op contactS: Source, D: Drain, G: Gate, and OSC: organic semiconductor.

The current voltage relationship between the sounmin current, 45 and the applied
voltages, namely the source drain voltagep\and gate voltage, d/is given by equation
1.7[111,11%

0O — 0 W — 1.7

WhereW is the transistor channel width, is the transistor channel length, p is the field
effect mobility, Vrris the threshold voltage an@ is the capacitance per unit area of the
gate insulator.

From the general equation (1.7)¢ OFET can be seen to operat two regimesWhen
Vsp<< VebVrH), the term— becomesnegligible and equation (1.7) is simplified to (1.8

where the current flowing through the OSC between the source and drain contagts, |

linearly related to the source drawoltage, \ép This is known as the linear regime.



O — 0 0 o (1.8
In the second regimé/sp > VebVry). Here,Vb becomes comparabléo Ve creating a

depletion regionnear the drain electrode (due to the absence of potential difference)

leading to saturation oksp In this regime equation (1.7) is approximated to 1.9
O — o0 o 1.9

Theseequations, particularly equation (1)@&re used estimate the mobility of the OSC and
the threshold Vry, of the OFET device, which are two importéedituresin describing the
characteristic behaviour of the OFET deviden used in sensing applicatiotise change

in lspcan be related t@whanges in thaensingegion,as will be explain itater chapters.

1.5 Organic thin film transistors for chemical anablbgical sensing

Chemical and biological sensors based on OTFTs can potentially benefit from the
distinguishngfeatures of organic semiconductor materigfsstly, the powerful transistor
based sensor which have inherent signal amplification can be made at loarabstn be
exploited to create commercially viableingle use sensors. iBg carbon based)SCsre
compatiblewith the integration of selective biological recognition elementsor example,
arecent review byFeron et.al[116] demonstrated the ability to cultureells on various
OSC layers iceltbased OTFT biosensoRurthermore, thesynthetic freelom of organic
chemistry can be exploited to modiySCsfor exampléby adding functional groups (in the
form of side chains) to the organic semiconductor backbforedirectly integratingbio-
recognition elementsin addition, theow temperatureprocessng conditionsused in the
fabrication of OTFTs is compatible with biological molecules, sudnasmes which
denature atthe high temperaturesassociated with processing trfaditional electronic
materials Finally, the rechanical flexibility of OSGnake them good candidasefor

fabricating implantabler wearablesensord117-123].
1.5.1 Types of OTFTs used for biosensing

The two main classes of OTFTs usethiosensing applications ameganicelectrochemical
transistors (OECT) amdganicfield effect transistors (OFETThese areshown in Figure

1.13. The main difference between teetwo devicesis that the OECT does not contain a



thin gate dielectric layebetween the gate electrode and OSC. Thus, unlike conventional
field effect devices, the BECT does nabperate by capacitive couplingnstead, OECS
employ conducting polymers (CP) as their active layer as opposed to OSCs in OFET device
which is in direct contact with the surrounding electrolyte. The most widely used CP is
poly(3,4ethylenedoxythiophene) doped with poly(styrene sulfonate) (PEDOT:PSS) which
is a ptype CP, where the negative charge of PSS is compensated by a hole in the PEDO
backbone Theoperation mechanismof the OECT is explainbg migration of ions between

the CPand agacent electrolyte causing electrochemical dopingfdigping that alters the
polymer conductivity [121,124125]. Specifically, a positive voltage applied to thate
electrode leadgo diffusion ofhydrated cations from the electrolyte into the CP channel
leading to dedoping and a reduction in source drain curre8ince the doping/deoping
processis reversible, the conducting channean be switched between different doping

levels bythe gate voltage and/oa sensing event in the sensfir26-127].

In the OFET biosensdhe behaviour is similar to the typical OFET, white insulating
layeracts as a dielectric spacer between the OSC and the gate electrode and the electric
field generated by a bias applied the gate electrode causes charge carriers to accumulate
at the OSClinsulator interfacépowever,as shown in figure 1.13 (aje active OSC layer

can beexposed to either liquids or gases containing analytes whictuémer modulate
chargeaccumulation in the 0S121,124125).

(a) (b)

Figure 1.13The schematic structure of a typical (a) organic field effect transistor (OFET) biosensor

and (b) organic electrochemical transistor (OECT) biosensor.



A morecommonly used ©H structurein sensing application the ion-sensitiveorganic

field effect transistors (ISOFET). In the ISOFET (see figutpthel OSC and electrolyte
solution are separated by a dielectric layer and the transistor resporsghl/dependent

on the sensitivity of thislielectric laye{72,121]. A change in charge concentratiohthe
electrolyte/dielectric layer interface, for example due to a sensing event occurring at the

interface, will result in modulation of the charge concentration in the OSC channel.

DI 4GS

9f SOG NR f
Insulator

h{/ 2 dzNJO

Figure 1.1: Schematic diagram of the iesensitive organic field effect transistors (ISOFET).

Another more ecently developed OFET structure is th&earolyte-gated organic field
effect transistor (EGOFET3displayed inifjure 1.5. The structureis very similarto the
OECBensor (figure 1.13 (blut employs an OSC as the active layer rather than a CP in the
OECTIn the EGOFE@ations/anions from the electrolytaccumulate athe gateelectrode

in respong to a small biawvoltage appliedo the gateelectrode.As a resultan electrical
double layers (EDL)s created at both the gate/electrolyte interface and at the
electrolyte/OSC interface. In this scenario, both double layers are fofroed a layer of
hydratedions and a layer oflectronic charge separated by (fély, leading toa very high
capacitance20122125,128129].

TheOECbiosensoris distinguished fronthe EGOFET in that the whole volume of D

layer participates in the conduction of éhtransistor channel compared to field effect
gatingin a thinOSC layer in the EDL of EGOFET, this yield a higher current in OECT compare
to EGOFETL20,125]. It must be noted thatit is notalwaysfirmly verified that only the

field effect mechanism domates channel modulation ithe EGOFET channel modulation



and it is possible that both field effect and electrochemical modulattam occur
simultaneously 122,125,130-131].
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Figure 1.15:Schematic diagram of the electrical double layers formed in the electrgiyted
organic field effect transistor (EGOFET).

In both the OECT and EGORR@& absence of the gate dielectric layer means they require
reduced operation voltagesiormally 1V oless Thisis a significant advantage when using
aqueous electrolytes as at these voltageslectrolysis/ hydrolysisare supressed

[120,125,130).

Apart from the ISOFETh all other configuration of OTFT biosensding, OSC is in direct
contact with theelectrolyte While this direct interaction increases the sensitivity of the
sensor, there are some undesirable consequences. Firstly, it limits the number of the OSCs
that can be usegespecially when aqueous solutimare used due to the instability sbme

OSCs in both air and water3d]. Moreover, in some cases the effect of the sensing activity

on the morphology of the active layer cannot be easily reverdésh apart from the OFET
transistor the other types stdgr from the presence of a large, macro gatectrode which
restricts the feasibility of miniaturization [32-133]. To overcome thse limitations, two

more architectures haveecently been investigatedthe dual gate OFET concept and
extended gateOFET.



1.5.1.1 The Dual Gate OFET (DGETbiosensor

In the DGOFET (figure 16), one gate electrode is used to bias the transistor and any
change of the potential on the second gate electrode (normally top) is then observed by a
change in the transistor characteristi®¥hen configured as hiosen®r, the second gate
electrode is rplaced by a layer of bicecognition elements attached to the second gate
dielectric Any change in this layer of biecognition elements, for example a change in
charge due to analyte binding, effectively lead to a changthénperformance of the

transistor.

Although the DEFET concept can provide a solution to some of the limitations that other
OTFT devices can encounter, careful consideration has to be given to the thickness of both
the OSC and the second dielectric layer as the physics of the aellivary depending on

their thicknesses. This actually depends on whether two independent spatially separated
conducting channels are formed in the OSC at each dielectric interface or @waoss
interference(mutual channel)is taking place [34-136]. Aso, it is challenging to deposit a

uniform dielectric layer on top of the OSC.

Top gate Receptor/Recognition Element
Top Dielectric Top Dielectric
OSsC OSsC

Source Drain Source Drain

Bottom gate Bottom gate

(@) (b)

Figure 1.8: schematic structure ofa) DGOFETand (b) the DGOFETonfigured as a bi@nhsor.

1.5.1.2 Extended Gat®©FET biosensor

Another attempt to overcome the challenges of the instabilitysomeOSCs in aqueous
solution is the extended gatbiosensor Here, the gate electrode extends beyond the
transistor region. In this way, the sensing areapatially separated from the transistor,

hence, the detection mechanism does not rely on the properties of the OSC. An



electrochemical change in the sensing area, for example due to binding of an analyte to
bio-recognition molecules immobilised in the sargarea, is coupletb the OFEThrough

the extended gate. This causes a shift in the threshold voltage of the trandisabcan be

used to quantify the specific analyf&33,137-139].

The extended gateoncepthas been used to make OHgidsensorfor pH sensingitrate

and immunoglobulin G (IgG) detectigh40-142]. While this approach overcomes the
instability of many OSCs in aqueous solutions, a mscate reference electrode was used
in order to bias thdransistor. This makes the microfabrication of extended gate biosensor
arrays challenging. Recently,gaoup from the Department of Electrical and Electronic
Engineering, University of Cagliari has taken the concept furthed, developedan
innovative degn that not only protect the OSC from the sensing activity, but also

operates without the need of an external macro reference electrode.

The concept called the Charge Modulated OFET (€MFET)employs two gates; an
extended gate and control gate as siown in figure 1.17. As above, the extended gate
extends beyond the transistor region in order to separate the OFET from solution. The
extended gate is functionalized at a specific region, known as the sensing region, with a
layer of bierecognition elemets. The control gates separated fronthe extendedfloating

gate by the dielectric layer of the transistor. This control gatdssisolated from solution

and can thus be used to bias the transistor by capacitive coupling, removing the need for a
reference electrode The conducting channel in the OSC is biased using the control gate
and the charge variation resulting from sensing activity occurring on a selected portion of
the extendedfloating gate modulates this conduction channdélhefirst demonstraion of

the concept waschievedusing an inorganic FET4[, but later the group developed the
organic version andemonstrated the concepfior sensingof localpH [144]. The concept

has since beeappliedfor the detection ofDNA hybridization [45], electrophysiological

monitoring of excitable cells #b] and as a pressure senso#[].

It is noteworthy, that even though there is no direct contact between the OSC and the
analyte ineither ofthe DGOFET and extended gate devidbs sensingnechanism results

in a shift in the threshold voltagevry, which according to equation @), changes
quadratiallywith the saturated currentlsp,socan stillprovide a pronounced effect on the

transistor behaviour.
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Figure 1.7: OFET with Extende@ate, Charge Modulated OFET (OFET).

Givenisolation of the OSC from solution, the lack of reference electrode and the possibility
of fabricating the device through a very simple, cost effective process, it was decided that
the CM-OFEWasthe mostattractive version of OFEJased biosensor to tak®rward for

further research in this thesis.

1.6 Summary and thesis outline

This chapter has providedgeneral overview bbiosensordor healthcare, environmental

and security applications and the nefmt innovative biosensing methods and technologies

to overcome some of the limitations in existing technologies, particularly cost and usability
limitations. Biosensors based on organic electronic device are emerging as a technology
with the potential to meet these technological needBhe main organiclectronic devices
being developedfor biosensing applications is the organic field effect transistors OFETs
While a number of OFHJased biosensor architectures have been demonstrated, the
recently developed charge modulated organic field effect transisSd+OFETshows

particular promise.

In chapter 2a thorough description for the fabrication process of two -CMET designs
based on Si/Sioand Al/AbOz as gate and gate dielectric layers respectivelprovided

accompanied with a discussion on thmaterial choice for the two designs.



In chapter 3, the experimental setup for device testing, experimental considerations and

methods for characterizatioof the CMOFET devices discussed.

Chapter 4 presentan investigation into th&i/SiQ CM-OFEbiosensorfor pH sensing. The
chapter includes discussion on the sensing mechanism including surface funciitbomliz
of the floating gate to improve sensitivigs well asurface analysis of the functionalized
sensingsurface. The chapter is concluded wetlectrical characterization of the fabricated

CM-OFET devices.

Chapter 5 looks at the use of the Si/Sli@ased CMOFET device for protein detectidmere
exploiting the weldefined avidinbiotin interaction The chapter presents results of a
quartz crysth microbalance with dissipatiostudy to verify the surface biotinylation
protocol for avidinbinding. Experimental resulend investigation of th€M-OFETor the
detection of avidin binding t@ biotinylated extendedgate are discussedand analysed
Finally, major shortcomings in the SI/SI@M-OFET devicare highlightedand a new
modified CMOFET device based on a new design with Alfds gate and gate dielectric

layers respectivelisintroduced.

Finally, chapte6 concludes withfinal remarks on the researgirogrammeand suggest

some future work to optimize the device performance.
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Chapter 2
Materials and fabrication of the CM -OFET

After introducing the concept of a sensor based on the@RET concept in chapter 1, this
chapter willintroduce the structure and fabrication of the GOFECT. The first part of the
chapter will discuss the material choice for each layer of the device, while the second part

will discuss the fabrication steps followed to build the-OHET device.

2.1 Substate, Gate electrode and Gate Dielectric

The main requirement for gate electrode selection is to be conductive to produce an
effective electric fieldto attract charge carriers to the transistor conducting channel
secondary to that, is the compatibility thithe layer in contact (i.e. gate dielectric). In a
bottom gate configuration, the morphology of the gate electrode surface also needs to be

considered as this impacts the quality of the subsequent layers [1].

As for the gate dielectric material, the neigements to be fulfilled are, first, the layer should

be free of pinholes to minimize (ideally completely prevent) leakage current. Secondly,
because of the low intrinsic conductivity/mobility of OSGgekatively high gate voltage
(compared to devices Ised on inorganic SG3 often required to gate the device
sufficiently, hence the gate dielectric has to have a high breakdown voltadgp Metal
oxides and organic materials are commonly used as gate dielectrics providing they fulfil the
abovementioned conditions. The choice typically depends on the application and the
device requirements. For example, in flexible displays when plastic substrates are used,

organic gate dielectric layer are preferable due to the thermal expansion matchisig [5

Two mateial systems were adopted for the substrate, gate electrode and gate dielectric
materials for the CMOFET. The first approach, based on Si$@terials, provides a
reliable, simple and inexpensive approach to device fabrication. The second approach

based on Al/AOs, requires relatively more complex fabrication processes but offers lower



power consumption and increases in what can be refermedd the effective sensitivity of
the CMOFET sensor (to be discusgse&ectiorn?.1.3.

2.1.1 Si/SiQapproach

The combination of Si/S§ds a conventional choice for bottomate architecture OFET
devices (as employed in the @BFET) that has been usexnt the fabrication of transistors

for decades. Because silicon technology is so well established, Si wafers with thermally
grown silicon dioxide are widely available in high quality which contributes to reproducible
device fabrication and performance-pj. Furthermore, the manufacture of OFETs on
Si/SiQ is very simple requiring only two stages of fabrication; contact formation and OSC

deposition.

In the Si/Si@architecture, the Si substrate plays a dual role; mechanical support for the
whole device and aonductive substrate that acts as the gate electrode. In order for the Si

to act as an efficient gate, it is typical to use a substrate that is degenerately doped such
that it acts like a metal [B]. The silicon dioxide layer produced by direct thermadiation

of Si wafers acts as the gate dielectric layer and provides effective electrical insulation
between the gate electrode and OSC layer with low leakage. The oxide surface is also

smooth providing a favourable base for the deposition of subsequgetsq7,9].

Although this approach is simple and reliable, SYS)BETs suffer from a fundamental
shortcoming associated with the large operating voltage required to operate the device.
This requirement for large operating voltages has two consequendess, 5 the high
power consumption which is normally perceived as a major disadvantage for any electronic
device. However, the fact that the sensing measurement is normally completed in a short
time, may make this problem less of an issue for the@METThe second consequence of

the large operating voltage is related to the sensing response of the device. Based on the
working principle of our device, the sensing activity results in an effective shift in the
threshold voltage, ¥+ This shift is translateinto a change in the souralrain current, ép

which is reflected in the currentoltage relationship curve. The ratio of the change in

sourceRNI Ay O#NNBY EKHLAKATEG Ay (K 8BBaK®as R @2 (I 3¢

referred to as the effectivd Sy a A ek @®.0& onL



The impact of a given sensing activity (i.e. threshold voltage shift) on the cwoéage
relationship curve of a measurement is not equal for two devices working in two operating
range/window. Providing the OSC layedishs YA f I NJ 0 A ®Sd F spauRedtA £ A |
change per Yunit will be different for different operating range/window. Th&turrent
change will be more rapid if the operating voltage range is lower. Figure 2.1 illustrate the
difference between te two cases, it shows that a 1V gate shift produces a more significant

Isochange if the operating voltage is lower.
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Figure 2.11llustrate the effect of 1V gate shift on the currentltage response for low and high
operating voltage range (simulated date for two devices with same mobility and electrode

dimensions but different gate dielectric layers).

The large operating voltageeeded to operate Si/SiQlevices stems from the relatively

low dielectric constant of SiQk = 3.9) and the need tmavethick layers in order to reduce

the density of pinholes. So in order to make a device that can operate at reduced operating
voltages,both the dielectric constant and thickness of the gate dielectric need to be

addressed.

According to equationsl(8) and (19) the source drain currenispis proportional to the

capacitance per unit area of the gate dielectric laygrnwGere:

Gr ojtr (2.1)



80 IS the free space permittivity, k is the dielectric constant and t is the dielectric layer

thickness.

Thus, a reduction in operating voltage while maintaining high sedraa current can be
practically achieved either by using gateldctric materials of high k or by reducing the
thickness of the gate dielectric layer or both. One should bear in mind when reducing the

gate dielectric thickness not to breach the condition of a pinhole free layé}.[1

2.1.2 Al/AkOs approach

In this approach, the Si/SiQvafer was used only as a substrate to provide mechanical
support and polished surface for GRFET fabrication. A thin layer of Al deposited on top
of a Si/Si@wafer acted as the gate electrode. The Al electrode was subsequ=rated

with a thin layer of AlDs which acts as the gate dielectric. A number of approaches are
available for deposition of ADs. An inexpensive approach is to grow@lby anodization,

as proposed by Majweski et al [10]. Here, Al is anodized using &iiid as an electrolyte

in an electrolytic cell enabling the production of pin hole fregDAfilms of 6.5nm thick.
While anodizing of Al evaporated layers was attempted, it was founddblaimination of

the Al layer occurs at much lower voltage tharetmaximum voltage needed for
anodization (see figure 2.2). While this approach remains attractive in terms of ease of
fabrication and low cost&anodization was not investigated further aodr attention was

shifted towardsdeposiing AbOsz layer by anothemethod.

Figure 2.2Delamination of the Al layer during anodization process.

The alternative method chosefor depositing the AlD; gate dielectric layer was Atomic
Layer Deposition ALD. Precise control eOAfilm thickness can be produced by ALD and
the film is highly conformal and predominantly deféete, making it ideal as gate dielectric
[11-13].



From the source drain curreeguation2.2,for two nominally identical devices in terms of
geometry and charge mobility, the capacitance per unit area of the gate dielectric layer, C

determines the operating voltage of the device.
O — 0w o (2.2)

Thus,G for an AbOs gate dielectric will be 2.5 times higher than the capacitance of a SiO
dielectric (assuming a constant thickness) owing to the dielectric constant @fér A}Os

compared to 3.9 for SiO

As the ALD deposited layer is almost defect free, this enables the deposition of very thin
gate dielectric layerthus enabled us taeduced the thickness of the &) gate dielectric

layer to only 40nm compared to 300nm for &iQhis in principle should reduce the
operating voltage as the source drain current is enhanced by a factor of 7.5, which makes
the combined effect of higher AD: dielectric constant and reduced gate dielectric

thickness nearly a factor of 15.

This simplification is however far from accurate, asavill explaired (in chapter5 section
5.8) that another factor (surface energyf the gate dielectric layérplays a vital role in
determining the drain current and hence the operating voltage required. Nevertheless,

lower operating voltage compare to Si/Si@vices was achieved.

HOMDoY 97T TFS OB the AYABC and STIiGdevicésn L

Ly LINJApy prashdul@be higher for Al/AD; based devices compare to Si/Siiased

on the following valid assumptions:

1- For the same given sensing event, the charge accumulated in the sensing area for
bothdevicesi K2dz2f R 6S GKS &l YSd ¢KS NB@ddll GAY
thus be the same for both devices.

2- For the same OSC (i.e. same mobility) and identical geometry, a siwpitansfer
characteristic curve can be drawn by smaller gate voltage réorg&l/AlOs device
compare toSi/SiQ. This in turns means that for the same gate voltage change the
corresponding change in the magnitude efwill be different as follows:

n &(AI/ALOL o (SjISIQ) then
N (A/ALGD  B(SifBIR)



Soany chage in \é value and thus ¥ will be more significant in Al/ADs devices.

2.2 SourcéDrain S/D contacts

Since the S/D contacts are in direct contact with the OSC and are required to inject charge
intro the organic layer, conductivity alone is nosafficient criterion for contact material
selection. The energy levels of the S/D contacts and OSC material (see figure 2.3) also has
to be considered for material selection. It is well understood that one of the major factors
that affects the efficiencyfocarrier (holes/electrons) injection is the alignment of the S/D
YSGlLt O2ydl Ol m m2ithdr thd MO lorALPIMC levels of the OSC active
layer (depending on whether the OSC is p or n type material respectivel§p][14

The best choice to érance carrier injection and hence reduce the contact resistance is to
select a metal contact with a work function matching the HOMO or LUMO level of the OSC
material or at least lowering the height of the hole/electron barrier created by the offset
betweenthe metal work function or the Fermi energy level and OSC HOMO/LUMO level
[14,17].
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Figure 2.3Energy barrier between Metal work function and HOMO / LUMO of O%@dh

e are holes and electrons respectively.

For ptype OSCs, which have HOMO levethim range of-5.1+0.3eV, a metal like Au is
commonly used and sometimes Pt and Pd. Ftype OSCs, which have LUMO level around

-4eV, Ca, Mg and Al electrodes are normally used [1,18].

Because of the higher availability and superior mobility of thgpge OSCs, they are used
more widely in organic electronics devices thatype materials even though they require
contacts fabricated from relatively expensive metals. It is worth noting that cheaper

alternative metals coupled with simple modification haveebedemonstrated as an



inexpensive replacement for coinage metal contacts [16]. For example, a simple Self
Assembled Monolayer (SAM) treatment using tf8&Ms that assemble spontaneously on
metals like Ag, was found to reduce the band energy offset withO&C, here Tips
pentacene [16]. It is believed that SAM modification introduces an intermediate dipole

moment that alters the work function of metals [2,P3].

Contact engineering was not the scope for this project, so based on the HOMO level of the
p-type OSC chosen for this project (Fgentacene and discussed in section 2.3), gold was
chosen for the S/D contact material. The work function of Au is ~ 5.1eV which is in close

alignment to the HOMO level of Tipentacene ~ 5.2eV [1,226].

2.3 Organic Semiconductor OSC

Ultimately, high charge carrier mobility is what is required in an OSC, many aspects of how
improved mobility/conductivity in OSC can be achieved was discussed in se8triHere

the focuswill only be on the OSC selected for this project, namely &is§triisopropyd
silylethinyl) pentacene, a small organic molecule commonly known ap&ipacene. Tips
Pentacene is a soluble derivative of the insoluble OSC precursor Pentacene, modified to
include trisopropylsilylethynyl chains at the 6 and 13 carbon terminal positions (see Figure
2.4).

Figure 2.4Chemical structure of (a) Pentacene (b) Jppstacene

Pentacene is one of the earliest known organic semiconductors that leasibeestigated

widely as an active, semiconducting layer for OTFTs applications Y28 ® &L G A &



aromatic hydrocarbon that forms a walldered polycrystalline material in the thin film

LIKI 3S¢ wHdBD® ! aAy 3 SII L2 Nlyashigh dsi3ghishe@sy S FA St R
been reported [30]. This high level of mobility arises from the high degree of order found

in pentacene films produced by evaporation. Although evaporated pentacene forms well
2NRSNBR Ufyvya ¢gA0K KAIK Ye yacdurkh (eguipmerit K6 Yy SSR T3
evaporation increases the cost and complexity of the whole fabrication process compared

to low cost solution based processes [2Z3[]. In order to process pentacene from

solution, many efforts have been made to increase its sotylj9,31-33]. It has been

shown that attaching a functionalizing group to pentacene improves its solubility, the most

notable example being Tiggentacene in which solubility of the pentacene precursor is

increase through attachment of triisopropylséyynyl.

As TipsPentacene is soluble in most common organic solvents, it can be deposited by
various simple deposition methods such as spin coating [34], drop casting [35], dip coating
[36] and inkjet printing [37]. The performance of devices based @s-Pientacene is highly
dependent on the order and morphology of the Fipentacene film, which in turn depend

on the deposition method, the solvent used and any post processing treatment [39]38

In terms of solvent choice, unless a special methodpéieg for TipsPentacene deposition
[40], solvents with high boiling point typically provide films with a higher degree of
crystallinity due to slow solvent evaporation rate [3043]. Similarly, the presence of a
saturated solvent environment surrounditbe OFET sample also reduces the rate of

solvent evaporation, further extending the time required for crystallization484

There is no golden rule regarding the post treatment process apart from being a method

to remove solvent excess and enhance thelecular ordering of OSC layer {48].

To further enhance the crystal formation of OSC films, a customary approach where the

OSC can be blended with an insulating polymer was chosen. The use of such a molecular
composition is known to improve the intexial packing and morphology of OSCs. This
approach was first proposed by T. Oéteal. [49] and it was found that a mixture of Tips
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stable and reproducible layer [4®1]. It is believed that once settled, the mixture phase
separate into three layers; a Wardered, semiconducting Tigsentacene film at the

interface with the S/D contacts, a mixed layerof ISy G OSy S [yR tha{ Ay (K



that provides extrgrotection for the active Tipgpentacene layer and finally a second Tips
pentacene layer at th surface. This layer does not contact the S/D electrodes and thus not
does contribute to the operation of the device [#4]. This is shown schematicallyfigure

2.5.

Tips-pentacene

Tips-pentacene/PaMS

Au Tips-pentacene = Ay

Figure2.5: Schematic diagram showing the three phases of TI&y (i I OSvyafek t 1 a

separation.

The materials discussed above are the materials for the fundamental components of an
organic transistor. Two further materials are needed to transform the transistor to a CM
OFET sensor; the first concerns the functionalization of a portion of the gat&czle
surface to make it sensitive to the analyte of interest, the second is the material used to

form a fluidic chamber incorporated to the transistor for analyte solution delivery.

2.4 Sensing area functionalizationwith 3-aminopropyltri-ethoxysilane
APTES)

The formation of organosilane (derivatives of silane with at least one casiicon bond

in their structure) monolayers on a substrate surface is typicaferred to as silanization
[52-53]. Silanization is commonly achieved via-asembly of the organosilane either
from the vapor or liquid phase [384]. In the process, shown in figure 2.6, the presence of
moisture or water traces catalyses the hydmag/ of alkoxy groups in the organosilane

molecule to form silanol groups {&icH) which reacts with free hydroxyl groups (OH) on



the surface, leading to the formation of a covalert386i which tethers the organosilane
molecules to the surface [52,5%]. Once immobilized by the head group of the
organosilane selissembled monolayer, the opposite end of the SAMs molecules, the tail

group, will be the new dominant surface chemical species5ih37].

One of the most common uses of surfaces modified witiaaosilane monolayers is to be
used as an intermediate layer in biosensors for subsequent protein and biomolecule
immobilization. Among the most frequently used organosilane SAMs for this application is
3-aminopropyltriethoxysilane (APTES) {56,58], inwhich the tail group is the chemically

reactive amine group that can be used subsequently for attaching biomolecules.

In the CMOFET device, the sensing region was modified with APTES where in principle the
immobilizing mechanism should be that the thrabaxy groups in the APTES hydrolysis
react with hydroxyl groups (OH) on the Si or Al surfaces to for@-8b) and (SD-Al) bonds
respectively to assemble on the surface, leaving the amine group (WHhe other end of

the APTES SAM to be the newattoactive surface of the region.

NH2
Ny N N

Si
H3CH.CO-" | ~SOCH.CHj3
OCH,CHs

Si Si Si
AETES NN I\
OH OH OH OH OH OH OH 000000(|)(|)(|)

H,50,/H,0, LU 5% APTES in IPA ||| Ill
Silicon —_— Silicon —_— silicon

Figure 2.6:APTES chemical structure and Optimal APTES Silanization process on Si substrate
adapted with permission frorfb4]. Copyrigh2012.

The functional amine group terminal was utilized for two fundamentalsaofethe CM

OFET at two different phases in the project.

1- Toexaminethe working principle of the device as a pH sensor. Here, the sensitivity

of the amine group to the local concentration of Was exploited to modify the



response of the CNDFET to different pH solutions where the amine group undergo
de/protonation based on the pH level of the analyte solution (discussed in chapter
4).

2- The amine group was employed as an anchoring site for subsequent biomolecule

attachmentvia a biotinylation process (discussed in chapter 5).

2.5 Polydimethylsiloxane (PDMS) microfluidic chamber

Polydimethylsiloxane (PDMS) is a malleable organosilicon polymerHB®jlScan be
readily manipulated to form variety of passive and active comptsm®f a microfluidic
system making itvery much the material of choice for most microfluidic based platform

applications ag#t can be handy in makingariousmicrofluidic prototypeg60].

As well as being simple to use, easy to process and commeraiailsttde at low cost [61

62], PDMS offers a number of favourable physical and chemical properties that make it a
favourable material for microfluidics. On the physical side, PDMS has relatively low
viscosity enabling it to diffuse through small patternsaomaster template (down to
microscale features) [63]. Another key physical property, is that the polymerization
(process of crosknking shown in figure 2.7) of liquid («oured) PDMS can be performed

at low to moderate temperatures, making it compathbith other various fabrication

processes [63].

Commercial PDMS comes in a kit of two liquid bottles, one for the oligomer base and one
for curing agent. The crosslinked PDMS elastomer is produced by mixing the two
components at a specific ratio. The chemistry of the crosslinking process is explained in
detail in [64]. Briefly, as can be seen in figure 2.7, crosslinking occurs through a
hydrosilylation process, where in the presence of platinum catalyst, hydrosilamgd (5i
the curing agen® reacts with vinyl groups (CH=CH2) in the oligomer kalsethe reaction,

hydrosilation of the double bonds occurs and@#Z,CHZ2,Si linkages are formed [&3/].

Typically making microfluidics using PDMS is realized byitbofgraphy techniques. The
fabrication of PDMS microfluidic devices using 4itfbgraphy is simply achieved by
pouring uncured PDMS on a master template before the PDMS is cured by curing process

normallyinvolve heating. Once cured, the PDMS will contain a replica imprint structure of



the master template [6869]. Master templates are typally made of silicon substrates
patterned with SU8 photoresist features, however, other materials can also be used,

including 3D printed thermoplastics, as used in this project.
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Figure 2.7Polymerization of PDMS when mixing oligomer base (1) andgcagent (2)reprinted
with permission fron{64]. Copyrightl999.

Cured PDMS produced from soft lithography and other fabrication methods also has a
distinct mechanical property; which is that the structure of pure PDMS deforms reversibly,

however, PDMSam be doped with other materials to tune its elasticity [70].

Besides the unigue PDMS physical properties utilized in the fabrication of microfluidics,
PDMS has advantageous chemical properties #naif particular importance for use in
medical and biological applications, similar to our project. PDMS is biocompatible, nontoxic
and chemically inert [61,713]; enabling it to be used safely in virtually any biological

applications with little interferene with an analyte passing through it.

Another convenient advantage for PDMS that is a plus in the fabrication of PDMS

microfluidic systems, is that upon exposure to oxygen plasma, silanol groupdijSare



formed on the PDMS surface which allows itneversibly seal to hydroxylated surfaces
such as Si and glass when brought to conformal contact; by forming a stréd&(Shond,

bounding the PDMS to the surface [63,69,74] as shown in figure 2.8.
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Figure 2.8PDMS oxygen plasma sace treatment and bonding to silica substrate [69,74].

2.6 OFE-Bensor Fabrication

2.6.1 Si/SiQDevices

2.6.1.1 Substrate Preparation and Cleaning

Substrates used for device fabrication are Si wafexeea with a 300nm thick layer of
SiQ® o ¢ wakeidverepurchased from IDB Technologies Ltd. The Si (100) substrate was
heavily doped (0.00h ®n np  Aypeldy serveyas gate electrode, and the covering

thermally grown Si@serves as gate dielectric.

Waferswere cleaved into individual samples abproximately 1.2 X 3 cm. At this size,
multiple transistors and the sensing area could be fabricated on a single die. After dicing,
the samples were first blown with nitrogen gun to remove debris, and then sonicated in a

beaker of acetone in an ultreoncation bath for 3 minutes. The samples were then



transferred to a beaker of isopropanol IPA and sonicated for another 3 minutes. Finally, the

samples were dried under nitrogen.

(a) (b)

Figure 2.9Clean Si/Sigsubstrate (a) Top view (b) Cross section.

2.6.1.2 Sensing area fabrication

Based on the concept of the sensing device (discussed in chapter 1), the sensing activity is
performed on a designated region on the gate surface; which means that for the Si/SiO
substrates a selected region of the Si must be exposed to be used as a sensing region. In
order to do so, one end of the sample was masked with insulating tape and a photoresist
layer was deposited on the rest of the sample. The tape was tharmved, and the
photoresist was hardbaked using a hotplate at 150 C° for 5 minutes. The exposed SiO
region was then etched using a buffered oxide etch (HF 14 )\Hy dipping the sample

in the solution for 4 minutes. After etching, the samples were washed thdngugith DI

water and dried with nitrogen. Finally, the habéked photoresist was removed by initially
removing the bulk of the photoresist using cotton buds soaked in acetone before the entire
sample was soaked in acetone for several hours. Finallysah®le was sonication in IPA

for 3 minutes and dried under nitrogen.



Si sensing
region

(@) (b)

Figure 2.10etched Si@sensing region of Si/Si®ubstrate(a) Top view (b) Cross section.

2.6.1.3 Fabrication of source, drain and control gate electrodes

Two approaches were used to pattern the S/D contacts on the substrate. At the start of the
project, the electrodes were defined by conventional photolithography combined with
metal evaporation. The photmask was designed usingedit CAD software and

subsquently manufactured by Delta Mask to produce a glass phatsk of the design.

Prior to photolithography, the samples were cleaned using Piranha solutig8Q(M:3
H-Oy); to ensure any residue from the haldked photoresist used as a mask for the>SiO
etch was removed completely. Source, drain and control gate electrodes were
subsequently defined using a conventional photolithography stage (full details of the
photolithographic process are given in appendifor full details). Once photolithography
process is completed, the samples were loaded into a thermal evaporator for metal contact
deposition. All contacts were Ti/Au 6/30 nm thick where the(Titanium)acts as an
adhesion layer between Au and S&Dbstrate.the evaporation rate fofi was diffcult to
control but largely was kept attD.2A/s until 6 nm is deposited, for Authe evaporation rate

was gradually increased from 0.1 toA%k and kept at 1+0.2/s until 30nmis deposited.

The evaporation was carried out using arhbuse designed evaporator.
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(a) (b)
Figure 2.11Deposition of device contacts on Si/Sfbstrate (a) Top view (b) Cross section.

While photolithography works well for thaevices based on Si/Si€ubstrates, the process
is incompatible with the Al/ADs devices as the ADs layer is rapidly dissolved by the

alkaline solution used for photoresist development, consequently destroying the device.

In order to deposit contactsrothe AbOzlayer, contacts deposition using photolithography
and evaporation was replaced with a shadow masking technique. The dimensions of the
shadow mask were defined by the manufacturer of the shadow mask, and was different to
the dimensions of the ektrodes on the photomask @dmouse designed). Thus, both the
Si/SiQ and Al/AbOs devices were later fabricated using shadow masking to ensure

meaningful results when comparing the performance of the two devices.

In the shadow masking technique, the shadmask, purchased from Ossila Ltd, is mounted
below the substrate in the metal evaporator. The mask contained 12 identical sets of 5

transistors and is shown figure B.2appendixB.

2.6.1.4 OSC deposition

Following electrode fabrication, the final stage in the construction of the OFET is the
deposition of the OSC into the gap between the source and drain contacts. Selected Tips

pentacene can be deposited from solution using many solypi@tessing techniges, for



simplicity, the Tigpentacene was deposited by drop casting, where a small quantity of the
OSC solution is depositedianthe sourcedrain contacts area and left for the solvent to
evaporate. As discussed section 2.3 for enhanced crystal formen, a customary
approach was adopted for the composition of our OSC in which the OSC is blended with an
insulating polymer. 10mg of the OSC THntacene was dissolved in 1ml of toluene and
MaY3d 2F GKS &St SOsBRe (LERT &NSWaissolvéttindan{od &) &
solvent (Toluene). Then a mixture of FipSy i OSYS 1Yo tha{ o0& &

made and the mixture was thoroughly agitated.

Using a pipette, 20pl of the TipgsSy G OSy Skt ha{ YAEGd2NBE 41| &
drain contact aea and the device was covered and allowed to dry slowly fe8@Minutes.
Any excess solution that extended away from the south@@n region was removed by

dissolving in Toluene.

Once the Tip$entacene has crystallized, (crystallization of the -Pgsticene was
confirmed by visual inspection using an optical microscope) and the solvent is mostly
evaporated, the sample was transferred to a hotplate for annealing. Annealing was
performed in an ambient environment at 80C° for 20 minutesitive out any stvent

residue.

Si sensing
region

(a) (b)

Figure 2.120SC deposition on S/D contacts of the device (a) Top view (b) Cross section.



Figure 2.13 shows how the Tipentacene crystals form on the source/drain electrodes.

(a) (b)

Figure 2.130ptical microscope image of the source/drain electrodes (a) before and (b) after Tips
pentacene deposition. Images were captured using a 5x objective lens.

2.6.1.5 Functionaliimg the surface of the sensing region and microfluidic integration

In the final stages of fabrication where the transistor is actually transformed into a sensor,
the sensing region exposed by the S&dching stage is functionalized Wita sensing

recognition element in order to control the sensitivity of the exposed Si gate to the selected
analyte. The completed device also needs to be integrated with a microfluidic reservoir

mounted onto the sensing region to control the delivery ousions and analytes.

As been discussed earlier in this chapter (section 2.4), the organic functionalizing molecule
opted for was (3aminopropyltriethoxysilane APTES), this molecule can be used in the

various stages/applications set to be tackled for tabricated sensor in this thesis.

The two complementary steps (sensing area functionalisation and microfluidic integration)
can take place at two different stages of the fabrication process; either before or after the

OSC deposition step. Regardless of tinéer of this step, the exposed Si region is first



cleaned using Piranha solution @0 7:3 HO;) for approximately 5 minutes, then
depending on whether this step is performed before or after OSC deposition step, the order

of completing the functionalizopand Microfluidic integration steps can interchange.

Functionalization before the deposition of the OSC

When the functionalization was performed before OSC deposition, the whole sample was
first cleaned in Piranha solution for 5 minutes followed by @zoleaning for another 5
minutes. The cleaned sample was then immersed in 5% APTES solution in IPA such that on
the sensing area was covered by the solution. The sample was left in the solution overnight
for approximately 18 hours. The sample was thiearbughly cleaned using IPA to remove
excess APTES and finally dried with nitrogen @his process allows for the selésembly

of the APTES monolayer on the surface of the sensing region. Immediately afterwards, a
pre-prepared microfluidic chamber madem polydimethylsiloxan¢dPDMS) was mounted

to the sensing region and sealed by pouring liquid PDMS around the perimeter of the

chamber and solidifying it on a hotplate at 90C° for 20 minutes.

Functionalization after the deposition of the OSC

If the process of surface functionalization is performed after the deposition of the OSC,
then the procedure has to be modified in order to protect the OSC from damage or change

in characteristics that might be caused by the functionalizing solution aywap

After OSC deposition, the sample was wrapped with clean Parafilm to protect all regions
other that the sensing region. The sensing region was then immersed in Piranha cleaning
solution for 35 minutes (depending on surface wettability) before beimged thoroughly

in water and dried under nitrogen. Immediately afterwards, the Parafilm was removed and
the sample was transferred to a hotplate where a PDMS microfluidic chamber was
mounted to the sensing region and sealed by pouring liquid PDMS arbangktimeter of

the chamber and solidifying it on the hotplate at 90C° for 20 minutes. Once the chamber
was sealed, fluidic tubes were connected to the inlet and outlet of the chamber and a 5%

APTES solution in IPA was injected over the sensing regiofuntienalizing solution was



left to rest on the sensing region overnight for approximately 18 hours before being rinsed
in IPA.

The difference between the two approaches will be explain in chapter 4 (section 4.4.1).

PDMS

PDMS

(a) (b)

Figue 2.14: Complete Si/SIOCM-OFET sensor (a) Top view (b) Cross section.

2.6.1.6 PDMS microfluidic chamber fabrication

PDMS was prepared by mixing a 10:1 ratio by weight of the PDM$djymer) precursor

and curing agent (Sylgard 184 kit). The mixture then was placed in a vacuum desiccator to
remove air bubbles formed during mixing. A 3D printed master mold of the rhuadiaf
chamber (sedigure A.5in appendixA) was used to make multiple PDMS microfluidic
chambers. A replica of the master mold is creatdcasting liquid PDMS over the 3D
printed master which was placed in a petri dish and the PDMS allowed to cusevieral

hours in an oven at 60 °C. The polymerized PDMS was then gently removed from the 3D
printed masterand dissected into individual microfluidic chambers. Two holes were finally

punched at two opposite ends of the PDMS chamber for the inlet and autbatg.



Master

3D Printed Mold
%
PDMS W' !. N
mixtur \ l. l. \ " /

Figure 2.5: Making of a PDMS replica mold.

Replica
-~ Mold

Figure 2.86: PDMS Microfluidic chamber with an inlet and an outlet.

2.6.2 Al/AbOs Devices:

2.6.2.1 Substrate Preparation and Cleaning
{dzoaUGN) GSa dzaSR T2NJ RSOAOS FIONAROIGA2Y ¢
thick thermal Si@layer. Waferswvere diced into appropriate sample sizes to encompass

multiple transistors and the sensing area. After dicing, the samples were first blown with

nitrogen to remove debris, and then sonicated in a beaker of Acetone in arsaliiaation



bath for 3 minutesThe samples were then transferred to a beaker of isopropanol IPA and

sonicated for another 3 minutes. Finally, samples were dried under nitrogen.

(a) (b)

Figure 2.7: Clean Si/Sigsubstrate (a) Top view (b) Cross section.

2.6.2.2 Al gate deposition

For this device, the gate electrode is formed by thermal evaporatiom @l dayer on top

of the Si/Si@substrate. Initially no gate patterning was used and Al was deposited over
the entire substrate surface. Devices made using Al gate layer covedrentlie sample
surface were susceptible to very low breakdown voltage (premature breakdotvis). |
believed that this was a result of electric field enhancement phenomenon which caused
dielectric layer breakdown. This originated from the large overlapvbet S/D contacts
(including the extended connection and contact pad) and the rough common Al gate layer.
This large overlap increases the chances of dielectric layer overlapping with non
uniformities in the Al gate layer, for example roughness or scratcli¢he dielectric layer

is not thick enough to smooth these defects, then these regions will be a sotietectric

field enhancement.



(@) (b)

() (d)

Figure 2.8: Deposition of Al gate layer on the entire substrate (a) Top view (b) Cross seatibn, a

pattern Al gate layer (c) Top view (d) Cross section

The gate design was revised and the choice of having all surface coverage gate was
discarded and was replaced by pattern gate (see figur8c2.Pattern gate layer helped
the new design tdully comply with the working principle of the COIFET device (to be

discused in chapter5) and it appears to eliminate premature breakdown as a result of



reducing the superposition of S/D contacts with the gate layer. Pattern Al gate deposition
was throwgh a shadow mask shown figure B.3appendixB and the gate layer thickness

was 50nm.

2.6.2.3 AlOs gate dielectric deposition

The AdGs layer deposition was performed using the ALD system in the cleanroom of the
School of Electronic and Electrical Engineering at the University of L@selty ALD is a
vapor phase thin film deposition technique based on sghg reactions. In the depdsin
process, different gaseous molecules, normally referred to as precursors, react sequentially
with a solid surface one at a time without overlapping (pulsifife reaction between a
surface and reactant precursor molecules in ALD islisgting where the reaction stops
once all reactive sites of the substrate are used/consumeel’[7]5In a simple ALD process,
two precursor gases react alternately with a surface to produce the final layer. Inside the
reactor chamber the substrate is exposed to thstfprecursor and the reaction proceeds

to completion leading to the formation of the first monolayer. Subsequently, a flux of inert
gas is introduced to the chamber to purge unreacted precursor and reactiqmduolucts.
These two steps are together refed to as halcycle. To complete the cycle, the second
precursor is pulsed into the chamber to react with the product terminus from the reaction
of the first halfcycle. This is followed by another influx of inert gas to purge unreacted
precursor and rea@n by-products of the second reaction. This completes one deposition

cycle. The cycle is then repeated until the targeted thickness is achieve¥[75

ALD deposition of ADs is commonly performed using alternatitgmethylaluminium

(TMA)and RO (or Q) haltcycles. In the first haifycle TMA reacts withydroxyl groups

OHin the substrate, while in the second haljcle HO or Q reacts with the Al(C¥k

terminus producedy first halfcycle to reverse the substrate terminal back-@H ready
for the next TMA exposure. The-pyoduct from first halcycle reaction is Methane (GH
while the byproduct from the reaction of the second haycle is either CHif HO is used
or H:O and C&if G is used [7577].

The process carried out for depositing@din the fabrication of CMOFETs was the TMA
and Q combination which is often called plaseahanced ALD (PEALD) as aiplBéma



is associated with the £half-cycle procesgr5]. The chemical reactions of both halfcles

are illustrated in equation 3.and 24.
X-OH + Al(Ch 6 3 0 -ORYCH)2+ CH(g) (B)
XAICHb n h eéARDH + KB (g) + COQg) (4)

Where X represents any support material for thading site.

TMA pulse Self-saturated
chemisorption

Figure 2.9: PEALD cycle for AD; deposition [78].

Ten to fifteen Al coated Si/Si®amples at a time were loaded to the ALD system fgDAl

deposition. Before loading, each sample was rinsed with DI water for 20 seconds then

sonicated in Acetone for 5 minutes followed by IPA for 2 minutes. Samples were then dried

under nitrogen. After drying and mounting in the ALD chamber, the samples veated
with Oz plasmain situfor 1 minute at 200C°/300W. Using alternating exposures of ACH
(trimethylaluminum [TMA]) and £351 reaction cycles were performed leading to the
formation of a 40nm thick ADs layer (each ALD cycle leads to a singferaf 0.114 nm
thick).



(@) (b)

Figure 220: ALD AlO; layer deposition on Al gate (a) Top view (b) Cross section.

2.6.2.4 Contact fabrication

Following AIOs deposition, the CMOFET electrodes (source, drain and floating gate) were
fabricated using the shadow masking technique. The samples were positioned against the
mask and loaded to the evaporator for metal contact deposition under vacuum. All

electrodes wee 6/30 nm thick Ti/Au.

Al,03

(@) (b)

Figure 2.4: Deposition of device contacts on top ob@d layer (a) Top view (b) Cross section



2.6.2.5 OSC deposition

OSC (TipPentacene) deposition was performetcording to the method described in
(section 2.6.1.4).

(@) (b)

Figure 2.2: OSC deposition on S/D contacts of the device (a) Top view (b) Cross section.

2.6.2.6 Fabrication of the sensing area

The sensing activity of the devicepsrformed on a designated region of the Al gate
electrode. It was thus necessary to remove the overlayia@Adyer from the designated
sensing region. The selected region was dipped in dilute photoresist developer solution (1:3
developer: water) for 3@econds to remove the A layer. The sample was then swiftly

immersed in water to stop the etching. Finally, the sample was dried under nitrogen.



(b)

Figure 2.3: Etched AIO; sensing region of Al/AD; bilayer (a) Top view (b) Cross section.

2.6.2.7 Sensing area functionalizing and Microélia integration

As with the CMOFET devices based on SitSI@PTES was used for sensing area
functionalization. Piranha cleaning is not compatible with this structure so functionalization

was performed after only 5 minutes Ozone cleaning.

Functionalizabn before the deposition of the OSC

After etching of the ADz layer to form the sensing region, the sample was dipped in APTES
solution (only the exposed sensing Al area was covered by the solution) for approximately
18 hours. The sensing region was then rinsed in IPA to remove excess APTES and dried with
nitrogen. Immediately after, a prgrepared microfluidic chamber made from PDMS was
mounted to the sensing region and sealed by pouring liquid PDMS around the perimeter of

the chamber and solidifying it on a hotplate at 90C*° for 20 minutes.

Functionalization aftethe deposition of the OSC

Alternatively, functionalization was performed following FRpasntacene deposition. Here,

after etching of the Az layer from the sensing region, the sample was transferred to a



hotplate where a PDMS microfluidic chamber is miegito the sensing region and sealed

by pouring liquid PDMS around the perimeter of the chamber and solidifying it on the
hotplate at 90C° for 20 minutes. Once sealed, fluidic tubes were connected to the inlet and
outlet of the chamber and the functionaiiy solution was injected through. The
functionalizing solution was left resting on the sensing region overnight (approximately 18

hours). The surface was finally washed by injecting IPA through the microfluidic chamber.

PDMS

(@) (b)

Figure 2.2: Complee Al/ALO; CM-OFET sensor (a) Top view (b) Cross section.
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Chapter 3

Electrical characterization of the CM -
OFET device

The electrical behaviour of grtype of OFETdevice is typically characterized by two
experimental measurements; theoutput and transfer characteristicsTogether, these
measurements enable quantification thfe relaionship betweerthe two transistor output
variables(source drain current and source drain voltage) and the input variable (gate
voltage)from which fundamental parameters of the device can be extractae. output
characteristicallowsthe relationship letweenthe two output variableso be examined
while keeping the input fixed. loontrast,the transfer characteristic curve describes the
relationship betweenthe source drain currenand the gate voltagevhile the second
output variable(source drain vibage)is heldconstant (i.eprobesthe transfer of the input

functionon the observedutput response).

This chapter will focus omxperimental characterization othe fabricated CM-OFET
devices This includes a detailed description of the experimentahsurement setupthe
measurement considerations taken into accoast well ashow the sensing response of

the device was quantified.

3.1 Electrical characterization of the fabricated devices

Characterization of the fabricated OFET transistor is essential prior to use in any sensing
application. This is required not only to provide a rigorous understanding of the device
characteristics and performance but alsoinform device future applicatio as a sensor.

' YRSNEGFYRAY3I (GKS RS Jdisingush betwéeh Ndar@ésSthed (0 A O & =
RSOAOSQa NI a LIsehsing achhBybtatelioftire trangistoil ddrthg or after the

sensing event from any changes in the device behaviour doether phenomenon, for

example current drifts, opossible malfunction

K



Characterizatiorof the fabricated transistors was performed using the typical output and
transfer characteristics field effect measurementie output characteristics are obtained
by measuring the source dragurrent, kp while sweeping the source drauoltage, \ép
within a certain voltage window, at a number of fixed DC gate voltagesheé resulting
output characteristicsare plotted to generate a set of standargbbgainstVspcurves. The
transfer characteristics are recorded by measuring the source dmairent, kp as a
function of the gate voltage, d/ at a fixed DC soureadrain voltage. The resulting data is
subsequently graphed by plottingphgainst & As is typial, the transfer characteristics
were recorded with the transistor operating in the saturation regime (i.e. at very high V
These two characteristics were used as a benchmark during the whole project and only
those transistors that exhibited typical atacteristics (characteristics displaying ON/OFF

and saturation behaviour) were taken forward for use as a biosensor.

3.1.1 Electrical measurement setup

In order to acquire the output and transfer characteristics to analyse the electrical
performance of the fabricated device, an Agilent B1500a parameter analyser was used to
perform electrical measurements. All measurements were obtained using the

experimenal setup shown in figure 3.

In the setup, each electrode is connected to an independent semnmeasurement unit
(SMU) within the parameter analyser. Each SMU is responsibépfidyingthe allocated
voltage to each electrode and for measuring the catrdrawn from the SMU by the
device. Connections from the SMUs to the device were made through test probes and
coaxial cables. The test probes were either fixed directly to the electrode or fixed on
contact padsextended fromthe electrode All measuremerd were automated and
controlled by the interface of Keysight EasyEXPERT software embedded in the Agilent
B1500a. Buittn functions that define the output and transfer characteristic measurements
were imported from the EasyEXPERT Library and configuratietacustomized test
conditions. Measurement data were exported in CSV format and later processed for

graphing and data analysis using Origin and Microsoft Excel.



Figure 31: Electrical characterization measurement setup.

3.1.2 Electricatharacterization of the OFET devices

Initially, electrical characterizations were performed standardOFET devices fabricated
using photolithography process and gated directly via the common heavily doped Si gate.
The purpose herewas to confirm the funionality of the solution deposited Tips

pentaceneand to validate the fabrication processing a conventional device geometry



A photo of the fabricated OFETs can be seen in figurette2photo shows 4 identical
transistors fabricated on the same sukse, where the common Si gate for the 4
transistors can be accessed by mechanically scratching thg&udielectric layer on top,

the source and drain electrodes of each transistor are made of Au and separated by 60um

TheTipspentacenedeposited bydrop casting to cover the 4 transistors.

An example of theypical measureautput and transfer characteristics for a Si/S@FET
ispresented in figure 3 and 34, respectively
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Figure 32: A photagraphof four OFETSs fabricated orS#SiQ substrate Here, the gold source and
drain electrodes were fabricated by photolithography before Fipatacene was drop cast over

the substrate surface. Contact to the degenerately doped Si gate was achieved by mdchanica
removal of the 300 nm thic&iQ gate dielectric.
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combined with the low mobility othe OSC, gate voltages in thens of Volts range are
required to operate lhe device, hencghe range chosen for operation was between 10 to
-40V to achieve linear and saturation regimes.

The output and transfer characteristics of OFETSs typically show two distinct regions. A

linear region wheregsincreases with WVel OO2 NRAY 3 (2 hKYQa [ |

regime where $ reaches a maximum value and remains at this level irrespective of an
increase in applied voltage.
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Figure 33: Measuredoutput characteristicef one of the fabricated OFETBe channel length of

the device is 6Qim andthe thermally growrSiQ gate dielectrichas athicknessof 300nm.
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Figure 34: Measuredtransfer characteristicef one of the fabricated OFE&$ Vsp = -40V, the
channel length of the device is 60um atie thermally growrSiQ gate dielectrichas athickness
of 300nm.

As can be seen in Figure8 and 34, this characteristic behaviowas observed for the
fabricated OFET confirming charge injection into a semicondudiipgpentaceneOSC
layer and effective gating by the underling degenerately doped Si gate electrode. It should

be noted that all devices with successfipspentacenefilm deposition, i.e. ongin which



Tipspentacenecrystals were observed bridging the S and D contacts as can be seen in
figure 354, were found to operate in this characteristic mann€hose few devices where
Tipspentacene crystals were absent or insu#fit in the channel between sourcand

drain contacts as can be seen in figure 3.5b, did not show these typical characteristics.

(a) (b)

Figure 35: Optical microscop@émageof the formation of Tipspentacenecrystakthat assemble on

and betweensource and draitiollowing drop casting Images were captured using & ébjective
lens. (a) Situation where crystals bridge the S/D contacts and (b) no crystals in the channel between
the S/D contacts.

The output and transfer characteristics combined with the geometrical specifications of the
transistor can be used to quaftia range of fundamental parameteralsoreferred to as
figures of meritsthat together provide full characteraion of the device(AppendixD

details the calculation of these parameters from experimental flata

Although the vast majorityover 90%)f fabricated OFETs exhibited behaviour typafal

an OFETa large variation in terms of source drain currdst and other estimated figures

of merit was seen among fabricated devicEsr example,ifjure 36 shows the transfer
characteristics ofour, nominally identical OFETabricated on the same substratehere

the variance in terms ofspand other figures of meritss clearly visible. Such variable
characteristics were commonly observed in the fabricated OFTEs as a result of employment
of drop astingas thedepositionmethod for the organic semiconducting layer and can be

associated with differences in the crystallinity and organization of the organic layer.
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Figure 3.6Transfer characteristics for four nominally identical OFETs4Tfabicated on the same
Si/ SiQ substrateat Vsp = -40 V. Here, the channel length (spacing between source and drain

electrodes) is 60 um and the thermally grown Si@te dielectric has a thickness of 300 nm.

The histograms in figure 3.7 and figure 3t&w the variation in maximum source drain
current, kdVlax, and ONDFF ratio, respectively for of the 131 working OFETSs. Hevig®

is defined as the source drain current flowing between source and drain contactspat V
-40 V and ¥=-40 V while ON/®F ratio is the ratio between the highessih the transfer
curve (i.e.doMax) and thdowest kpbefore the device turn on. Among the working OFETS,
the majority (nearly 60%displayedan ON/OFF ratio in the rangé (1x 10° ¢ 1 x 10°) and
nearly 75% produceddMax in the range 00.1¢ 10 pA,in this range the estimated field
effect mobility wafound to be in the range of (0.002.02 cn? V! S) andthe estimated
threshold voltage ¥iwas(3 V¢ -16 V).

The highest estimated mdlty was0.055 cn¥ V1 St while the largest ON/OFF ratio was
1.25 x10’ and the largest measureddMax was31.2 4A In general, if the devices were
divided into 4 differentdpranges table 3 summarizes the estimated figures of merits in

each range
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0.01-0.1pA 0.1-1pA 1-10pA >10pA

IspMax range

Figure 37: The range omaximum source drain currepsgViax, for all workingOFET deviceg$otal
= 131) Here §dMax is defined as the source drain current flowing between source and drain
contacts at ¥p=-40 V and ¥=-40 V.
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Figure 38: The range 0ON/OFF ratidor allworkingOFET devices (totall-31).



Table 3.1 Average estimated values of figures of merit for characterized OFET devices.

lsMax | Mobility beer | oN/OFF ratio| Onset Voltage ~ Threshold thr:rt:old
(WA) e Vst lo lorr Vso(V) Voltage Wu(V) Swing S
0.01¢0.1 0.0003 6x10° -7 -11.5 11.5
0.1-1 0.002 2x10° 4 8 7
1-10 0.02 2 X 10° 1 3 5
10 0.05 1x10° 8 2 7

3.1.3 Electrical characterization of the GMFET devices

After confirming the functionality of the fabricated OFET devices, the next stage was to
transform the fabricated OFETS into a charge modulated OFEDEEM) device proposed

for applications in chemical and biologisainsing. The CMdFETintroducedin chapter 1
(sectionl.5.1.2 anddiscussedurther in chaptes4 and5, differ from the typical OFET by
the gating mechanism. In the GOIFET, gating achievedusing arelectrode referred to

as control gate, Cg, that is coupled capacitively to a floating. ¢lere the control gate is

an additionalgold electrodefabricatedon top of the Si@dielectric layemwhich acts as a
dielectric layer to capacitively couple the control gate to degenerately doped Si floating

gate.

It shouldbe noted that during tis stage of the project, a plan was made to make a second
CM-OFET device based on A¥ad as gate and gate dielectric respectivenhis alternate
device was designed to achieve a reductioaperating voltage and as explained in chapter

2 (section %6.1.3), the photolithography process was incompatible with the fabrication of
such CMOFET device€lectrode contacts in thé&l/AlOs based CMOFETsvere thus
deposited via shade deposition using a commercial shadow mask. In order to enable a
meaningful performance comparison between @W®ETs fabricated on Si/gi@nd
Al/AlLGs, all CMOFET devices were fabricated via shadow mashisgeell as reducing the
high operating voltage, The Al4&k device was designed to comply with the geometrical
considerations for optimum operation of the chargeodulated device as will explained in

detail in chapter 5.



Once the slight modification was applied to the OFET configuration and it was transformed
into a CMOFETadding the control gate on top of the S)Ofew samples were electrically
characterized. The aim here, wasdonfirm the efficiencyof the new gating mechanism,
asprevious characterization of the devices fabricated using photolithography enabled us
to confirm the functionality of the OSCipspentacenelayer deposition as well athe

charge carrier injection efficiency to ti@pspentacene from the Au electrodes

A Si/SiQ CM-OFET device fabricated using the shadow masking technique is shown in
figure 39. As can be seen, the source and drain electrodes produced by the shadow mask
have different geometrical layout compared to the source and drain electrodes previously

shown produced by photolithograph¥igure 3.2)
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Figure 39: A photayraphof four CM-OFETSs fabricated orS¥SiQ substrate Here, the gold source,
drain and control gate electrodes were fabricated by shadow masking beforg@dipacene was

drop cast over the substrate surface. Tdee dielectridayerSiQthickness is 300 nm thick

Two criticaldimensions related to the sour@nddrain contacts can influence the output
source drain current of the transistothe transistor channel length, L, (the distance
between the source and drain) and transistor channel width, W, (the eesson length
of the channel, parallel to the two electrode3he channel lengths, L, of the two different
layouts are 60um while the channel width of the shadow mask transistor ismin

compared to 3nm for photolithographic transistor.



According to the source drain current equation1(3.the channel width, W, is directly
proportional to the source drain currefltp Ispis thusexpeded to be lower for the devices

made using the shadow mask layout.

0D — & ® (3.1)

An example of the output and transfer characteristics for a S¥SNDOFETis presented

in figure 310and 311, respectively
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Figure 310: Measuredoutput characteristic®f one of the fabricated CMDFET4he channel length

of the device is 6um andthe thermally growrSiQ gate dielectrichas athicknessof 300nm

Figure 3.10 and 3.11 shows that the @WFET exhibit typicalutput and transfer
characteristics, however, with some distortion, this distortion is caused by the contribution
of the voltage applied to the drain electrode in the gating of the device. This effect will be

discussed in more detail chapter5 (section5.5).

Due to the additional gating by the voltage applied to the drain electredgmating the
figures of merits was problematic for the GRFET devicesCritically, most of the
fabricated deviceg78%)were in the ON state irthe gate voltage range ahe transfer

characteristics (+10 tgl0V) The threshold and subthreshold regioase thusabsent in the



operating window of the transfer characteristics and hence the estimation of the figures of

merits will beimprecise
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Figure 311: Measuredransfer characteristicef one of the fabricated CNDFETat Vsp=-40V,the
channel length of the device is 60um ath@ thermally grownSiQ gate dielectrichas athickness
of 300nm.

For the Characterized GMIFET devices, the range of maximum souraediurrent §gViax
achieved is illustrated in figure 312. If the lowest ép current from the transfer
characteristics for tested devices was considered as the §gEk&ient (here normally the
first point in the transfer characteristic curve), then thstimatedrange of ON/OFF ratio
for the tested CMOFET devisds between 2x 10 to 2.6 x 10* and the mobility range is

0.0002 to 0.014 cAvt St However, these figures aret accurate.

Due to the difficulty in estimating the figures of merits tobe CMOFET device, it is clear
that these calculated values would not be an accurate method of quantifying the sensing
activity of the CMOFETSs. Despite this difficulty, the response of the device to sensing
activities that will be investigated in next apters can be demonstrated in terms of the
change in the source drain current, this in fact could be more reliable as the response is
guantified by real measured values rather than estimated ones. Moreover, the change in
measured source drain current cae kelated to the change in the threshold voltage which

is the figure of interest as will be explained next section.
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0.01-0.1pA 0.1-1pA 1-10pA >10pA

IspMax range

Figure 312 The range ofmaximum source drain currentsgMax, for characterized CMDFET
devicedtotal = 27) Here §dViax isdefined as the source drain current flowing between source and
drain contacts at $=-40 V and ¥=-40 V.

The characterization presented above for devices made by photolithography and shadow
masking demonstrates reliable fabrication of OFET andOB®Tdevices with high yield,
these devices can be used for the proposed chemical and biological sensing for this PhD

research.

3.2 Quantification of the CMOFET sensing response

3.2.1 Maximum source drain currengtiMax

The principle underpinning theM-OFET sensor is that charges accumulated in the sensing
area lead to a redistribution of charge in the floating gate. This redistribution of charge
influences the effective gate voltage that couples capacitively to the OFET, leading to a shift
in sourcedrain current. This change in source drain curresnt be related to thepparent
threshold voltageof the transistor using equation 3.1 which describes the source drain

current, kp of the transfer characteristics in the saturation regime

In the CMOFH sensor, the analyte solution does not come in contact with the OSC of the

device, thus the mobility of charge carriers in the OSC is not affected by the sensing activity



and in theory remain unchanged. As a result, the only parameter that changes inaggua
3.1 is the apparent threshold voltagey/or more accurately the @/« Vry term. The

capacitance per unit area of the gate insulatar,0@n be estimated using equation 3.2.
GI' o8/t (3.2)

2 K S NS thesfree space permittivitya R, is the relative permittivity of the gate insulator

material (here silicon dioxide) arids the oxide thickness.

For a CMOFET device with 300 nm thickSiQ gate dielectric layer, the capacitance per

unit area is thus:
G = (3.9x8.854x 1014F/cm) / (300X10cm)
G = 11.5InF/cn?

The width,W, and lengthL, of thetransistorchannel in the CMDFET are 0.1 cm and L =
60 X 16 cm respectively. Applying these values to equation (3.1) usuadu@ of mobility
within measured range for the fabricated GIFET$1 X 16 cm? V1 S,

O mepn ® (3.1a)

Figure 313 displays thecalculatedeffect that a shift of +1 V (/¢ Vrv) has on the source

drain current Ispwhich mimics the effect induced by the sensing activity

A positive 1V threshold shift results in a 7nA increasemdtl V=40V, while a negative
threshold-1V shift causedsbto decrease by 7nA atg#40V.

Quantifying the sensing activity by estimatimgtncould be prone to errobecausen xnis
estimated by fitting(as shown in appendi®) to a plot of Isg? vs \& and may not be
accurate if the threshold voltagdifference is small. Miestimation which is especially with
unideal curves produced b MOFETSs could be within an error margin that is close or
higher than the shift induced by the sensing activitherefore, comparing the measured
Ispcan be simple anckliable method for quantifying the sensing activity. In order to have
a reliable quantification using the change Bp &s criterion, efforts must be made to
eliminate or minimize any effects that may influence behaviour of the investigated CM

OFET dewvi that is not related or caused by the sensing activity. This may include



environmental conditions in which the measurement is carried out in as will be explained

in the following section.
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Figure 313: Effect of £1V gate voltage range shift on thof atransfer characteristic, (inset) shows
the difference betweensiMax. (simulatedcurvesfor Si/SiQ CM-OFET device with W =0.1 cm, L =
60 X 1¢ cm, ¢= 11.51nF/crhand p = 1 X I®cn? V1 SY).

3.3 Environmental considerations

All electrical measurementso characterize fabricated CI@FETsvere performed in
ambient conditiors, lowever, some measures were taken in ordemtanimise external
interference and to ensure that the devices are not influenced by undesirable effectgduri

measurements.
3.3.1 Electrical noise:

In order to reduce electrical interference due to electrostatic and electromagnetic fields
generated from surrounding equipment in the laboratory, all measurements were

conducted inside groundedFaraday cage, &an be seen in the setup of figurel3.



3.3.2 Temperature:

The mobility of charge carriers in OSCs, including tho$gspentaceneg is known to be
temperature dependant [#] since carrier transporbccurs throughhopping between
localized states in the OSC which can be thermally activated. Howamanding on the
type of OSC filnthe temperature dependency of mobilityay differ. For examplesome
OSCs exhibitan NNK Sy A dz& R S LISHNR Shléathesdhow danonBirenkdius
behaviour(for examplex " -1$TB)LBor polycrystalline films like Tipgntacene films,
the mobility is widely considered to exhibit #rrheniustemperature dependency[3,5].
Nonetheless, in order to minimize theffect of temperature onthe CMOFETsall
measurements were performed in a laboratory environment in which the room

temperaturewas regulated at 20 + 1 °C.
3.3.2.1 Self device heating

Device heating during measurementgsnerally considered tolerable during shoerm,
discrete 1V measurementf organic transistors The socalled sekheating or joule
heating effect is normallyonly investigated for longerm device operation when
performing continuous scanning or prolong transistor biasitdpwever, recent
enharcements in organic semiconductor mobilities means that-lse#ting levels similar
to those observed imorganic electronics might be reached e¥enshort term operation

particularly ifalarge operating voltage is used.

A recent study by Nikiforov etl. [6] investigated reatime temperature evolution in the
channel region ofTipspentacene transistor during &V scans. Using a platinum (Pt)
resistance temperature sensor they monitored the channel temperature durikg |
measurements under various cotidns. Although the experiment was conducted in low
to near room temperatureghese measurementsonfirmedthat the extent of sekheating
depends on the substrate material of the transistdfor example, aignificant amount of
selfheating could developluring }FV measurements at large fields on high mobilitps
pentaceneOFTs ifsubstrates with low thermal conductivity such as glass or polymer are
used. Howeverthe use of a more heat conducting substrate such as doped silicon can
largely minimize théneating effect and hence sdfieating becomes negligiblé&ccording

to their study, even at 278 K base temperature the transistor channel temperature

increased by less than 3 K abMi0 V and ¥=-40 V and at room temperature no significant



Joule heating induced current is observedTgrspentacenedevices on Si/SE3ubstrates.
It must be noted that the mobility in the devices they have fabricated &asnr V! St
which is much higher thatine mobility achieved in our fabricated devices, therefore joules

heating effect on our fabricated devices is expected to be insignificant.

In fact, the amount of temperature increase in the OSC -pggacene channel for
fabricated CMOFET devices can bstimated using Nikiforov et.al. Currelmduced Joule
Heating model. In the model they derived an equation (3.3) describing the dissipated
power-heating relationship in the transistor. The equation clearly show the significant
influence of the thermal coductivities and thicknesses of both the OSC layer {Tips
pentacene) and the substrate on the transistor channel heating.

o Q Q Q

O O i o

Where T = Tatipsi21- Tsub) » TaTips/a IS temperature in the middle of the Tigmentacene
layer and ., = substrate temperature (approximately the room temperaturenp,s and
dsub are the Tipgpentacene and substrate thicknesses, respectivitiys and llsup are
thermal conductivities of Tipgentacene and the substrate, respectively, and H is the
dissipated power per unit volume and is calculated by:

Ow

— o8
w LQ

Considerindl ips= 0.1+0.009 W.nK? [7] andll sub (Si) = 149 x1OW.cm.K! [6], feeding
0KS 1y26y LI NI YS(iSNAEQ -GFETE0zS 325 12 INBAIK 3NV =F1 6 NA OF G S
mm and theTipspentacene thicknesdripsis expected to be 0.41 um combined with the

measured power enable the estimation of heating for any of the fabricated devices.

Figure 3.14hows the power dissipated during ak measurement of one of the fabricated
CM-OFET devices (defined ask \kp, the power consumed ranges from 0.07 to 85uW
across the transfer curve and the total accumulated dissipated power during the whole
measurement was 1.64 mW. Therefore utilizing equation 3.3 and 3dkife®.1-1 pm, the

rise in temperaturapTA a 2 Yy f 0.2 K whictb m msignificant particularly considering

that the margin of environment temperature change is + 1 degree.
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Figure 3.14 Power consumed during a transfer characteristics measurement of on®EBT

device.

For long term measurement, the picture is more complicated when continuous biasing is
applied to the device.A @mbination of bias stress and séléating will occur
simutaneouslyduring measurement and the stronger of the two effects naayninate

The two phenomena havihe oppositeeffects in organic transistordias stress causes
charge trapping that leads ta negativeshift in threshold voltage (for giype OSC) and
current reduction, while setheating can assistopping of charges between localized states
enhancing the mobilitylt has also been suggested that long term operation induces
microstructural modifications of the OSC thilm [8], whichdepending on the packing of

the OSC molecules and the direction of the applied electric, fieé) result in increased

intermolecular interactions and enhance the charge transport between mégecu
3.3.3Light:

Theelectricalbehaviourof OFETeviceausinga TipspentaceneOS(asbeenshownto be
stronglyinfluencedby exposureto light [9-12]. Exposureo light at different illumination
intensitiescanproduceasizeablevariationin the measuredsourcedraincurrent. Here the
effect of laboratoryroom light illumination on the behaviourof fabricatedCMOFETsvas
briefly investigatedoy measuringthe sourcedrain current (output/transfer characteristics)
under light and dark conditions. Specifically the combination of light exposure to
measurementinterval was investigatedin order to highlightthe interplay between light

inducedchangesn currentandchangesiueto measuremenbiasing



Here, the &boratory room light consists of fluorescent illumination. Unlike incandescent
light which gives a continuous spectrum, fluorescent light gives discrete lines typical of the
combined spectrum of ercury and phosphoiThe spectrum of light differseghending on

the type phosphor material used howev@eaks in light intensity are typically observed in
the blue region of the spectrumwith lessat green and red wavelengths. THecorative
plastic coers covering the lamp maglso affect the spectrum. The spectrum of the
laboratory fluorescent lights is shown in figurd3. with large spikes at 436m (violet)

and 546nm (green) which correspond to 2.8% and 2.22V respectively and two smaller
peaks one at 40dhm (violet) and 57’hm (yellow), correspornidgto 3.07eV and 2.1V
respectively all these energies are higher than the energy band gap between the HOMO

and LUMO levels reportefor Tipspentacene (<2 eV) [1B4].

It must be mentioned thatvhile the intensity of the light was low, the effect on the €M

OFET behaviour was evident as will be discussed in the next experiment.
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Figure 315: spectrum of laboratory fluorescent light measured at the position of the tested CM
OFET devices.

For each of the tested CM-OFETdevices,the source drain current was measured
periodicallyundertransitionfrom lightto darkandbackto light. Theeffectof the transition
betweenlightanddarkon the sourcedraincurrentwasexaminedoy recordingthe transfer
characteristicdirst every25 minutesbetweensuccessiveneasurementandthen with a5

minute interval.



The sequence of the experiment is as follows:

1

2

Under light illumination the transfer characteristics of the CVMET device is

measured. Theource drain current is here callegh(0).

Under the same light conditions, the transfer characteristics of the device is

measured five times with 25 minutes between successive measurements.

An opaque black tape is placed on fhipspentaceneregion ofthe device to block

the light. The transfer characteristics were immediately measured and then

repeated five times with 25 minutes between successive measurements.

The opaque tape is removed so the device is once again exposed to the light. The

transfer taracteristics were immediately measured and then repeated five times

with 25 minutes between successive measurements.

The same sequence is then repeated but with a 5 minute interval between

successive measurements.

The behaviour of eaclxperimentis summarized in the form ofgVax(t)/IsdMax(0) as a

function of time, where ddMax (0) is the maximum source drain current in the transfer

characteristics of the first measurement in light at the beginning of the experiment

IstMax(t) represent the ddVlax for each measurement relevant to the starting of the

measurement The results foivé different devices ipresented in figure 3.6.
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Figure 316: The change insiMax periodically measured for 5 GOFET under light and dark
conditions.



The changeén Ispfor each CMOFETWhen moving between light and dark conditiowas
consistent over the whole transfer curv&his can be seen more clearlyfigure 317 for
one of the tested devices. Figurel3.showsthe measureddp(t) change at four different

gate voltages, &/ -10,-20,-30 and-40V from the transfer characteristics curve

(25 min interval) (5 min interval)
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Figure 317: The change inspperiodically measured for a GRIFET under light and dark conditions

at Vs =-10,-20,-30 and-40V.

Although the five devices differ quantitatively, the genlergualitative behaviour of the
CMOFET devices was similar. The behaviour can be explained in terms
trapping/detrapping of trap states, since the device operates in a-ttaminated regime.

The general picture is that carriers generatedipyical excitation contribute to the source

of

drain current. The increase in carrier concentration under light illumination is observed as

an increase in source drain currefdpon removal of the external light source, these

additional photogenerated carrisrbecome trapped, reducing the overall carrier density,

leading to a corresponding decrease in source drain current. The photogeneration and

subsequent trapping of charge carriers are observed in the experiments shown here.

However, the application of exteal voltages required to bias the OFET also influence the

trapping/de-trapping of charge carriers. Specifically, in this experiment, devices show Initial

large kpincrease in light followed by slower increase and large ingiaddcrease in dark

followed by slower decrease. For the slow phase, when the device is biased more



frequently (short intervals between measurements), the rate of change s |
(increase/decrease) is smaller than when there is a long interval between measurements.
The influence obptical excitation and bias on carrier concentration is discussed in detail

below.
Under illumination (light):

Electrons and holes are photogenerated rapidly within the OSC layer upon exposure to an
external optical source. With an electric field applige. with the transistor biased), the
electrons and holes will separate and, because of the direction of the salnate electric

field (here, negative drain voltage), the holes drift through the OSC and contribute to the
charge transport while the elexins are thought to accumulate at the OSC/gate dielectric
interface where they become trapped. With a Sifelectric layer, the electrons are
trapped by hydroxyl groups on the Si€urface. These traps are believed to be deep (i.e.
the energy required torelease them is much greater than the thermal energy) such
electrons remain trapped for a sufficiently long time to iefhece subsequent

measurements [120].

Initially, the space charge electric field associated with the trapped electrons can reduce
the injection barrier at the source electrode. This reduction in barrier height accounts for
the large increase insp However, if the device remains under photoexcitation, these
trapped electrons can play additional roles that modulate the source drain murFer
example, the trapped electrons can restrain the release of additional holes, it can also
increase the extraction barrier at the drain electrode. This latter effect is caused by the
accumulation of excess holes at the drain electrode, where hole€xperience Coulomb
repulsion or increased recombination before extraction. As a result, the increase in source

drain current reduces beteen successive measurements [1823.

The reduced source drain current increment under continuous optical exmitéifter the

initial large increment) is more pronounced when the time interval between
measurements reduce as can be seen in figure 3.xdBere the increase insp between
measurements performed every 5 minutes is smaller than the case where measugement
are performed every 25 minutes. The possible explanation is that with less time between
measurement, lesser number of holes experience trapping when they are injected by the

source electrode in the following measurement and therefore, rapid higher holes



concentration near the drain electrode can be expected and higher probability of Coulomb

repulsion or recombination.

Without illumination (dark):

The current decay following removal of direct illumination is generally explained by a
combination of fast ad slow trapping of free holes. Fast trapping of free holes occurs at
deep trap states located at grain boundaries. These trapped holes reduce the trapping rate

of remaining free holes, evidenced by a slow decaygafier an initial large decay.

Another phenomenon that can contribute to the slow decay 4p Is the slow release of
trapped electrons that have accumulated at the OSC/dielectric interface during light
exposure. This can lead to a reduction in the trapping of injected holes due to thei@lectr
field associated witlmemaining trapped electrons [189,21,2327]. Furthermore, it is also
possible that the when transistor is biased, holes injected into the OSC may form excitons
by coulombic attraction to the trapped electrons. These generated@simay exhibit a

long lifetime and can thus influence charge transport in subsequent measurements. The
combination of these effects contributes to the observed slow decay of the source drain

current.

With a long duration between successive measuremadrgswith infrequent biasing of the
transistor), it is thus expected there will be an increase in trapping of free holes generated
during the previous measurement alongside an increase in the number of electrons
released from the interfacial trap statesot of these effects will lead to a reduction in
free holes, and thus a large decrease in source drain current between successive

measurements.

In contrast, as the time interval between successive measurements reduces, fewer
electrons are released fromap states, leading to a reduction in trapping of the current

carrying free hole (i.e. there will be a higher density of holes that can contribugg)to |

As for holes, It can be said that the rate of trapping decreases with time, this is because,
when traps with shorter time constants are filled, the time constants associated with the
remaining empty traps becomes longer, therefore, frequently filling stges by injected

carriers (generated by the electric field applied during measurements) can further increase



the time constant related to trapping free charges. Therefore, the current decay is slower

when the time interval between measurements is shoded vice versa.

The results shown in figure 15 indicate thatinfluence of photoexcitectharge carriers
(either free ortrapped) must be considered when operatitige CMOFET eévice for
sensing applications. Furthermore, the influence of these free eaqped carriers can last
for a significant time after a change in light conditions, for example after placing in the dark.
This residual effect needs to be minimized ideally eliminatedefore using the device for
any sensing applicatioAs has been siwn, the rate at which the CMDFET current reaches
steady state upon moving to different illumination conditions depends on the frequency
with which the transistor is biasedzurthermore the relative difference ithe decayin Isp
upon removal of externaillumination between nominally identicaldevices can be
attributed to the randomness oTipspentaceneformation in drop casting depositiorit

may thus be necessatlgat the minimization othe effect oflight on the CMOFETgaeeds

to be considered foreach device individually. This will be discussed further in chapter 4
section (44.2).

3.4 @nclusions

This chapter has presented experimental characterization of the fabricateedDERT
devices, focussing on electrical characterization using the conventional output and transfer
characteristics. Preliminary characterization was performed on dik&Structue devices
produced by photolithography in which gating of the OFET was achieved through the silicon
bottom-gate. To assess and optimize the fabrication protocol and to validate the efficiency
of the charge injection to theéTipspentacene a large number tOFET devices were
fabricated and characterized and the results demonstrate successful fabrication of working
OFETs with over 90% vyield, however, with large variations between devices. For example,
a wide range of charge carrier mobility was achieved ssaevices (0.0002.055 cmnd

1 8%). Variations between devices is related to the dagsting method employed for
deposition of theTipspentacenelayer. Following successful fabrication of OFET devices,
the fabrication CMOFET devices was demonstiie which gating is achieved through a

capacitively coupled control gate. Here, fabrication was performed using a shadow masking



technique. Electrical characterization of a humber of-ONWETs showed that while they
exhibited transistoilike behaviour, a dtortion in the output and transfer characteristics

was observed that was attributed to the contribution of the drain voltage on the gating of
the CMOFET devices. Again, it was demonstrated that the approach adopted for
fabrication of the CMOFET devicesas effective. Variation between nominally identical
CM-OFETs was also observed, with the saturation current varying between 18nA and 3.9pA
for functioning devices, variations are ascribed to differences in the OSC layer as a result of
the drop-casting deosition method as well. Despite the distortion in the output and
transfer characteristics of GROFET devices, it was demonstrated that such devices can be
employed for sensing application and the sensing activity can be quantified by the change
in the souce drain current at the maximum point in the transfer characteristics curve.
Finally, the chapter highlighted several factors relating to the measurement environment
that must be considered for reliable and consistent operation of the@RET. Critically,

the influence of light on the behaviour of the @MET was discussed in detail, highlighting

the importance of controlling ambient light in order to minimize its effect on the @MET.
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Chapter 4
CM-OFETDevice as pH sensor

This chapter willdiscuss the possibility of using theharge modulated OFET device
described previously and shown in figure ,4a% asensor for local pHHere, thesensitivity

of the CM-OFETto charge was exploited in order to detect changestle local
concentration to protonsgtrictly, the hydronium iorH:O" ions), and thus able to operate
as a pH sensotn order to provide ensitivity to proton concentrationthe designated
sensing region of th€EM-OFETwas furctionalizZd with molecular speciesble tochange
charge as a function of local concentration K§O" ions. The chaptefirst providesa
comprehensive explanation of ¢hoperating principle of the C/MFET pH sensor, before

experimental measurements of tHeM-OFEPH sensoare discussed

4.1 Architecture of the pH CNDFET charge sensor

The charge modulated OFE&velopedin this projectis shown in figure 4.1The dewe
comprises an OFET couplénl a sensing regiorthat extends away from the organic
semiconductor layer, thus isolating the sensing function from the transistaupling
between the sensing region and the OFET is achievedheigloating gate, which
capaitively couples the charge stored in the sensing region to the transi8toy change

in the charge local to the surface of the sensing region léa@scorresponding change in
the transistor behaviour (i.e. modulation of the transistor output sourcerdcarrrent),that

is proportionalto the charge accumulated in the sensing arBar example, &hange in
charge density on the surface of the floating gate in the sensing region due to a chemical
reaction between an aqueous solution and active sites anflbating gate surface or due

to binding of a charged biomolecule to the surface, will change the charge distribution in
the floating gate. This, in turn, effectively changes the gate potential at the conducting
channelof the OSC. Given that the sensialgjlity arises from a change in charge density at

the surface of the floating gate, it is necessary to understand and engineer this surface in



order to render the device sensitive to the required analyte, here the local concentration

of protons.

PDMS Chamber Tygon Tubes

<N

Gate dielectric

/ APTES SAM

Floating gate

Sensor

Charge Modulated Organic field effect sensor

Figure 4.1:Schematic diagram of the COMIFET sensor showing the two key components of the
device; the OFET and the sensing regidrich can be exposed to an analyte through a PDMS
microfluidic manifold Coupling between the two components is achieved wéftoating gate. The
control gate, G is used to bias the OFET without the need for applgipgtential directly to the
floating gate.Here, the schematic shows a @MFET responsive to pH where the pH sensitivity
arises from amine groups introduced ohet surface of the sensing region by the APTES self

assembled monolayer.

4.2 Surface chemistry and surface engineering for pH sensitivity

In the SI/SIQCMOFET, the floating gate islagenerately dopedi substrate. The silicon
surfacetypically contains a large density of active sites {8**cm?) [1] that spontaneously
react with ambient oxygen to develop a native oxide layer which is normally hydroxylated
to form silanol groups, % O ¢ H. When in contact with aqueous solutionese silanol
groups can become ionized by the dissociation bibHs. Here, the surface hydroxyl sites

of the silanol groups are in equilibrium with ions in the solution. This equilibrium is



described by the site binding model first introduced by Yated. [2]. The model describes
the acidbase reaction occurring at thaliconsolutioninterface Here, thesilanolgroups
are considered to be amphoteric, donating and accepting protons depending on pH of the

solution. This is described by equations 4.hd b:

YQUO 'O P YQO ol Gf L# do (4.1a)

YQU G YR O 6l 4p L8 ®y (4.1b)

As shown by equations 4.1 a and b, the silanol surface sites can go througldiffeeent
ionization states depending on the pH of the solution in contact with the silicon surface. At
low pH (acidic medium) the &iOH will be protonated, Kj OH*, resulting ina positively
charged surface. As the solution becomes increasingly libsi§ic OH* groups start to
deprotonate to become K OH such they carry no charge. Finally, at high pH, theO$i
groups deprotonate to %O and thus the surfae carries a net negative charfje3]. Figure

4.2 shows the pH levels at whielch ionization states of the silanol group dominates and

the corresponding change in net surface charge.

Low High

pH
Figure 4.2ionization states of silanol groups the interface between the native silica formed on

silicon substrate and an aqueous electrolyteadsinction of solutiorpH [4].

Althoughthe oxidized silicon surface exhibits a surface charge that is sensitiveaipH,

the surface exhibits two featurethat are undesirable for use as the proton sensitive



surface in a pH sensofFirst, buried oxie sitesrespondslower to a change isolutionpH

than those sites located directly on the silisarface due to slow ion diffusion. Thite
dependence leads t@ drift in the response of silicon oxideased pH sensorslp].
Secondly, the response is not linear over a wide range of pH. Instead, the silicon surface
shows two characteristic linear regimes of pH dependency. In the rangeqyé] @here

the silanol groups carry no chardbere is littleresponse of the $j OH due tasolutionpH

I.e. the surface charge remains effectively constdntcontrast, at higher pH (in the range

pH 6¢ 9), the rate of change of the surface is higk8J6Finally, it is worth noting that it is
difficult to control the surface densitpf silanol groups which could lead to significant

variationin pH sensitivitypetween nominally identical devices.

Rather than simply exploit the pH dependency of the bare silicon surfaessttherefore
decided tochemically modifghe silica with a sié-assembled monolayer (SANh)order to
provide a more repeatable, controlled and reliable pH sensitive surfamesilica surfaces,
modification with an amine terminated SAM, such amn3inoproyltrimethoxysilane
(APTEjas beerreported to enhancehe performance ol SFEPHsensos, particularlyin
acidicsolutions[6,9-11]. APTES functionalized silica yields a surface witipv@sponsive
receptor groups; amine groups, NHwnd naturally occurring silanol groups {®H). Both
these chemicabroupsact as hydrogen ion receptar€ritically, however the receptor
groups undergo protonatiorand deprotonation at different pH ranges leading to a
combined response that increases the linearity of the sensor respowsewhat can be

achieved with a silicaurface onlyj12-15].

4.2.1Combined pH sensitivity of BlH and Si¢ OHterminated silicon surface

As discussed in section 4.2, silanol groups have three different ionization states depending
on the pH level of the solution in contact with the surface. In contrast, amine granigs

have two ionization states described by equation 4.2:
06OP 00O O (4.2)

At equilibrium,where the surface density of protonated (BfiHand unprotonated groups
(NR) are equalthe equilibrium constant, known as the acid dissociation constigntis

expressed as:



b — (4.3

Where the [NH], [H] and [NH*] represent the concentration of the amine, proton and

protonated amine groups respectively.

Taking the negative lagof equation 4.3 and rearranging, the relationship between the pH
of the solution, the dissciation constant and the concentration of the protonated, B\H
and deprotonated [NE] form of the amine grougan be obtainedThis relationshigknown

as the Hendersoiasselbalch equatioms shown in equation 4.4 [1&7].
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From the Hendersoilasselbalch relationship can be deducel that, when the solution
pH is lower than the pKthe amine graps tend to be in the protonated form, andce
versa At a solution pH equal to the pKthe concentration of the protonated and
deprotonated form of the amine groups are equal such that the net charge is Eei®is
shown schematically in the plot ohé HendersorHasselbalch relationshiip Figure 4.3.
According to the HenderseHasselbalch relationship, 99% of protonation and

deprotonation happens + 2 pH units below and above thgvaltue [18].

[NH;]

[NH3+ 1= [NHz]

=

[NH;* 1> [NH;] [NH5* 1 < [NH,;]

p'I(a pH

Figure 4.3Schematic plot of thélendersorHasselbalch relationship of the amine group.



The precisgks of an amine group depends on the specific molecule and position of the
amine within that molecule. However, forast moleculesontaining anamineterminal
group, the pKais typically greater than pBlin bulk solution [9,19]. However, when grafted
onto a surface, theaminepkais typically reported to be much lower than in solution [17,20
21]. For example, a plés low as 3.9 was reported for an APTES monolayer [22] where the
significant reduction in pKwas assumed to be related to the very hydrophobic
environment around the @rminal groups. Té reduced pKa associated with surface
immobilised aminegxplains the improvement in pH response of the APTES modified silica
surfacecompared to the pure silica surfac8pecifically, within the range pH;®, where

the silanol groups fathe silica surface are only weakly responsive to pH, the amine groups
of APTES will be in the high sensitivity range around thgiK pk +2 pH units) where
99% protonation and deprotonation happer@utside ofthis range(particularly the upper

side of the range > pH 6.8where the amine groups areither fully protonated or
deprotonated, the silanol groups will be more responsive to pH change. The combined
acidic and basic response provided by #mine and silanajroups enhances the linearity

of the modified surface response to pH over a wider pH range.

4.2.2 The CMOFET pH sensepntaining bothNH and SiOH surface groups.

Here the improved pH responseAPTES&inctionalizd silica surfaces exploitedo create

a CMOFET pH sensdhe silica surface within th sensing region is functionadiz with an
APTES SAM in order to introduce amine groups. At low@Hh pH below theks of APTES
pKa £ @qn5), the surface silanol groups will be neutral while the amine groups will be
predominartly protonated (NH:*). As a result, the surface of the sensing region will be
positively charged This will, in turn, result in accumulation négative charge in the
floating gate underneath the sensing regidiine correspondingredistribution of charge
within the floating gate will effectively cause a negative shifthe apparentgate voltage,
leading to a decrease in the source drain curregs, Conversely, &1the pH increases
towards thepKs of APTEShe amine groups become increasingly deprotorthtieading to

a reduction in the net positive charge in the sensing region, in turn causing a slight positive

gate voltage shift. Increasing the pH further, leads to deprotonation of the silanol groups



(from Si¢ OH to Sk O), further increasing the pasie gate voltage shift and hence, the

increase indo

4.3 APTES surface analysis

Beforeproceeding to characterise the electrical performarafehe fabricated CMOFET
pH sensor, the surface of APTES functionalized sensing regidinsivetsaracterisedHere,
x-ray photoelectron spectroscopy (XP&3tandard surface analytical technigueasused

to characterize APTES1fs assembled on a siin surface

4.3.1APTES SAM XPS Spectra

XPS is atandard tool for surface characterizatitimat can provide a quantitative analysis

of the elemental composition andhemical state of the surface. In XPS, a surface is
irradiated with xNJ @ & 0 O2 YY 2 y f &-ray photonsequiaieht ;0 B486Y6eV

and 1254.&V respectivelyin an ultrahigh vacuum environmenthe energetic incident-x

ray photons cause ejection abrelevel electrons from the surface atoms [23]. These
characteristic electrons are subsequently collected, and their kinetic energy and number
are measured using an electron energy analyser. The kinetic enekgpf Bn emitted

electron is relatedd its binding energy,d=by equation 4.5:

w0 % (4.5)

Wherehv is the energy of the incidentpay photons [i is Planck's constant ands the x

NJ & F NB | dzpeyfs@he wdtk fungfidth ofuhe spectrometer [23].

By mapping the number of electrons against the binding energy, it is possible to generate
an XPS spectra consisting of multiple peaks that occur at specific en&apbspeak within
this spectra is relatetb a specific element in the sample under study and the intensity of

the peaks is related to the concentration of that element.



4.3.11 XPSExperimental Procedure

Two Si substrates were prepared for XPS characterization. The reference samplzaveas a
silicon surfacavith a native oxide butvithout APTES functionalizatiofhe secondsample

was a baresilicon surfacewith a native oxide andunctionalized with APTESy self
assemblyln selfassemble monolayeiitial monolayer coverage can be achieved very fast
(within seconds to minutes), however, tlseirface coverage from thmonolayer formed

within this time scale iquite low and contains conformational disordering, allowing longer
assembly time (typicalbyl2 hours up to days) increassdsorbategacking and reordering

and reducesdnter-separation leading to a momganised and compact monolay@528].

To deposit/assemble APTES layer on Si and other surfaces, APTES concentration lower the
10% in varios solvents (typically 5% or less) is usz#32]. Here,5% APTES in IPA and 18

hours were chosen.

Both Si samplegeference bare Si substrate and APTlE®tionalizedSi substrateyvere
initially cleaned in Piranha solution for 5 minutes followed by 5 minutet/\dbzone
cleaning. The reference substrate wiien immersed in IPA solution while the second
substrate was immersed 5% APTES in IPA. Batimples were left immersed in eir
respective solutions for approximately 18 houBeth samples were rinsed with IPA and
dried with nitrogenbefore immediately being transferred to the XPS specimen chamber

and placed under vacuum for scanning.

The Xray source was an Al anode on a daabde Xray source (Al k= 1486¢eV). The
chamber base pressure was %.50° mbar. A wide survey scan for binding energie€i200
eV was first taken to get an overviewtbk elements present on the sample surface. The
survey scans, shown in figure 4.for both the APTES modified and-omodified Si
substrates showed distinct emission peaks for 5iS2 », C and O ¥ peaks B3]. No

other elements show a strong signal lhrese scans.

The survey scans also showed a more intense C peak for the APTES modified Si compare
to the reference unmodified Si. This is as expected, owing the greater C content introduced
by the APTEB\odified surface. In order to investigate tloeigin of this carbon content in
more detail, scans for Cs1Si 3, and Si B regions were performed, along with the ¢ 1

region to look for the presence of nitrogen.
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Figure 4.4A representative XPS survey scan showing the elemental composition of the surfaces of
(a) APTES modified Si substrate, (b) reference Si subSthe@APTES modified Si sample spectrum
has a reduced intensity compared to the reference sample. This is because a smaller aperture was

used toreduce artefacts associated with photoelectrons generate fromsém@ple plate.



4.3.1.2 Detailed spectra of S{PSpeaks
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Figure 4.5 Experimental XPS spectiar Si (2s & 2p) peaks for t{a and c)APTES modified Si
substrate andb and d) ér the unmodified reference Si substrate

XPS spectra dhe Si 2s and 2 peaks for both the APTES modified Si and unmodified Si
surfaces are shown in Figure 4.5. Criticitth the APTES modified and reference samples
revealedtwo peaksfor both the Si 2s and 2p photoelectrorsgparated by % 4 eV. The
dominant peaks a9 eVand 151 eVboth correspondo the Si¢ Si bondwhile the smaller
peaks are associated wiBig O [34-37]. Comparing the peaks between the APTES modified



sample and the reference, the overall shapes were very similar. However, theapect
indicate the binding between APTES and substrate is through [®inds, as the ratio
between the S¢ O peak to the Sj Si peak has increased compare to the reference sample.
A small negative shift of 2p from the expected peak positiDaOl eV),suggest the

presence of § C bonds on the sample surface as wed-38].

4.3.1.3 Detailed spectra N 1XPS paks

XPS spectra of thd 1speaks for both the APTES modified Si and unmodified Si surfaces
are shown in Figure 4.6 (a) and (b), respectiveR5 Xcans around the energy associated
with N Isrevealed a small but distinct peak the APTES modified Si substratecontrast,

no N 1speak was observed for theeferencesilicon surfaceThe position of the peak
observed on the APTES surface was fbtmbe around 401 eV (the low intensity makes
identification of the precise energy challenging). This is the correct binding energy range

expected for NLstransitionsfor amine groups 34-36).
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Figure 4.6 XPS spectrior N (1s)pn (a) APTES modified Si substrated (b) reference Si substrate.

Althoughthe spectra is noisyhe N 1s peak observed for the APTES functionalized surface
was seen to be slightly asymmetric suggesting the presence of two individual psaks.

peak fitting, it was possible to identify two individual XPS peakiding energie®f 400.2



eV and 401.8 eV, which correspond to the neutral JN&thd protonated (Nkf) forms of
the terminal amino group of APTEBH36,39]. As shown in Figure 4.%e intensities of
the two fitted peaks suggest that there is similar amousftaeutral (NH) and protonated

(NH*) groupspresent on the sample
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Figure 4.7Detailed XPSpectra for N (1s) peaks for APTES modified Si suhdfete fittingreveals
two peaks associated withthe neutral (NH) and protonated (NE) binding energies All

deconvoluted fitted peaks are Gaussian functions.

4.3.14 Detailed spectra C 1s Peaks

As shown in Figure 4.8, the C 1s spectrum for the APTES modifiedaiesllydifferent

in shape to that observed on the Si reference. Furthemendine C 1s peak for the APTES
functionalized Sisurface is higherin intensity. The dominant peak for the APTES
functionalizd occurs at 288 e\In contrastthe dominant peak on the Si referenoecurs

at a low energy o286 eV. This indicates that tharéace carbon on the surface of the two

samples are in a different state.



The C 1s peak is commonly attributed to contamination, howeverhtpeer intensityof

the C 1s peak in the APTES modified Si can be a reasonable indication to the presence of
APTE. Furthermore, the broadness of the C 1s peak is indicati@econtribution by
multiple bonds,suchasCg CD284.4 eV, @ ND286.2 eV and EOD288 eV. The presence

of the dominant signal of the peak on the=© side in the APTES modifie¢@nparel to

the referenceisalso an indication for the presencé APTES3[B-35,39].
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Figure 4.8Detailed XPSpectra for C (1s) peaks (a) APTES modified Si substrate (b) reference

Si substrate.

Using peak fittindfigure 4.9)to probe the proportions of each of the main bondsq C
D284.4 eV, @ ND286.2 eV and C =088 eV) for both the APTES modifigi substrate

and the reference Si substrate shows that, for the reference Si substrate the dominant
peaks are the G C and C = O which can be expected due to contamination from exposing
the silica surface to IPA for long time, the Ris vey small fo the reference substrate. In
contrast, for theAPTES modified Si substraadarge increase in both¢N and C = O and

a large decrease in€C indicate the binding of the APTES to the silica surface.

Overall, the XPS data suggests that forrARJ ES on the Si surface was successful and that
the protocol used for functionaliizg the surface can be employed for functionalizing the

sensing region of the CIAFET devices
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Figure 49: Detailed XPS spectra for C (1s) peaks for (a) APTES modified Si substrate and (b
reference Si substrate. Peak fitting red® three peaks associated withinding energie®f C¢ C
D284.4 eMpeakl), C¢ ND286.2 eMpeak 2)and C = @288 eV(peak 3) All deconvoluted fitted

peaks are Gaussian functions.

4.4pH CMOFETResults and discussion
4.4.1 Surfacenodification of Si floating gate using APTES and its effect on the OSC layer

Having confirmed the assembly of an APTES SAM esnobSirates now this section

proceedsto discuss APTES functionalization of the Si sensing surface of HGFEM As
discussedn chapter 2the sensing areaan be functionalized witAPTES either before or
after deposition of the Tipspentacene OSC. Herethe relative advantages and
disadantages of the two approaches will kexplained First, a reminder of the two
strategies is illustrated in the flowcharts shown in Figud®4howing the sequence of the

fabrication steps for each approach.

Initially, CMOFETdevices were fabricated acaiing to approach 1, where theensing
region was functionaled with APTES prior Tipspentacenedeposition. However, devices
fabricated through this approach consistently suffered from very low soedrae

currents. To confirm if APTES contaminatiamswthe cause, new devices wdsbricated



and thetransfer characteristicef the CMOFET wereneasuredbefore and after APTES

functionalization.

Approach 1 (APTES before OSC) Approach 2 (APTES after OSC)
Start Start

Cut wafer to appropriate sample size Cut wafer to appropriate sample size

v v
Clean samples (acetone + IPA) Clean samples (acetone + IPA)

Y v

Sensing area realization (photoresist Sensing area realization (photoresist

+ HF etching) + HF etching)
v v
Source Drain contact formation Source Drain contact formation
(metal deposition) (metal deposition)

Y v

Sensing area APTES functionalization Tips-Pentacene deposition

(dipping)
v

v

Microfluidic chamber incorporation Microscope
i inspection (good

, N crystallization?)
Tips-Pentacene deposition

Y

Microscope
inspection (good
crystallization?)

Microfluidic chamber incorporation

v

Sensing area APTES functionalization
(via tubes)

v

Device testing Device testing

! v
End End

Figure 410: The two fabrication sequences implemented for fabricating the@RMET devices.



As can be seen in figure 4,1following exposure to APTES, the source drain current
decreased significantly, falling by around an order of magnitudth@tmaximumgate
voltage Vs=-40 V. While only the sensing region of the device was immersed in the APTES
solution, other regions of the sample surface have the potential to become contaminated
with APTES due to vapour depositiofine presence of the NHgroups inthe APTES
adsorbed layer which act as traps for the majority charges carriers (hole3ifer

pentacene)could explain the observed reduction in source drain curféft4?2].
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Figure 4.1: Transfer characteristics of @M-OFETbefore and afterfunctionalization of the Si
sensing region with 5%PTE® IPA. HereYsp=-40V.

The fabrication process was thus modified to minimise exposure of the OFET to. APTES
this alternative approach (approach & figure 410), APTES monolayassemblywas
performed following Tipspentacenedeposition through an enclosed PDMS chamber,

minimising the exposure of th&ipspentaceneregion to APTES contamination.

Figure 412 showsthe transfer characteristics of @V-OFEThat was functionalized using

the PDMS microfluidic chamber approach 2Critically, he source drain currenhow



remains constantefore and after APTES functionalization. However, when QR&ET
region of thesame device wasubsequentlyexposed to APTES vapotine transfer
characteristicagain showed decrease in source drain currefa reduction by nearly 60%

at agate voltage40 \) and an increase in the threshold voltage.
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Figure 4.2: Transfer characteristics of a device before and after APTES functionalization using
approach 2 and after exposing the device to APTES vapgsr4dV).

Comparing the two approachés CMOFET fabricatignt can beconcludedthat exposure

to APTES vapour significantly degrades carrier transport irOB€Tipspentacene In
contrast, the OSCTipspentaceneis protected from APTES vapour deposition using
approach 2Howeverdue tothe delaybetween hydroxylation of the Si surfaaed APTES
functionalization (including an additional fabrication stefje quality of theassembled
APTES layer may be compromised. Also, as APTES functionadizeticanside the PDMS
chamber, the choice of APTES solvestsnited. For example, norglar solvens such as
toluene which are ideal for APTES functionalization, are not compatible with PDMS, as they

infuse through PDMS walls causing them to swi&l45]. Polar solvens, such a#PA have



been shown to significantly reduce PDMS swellingwas thus chosen here. For example,
Hondaet. al [43] have shown that the degree of swelling in a PDdlEge immersedin
toluene solution is 90% compared to less than 10% in IPA solution over the same time
period (24 hours)This is also shown figure 413 which compares the PDMS microfluidic
chamber following exposure to a 5% APTES solutidaluene and IPAVithin only 2 hours

of immersingthe chamberin APTES oluene the PDMS chamber hadearly swollen
During the same time, no visib®velling was observed following immersion oPBMS
chamberin APTESPA solution. In facho visible swelling of the PDMS was observed when
using APTERA solutioreven after 18 hoursWhile swelling was not visible tbe naked

eye, it is possible that swelling to a small degree could influence the geometry of the
sensing area. However, the change in surface area is expected to be negligible comparec
to the large sensing region area (0.49%nMoreover, since APTES ftinnalizationis
performed prior to any pH sensing experiment, the new (slightly changed) sensing surface
area as a result of APTES functionalization will be the same for all subsequent

measurements.

(a) (b)

(c) (d)
Figure 4.B: Effect of immersion in (APTHSBluene) ad (APTES?A) solutions on PDMS champer

(a) before (b) after immersion in (APFTE3uene) solution, (c) before (d) after immersion in (APTES
IPA) solution.



4.4.2 Experimental consideration for CMDFET testing; the influence of light

A criticalconsideration in the development of any chemical and biological sensor is the
minimisation of measurement artefacts which otherwise could lead to false positive or
false negative results. As discussed in section 3.3.3, the transfer characteristics bf-the C
OFETis highly influenced by the photogeneration of charge carriers within TigEs
pentacenelayer that occurs upon exposure to ambient light. Although all pH testing
measurements are conducted in dark (i.e. the OSC is blocked from exposure to ambient
light) to minimise the photogeneration of carrieiswas demonstrated thathe effect of

the photoexcitation may last for some time even after the-OHMET was shielded from light
andit is criticalto ensurethat this residual effecdo not have an impaatn the observed

response of the CMOFET when used as a biosensor.

Thedynamicof photogenerated carriers as a result of transferring CMOFETrom light
to darkconditions can be monitored by recording theduction in measured source drain
current, Ispof the transfer characteristiaas a function of time. Figure 4 $hows the decay
in Ispafter shielding a CMDFET from ambient light. As can be sdesdecays gradually
over time, with large initial decay in the recorded source drain current,i@tbby a slow

component decay in the recorded source drain current.

The source drain current decay in dark was found to be fitted reasonably well with a
stretched exponential function (equation@}.[46], which is commonly used to describe the
source drain current decay in OFETSs due to bias stress effect in dark.
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G2 & NBEFEFIGAZ2Y GAYVNIIRALBESNBARY GXK8I ¥8 WBNDOK &
dispersion exponent related to the characteristic width of the band tail of the insulator)

[47].

It must be stressed thatj KS NXBfFEFGA2y GAYS _ Ay GKA& OF &8s
describing thetime required for the exponentially decreasing current of the entire decay

curve to drop from the initial current valus t(0) to 1/e or 0.368 of that initial value and is



not aphysicakharacteristidcime related to return to equilibrium after individual excitation

(biasing).

The fitting is explained in append® | yR (G KS @I t dzSa 27 I YR

for six nominally identical CADFETSs are presentedtable 41.
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Figure 4.%: Timedependence of thenaximum source drain current fa'l CM-OFET devicgue to
shielding from ambient light. Herehé¢ Tipspentacenelayer is covered by black tape attike
transfer characteristics were measuredery 25 minute$or 7 hoursandlspis themaximum source

drain currentrecorded at ¥=-40 V.
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Table 4% K SEGNI OGSR @I tdzSa 2F _ dodéday for sidQMR Y
OFET devices.
CM-OFET 1 2 3 4 5 6
_ 03 946 1304 895 1818 938 952
j 0.34 0.23 0.34 0.38 0.26 0.29
R value 0.984 0.936 0.988 0.97 0.94 0.98
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OFETs (T0 10° s) [38-39] which suggests a higher concentration of traps infat®icated

CM-OFETSs, however, agmained in chapter 3 section 3.3.e longer the time between

measurements the faster theadRS Ol 83 KA OK O2dz R Fftaz2 SELXIAY
estimated here, where the device is relaxed for 25 minutes betweenessoe points in

the decay curve, unlike the bias stress measurement where the current is continuously

measured.

For the particular CMOFET deviceneasured for Figure 44land given the associated
measurement conditions (transfer characteristioseasured every 25 minutgs the
maximum source drain current immediately after the giSpentacenewvas covereavas

seen todecrease by 12% The current decreasedoy 61% in the ifst 2 hours of the
experimentrelative to the current measured just before covering the Jppstacene,
compared to nearly 10% for the rest of the experiment and only less than 3% in the last 2
hours of the experimentSimilar behaviour waalsoobservedin other nominally identical
CM-OFET deviceghe percentage change in the measured maximum source drain current

IscMax over timefor six CMOFETg& summarized in Tabke?2 and figure 4 4.

Table 4.2The percentage change in the measured maximum sodwra® current, dViax, during

a 7 hours period in the dark compare tgMax in light.

Max lsochange% CMOFET 1 CM-OFET 2 CM-OFET 3 CM-OFET 4 CM-OFET 5 CM-OFET 6

0¢2hrs 59.1 31.2 39.7 52.1 57.6 61.3
2¢7hrs 9.7 5.6 12.4 3 3.7 9.8
5¢7 hrs 2.3 2.8 3 3 3.6 2.8

The large decrease in source drain current observed in the early dark period is also
associated with large measurement to measurement source drain current ch@ege
difference in $pbetween successive measurementd)e measurement to measurement
source drain current change can be expressed in terms of the relative standard deviation

RSD over a particular period of tinmethe experiment

Figure 4.6 compare the RSD between measurements at diffepariodsduring the light

to dark experiment.
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Figure 4.8 clearly shows that in the first period under dark condition the measurement to
measurement change every 25 minutes is far greater compare than that in lateisstage

the dark. This observation is of great importance when sensing activity is to be investigate,
where the measuredsbis compared before and after the sensing activity. If the sensing
activity is studied shortly after the GRAFET device was put in dadndition, the likelihood

is that the effect of sensing activity will be dominated by the stronger photogenerated
charge carrier releasing process and hence, any sensing interpretation and subsequent
drawn conclusion within this period will be inaccurated may be misleading. Therefore,

it was important to ensure that the influence of photogenerated carriers was greatly

reduced for all tested devices before any pH sensing measurement was conducted.

4.4.3pH sensing usinthe CMOFET

To demonstrate the functionality of the fabricated COFEToperating as a chemical
sensor, theperformance of thefabricated CMOFET devices was assesk®dmonitoring
pH. In order to test the pH response of a GMFET device, the sensing region \irest
functionalized with APTES aegposed to a set of buffer solutions of different pHhepH
solutions that were used for testing the fabricated devices wieased onMcilvaineQ a
buffer solutions [8]. Mcilvaine buffer solutionare prepared by mixing stock sglons of
0.2M disodium phosphate and OM! citric acid at different concentrations. The pH range
covered by Mcilvaine buffer is from 2.2 to 8 and tie&tive ratiosandassociategpH level
used are illustrated in table 4.FExperimentally, he differentpH buffer solutions were
made using theatiosprovided in table 4.3 and pH oaehmadesolution wassubsequently
measured using a pH meter (METTLER TOlEB@Easy-20. The tableshows the

measured pH of each soluti@ompared to the targepH level.

According to the mechanism described in section 4.2, the chdeysity of the APTES
functionalized Si surfacan the sensing area will change depending on the pH of the
solution. This change in surface chadgasitywill in turn lead to a redistribution of charge

in the floating gate and hence, modulate the charge carrier density inside the channel of
the transistor. Effectivelya charge equal in magnitude but opposite in sign to that
accumulated in sensing area of thedting gate will be distributed over the three
transistor electrodes (source, drain and control gate), causing a shift in the gate voltage

applied to the transistor. Assuming everything else remains constant apart from the pH of



the solution, the chargaccumulatioron the surface of the sensing regiamll result in an

apparent change in the threshold voltagecording to the followingxpressior{49].

36 36 _— 4.7

Here, Qensis the charge on the surface of the sensing region induced by the
protonation/deprotonation of surface amine and hydroxyl groupss the sum of all the
capacitances in the device structure i.eo>= Gg+ G+ G, where Gy Gand G are the
control gate, source and drain capacitance, respectivety is the CMOFET threshold

voltage and ¥gis the floating gate potential.

Table 4.3Mixing table for making 50ml of citric and Mcilvaine buffer solutions and the measured

pH of prepared buffer soluihs compare to the targeted pH.

Targeted pH 0.2M Disodium 0.1M Citric acid Measured
phosphate (NaHPQ) ml (GsHsO7) ml pH
Citric (reference) 0 50 2.54
2.2 1 49 2.65
3 10.275 39.725 3.24
4 19.275 30.725 4.05
5 25.75 24.25 5.62
6 31.575 18.425 6.5
7 41.175 8.825 7.19
8 48.625 1.375 8.12

4.4.3.1pH sensing usinthe CM-OFET Transfer characteristics

The variation in the souredrain current as a consequence of the redistribution of charge

in the floating gate induced by the change in the pH level of the solution was used to



confirm the sensing capabilities of the EMFET. Specifically, the maximumidisource
current, kdViax, from the transfer characteristics of the device measurements was used to
compare the response of the device to each pH solutieggvdx on the transfer
characteristics curve is at a gate voltage (applied through the control Yate)}40 V while

the drain volage was held constant 240 V.
The measurement was perforrdausing the following protocol:

(1) A reference pH solution, herérec acid (pH2.54) was first introduced to the sensing
region of the CMOFET sensera the PDMS chamband the transfer characteristics of the
device measured. This provided a baseline measurement against which the test solution

was measured.

(2) Thereference pH solution was replaced by a test pH buffer solution and the transfer
characteristicof the CMOFETmeasured. This process was repeated for each pH buffer
solution in the range pH 2.2 8. The percentage change k\Wlax between the test pH
solution and the previous citric acid reference pH solution was calculasaty equation

4.8 andused to compare the response of the device to different pH test solutions

00 OB b (4.8)

Here IsdMax (pH) is the maximum sourckain current of the test pH solution angdWax
(citric) is the maximum source drain current measured for the citric acid reference pH

solution.

At different pH levels, the amine and silanol groups on the surfatteecsensing regioare
expected tochange ionization states, thus the surface chadgmsity will vary in the
sensing region accordingly. tile pH sensingxperimentdescribed aboveeach time the
citric acid solution is replaced by a given buBetution, the surface charge of the sensing
regionis expected to change where tl@@nount of change idependent on the difference
in pH between the citric acid reference and the test solutiéar example, replacing the
citric acid solution with a buffesolution of pH 8will result in the silanol groups changing
from Si¢ OR* or Si¢ OH in acidic conditions (citric acid) ta; € at pH8. Atthe same time
the surface aminemitially protonated in citric acidvill becone deprotonated at pHB. As

a restt, the surface changes from being predominambsitively charged to aurface with

a largenegative chargedensity. Ultimately, this is expected to be translated to a large



positive shiftin apparent gate voltagandthus an increase ikgViax. In cortrast, replacing
the citric acid with a low pla.6 buffer solution, means that the surface groups will remain
largely unchanged (with similar ionization states). Correspondingly, small to negligible

changein the magnitude and sign of treurface charge isxpected.

Two types of responses maybe observed in the investigate®EMT devices based on the

quality of the APTES layer in the sensing region.

1) Devices witha denseAPTE$nonolayer assembleth the sensing region, should
exhibit a linear pHensitivity response over the investigated pH rangdZ.2¢ 8),
as a result of the combined pH response of both amine and silgrmlps as
explained in sectiod.2. Here, the linearity should be observed as a linear increase
in the percentage change the maximum source drain current as the pH increase.

2) In devices with poor quality APTES layer, the density of amine groups is significantly
reduced such that the pH sensitivity of the €@WFET is dominated by silanol groups
on the silica surface. As discadsn section 4.2, these-8H groups are known to
exhibit a weak response to pH change between pH 2.3 and 6.8, hence, the change

in lsgMax is expected to be minimal in this range.

A total of eight, nominally identica®CM-OFET devices were tested for pHhsiag.Each
device was challenged with the seven pblutions presented in table 3.before the
transfer characteristics of each device was measured. Each device was tested three times
over the full pH range (pH 2:28). In two of the three tests, the tresfer characteristics

were recorded immediately after the solution was introduced to the sensing area and 25
minutes after being introduced (referred to as the 25min measurement). In the third test,
the pH solutions were measured only after 25 minuteg béing introduced to the sensing

area. The lattetestwas done to investigati reducing the biasing stress that is generated

from immediate measurement affects the pH response.

Experimental results of the eight devices are shown in figdt&s to 4.24. Each figure
displays for a particular GROFET device (a) the percentage change in the maximum source
drain current between each pH buffer solution and the reference citric soltalculated
using equation 4.8pr threeindependent measurementshenthe transfer characteriste

weremeasured 25 minutes after thatroduction of thepH buffer solution. (b) the average



percentage change over the three (25min measurement) tests. (c) the percentage change
in the maximum source drain foine two measuremets performedimmediately after the
pH buffer solution has replaced the citric solution in the sensing region. (d) the average

percentage change for the two immediate measurement tests.

2 - 20

™ =
T 5 T B
£ E
) )
:im- :fm
g &
s aTestl s
835 5. 885
R ; L BTest2 i ; i
T - | T
&Eﬁ 0- & I . | K nTest3 &Eﬂ 0 {
x <65 34 Mos se 65 )Is 812 x< g 2 § 8 10
2 -
% 11 %
10 A0
pH pH
(a) (b)
10 - )
= =10
T 84 0}
& E
Sy Syg
x7 "] xT 4
25 2% 4
R B Test2 al 4 §
1 R 1 X
T § uTest3 :'Eé' 2 !
2 a2 24 2 )
o o % 4
5 s '
0 2 4 6 8 10
a 04 - )
= 265 34 405 58 65 719 8L 2 1
2 -4
pH pH
(c) (d)

Figure 4.7: Experimental results of pH sensing ustig-OFET device. {a) Percentage ltangein
IstMax for three independent measurements over the full pH range. Here, the transfer
characteristics were measured 25 mins after introduction of the test pH solutiyrihe average
changein IsgVlax for the three independent measuremen®5min measurement)cf Percentage
changein IsgMax for two independent measurements over the full pH range. Here, the transfer
characteristics were measured immediately after introductiminthe test pH solution(d) The
average changm lsgViax for the two independent measuremeni;mmediatemeasurement)Error

bars are +SD.
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Figure 4.8: Experimental results of pH sensing usGig-OFET devicg. (a) Percentage ltangein
IsoMax for three independent measurements over the full pH range. Here, the transfer
characteristics were measured 25 mins after introduction of the test pH solutiyrhe average
changein lsgMax for the three independent measuremer(@5min measurement)cj Pelcentage
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bars are +SD.
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Figure 4.8: Experimental results of pH sensing usGig-OFET devicg. (a) Percentage ltangein
IscMax for three independent measurements over the full pH range. Here, the transfer
characteristics were measured 25 mins after introduction of the test pH solutidrhe average
changein lsgVlax for the three independent measuremen®5min measurement)cf Percentage
changein IspMax for two independent measurements over the full phhge. Here, the transfer
characteristics were measured immediately after introduction of the test pH soluf@nThe
average changm lsgViax for the two independent measuremenriexmediatemeasurement)Error

bars are +SD.
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Figure 420: Experimental results of pH sensing usGig-OFET devicé. (a) Percentage ltangein
IscMax for three independent measurements over the full pH range. Here, the transfer
characteristics were measured 25 mins after introduction of the test pH solutrihe average
changein lsgMax for the three independent measuremen{®5min measurement)cf Percentage
changein IsjMax for two independent measurements over the full pH range. Here, the transfer
characteristics were measured immediately after introductminthe test pH solution(d) The
average changm lsgViax for the two independent measuremenriexmediatemeasurement)Error

bars are +SD.
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Figure 4.4: Experimental results of pH sensing usGig-OFET devicg. (a) Percentage ltangein
IsoMax for three independent measurements over the full pH range. Here, the transfer
characteristics were measured 25 mins after introduction of the test pH solutirhe average
changein lsgMax for the three independent measuremen{®5min measurement)cf Percentage
changein IsjMax for two independent measurements over the full pH range. Here, the transfer
characteristics were measured immediately after introduction of the test pH soluf@nThe
average changm lsgViax for the two independent measureants (immediatemeasurement)Error

bars are +SD.
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Figure 4.2: Experimental results of pH sensing ustig-OFET devicé. (a) Percentage lzangein
IscMax for three independent measurements over the full pH range. Here, the transfer
characteristics were measured 25 mins after introduction of the test pH solutirhe average
changein lsgVlax for the three independent measuremen®5min measurement)cf Percentage
changein IsgMax for two independent measurements over the full pdhge. Here, the transfer
characteristics were measured immediately after introduction of the test pH solu{@nThe
average changm lsgViax for the two independent measuremeninmediatemeasurement)Error

bars are +SD.
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Figure 4.3: Experimental results of pH sensing usGig-OFET devic@. (a) Percentage ltangein
IstMax for three independent measurements over the full pH range. Here, the transfer
characteristics were measured 25 mins after introduction of the tessidtion. (b) The average
changein lsgMax for the three independent measuremen{®5min measurement)cf Percentage
changein IsjMax for two independent measurements over the full pH range. Here, the transfer
characteristics were measured immediatelyemfintroduction of the test pH solutiond) The
average changm lsgViax for the two independent measuremenriexmediatemeasurement)Error

bars are +SD.
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Figure 4.2: Experimental results of pH sensing us@i-OFET devicg. (a) Percentage ltangein
IsoMax for three independent measurements over the full pH range. Here, the transfer
characteristics were measured 25 mins after introduction of the test pH solutiyrhe average
changein lsgMax for the three independent measuremis (25min measurement).cf Percentage
changein IsgMax for two independent measurements over the full pH range. Here, the transfer
characteristics were measured immediately after introduction of the test pH solu{@nThe
average changm lsgViax forthe two independent measuremen{snmediatemeasurement)Error

bars are +SD.



The results obtaied for the eight CM-OFET devices tested for pH sensing showed:

1) The responses of the eight nominally identical devices to pH test solutions was
inconsistent. $nilarly, repeat measurements of identical devices also show
inconsistent responses.

2) None of the devices displayed the expected response to the pH solutions.
Specifically, none of thédevices showedthe linear response (linear increase in
source drain cuent with pH) expected foCM-OFETSs functionalizeslith a good
quality APTES layer in the sensing area, amoesponse with nonlinear current
increase in the middle of the pH range for devices wiftoor APTES layarhere
the silanolgroups would dominate pH response

3) No repeatable or distinguishable trend can be extracted fexperimental dataf
the pH respose for theeightdevices.

4) There was no clear effect of excluding the immediate measurement on the pH
response behaviour of the examined €MFET devices.

5) Overall, in almost 70% of measurements, the source drain current was found to
increase aftereplacement of the citric acid solutions with a test pH buffer.

6) The change instMax between the citric acid solution and the test pH solution was
routinely very small. Specifically, in almost 90% of measuremegt$ax(pH)

changed less than 10% relativelgd{citric).

¢ KS | @S NI 3 &MaR Kcrogsaldevicgs fok dach pH buffer is shown in figy2ke
and it concur with the abovenentioned conclusions, particularly, the error margins for the
detection was high and the changefisgMlaxwas largelywithin the noise range of the

devices.

From these experimental results, it e¢dear thatthere is no consistentpredictable or
distinguishable response f@M-OFET when challenged with buffers of changiHg Also,
except in limited cases (7.7% of the times), the changearimumsource drain current of
the investigated pH buffer solutiosdMax(H) relative to the source drain current of the
corresponding citric solutiodVax(itric) was below 10% hisis comparable to theshifts

in maximumsource drain currentisgMlax,due to the inherent behaviour of the OS€ the
following section an alternative test waperformed in which the source drain current was

recorded as a function of time while the biasltages remain constant
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4.4.3.2 CMOFET pH sensofime domain measuremeist

Anothermeasurementused to investigatéhe pH sensitivity of the CMDFET devices was
time domain measurementTime domain measurememntwere performed on APTES
functionalizd CMOFET pH sensors to monitihhe instantaneous change in the source
drain current ¢pof the devices as a function of solution gekposure of the sensing region
to a bufferis expected to induce a change in the source drain current corresponding to the

change in chargaccumulated in the sensing area.

It is expected that the source drain curresftthe CMOFETwvill increase when an alkaline
solution replaces an acidic solution in the sensing reglae to deprotonation oboth the
NH and Si¢ O groups. Te reverses expected when the solution becomes increasingly
acidicdue to the protonation of surface amines to Nts well as SD converting to Sg

OH and S OH depending on the pH level of the investigated solution.

For the source drain currenlsp versus time measurementgwas monitored in real time
(one acquisition per 1s)hile Vb and \& remained fixed at40 V. Measurements were
started prior to flowing any solution into the microfluidic chamber after whsctutions

were introduced to the sesing region via microfluidic tubesserted into the PDMS



chamber For each solution, the current was recoded for a period of time after the solution

was introduced to allow time for the response to stabilize.

Two types of sequencing were used in termsaftition flowing into the sensing region of

the examined devicedn the first, each pH solution was injected sequentially over the
sensing region. In the second, air was injected into the PDMS prior to the injection of each
pH buffer. e second approactvas performedo establish a possibledbaseline for each

investigated pH solution.

The general behaviour of thepvs time measurements obtained for fabricated @%ET
devices can be seen in figu4e26 for the case where the PDMS chamber was filled with
air. The large initial current decay in theVs time measuremenstypicalof bias stress in
OFETs. Tharge initial current decay in thedvs time measurement can be problematic
when examining the sensing effect, as the large decay could be far greatestititsninisp
due to charge accumulated in the sensing regilonorder to minimise the influencef bias
stress, the electroderoltages were applied and maintained for 5 minutes before data

acquisition was started.
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Figure 4.3: Source drain current decay over time due to bias stress effect for-© EET devge.



Figures 4.2to 4.33 showexperimentalspvs timetraces for seven nominally identical EM
OFETs with APTES assembled on the surface of the Si sensing region. Here, three differel
buffers were used corresponding to pH 2.2, pH 5 and pHI& change in source drain
current over timeis presented asskt)/Isf0) in order toenable comparison between

different CMOFETs wherkd0) is the source drain curreat t=0.
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Figure 4.Z: Normalized real time source dradurrent as a function of solutiopH for CMOFET
devicel. The data has been smoothed usingQ@0s averaging periodHere, air was injected into
the PDMS chamber prior to the injection of each buffer.
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Figure 4.8: Normalized real time source dradurrent as a function of solutiopH for CMOFET
device2. The data has been smoothed usingQ@0s averaging periotHere, air was injected into
the PDMS chamber prior to the injection of each buffer.
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It must benoted, that in some of the examined devices (figueg7, 4.28 and 4.3), the
source drain current was very low when the data acquisition has started (< 3nA), indicating
the possibility oimassivenoles migratnginto the gate dielectric layer which can scrabe
electricfield from the gate[50Q]. In these devicg associating the current change to the

sensing effect may be inaccurate.

The source drain currerdf CMOFET device 3 shownfigure4.29, seems to be unaffected
by the introduction of buffesolutions. An unknown effect dominated the device response,
manifested as a constant current increase over time, possibly due to an effect at the

contacts/Tipspentacenenterface that causes decrease in contact resistance.



The remainingdevices(associa¢d with figures4.30, 4.2 and 4.3), did not show a
repeatable behaviour with solution pH. Instead, the -CAETresponse is dominated by
current fluctuatiors which make it difficult to make accurate judgement on what can be
considered increase or decrease within the timeframe each pH solution was present in the
sensing regiont shouldbe noted thatif migration of holes into the gate dielectric is indeed
happening during bias stress, then it is expected that the longer the measurement runs the
higher the accumulation of holes in the gate dielectric and the weaker the charge sensing
effect will be on the modulation okbh Therefore, the relative change in cent due toa

change ircharge density in the sensing regigrexpected taeduce with time.

4.5 Conclusion

Using a simple fabrication process, an OFET structure was transformed inteCFEM
device andexploredas pH a sensoHere, the CMOFET sensaxploits modulation in
chargeon the surface of the sensing region due to a change in pH. Specifically, the silicon
surface of the sensing region naturally contains silanol groups, which can become
protonated and deprotonated as a function of local pHe Hssociated change in surface
charge couples capacitively to the OFET leading to a change sotinee drain current

seen eitherin the transfer characteristics or time domain measuremeridsie to the
limited range of pH over which the silanol group®e @&xpected to change charge, the
surface was further modified using silane chemistry to introduce amine groups at the
surface. These amine groups were introduced to thBo&ting gate surfacéy assembly

with a 3-aminoproyltrimethoxysilaneseltfassembled monolayer which wabaracterized

by x-ray photoelectron spectroscopy (XP®) confirm the assembly of the layer and
successful functionalization with amine grou@haracterizatiorof pH-sensitiveCM-OFET
devicesusing bothtransfer charaatristics and time domain measuremenisdid not
demonstrak a consistent response to pH changes in the sensing region of the devices.
Specifically, the changes in source drain current observed following changing of solution
pH were unrepeatable between andthin devices and typically compdnia in magnitude

to the changesn current inherent to the OFET. The final section of Chapter 5 will address
the sensitivity limitation of the proposed GRIFET device that may have led to the deficient

performance.
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Chapter 5

Protein Detection Using the CM-OFET
Device

In the previous chapter the GRAFET was configured for pH monitoring, where changes in
pH were detected by the corresponding change in charge of a molecular monolayer
immobilised on the surface of the COMIFET sensing neg. In this chapter, the charge
sensing capability of the deviceagploredto detect biomolecular interactions occurring at

the sensing surface of the device. The ability to detect and quantify specific biomarkers is
central to next generation clinicdlagnostics. The labélee CMOFET biosensor presented

in this chapter has the potential to address this challenge. The biosenswestigated

here for monitoring one of the strongest narovalent interactions, the binding of biotin to
avidin. The comibation of this biologically active protein (avidin) and the small

biomolecule biotin is widely used as a model for biorecognition studies.

In the chapter, firstly a brief overview on both biotin and avidin and their interactisns
given Thena study ofquartz crystal microbalance with dissipati@}CMD) that were used

to assess a protocol for biotinylation of the sensing surface and confirm the immobilisation
of avidinis presented Finally, the use of GI@FET device for labike detection avidin is

discussed.

5.1 Biotin, Avidin and their interaction

5.1.1 Biotin

Biotin (chemical structure shown in figure 5.1), sometimes called vitamin B7, vitamin H,
and also known as coenzyme R as it daobor for five biotindependent carboxylase
enzymeg1-2] is a watersoluble vitamin necessary for metabolising carbohydrates. Despite
its importance to human health, this vitamin is not naturally produced by the human body
but rather is extracted from food or synthesized by bacteria found in the humasting

[2-3].



The ability to detect and quantify biotin in clinical samples is itself of interest because of its
importance as an indicator for some health problems. For example, it has been reported
that cancerous tumours contain higher biotin concentratithan norcancerous tissues

[4]. Biotin deficiency has also been linked to metabolic disruptions that could lead to more
serious health problems. For example, biotin deficiency during pregnamdy lead to
neonatal complications for new born babiesgp However, because the human body
requires only small quantities of biotin, and many consumed foods are relatively rich in

biotin, biotin deficiency for individuals who consume a regular diet is rare [7].

HO

Valeric acid chain

Figure 5.1Chemical structuref biotin molecule.

Biotin has another interesting characteristic that is used widely in biosensors, both
commercially and in research. Specifically, the wide use of biotin in biosensing applications
stems from the fact that biotin isfatively a small molecule with a carboxyl group that can

be derivatized to conjugate with many biomolecules including antibodies and enzymes, or
with a range of surfaces. This conjugation reaction does not significantly affect the
biomolecule functionalif (conformation, size or biological activity}J8 This merit is very
useful in the field of biosensor/biology research. Here the ability to conjugate biotin to
surfaces was exploited to biotinylate the surface of the sensing region and thus render it

specific for avidin.
5.1.2 Avidin

Avidin (tertiary structure shown in figure 5.2) is a highly stable tetrameric glycoprotein,
isolated from egg white. Not only is avidin soluble in aqueous solutions, it is also stable over

a wide range of pH and temperature. Structurally, avidin is a hetrexiner formed from



four, identical subunits (each 128 amino acids long) with twofold symmetry, and molecular
dimension of 6¢5.5x4 nm [1,911].

Figure 5.2A ribbon representation of the aviid tetrameric arrangement [12].

The scientific andamnmercial value of avidin comes from #bility to bindbiotin and
biotinylated moleculesvith extremely highaffinity (the binding affinity constant of avidin

to biotin around 16°> M [1,10,13]). This has beemxploited in a great number of
biotechnologcal applications including protein and nucleic acid detection and purification
[14]. Each of the four identical subunits have a biotin binding site (two on each side of the

two 6 x5.5 faces) [1,10] enabling avidin to bind up to four biotin or biotinylated molecules.

Because of the carbohydrate chains present in its structure, avidin exhibits basic nature
with a high isoelectric poinf{pl = 1610.5) [10,15]. This feature of avidican be exploited

to enable nonspecific, electrostatic binding to negatively charged surfaces and
nanoparticles. The charge of avidin at pH belowpitgoint was exploited here as the

detection mechanism using the GOFET device as will be explained ictisa 5.3.2.
5.1.3 BiotirAvidin interactionsfor surface functionalization

Immobilization of the biotiravidin complex to the surface of a biosensor device can be

achieved either by physical adsorption of avidin to the transducer surface followed by
binding of biotin or biotinylated biomolecule to the available binding sites on the opposite

face of the immobilized avidin. Alternativetire carboxylic moiety on biotin allows it te

chemisorbed to the surface and utilized as a primary tether to whichiravidn



subsequently bind. As avidin contains four biotin binding sites, the surface immobilised
avidin can be used as a bridge for further binding other biotinylated biomolecules using the
remaining binding site on the opposite facet. A schematic diagratheotwo strategies

can be seen in figure 5.3.

‘e
<> < <>

(a) (b)

Avidin Biotin Biotinylated .
biomolecule

>

Figure 5.3Schematic representation of the two methods utilizing biediridin conjugation to bind
targeted biomolecules to sensor surfack a) the surface is first chemically modified for
conjugation tobiotin. In contrast, the approach shown schematically in b) employs physisorption

of avidin to the solid support.

A common approach to obtain a biotinylated surface is to deposit biotin to sifarized
surface. This method was adoptidre. Silaniztion of the Si surface of the sensing region

of the CMOFET floating gate was demonstrated in chaptesextfon2.6.1.5 and was
utilized as a charge sensing surface as explained in chapter 4. Here, the very same surfac

is exploited tabiotinylate the sensing region.

5.1.3.1 BiotirAvidin stacking on Si

The layer by layer stackirghown in figure 5.4 starts with a Si floating surface silanized
using APTES SAM as described in chaptee@i¢n2.6.1.5. To biotinylate the amine
derivatised surface, a synthetic edvative of biotin functionalied with N
hydroxysulfosuccinimide (NHS) was used. Specifically, biotin modified with the sulfonated
version of NHS (SuHgHS, NHS esters with a sulfonateSQU ANRdzLI - 2 Y

hydroxysuccimide ring) was used, in which the charged sulfonate group increases water



solubility. The Ahydroxysuccinimide (NHS) ester of this modified biotin can be attacked by
nucleophiles [16L8], in our case it is the amine group (Nkf APTES, leading to the

formation of a covalent chemical bond.

The amine group has to be deprotonated @Nitb attack the NHS esteflhe reaction
between the APTES functionaltzsurface and the SulldHSBIotin wagthus performed in
sodium phosphate buffer solution at @-at which the amine groups will be deprotonated
Avidin was also deposited onto the biotinylated surface using the same buffer. In this step,
the ureido ring of biotin molecule which should be pointing away from the surface will be
buried in one of the avidin pé&ets forming multiple hydrophobic interactions and
hydrogen bonds inside the pocket, these bonds are responsible for the extremely high

affinity between the two molecules [1,10,15,17].
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Figure 5.4Si surface functionalization, biotinylation and Avidin binding process, from left to right,
a hydroxylated Si surface was first silanized with APTES, then biotinylated and finally avidin binds
to the biotinylated surface [19].

Binding affinity is a chacterization term used to describe the stability of binding between
two biomolecules with mutual affinity (biomolecule partners) generally referred to as
receptor and ligandi{ut can also beeferred to as ligand and analyssin SPR presented

in section1.1.1.2.7). It is a measure of the strength of noncovalent intermolecular forces
interactions at specific binding sites in thgandand itsanalyte For example, in antibody
antigen interactions, binding affinity is the strengttwith which an epitope (sgcific

segment on the antigen) binds to a paratope (specific segment on the antibodgjigen



binding site on thantibody. This means, the greater intermolecular force betwean a

analyte and itdigand the higher the binding affinity and vice versa-PA).

In reality, the binding process between a ligand amdanalyteinvolvesa combination

of noncovalent interactions such as hydrogen bonds, hydrophobic interactions,
electrostatic and van der Wals forces between the binding sites on both the ligand
and the analyte This interactionis dynamic, which means that the relationship
between the concentration offree analyte ligand and theanalyteligand complex
exists in a dynamic equilibriungovern by basicreversible biomolecular interaction

expressed as:

At
bt

1 8 uP

Where k (also referred to asd or ki) and k (also referred to asd¢ or k) are the rate
constants for the association arissociation reactioniespectivelyand [A], [L], and A.L]
are the concentrations of freanalytes, free ligands, andnalytecligand complexes at

equilibrium, respectively.
The concentration ainalyteligand complexat equilibriumcan be calculatety the sc
calledassociatiorconstant Ka, or its reciprocal, the dissociation constari, by:
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The associatiortonstant Ka, (with units of MY) and itsreciproca) the dissociation
constant Kp, (unitsM) are usedvidelyto quantify the strength of a ligand receptor affinity
interaction. The higher themagnitude ofka (or converselythe lower thevalue ofKp), the

higher the affinity of liganénalyte

In practical terms,as was introduced in sectionl.(.1.2.]), K is defined asthe
concentration ofanalytethat leads to 50% occupancy of thgandQd o0 A Y RAY 3 & A (i
words, the concentration cdnalyteat which the concentration adinalyteligandcomplex
equals the concentration digandwith no analyte bound.This means that a system with

low Ko requires a loweanalyteconcentration to achieve 50% occupancy.

On the noncovalent binding affinity scakbe biotingavidin complex investigated in this

chapter comes at the higher end with very strong affifityound10'> M-1) comparable to



the strength of weak covalent bond$ypical antibodyantigeninteractionshavea binding
affinity in the range of 10to 10** M1 [23-24].

5.1.3.2 BiotirAvidin immobilizing protocol on Si

Once the sensing region of the Si floating gate of the-@MET device is silanized,
biotinylation was performed inside the PDMS chamber of the @MET device. hg of
SulfeNHS biotirwas dissolved in 04 sodium phosphate buffer solution (SPB) at pH8 and
was injected over there-silanized Si surfadghrough the PDMS fluidic channéfter 25
minutes, the biotinylated Si surface was washed with a stream c&®B (pH8) for several
minutes to remove excess unreacted biotin. The biotinylated Si surface was then exposed
to 0.1 mg of avidin i0.1M sodium phosphate buffer solution SRB18 throughthe PDMS
chamber and left to incubate on the biotinylated Si surface for 25 minutes. Finally, excess

avidin was washettom the surfacewith SPB (pH8).

The SPB concentration (0M) was selected to ensure that the molecular stack of APTES +
Biotin + Avidins shorter than thédebye length<p, andthe molecular chargesrotheavidin
surface arethus not fully screened by free ions in the buffer solution. The Debye length

was calculatedisingequation 5.325].

- (5.3)
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the solution, k the Boltzmann constant] the absolute temperatureNa is Avogadr® a

number,q the elementary charge anidhe ionic stremgth of the solution.

At room temperature, this can be reduced to
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The relative dielectric constarfor SPB wag, F vy 6] whileil was calculated using

equation 5.4:

) -B  Qa (5.4)
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Whereg is themolar concentratiorof ioni (M, mol/L)andz is thechargenumber of that

ion.

The Debye length fahe 0.1 M SPB pbuffer was calculated to bepf M1 oy yY 6K
larger than the APTES + Biotin + Avidin stacking (approximaBelgnh

5.2 Quartz Crystal Microbalance with Dissipation Monitorif@ CMD)

In order toconfirm and quantify the effectiveness of treurfacebiotinylation and avidin
binding protocol, it was initially tested using a quartz crystal microbalance with dissipation
monitoring (QCMD). CommercialQCMD systems weredeveloped in the 1998 by Q
Sense AB (Goteborg, Swedemd it is a special variant of the conventional maaical
QCM sensing technigue [PWhich has been used for decades to measure film thicknesses

in thin film deposition systems

The quartz crystal microbalance is an extremely sensitive mass streéagxploits the
piezoelectric properties ofa quartz crystal. A conventional QCM sens@hown
schematically in figure 5.80mprises an AT-cut quartz crystasandwiched betweenwo

electrodes, normally gold.

(a)

-

o
[

o U

Figure 5.5:Schematic diagram of (a) QCM quartz crystaisorwith drive electrodes, (b) initial
geometryof the crystal before applyintpe ACdrive voltage and (c) oscillation of therystal upon
applying AC voltage.
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Because of its piezoelectric nature, when an AC voltage is appétgeen the two
electrodes on the opposite sides of the quartz crystal, the crystal lattice expesience
alternating expansion and contraction. When the bpp AC voltage alternates with a
frequency near the resonant frequency of the crystal, the crystal can be seen to resonate
at its fundamental frequency [289]. This occurs when the wavelength the standing
wave produced by the alternating expansion amwhtraction is twice the thickness of the
crystal. At resonance, the nodes and ambdes of the standing wave occur at the opposite
sides of the crystal, which means the odd harmonics (overtones) of the fundamental

frequency can also be excited, as shawifigure 5.6.

Representation of
the quartz crystal

Figure 5.6:Representation of the fundamental resonant frequency (n=1) and the first two

harmonics (n=2 and 3) ptlaced by crystal oscillation [30].

Whenmassis adsorbed to the surface of the quartz crystal, the resofi@guency of the
crystalshifts proportional to the newly alded mass. In 195%auerbrey [3]Lstudied and
analysed the physics of the QCM and determined the mass sensitivity of the sengor to b
. 6yQ
Y R

- Ld
3
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n is the harmonic number and C is the mass sensitivity constant. This relationship became

known after his name andommonly referred to as the Sauerbrey equation.
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Early applications of QCM were limited to applications in dry environments, notably for the
measurement of film thickngs inthin film deposition systems [27However in 1982
Nomura and Okahura [32lemonstrated the use of QCM in liquid environments and later

in 1985, Kanazawa and Gordon studied the influence of the solution phase on the
oscillation frequency and mod#d the Sauerbrey equation to account for the liquid
environment, opening up the possibility of QCM as a tool for itigasng biological
systems [3B The use of QCM for biological studies posed a challenge to the Sauerbrey
model. This is because, thedsr relationship between added mass and shift in resonant
frequency predicted by Sauerbrey equatissumeshe adsorbed film to be relatively thin,

rigid and evenly distributed over the crystal active area to be valid. These three conditions
mean that theadlayer is considered to be fully coupled with the oscillatory motion of the
crystal (i.e. treated as an extension of the underlying quartz). This is however not
necessarily true when soft or viscoelastic layers are adsorbed onto the quartz crystal. Such
viscoelastic layers deform in the shear direction of the crystal oscillation due to their
viscoelastic character introducing frictional dissipative losses that rapidly damp th
oscillation of the crystal [229,34. In these films, the Sauerbrey relationgh
underestimates the adsorbed mass and hence, a ardmore complex model is needed

to fully quantifythe new adlayer beyonthe simple Sauerbrey regime [28]35

Structural flexibility or viscoelasticity can be hidden when simple single parar@&if

mel 8 dzNBYSYy G O0FNBIljdzSyoe akKAFd n¥o 2F v/ a
(dissipation) in the systeralongside frequency shiftan reveal more information about
these mechanical characteristics. Dissipation, usually described by the dissipation factor
(D), is described bgquation 56.

0O
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Here, Q is the quality factoof the resonator whileEjissipated @nd Etored are the energy

dissipated and stored during one periodaxcillation, respectively.



In QCMD, dissipation is measured by exciting the crystal with a voltage pulse i.e.
periodically switching on and off the driving voltage. The ttadeen for the oscillation to
decay igecorded during the off statandis related to the energy dissipated in the system

as described iequation 57:
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Dissipation in rigid and viscoelastic layenfolds differently the energy in viscoelastic

systensdissipates faster than for rigid layers, as shown schematically in figure 5.7.
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Figure 5.71llustration of the difference in frequency and dissipatr@sponse in a QCHd sysem
for rigid and soft films [36

Combining information fronthe shift inresonant frequencyn ,with energy dissipated,
canprovidea finger print of the characteristias the adsorbed layer, and measurents

of both parameters can be utilized in a comprehensive model that takeantount the
viscoelastic properties of the adsorbed layer. The Voigt model (sometimes called Kevin
Voigt model) is one of the most widely used QOMnodes usedto analyseviscoelastic

and soft films [3738]. In the Voight model, the viscoelastic propestief the adsorbed film

including the density, viscosity, elasticity, and thickness are correlated with the measured



n¥ YR 53 a2 ¢gKSy (GKS& NS NBO2NRSR T2N
estimated (some valid assumptiorsse needed as the Voigiodel deal wih multi-

unknown parameters) [37,39

5.3 Results and discussion

5.3.1 QCMD results

QCMBD was used to monitaurfacebiotinylation and subsequent binding of avidintte
biotinylated silicon oxide surface. Measurements were performed using-seri@e E4
instrument (QSenseBiolin ScientificSweden) with Sigxoated quartz crystal sensors (QSX
303).The frequency and dissipation responses were recordéldeafundamental resonant
frequency (5 MHz) and sevemertones flarmonic3,n=3, 5, 7, 9, 11 and 13. For clarity,
2yt e (KS 7T NSdpditedisshatién KHifD, tozthe 3¢ overtone is presented.
The measurements were conducted at°€Imaintained by a Peltier withinhe fluidic

chamber

Fourmeasurements were performed simultaneousiwo replicates designed to quantify
the specific binding of avidin to biotinylated crysfaénsors 1 and 2) and two replicates
investigatethe degree of norspecific binding of avidin to a silanized, HAwintinylated

crystal(sensors 3 and 4).

5.3.1.1Experimental protocol

- Four, SiQ-coated QCMD sensors were immersed in a 5% APTES IPA solution
overnight (approximately 18 hours) to form &®TES SAM layer. The sensors were
then washed in IPA and dried under nitrogen before being loaded intdate
independentQCMD flow chambers.

- After loadng the sensorgto the QCMD systemsodium phosphate buff§SPB at
pHB8) was first pumped over both crystal resonators ajZthin and left running
until the frequency and dissipation response curves were stable¥ f .5 N ®p

- After a stable baseline was obtainestnsors 1 and ®ere biotinylated by exposure
to SulfeNHS Biotin (1 mg/mL in SPB, pH8 gu2®in) for 48 mins. Simultaneously,
sensors 3 and {control measurement) weréeft with SPB (pH8) running through

the systen.



- Sensors 1 and ®ere then rinsedwith SPB (pH&p removeunreacted SulfeNHS

Biotin and left for approximately 20 minutes until a stable baseline was achieved.

During this time the flow of SPB (pH8), was maintained seasors 3 and.4

- Following systm equilibration, 0.1 mg/mL of avidin protein in SPB (pH8) was

injected overall sensors and left to flow for 48 mins to couple to the biotinylated

surface ofsensors 1 and and to the silanized silica surfacesainsors 3 and.4

- SPB (pH8) was finallyacied overall sensor surfaces for 60 mins to remove excess

avidin.

Table 5.1:Summary of QCND experiment stages

Sensor | Preparation| Stage 1 | Stage 2 Stage 3 Stage 4 Stage 5
12 Silanization| SPB to SulfeNHS | SPB to Avidin SPB to
overnight | establish | biotin wash solution wash
stable introduced | away introduced | away
baseline unreacted unreacted
biotin avidin
3,4 Silanization| SPB to SPB SPB Avidin SPB to
overnight | establish solution wash
stable introduced | away
baseline unreacted
avidin
Approx.| 18 hrs 10 min 48 min 20 min 48 min 1 hrs
time

Note: The 48 minutes chosen for stage 2 and 4, was the time to draw %% ¥ndfsolution

of SulfeaNHS biotin and avidin at 20/min; this is to ensure no air bubbles are introduced

to the system if the Iml is completely drawn and the vial is emptied.

5.3.1.2 QCMD measurement

The stages of the QCGM measurement will first be explained for one measurement of the

biotinylated surface and one nepiotinylated surface. The results of tiieur sensors will

be presented at the end of the section.




Raw QCNMD data folbwing surface APTES functionedlof the crystals surfacef sensor 1

isshown in Figure 5.8.
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Figure 58: QCM5 and@ D vs time response for th& 8vertone to the layer byalyer adsorption

on the Si@coated crystal for sensdr.

The introduction of SulfeNHSBIotin (stage 2at around 1,000 s)esulted in adecreaséan
resonant frequency andn increase imissipation indicating the start of the biotinylation

of the crystal surface. After 48 minutesid sibsequentexposure tdSPB solution teemove
excessSulfoNHSBIotin, new baselines were achieved aiié changen dissipation wa®

F 2.1 X10°® while the frequency shift was around 2 Hz. Introduction of the avidisolution

at the beginning of stage round 5,000 slesulted/ | & Kl N1J F NS Ij-8aSy O¢
Hz) combined with a small dissipation changesociated witlthe binding of avidinto
surface immobilized biotinThe final SPBnse showed negligiblehange infrequencyor

dissipation.

In contrast, as shown in figure 5.Qrthg the first 3 stages of the experimepérformed

on the nonbiotinylated surface (sensor d)oth the frequency and dissipation curves were
largely stable as only SPB solutiorsvilawing wer the silanizedcrystal surfaceHowever,
when avidin solution was introduced to the systéat around 5,000s)a shiftin frequency
was observedaccompanied by a very small change dissipation indicating avidin
absorption onto the crystalsface. By the end of the avidinjection, the frequency shift

wasaround-7 Hz while the dissipatin was 0.2X10°. In the final stage, flowing SPB solution



to the system resulted in a positive frequency shift by nearBb 34z indicating mass
removal fom the crystal surface, characteristic of tdessociation and release @feakly

bound material back into solution.
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Figure 59: QCM5 and@l D vs time response for th& 8vertone to the layer by layer adsorption

on the SiQ@coated crystal foe nonbiotinylated surfacegensor3).

Comparing the bindingf avidin to the biotinylated and nohiotinylated surfacesfor the
specific bindingf avidin to biotin the frequencyshift due to the avidin binding was much
larger (k¥ -30 Hz)than the correspondingrequencyshift observeddue to nonspecific
binding to the silanized surfacéf f -7 Hz) This is agxpected due to the less dense
coverage of the crystal surface frononspecific bindingf avidin Both sensors showed
GSNE avYlff RAA&&A Bndidang rigi Kouding todhe crystd surface. M N
The final washing stage after avidin deposition also confirmed that awakrbound to the
surface ofsensor 1 with high affinityas flowing SPB solution did not alter the frequency of
the systemindicating that avidin remains tightly bound to the biotinylated surfalre
contrast, flowing SPBon sensor 3 resulted in a positive frequency shifft £ 5.25 Hz)
suggesting dissociation afidin moleculebound nonspecifically from the surfac&hese

measurements confirm theffectiveness othe avidin binding protocol.
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the 4 sensorgusing the 8 overtone) are shown in figure 30 and 5.11, respectively
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Figure 5.11QQM-D D vs time response ftite 3¢ overtone to the layer by layer adsorption on the

4 crystal sensors

It is clear that the responses shown by the two sensors used to investigate spedifior

specificavidin bindingare consistent Table R and figure 512 summarize the estimaté

avidin mass adsorbed to each of the 4 sensors, basdtiefrequency shift and Sauerbrey

equation (5.5) withthe mass sensitivity constait = 17.7 ng.crhHz!. It must benoted



that, as a result of the change in dissipation associated hitinylation of the surface,

the mass calculated using the Sauerbrey equation is likely to be overestimated.

Table 5.2Estimated avidin mass adsorbed to each of the 4 investigated sensors.

Specific 1 Specific 2 Nonspecific 1 Nonspecific 2

(ng.cm?  (ng.cm?) (ng.cm?) (ng.cm?)

Avidin 177 173.5 41.3 52.5
Avidin after 1hr rinse 171.1 165.2 10.3 21.8
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Figure 5.12Estimated avidin mass adsorbed to each of the 4 investigated sensors and the effect of
1 hour rinse in SPB solution.

The average final avidin mass adsorbed to the sensor surface for specific and nonspecific

binding is presented in figure B3.

The estim#ged surface coverage from the calculated mass of the specific binding
measurement is 1.& 102 avidin molecules/crh This value is within the same range of

previously reported surface coverage of similar QDMtudy [40].
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Figure 5.13The average caltated final avidin mass adsorbed in the carr@g measurement for

specific and nonspecific binding to the QCMsensorsError bars are £SD.

5.3.2 CMOFET results

As discussed in chapter 4 (section 4.1), a charge on the surface of #@FENMensing
region will attract an equivalent and opposite charge in the floating gate, leading to
redistribution of charge in the remainder of the floating gate. As this gate is capacitively
coupled to the OFET, this charge redistribution will be reflectedsinift in the source drain

current.

Here, the charge sensitivity of the GBFET igxploredfor detecting the change itocal
charge which occurs upon biotinylation and subsequent binding of avidin to the sensing
region. The biosensing capabilities ofédlCMh C9 ¢ RS GA OS o atwhid®ha i SF
the biotin is neutral but following avidin binding, the surface will become positively
charged,as the avidin has aisoelectric poini pl =10¢ 10.5[14,41-42]. The change from
neutral to positively chamgysurface after avidin binding shoué&hd to negative gate voltage

shift anda reduction in thesource drain current.

Similar to the investigatioperformed for pH sensing (chapter 4), tharotein sensing
capabilities of the CMOFET was investigated fuantifying the changen sourcedrain

current as a consequence of the redistribution of charge in the floating gate induced by the



change in sensing region surface charge. The maxisaurcedrain current, kgMax, was
used to compare the response of the deviteeach phase of surface functionalization
Here,IsoMax was extracted fronthe transfer characteristicand defined as the current
measuredat a gate voltage (applied through the control gate =-40V and a constant
drain voltage \b =-40 V.In addition to specifibinding of avidin to biotinylated CMFET,
non-specificadsorptionof avidinto a silanized surface of the CRIFET sensing device i.e.

without prior biotinylation was also investigated.

5.3.2.1Specificbinding ofavidinto biotinylated CM-OFET devices
aSlFadzaNBYSyd LINBG202X0AFY2 NHO{AARAY b 1{Sady

First, a CMOFET device with a silanized sensing surface was challenged with SPB (pH8)
introduced to the sensing region via the PDMS microfluidic manifold. The transfer
characteristics of the device was recorded every 25 minutes until the variati@gViax
between successive measuremeriiscame less than+8% After that, the NH®iotin
solution (1 mg/mL in SPB pH8) was introduced to the sensing region and left to incubate
for 25 minutes. Excess NiB®tin was rinsed from the surface using the same SPB)(pH
solution and the output/transfer characteristics were measurdtee times, each
measurement spaced by 25 minutes. Finally, the Avidin solution (0.1 mg/mL in SPB pH8)
was introduced to the sensing region and lefirioubate for 25 minutes. After 25 mites

the excessAvidin (unbound avidin) was washed awfaym the sensing regionsing the

same SPB (pH8) solution atfte output/transfer characteristicsvere again measured

three times spaced b®5 minutes.
Results

This series of measurements was repedtadnine devices and the response of each-CM
OFET was then compared at the two different stagesudace functionalition (following
biotinylation and after exposure to avidinespectively. Figure 5.14hows an example the
raw data of oneCM-OFET bigensor. Figures 5.16 5.23show theaverageof the recorded
maximum source drain currentsdMax, atthe two stages of surface functional&ion for

the 9different CMOFETs.Note, in the last three samples (Devices 7,8 and 9) only one

measurement was taken for biotinylation stage.
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Figure 5.14The raw data of the three measurements after biotinydatiof the sensing region of

one CMOFET device and three measurements after avidin binding.
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Figure 5.5: The average measureddWlax for CMOFET device 1 fom)( The three measured
transfer characteristics with SPB pH8 solution onkimtinylated sensing surface ani) (The three

measured transfer characteristics with SPB pH8 solution on the avidin covered sensing surface.

Error bars are +SD.
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Figure 5.5: The average measuredgWlax for CMOFET device 2 fom)( Thethree measured
transfer characteristics with SPB pH8 solution on the biotinylated sensing surfade) ditné three
measured transfer characteristics with SPB pH8 solution oratfidin covered sensing surface.

Error bars are £SD.
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Figure 5.7: The average measureddMax for CMOFET device 3 fom)( The three measured
transfer characteristics with SPB pH8 solution on the biotinylated sensing surfads) e three
measured transfer characteristics with SPB pH8 solution on the avidin coversidgeasurface.

Error bars are +SD.
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Figure 5.B: The average measuredgWlax for CMOFET device 4 fom)( The three measured
transfer characteristics with SPB pH8 solution on the biotinylated sensing surfade) ditn three
measured transfer characteristics with SPB pH8 solution orattidin covered sensing surface.

Error bars are £SD.
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Figure 5.9: The average measureddVlax for CMOFET device 5 fom)( The three measured
transfercharacteristics with SPB pH8 solution on the biotinylated sensing surfack)afik(three
measured transfer characteristics with SPB pH8 solution on the avidin covered sensing surface.

Error bars are +SD.
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Figure 520: The average measuregdflax for CMOFET device 6 for (a) Three measured transfer
characteristics with SPB pH8 solution on the biotinylated sensing surface and (b) The three
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Error bars are £SD.
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Error bars are +SD.
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Figure 5.2: The average measureddlax for CMOFET device 8 fom)( The single measured
transfer characteristics with SPB pst8ution on the biotinylated sensing surface ab§iThe three
measured transfer characteristics with SPB pH8 solution orattidin covered sensing surface.

Error bars are £SD.
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Figure 5.3: The average measureddlax for CMOFET device 9 for)( The single measured
transfer characteristics with SPB pH8 solution on the biotinylated sensing surfade) ditn three
measured transfer characteristics with SPB pH8 solution on the avidin covered sensing surface.

Error bars are +SD.



The magnitude othe current differs between devices due to differences in the quality of
the organic semiconducting layer. In order to quantifialslympare CM-OFETSs the
measured sensingesponse was translated int percentage change isgdViaxrelative to
the Is;Max base line. Specifically, the percentage changésiilax for a biotinylated CM

OFET following exposure to avidin was calculated as follows:

AL EHOAT AT 8 EHOAT T 71 I'DT
A%l ’élmn'E'Hc')’Ai Tid
Here, AvgddMax(Av) is the averagedViax of the three measurements following exposure
to avidin while AvgstMax (Biotin) is the averagedVax of the biotin baselineThe
response ofall CMOFETbiosensordevicesfollowing exposure to avidiis presented in

table 5.3and graphicallyn figure 5.24.

Table 5.3:Average percentage change in maximum source drain current after avidin deposition
relative to the maximum source drain current before avidin deposition for nine, biotinylated CM

OFET devices.
Device 1 Device 2 Device 3 Device 4 Device 5 Device 6 Device 7 Device 8 Device 9

Change % 10.7 -8.9 -1.7 6.4 2 6.2 0.12 4.4 -4.2
Error % +35 7 +5 12 08 27 47 £56 27

Figure 5.24demonstrates a lack of consistent change in source drament when the
biotinylated devices are exposed to avidibonsidering thenagnitude of theerror bars,
the measured source drain current after avidin deposition for devices 3,5,7 and 8 cannot
be consider to conclusively increase or decrease relativih@omeasured source drain
currentprior to avidin depositionFor cevices 1,4 and 6, the measured source drain current
after avidin deposition increasamoderatelyrelative to the measured source drain current
before avidin depositiom;orresponding to amcrease in current af0.7%t 3.5, 6.4% 1.2
and 6.2%:t 2.7 for devices 1, 4 and 6 respectively. This increase in currdimé ispposite

to the reduction in current expected for a positively chargaddinlayer atpH8. Only two
devices (device2 and 9 showed the expected response after avidin deposition aith
decrease irsource drain current 0f8.9%+ 7 and-4.2%z+ 2.7, respectivelyHowever, here

the change in source drain currenifAv) relative to the source drain current gf{Biotin)



was below 10%, which is comparable to the measurement to measurement change in

source drain current inhererib the CMOFET device.
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Figure 5.2: Comparison ofweerage percentage change gd\lax after avidin depositiordViax (Av)

relative to the kgViax (Biotin)before avidin deposition fothe ninebiotinylated CMOFET devices
5.3.2.2Nonspecific avidin binding test using GMFET devices
aSFadiNBYSyd LINRPG202f F2NJ 6{t. M ! BARAYUL

First, a CMOFET device with a silanized sensing surface was challenged with SPB (pH8
introduced to the sensing region via the PDMS microfluidic manifold. The transfer
characteristics of the device was recorded every 25 minutes until the varietikagViax

was less thant4% between successive measurenmenhfter that, avidin solution (0.1
mg/ mL of SPB pH8) was introduced to the sensing regionadiosvedto incubate for 25
minutes. After 25 minutes the excess Avidin was washed away using SPB (pH§). Finall
three output/transfer characteristics measurement spaced by 25 minutes were taken for

the device with SPB (pH8) solution covering sensing surface.

Results

This series of measurements was repeatedféor devices and the response of each CM
OFET was #n compared at the two differdrstages of surface functionadition (silanized

surfaceand after exposure to avidin). Figeré.25 to 5.28 show the average of the



recorded maximum source drain currerggWlax, atthe two stages of surface functiona

lization forthe 4different CMMOFETS.
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The average measuregdlax for CMOFET device 1 for (a) The last three transfer characteristics
recorded with SPB solution on silanized sensing surface, (b) The three measured transfer
characteristics with SPB pH8 solution on nonspeaifidin covered sensing surfaderrorbars are
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Figure 5.83: The average measureddflax for CMOFET device 2 for (a) The last three transfer
characteristics recorded with SPB solution on silanized sensing surface, (b) The three measured
transfer characteristics with SPB pH8 swinton nonspecific avidin covered sensing surf&eeor

bars are +SD.
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Again, in order to compare theesponses of the four deviceshe measured sensing
responsefollowing exposure to avidingas translated inta percentage change isgMax

relative to thelspMaxbase line, here the silanized sensor surface. This is shaahlé5.4

andfigure 5.29.

Table 5.4:Average percentage change in maximum source drain current after avidin deposition
relative to the maximum source drain current before avidin deposition for the-lmiotinylated,

silanized CMOFET biosensors.

Device 1 Device 2 Device 3 Device 4
Change % -2.8 -5 2.1 -1.3

Error % +2.7 +3.6 +1.9 +0.9

Device 1 Device 2 Device 3 De\ﬁce 4

[Avg kMax (Av)- Avg kMax
(SPB))/ AvgddMax (SPB) (%)

-10
Figure 5.®: Average percentage change giMax after avidin depositionsiMax (Av) relative to
IsdVlax before avidin deposition fahe nonbiotinylated, silanize€M-OFET biosensar&rror bars

are +SD.

It is clear from figurés.29 and table 5.4that the magnitude and sign of thpercentage
changein source drain currerafter avidin depositiovaried significantly between devices.
Furthermore, the measurement error between successive measurements was significant.
It is thus likely that the observed changes are associatedwaitiatiors inherit to the OSC
characteristicsrather than due to changes in charge in the sensing regientd avidin

binding



5.4 Discussion of the SI/Si@M-OFET biosensor

It is clear from the results of this chapter and threviouschapterof a CMOFET basepH
sen®r, that the proposed Si/SKGCM-OFET devicgoes not displayhe sensitivity required
to detect the changén surface chargevithin the sensing region of the deviteat occurs
due to a chemical or biochemical interactiorherefore, it is appropriate to reflect on what

could be at fault in this proposed device.

It is instructive to compare th&i/SiIQ CMOFETabricated here tathe similar CMOFET
transistordeveloped by Ladt al., andthat was successfully employed as a chagesitive

devicefor detecting biochemical interactions [43].

A schematic diagram ofhe CM-OFET devicemployed by Laet al.[43] for monitoringDNA
hybridizationis depicted in figure 5.30Four keydifferences can be highlighted between
this device andhe Si/'SQCM-OFET devicgevelopedin thisthesis

1. Sensing regiomaterials The sensing region within th&/SQ CM-OFETwas the
degenerately doped Si surface which was silanized in order to integrate functional
chemical groupsThe Device of Lat al. was an aluminiunfloating gatecapped
with a gold layer The golddyer was included fobiocompatibility and eaes of
modification with various biological assemblies, and therefore this material
difference between their choice and the Si surface chosen in our case, is not
believed b affect the sensinghechanism.

2. Gate dielectric The Lai et al. devices employed #&ybrid gate dielectriclayer
consisting of & S NB & ritm) A40s nfier grown on the Al floating gatapped
with aParylene Qayer. TheParylene C layer can play two roles, firgtah serveas
a barrier layer to cover the thiAbOsgrown by UWOzone treatment which is likely
to containpinholes. Parylene C catsoreduce the concentration of traps at the
interface with the OSC compatdo bare AbOs which is knownto have ahigh
concentration of surfacé&raps[44]. While this does noinfluence thefundamental
detection mechanism, theotential reduction in trap statesprovided by the
Parylene @ould bebeneficial in terms of the opet@nal stability.

3. Floating gate areaDue to patterning, the floating gate in the ledial. device has a

smaller area than the degenerately doped Si floating gate used iSifls CM



OFETHowever, he areaof the floatinggate wasshownto have noeffect on the
threshold changen %+ in the CMOFET due ta change in charge in the sensing
area [45].

4. Device geometrwVhile the area of the floating itself does not impact on the-CM
OFET sensitivity, the arrangement of the floating gate with respdbetother CM

OFET electrodes is however critical. This will be discussed in more detail in the

following section.

ﬁ PET T ALUMINUM
HYBRlo
DIELECTRIC o
TIPS pDMS

‘ PENTACENE

(b)

O v e — -y —— — — —

Figure 5.30(a) Cross section of GMIFET devigaroposed by Lai et.al [43fhe employed materials
are reported in the palette; (b) thiayout of the device.

5.5Gating by the control gatgthe effect of device geometry

In the CMOFEbiosensor the transistor igypicallybiased into the operating regime via a
control gate electrode that is capacitively coupled to the floating gate effi@ency of this
gating mechanism is dependent on the geomednd layout of thedeviceelectrodes To
understand and quantify this dependency, a simple model of the devicetsre was
developed (figure 31) that can be used to understartie relatiorship between the

various geometrical components of the device and the device characteristics.

As can be seen in figure3, in addition to the control gate, both the source and drain

electrodes are also capacitively coupled to the floating gate. The pata@pplied to these



electrodes will also contribute to the charge stored in the floating gate, and thus affect the

transistor bias.

Using the principle of charge conservation for this simplified equivalent circuit of the CM
OFET device, it is possible amalyse the contribution of each capacitivetpupled

electrode. From Figure.32, char@ conservation yields equation 5.8
O 0 O 0 (58)

Where @ is the total charge accumulated in the floating gate opposite the source
electrode, Qis the inherent charge trapped in the floating gateyi® the charge induced
on the floating gate by the control gate anad ® the charge induced on the floating gat

by the drain electrode. Equation 5¢nalsobe expressed as:
6 726 # 1726 726 # 7 6 6 # (5.9)

6 # 6 # 6 # 6# 6 # 6# 1 (59)

PDMS

o
3
*
[
(]
[0}

Figure 531: Capacitive coupling in thHeM-OFETevice and simplified equivalent circainsidering

only capacitive contributions



Where \4is the floating gate voltage,s\Ws the source voltage, sGs the capacitance
between the source and floating gatesgis the control gate voltage cgis the capacitance
between the control gate and floating gate; i€ the drain voltage anddys the capacitance
between the drainand floating gate. Rearrangirg9a and setting ¥= 0 (grounded),

equation 5.% becomes:

w —w w 0 (5.10)

From equation 5.10it is clear that the contribution of the control gate to the totaldting
gate voltage will be ———w and the contribution due to the drain electrode
.
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Figure 532: Charge distribution and charge conservation in floating gate.

Since all electrodes (source, drain and control gate) are separated from the floating gate by
the same dielectric layer with@nstantthickness, the expressions of the capacitance ratio
can ke simplified to be an area ratidolhe contributions of the control gate and drain

electrodes in terms of the electrode areagll be:

Control gate contributon—— @

Drain contribution is——————

According tothese terms, if the device has large source and drain electrodes, their
contribution to the floating gate potential is increaseslative to thecontribution due to
the control gate. This can have an undesirable impact on the performance of the device as

will be explained shortly.



As a result of the electrode arrangementthe Si/SiQ CM-OFET devigeshown in figure
5.33 the surface area of source and drain electrodes overlaps fully with the common Si

floating gate beneath the Si@ielectric.

(S and D electrodes) (ImmX0.5mm + ImmX0.2mm + 1mmK1mm) each

Area per electrode = 0,033 om?
(Control gate electrode) (3.5mmX2mm)

Area per electrode = 0,07 cm’

Figure 533: Electrodes geometrical dimensions atheé Si/SiQ CM-OFETevice general layout.

In this structure, the areaf the control gateis 0.07cn? and each S/D electrodeas a
surface area of 0.0305cn?. At the maximumapplied voltage (M = \b = -40V), the

contribution of each electrode to thgatingof the device is:

® =(0.07/0.131x-40 =-21.374V

® =(0.0305/0.131¥-40 =-9.313V

Which means the overall biagjns-30.7V, i.e. 7% of the intended gating and the control

gate only contributes by 53% of the intended gate @@ of the effective gating.

Here, the intended gating is the desired biasing applied by the SMU to the control.gate (
-40V) and effectig gating is thesum of biasingontribution by the control gate and drain

electrodes (here=30.7V).

The drain contribution 23% of the overall intended gating and 30% of the effective gating

which is a sizable undesirable contribution.

One can use the conbution fraction terms of the control gate and drain to maximize the
control gate contribution and minimize the drain contribution based on the surface area

ratio between the control gate and drain elestles as illustrated in figure 5.34
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Figure 5.34Therelationship between the control gate and drain area ratio and the contribution of

each one in biasing the floating gate.

To reduce the contribution of the drain voltage on the gate bias, a new design was
proposed with a patterned floatimp gate, in this design the floating gate is Al and the
dielectric layer i\kOs. In the modified Al/AIOs structure (figure 535), the overlap of the

S/D electrodes with the patterned Al gate is reduced significantly (from 0.88650
0.0055cn¥), whichin turn reduces capacitive coupling of the source drain voltage to the

floating gate.

Figure 535: Al/ALO; CM-OFETevie with modified electrode® f | & 2 dzi



Furthermore, due to the large dielectric constant of tA&Os the maximum required
applied voltage in the transfer characteristicssignificantly reduced from40 V to-5 V.
Due to the reduced overlap between S/D electrodes and the floating tregepntribution
of the control gate will be (0.07/0.0813 -5 =-4.32 V and the drain contribution is
(0.0055/0.081) -5 =-0.34V.

Which means that the overall biasing4s66V, 93% of the intended gatingt of whichthe
control gate contribueés by86% of the intended gate and% of the effective gatingrhe

drain contributionis only6% of the overall intended gating and 7% of the effective gating.

It is clear from the previous calculations théie implication of laving a large overlap
between the S/D electrodes and the floating gate electrode is that the device will have
smalleroverallbiasingand reducedcontrol on the biasindpy the control gatemoreover,

due to the contribution of the drain electrod® the gde voltage the conductingchannel

in the OSGwill be turned ON evenwith 0 V applied to thecontrol gate, making the

estimation of Wndifficult.

The effect of having relatively large source and drain electrodes can be observed in both
the output and transfer characteristics of the Si/SI@MOFET The difference in the
behaviour of the output characteristics for the Si/s2vice and the modified Al/ADs
device are displayed in figure3® and 537, respectivelywhere the effect of reducing the

effective source and drain areas can be seen.

In the output characteristics of the Si/Si@evice, the large contribution of the drain
electrode in the biasing of the device causes bending in the output curves. For example, at
0V gate voltageonly a very low cuent is expected to be drawn from the devjahie to

the low intrinsic conductivity of the OSC and the high trapping probability that the charge
carriers may experience while participating in the OSC conducting chatowkever the
gatingeffect of the dain voltagein the Si/SiQ CM-OFETs considerableleading to a linear
increasein source drain currenwith drain voltage(highlighted by the red rectangle in
figure 536). By reducing the source and drain areas this effect is minimized as saetbe

from the output curves of the modified Al/ADz devicein figure 5.37
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The effect of the large source/drain electrode overlap is also evident in the transfer
characteristics. Here, theurrent is recorded as a function of gate voltage with the
transistor biased in the saturation regime i.e. wher@i¥ large. For the Si/Si@evices in
which the area of overlap between the source and drain electrodes and floating gate is
large, the larg \kpmeans that a large charge is induced in the floating gatech gates

the transistor channel sudiat it is either be on or turned on in the positive gate voltage
range of the transfer characteristics (within the selected operating gate voltagge})eas
shown in figure 5.38 and figure 5.39. By reducing geometrical overlap of the source and
drain electrodes with the floating gate, the transistor can be turhély OFF in thé&l/AlLOs

device as can be seen in figure4b.

1E-T =

Vsp=40V

Source-drain current | (A)

1E-8

10 0 10 20 30 40
V.(V)

Figure 538 An example of a transfer characteristics of a SY&OFOFETdevice (transistor on

from start).
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5.6 Device geometry and sensitivity

The geometry of the device also has an impact on the sensitivity oc€CM®OFETwhen
operated as a sensor. This can be modelled by the addition of an additional tesigir@o
equation 5.1Q0which accounts for charge accumulated in the sensingfaneathe sensing

activity:

W —w W L U 5.11

The overall contribution ofharge in thesensing are#o the floating gate voltages thus:

0
o} 6 ©

Again, a large overlap between the S/D electrodes and floating gate will reduce the effect
of Qsens and thus the sensitivity of the sens&ecently Lagt.al. [46], derived an equation

that describes the sensitivity in terms of the geometrical dimensions of the various active
portions of a charge modulated device. Starting from the equation that describes the
change in threshold voltage as a result of the chargeualatedin the sensing area
(equation5.12) they deduced a relationship between the sensitivity of the device and the

areas of the other device elements.
AN e (5.12)

Here, Gosy is the total capacitance of the devicExe sensitivity of the devigalefined as

QTIﬂdQSens 5 thus

,- (5.13)

Where Cis the capacitance per unit area of the gate dielectric layens & the surface
area of the sensingegion, Aotis the sum of all areas composing all elements of the device
(including Aens area of the control gatedy AdAp, the area of the area of S/D electrodes

and the transistor channel area width (¥(l.) length).

For a given gate dielectric layer, the sensitivity caropmizedby tailoring the different

areas in the devicéo tune the ArofAsengatio. The smaller the fofAsengatio the higher



the sensitivity. In the Si/SiQlevice the AofAsensratio = 9.184while in the modified
Al/AOs CM-OFETthe ArofAsendatio = 5.51.

5.7 The tradeoffs of the design

1- The sensitivity of the charge modulated device can be tuned by tb#Mengatio;
increasing sensitivity can be achieved by decreasing this fdtiscan be achieved
by having a large sensing area thampriseghe largestsurface areaf the sensor
However accordingto the sensitivity equation (5.)3the sensing area is s
inversely proportional to the sensitivity so reducing the areas of other elements in
the sensor device is a more ratioragdproach

2- Other areas that can be reduced to reduce the total area of the sensor device
includethe control gate area & the area of theS/Delectrodes,As and Ap, and
the transistor channel areaWhile these can be reduced, care must be taken to
ensure the area of the control gate electrqdieg is considerably larger tharsAnd
Apto ensure proper control over biasing of thewulee.

3- Reducing thesurface area of the source and drain electrodes relativihe control
gate areaAcgand the sensing areasens must beperformed with careas these
also influence theoutput sourcedrain current. According to thedequation (see
chapter 1 equation 1.9, kpis directly proportional to the transistor channel width
W, which corresponds toone of the S/Delectrodesdimensiors, so reducing this

dimension will reduce th measured souredrain current Isp

In the modified Al/ALOs CM-OFETthe transistor channel width W wamsaintainedwhile
the length of the overlap between the source and drain electrodes and the floatinglgate,

and lp, respectively wereeduced as in figure 5.41.

5.8 The nodified Al/Al.Os CM-OFETevice behaviour as a transistor

In the modified device he dielectric constant for ADzis 9-10; nearly 2.5 times higher than
that of the SiQ@. Moreover, due to the uniformity and defect free nature of ALD deposited

layers, it was possible to reduce the thickness of th®©#gdate dielectric layer to only 40



nm wmpare to 300hm forthe SiSiQ CM-OFETTogether, these factors enabled a device
in which the operating voltage range is reduced by almost an order of magnitude, from (0

to -40V) for the 8SiGx-based CMOFET sensor to only (0-fV) for the Al/AIO; CM-OFET.

Figure 5.41Comparison between the effecti&D areas #Apin the CMOFET Si/Sy@and Al/ALO;
devices (W=1mm andilo=10.5mm forSi/SiQ devices andW=1mm and &Lo=1.5mmfor Al/ALOs

devices)

An example of the output and transfer characteristic of &lgAl.Os CM-OFETdevice has
been already presented in figure 5.37 and 5.40 respectively. It must be said that although
the device showed typical transistor behaviour, the source drain current@lasvely low
compared to theS/SiQ CM-OFETdevices. The highest maximum source drain current

produced among all device was around 70 nA and the yield for devices that produced



maximum source drain current above 10 nA was low 40%. The mobility of devices was in

the range from 0.0004 to 0.001 éwi'S* and the ON/OFF current ratio was 109+68.

The interface of the\lOs with the OSC is believed to be the cause for the reduced source
drain current and low mobilityHigh k dielectrics such as®4 are more polacompared to

SiQ and that can increasehe energetic disorder at the interface with the OSC, which
results in a higher localization of the charge carriers and reduceddftddt mobility. A
simple solutiorto reduce this effects the formation of aselfassembled monolayer (SAM)

on the AkOs surface prior to OSC deposition [49].

Fumagalli et.al. [50studied the effect of different SAMs (differing in the polar head group
and alkyl chain length) on the electrical properties of transistors with an AI(R gdte
dielectric. They concluded th#he length of the SAM is the most important parameter in
improving transistor performanceA long chain SAMsuch asn-octadecyltrichlorosilane
(OTS) moves the active channel of the O&®@ay from the disordered surface dipoles
present on thesurface of AlO:. The improvement is attributed to the combination of
reduction of the broadness of the density of states and the improvement of the effective
wavefunction overlap compare to the bare®4. Critically, SAM modification is simple and
does rot required chemical vapor deposition (C\Vistrument to produce as in Parylene C

layer.

5.9 Conclusions

This chapter discussed the use of the SYSIGFOFET device for protein detection. Avidin
protein binding to a biotinylated sensing region surface was chosen to examine the device
sensitivity. In the chapter, the protocol used for biotinylating the sensing region of the CM
OFET device and subsequemtidin binding was presented. The effectiveness of the
protocol was confirmed using QGCM measurement which validated both the specific
avidin binding to the biotinylated surface and minimal nonspecific avidin binding to a

silanized surface.

Using the CMOFET device, the binding of avidin to the biotinylated Si gate surface was

investigated. Experimental results on a nine, nominally identical biotinylateeDEMITs



showed significant variation between devices and no clear indication of setysiovhe

change in charge accumulated in the sensing region following avidin binding.

This chapter then discussed and analysed the shortcomings of the SUSOFET sensor

and proposed a modified GKOFET sensor based on Ai@las gate and gate diet&ric
layers. The shortcomings of the geometrical arrangement of the SICMBDFET sensor
were discussed and solutions to overcoming some of the SICGMBEDFET limitations were
proposed for implementation in the design of new modified AMAICM-OFET ensor.
Practical tradeoffs in the design of the modified GMFET device were also investigated.
Finally, measurements of the Alf8k CM-OFET as a transistor have shown typical
transistor behaviour, validating the design and fabrication approach. Whaleribasured
source drain current was low, suggestions to improve charge mobility of the OSC were

given.

It must be mentioned that, although geometrical considerations have been employed in
the modified Al/A{Os CM-OFET layout, the inherent measurement/cnt noiselevelseen

in tested fabricated Si/fSKGCM-OFET devices attributed to tilepspentacenedeposition
method isconsiderablyhigh (largely within +10%@ndcould still presents a sensitivity issue
for the modified Al/AMOs CM-OFETTheimproved s@sitivity responséhat can be achieved

by the new geometrical layout optimizatianay still be hampeled by the existing noise
associated with the current fabrication (particularly the OSC deposition method).

Therefore this needs to be addressed in orderproduce a functioning CNDFET
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Chapter 6
Conclusions and Future Works

6.1 Conclusions

Despitethe scale of research and potential opportunities for innovative biosengbes
majority of thesetechnologies have had velynited market successThis is partly due to

the challenges associated with translating innovative technology, particularly when
developed for applications in healthcare. Furthermore, many of the novel technologies
discussed ithe academic literature are oftetmo expensive to use or manufacture, limiting
their widespread use, arequire laboratories and trained people to operate. This reality
will continue to motivate researchers to innovate and develop new biosensor techeslogi

that are inexpensive, easy to fabricate andfisendly alternatives.

A potential candidate for such new technologies are biosensors based on organic electronic
devices. These devices are easy to fabricateploying the mass fabrication technologies
established within the microelectronics industmploy inexpensiveorganic materials,
amenable for miniaturization opening up the possibility of portable analysend

compatible with microfluidic system integration.

This thesidas presented a study tim the fabrication characterisatiorand application of

such an organic biosensing device based on the recently developed ahadjdated
organic field effect transisto(CM-OFET) This device architecture is very much in its
infancy; b the best of our Rowledge this conceptas beerinvestigated bya singlegroup

from the Department of Electrical and Electronic Engineering (DIEE), University of Cagliari
This device has two key features that make it an attractive option for the fabrication of
biosensorsl) the biosensing activity occurs in a region that is spatially separated from the
organic FET. This enables the use of a wide variety of organic semiconductor layers that
otherwise could degrade in contact with an aqueous sample. 2) the device is thasegh

a capacitively coupled control gate which again is spatially separated from aqueous
electrolyte. This removes the need for an external reference electrode which are difficult

to microfabricate reliably. Academiliterature on theCM-OFETsto datevery limited and



the concepthas yet to bewidely explored particularly alternative approaches for

fabrication and application of the technology for protein sensing

The thesis has primarily investigated the characteristics @MOFET biosensdinat was
based on widely available Si/SKubstrate Here the degenerately doped silicon substrate
forms the gate electrode while the silica laya&ects asthe gate dielectricon which the
organic semiconductor layer is assembled between metallic electrodes fabrication
approach was adopted due to isimpicity, requiring minimal fabrication stepsand
compatibility with conventional microfabrication technolagyespite the simplicity,
limitations associated with the geometrical laycand high voltage ogration associated
with the thickness of the dielectric layéed to a modified design. This second design
employed Al/AIOz as gate and gate dielectric layers amds designed teomply with the

geometrical considerations for optimum operation of tbieargemodulated device.

Chapter 3 presented rigorous electrical characterisation of the@MNET operating as a
transistor biased using both the Si gate and the capacitively coupled control gate electrode.
The chapter also investigate how environmental eet§, such as electrical noise,
temperature and light, influence the GMFET and thus how they are controlled so they do
not influence the interpretation of the measured results. This detailed characterisation
confirmed the possibility of a fabricating@nctioningSi/SiQ CM-OFET. Critically, the yield

for working devices showing transistlike behaviour with maximum source drain current

> 10nA was more than 90%.

In chapter 4, the application of the GBIFET device based on Si/S&3 a sensor for
monitoring pH wasexplored. In the chapter, the sensing mechanism was thoroughly
explained, including how to render tlsairface of the floating gate within the sensing region
sensitive to local pH by functionalizing the sensing region of the device with 3
aminopoyltrimethoxysilane (APTESHAM. This functionalization was confirmed using
standard surface analytical technigusamelyXPS. Finally, electrical measurements of the
CM-OFET devices were presented and discussed. Measured results demonstratie that
response of the CMOFET#® pH changevas inconsistentin particular, he response of the

device tochange indcal pH was found to showo trend across all devices and the



percentage of source drain current change (apart from very limited cases) was @tgar

to the fluctuation in source drain current change due to inherent behaviour of the device.

Chapter 5 focussed on tlapplication of theSi/SIQ CM-OFET device for protein detection,
here the model biotiravidin system. The samdPTES coatetirface $sed for pH detection
was also usetlereto provide a chemical reactive amine group for immobilization of biotin
modified with a reactive NHS ester. The bigtation protocol was verified using QGIM
measuremens which confirmed biotinylation of the silared QCMD crystal and specific
binding between avidin and biotinylatesensor surfaceThe chapter then moved on to
discuss the sensing mechanism by which the avidin binding can be detictibe
fabricated CMOFET devicélere, sensing exploits the chargensitivity of the CMOFET to
detect the change irsurface chargebetween biotin and avidin Specifically, the local
increase in positive surface charge upon avidin binding to the biotinylated surface of the
CM-OFET sensing region, should lead to a radaocin the source drain currentAgain,
experimental results for avidin detection were inconsistent and comparable to the inherent

device noise.

Reflecting on the performance of the GDFET device both for pH sensing and avidin
binding detection, an alterative design was presented to account for the effects of device
geometry on the CMDFET biosensor sensitivilihis alternative design wasased onan
Al/AbOs material system The change from Si/SiQo Al/ALOz; addresgs two major
shortcomings in the Si/Si@evice. Firstly, the high operating voltage required for SESIO
due to the low dielectric constant of Si@nd the large oxide thickness..® hasnearly

2.5 times higher dielectric constant which enabkedignifiant reduction inthe operating
voltage. The second limitation of the Si/S{CM-OFEWwas the device geometryOptimum
performance for the CMDFET device requsecareful consideration of the electrode
geometry, and in particular the overlap between sousred drain electrodes with the
control gate. The alternativAl/ALbOs CM-OFET presented in chapter 5 was designed to
account for these geometrical effects. Finally, hitgAl.Os CM-OFET was tested and was
shown to exhibit behaviour typical of an organicrisestor. Furthermore, modification to

the electrode geometry was shown to improve the device characteristics, specifically
minimising the unwanted gating effects of the drain electrodes. However, the source drain

current in this device was rather low due & low carrier mobility attributed to the high



surface energy of thé\hbOs gate dielectric layer. A potential solution was given to this

problem in the form of SAM modification #h0z gate dielectric layer.

6.2 Future Worls

Evidently the main priont for further work regarding this research project is the
experimental investigation of the modifiedl/AlL,.Os CM-OFET for sensing applications. A
single experiment to test thé&l/Al,.Os CM-OFET for pH sensing showed encouraging signs
2F (1 KS reRpdrdd t® #x& shown in figure 6.1. Here, the change in source drain
current was seen to increase consistently with increasing pH; something that could not be
observed in the 880, CM-OFET.tImust benoted that, this has only been shown for a
singledevice and for three different pH levels and this characteristic needs torifgroed.

Also, the percentage of source drain current change decreased over time due to the
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Figure 6.1Experimental results of pH sensing usamAl/ALO; CMOFET devicehe figureshows
the percentage lcangein IsMax for three independent measurements (at 3 different pH levels).

Here, the transfer characteristics of tlievice were measured 25 mins after introduction of the

test pH solution.

As discussed in chapter 5, as a starting point to achieve a more satisfactory performance,
the charge carrier mobility in the OSC of #léA,O; CM-OFET needs to be improvedne

possible solution is the use of a SAM at the @@€ dielectric interfaceThe use oh-



octadecyltrichlorosilane@TS)SAM has been reported to improve the mobility in OFET
devices withAbOz as the dielectric layer. The use of a SAM intermediate legealso help
regulate molecular ordering of the OSC layer which could leadnorereproducibleOSC

leading to a reduction in thdevice to device source draturrentvariability.

Enhancednobility mayalso be advantageous for sensing applications. This is because the
source drain current is directly proportional to the OSC mobility. Thus, as can be seen in
figure 6.2, improving the mobilitycan theoretically result in higher source drain cent

change per unit gate voltage $hithis in turn should increase sensitivity
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Figure6.2: Theoreticaleffect of mobility on maximum source drain current change per unit gate
voltage shift forAll AbO; CM-OFETALOs 40nm).

The OSC solution deposition method needs to be also be investigated and optimized. The
simple drop casting method chosen for this work, altgh potentially known to provide

high crystallization (and thus high mobility), also increases randomness and the potential
for multilayer formation which contribute to a lack of reproducibility between fabricated
devices. A combination of a controlled degition method and SAM treatment may

potentially help reduce device to device variation as well as minimize the noise in the



fabricated devices (source drain current fluctuations due to randomness in crystallization
of the OSC).

Addressing the OSC solutideposition method is very important as it is very likely that
only the combination of reducing the inherent current fluctuation (by an optimized
deposition method) and the improved geometrical layout designpraduce a functioning
CM-OFET.

From a techntmgical point of view, for the Al/ADs based device, anodization of the Al
layer, rather than deposition via ALE3, a concept worth revisiting. Suelprocessgreatly
simplifiesdevice fabricatiorand reduces fabrication casthe use ofubstrates witha high

surface roughnessuch as Mylar plastic sheet could be a good starting choice.

A final suggestion regards the time domain measuremept/d time. Results presented in
chapter 4 showed that the response of the @¥ET in this type of measurement was
largely dominated by noise and bias stress effect, which affected the interpretation of the
data. Bias stress can be reduced if continuousitgas replaced by biasing using voltage
pulsing. Reducing the bias stress effect could enable measurements and quantification of

the time dependent variations in the source drain current.



Appendix A: SI/SIQ CM-OFET device
fabrication steps

A.l. Si/SiQ Substrate Preparation and Cleaning

1- Cut Si/Si@Qwafer to appropriate samples sizes, approximately (1.2X3cm).

2- Blow samples with nitrogen gun to blow of debris.

3- Put samples in Acetone Beaker and sonicate in an-stiracation bath for 3
minutes.

4- Transfer to a beaker of isopropanol IPA and sonicated for another 3 minutes.

5- Blow dry with nitrogen gun.

Figure A.1CleanSi/SiQsubstrate

A.2. Sensing area realization

1- Cover one end of the sample with an insulating tape.

2- Place the sample atle spinner chuck.

3- Dispense photoresist (S1813) on the sample.

4- Spin for 1 minute at 4000 rpm.

5- Remove the insulating tape.

6- Bake the sample on 150C° hotplate for 5 minutes.

7- Prepare 7ml of buffer oxide etch BOE solution (HF 1:6 NH4F) in a small beaker.
8- Dip the region uncovered by photoresist of the sample in the BOE solution for 4

minutes.



9- Dip the whole sample in a large beaker of DI water to remove the majority of the
etchant residue.

10-Immerse the sample in a second beaker of DI water for 3 minutesthemdrinse
the samples by refilling the beaker with DI water for 30 seconds.

11- Dry the sample with nitrogen gun.

12-Soak a cotton bud in acetone and use it to remove the bulk of the-baked
photoresist.

13- Soak the sample in Acetone beaker for several hours.

14- Transfer sample to IPA beaker and sonicate for 3 minutes.

Figure A.2Si/SiQsubstrate covered with photoresist with one end exposed

A.3 Contacts formation
a- Photolithography and metal deposition
Photolithography

1- Clean sample in Piranisalution (HSQ 7:3 HO;) for 5 minutes.

2- Dip the sample in a large beaker of DI water to remove the majority of the Piranha
residue.

3- Immerse the sample in a second beaker of DI water for 3 minutes, and then rinse
the samples by refilling the beaker with \Wéter for 30 seconds.

4- Blow dry sample with nitrogen gun.

5- Heat the sample on 110C° hotplate for 1 minute.

6- Place the sample on the spinner chuck.

7- Dispense Primer solution (Hexamethyldisilazane HMDS) on the sample.



8- Spin for 30 seconds at 4000 rpm.

9- Bake the ample on 190C° hotplate for 1 minute.

10- Place the sample back on the spinner chuck.

11- Dispense photoresist (S1813) on the sample.

12- Spin for 1 minute at 5000 rpm.

13- Bake the sample on 110C° hotplate for 3 minutes.

14-Transfer and load the sample to the chuck of thadidAligner machine.

15-Load the sample against the desire region in the photomask.

16- Expose the sample through the photomask to UV light (Dose 22mW/cm2) for 5
seconds.

17-Unload the sample and transfer it to a beaker of photoresist developer (351
microposit).

18- Dewlop the sample for one minute while shaking the developer solution.

19 Quickly take the sample to a beaker of DI water to stop the developing process.

20- Dry with nitrogen gun.

21- Check the sample under the optical microscope and return to developer solution if

features are underdeveloped.

Table A.1Photolithography recipe

Spin Speed Time Temperature Notes
Primer (HMDS) | 4000 rpm | 30 sec | Room temperature)
Primer bake 1 min 190 C°
Photoresist 5000 rpm | 1 min | Room temperature
(CS191°2)
Soft bake 3 min l110cCe
Exposure 5 sec Dose (22mW/crf)
Developer (351 1 min | Room temperature shake
microposit)




Metal deposition

Mount two Tungsten Evaporation boats in place in the evaporation machine.
Load one Ti pellet in one boat and one Au pellet in the setmad.

Lay the samples on a holder-16cm above the Ti/Au evaporation sources (facing
down towards evaporation sources).

Seal the evaporation chamber and pump it down for 2+ hours.

Once the evaporation chamber pressure is below 1>¢hbar start evaporatio
process.

Using a manual Dial start heating the Ti source by feeding a high current across
the resistive evaporation boat of the Ti source (keep the Ti source shuttered).
Slowly increase current until Ti pellet start to melt.

Open shutter until 6nm ideposited (thickness monitor reading) and then close
the shutter, turn off the current supply and let boat cool down.

After 510 minutes (when pressure is back to 1Xh@bar) turn on heating on the

AU source.

10- Slowly increase current until Au pellet stamtmelt.

11- Open shutter and adjust deposition rate to be approximately 1A°/sec.

12- Leave shutter open until 30nm is deposited (thickness monitor reading) and then

close the shutter, turn off the current supply and let boat cool down.

13- After 20+ minutes vent theacuum chamber and collect the samples.

Lift-off

Soak the sample in Acetone for 15 minutes.

Sonicate for 830 seconds (until majority of photoresist is removed).

Transfer to fresh Acetone beaker and leave for 15 minutes.

Sonicate for 0.5 to 5 minutesédending on the cleanness of the channel between
S and D electrodes).

Transfer sample to IPA beaker.

Sonicate for 3®0 seconds (depending on the adhesion of Au).

Dry with Nitrogen.



b- Metal deposition via shadow mask

1- Mount two Tungsten Evaporation boatspface in the evaporation machine.

2- Load one Ti pellet in one boat and one Au pellet in the second boat.

3- Lay the shadow mask on a holder18cm above the Ti/Au evaporation sources.

4- Position the samples against the mask (each sample against alsétdfy & A & G 2 N
contacts).

5- Seal the evaporation chamber and pump it down for 2+ hours.

6- Once the evaporation chamber pressure is below 13¢hbar start evaporation
process.

7- Using a manual Dial start heating the Ti source by feeding a high current across
the resistive evaporation boat of the Ti source (keep the Ti source shuttered).

8- Slowly increase current until Ti pellet start to melt.

9- Open shutter until 6nm is deposited (thickness monitor reading) and then close
the shutter, turn off the current supply andtlboat cool down.

10- After 510 minutes (when pressure is back to 1XXfibar) turn on heating on the
Au source.

11- Slowly increase current until Au pellet start to melt.

12- Open shutter and adjust deposition rate to be approximately 1A°/sec.

13- Leave shutter openntil 30nm is deposited (thickness monitor reading) and then
close the shutter, turn off the current supply and let boat cool down.

14- After 20+ minutes vent the vacuum chamber and collect the samples.

Figure A.3Si/SiQsubstrate with Si exposed ahe end and S/D and control Gate contacts

patterned at the other end.



A.4 OSC (TigBentacene) Preparation and Deposition
Preparation

1- TipsPentacene as received from (University of Leeds Biology Lab or Sigma Aldrich)
is dissolved in Toluene in D@gy/ml.

2-t2f-¥8h6KefadeNBySuv otha{uv a NBOSAOSR TNRY
Toluene in 1Gng/ml.

3- Using an analytical weighing balance the two prepared solutions are mixed in Tips

t SyidrOSyS tYo tha{ 6SAIKGE NIGA2 6&:
Deposition

1- Clean Samples Riranha solution for 5 minutes.

2- Wash with DI water for 1+ minute.

3- Blow sample with nitrogen.

4- Dry the samples on hot plate for few seconds.

5- Using a Micrepipette apply a droplet of Tips Sy (i OSy Skt ha{ YAEGdz2NB 2
S/D region of the fabricated sample.

6- Cover the sample and leave for slow solvent evaporation feBQGninutes.

7- Check under optical microscope for crystals formation.

8- If crystals have not satisfyingly formed, a second droplet is applied.

9- Check again under optical microscope for crystals foronatif crystals still not
satisfyingly formed, strip the layer by dissolving in Toluene and start the process
from step 1 again.

10- Anneal the sample on a hotplate at 80C*° for 20 minutes in ambient condition.

Depositing the Tip®entacene on top of the patteed S and D completes the fabrication

of abottom contactOFET.

Figure A.4A complete Si/SISDFET including deposited OSC Mily G OSy Sk tha{ 0 ®



A.5 Microfluidic chamber making

[ERN
1

Measure a 50ml| dPDMS (prgoolymer) precursor in a plastic cup.
2- Add 5ml of thecuring agent (Sylgard 184 kit) to the cup.

3- Mix Thoroughly for 2 minutes.

4- Use a vacuum desiccator to remove bubbles from the mixing.
5- Place 3D master mold in a thermal plastic petri dish.

6- Cast thePDMS mixture over the 3D master mold.

7- Placem a 60C° oven for minimum of 6 hours.

8- Gently peel the replica PDMS mold from the master mold.

9- Dissect into individual microfluidic chambers using a knife.

10- Punch two opening holes at opposite sides for inlet and outlet.

(@)

(b)

Figure A.5:(a) 3D Master mold for PDMS microfluidic Chamber making (b) PDMS

microfluidic chamber.



A.6 Gate sensing region functionalization and fluidic chamber integration
If performed before OSC deposition

1- Clean sample in Piranha solution@@ 7:3H202) for 5 minutes.

2- Dip the sample in a large beaker of DI water to remove the majority of the Piranha
residue.

3- Immerse the sample in a second beaker of DI water for 3 minutes, and then rinse
the samples by refilling the beaker with DI water for 30 sesond

4- Blow dry sample with nitrogen gun.

5- Heat the sample on 110C° hotplate for 1 minute.

6- Load the sample in a UVzone cleaner for 5 minutes treatment.

7- Prepare 5ml of 5% APTES solution in IPA by volume in a 50ml centrifuge tube.

8- Immerse the cleaned sample ughtly in the 5%APTES solution, covering only the
sensing region.

9- Leave the sample immersed in the functionalizing solution overnight
(approximately 18 hours).

10- Remove the sample from the functionalizing solution and immersed in a beaker of
IPA and shake fdl-2 minutes.

11- Remove the sample from the IPA beaker and give it a quick rinse with IPA.

12- Dry with nitrogen gun.

13- Put a preprepared PDMS chamber in an IPA beaker and sonicate for 3 minutes.

14- Remove PDMS chamber from IPA and dry with nitrogen gun.

15-Load thePDMS chamber to the W®zone cleaner and turn on the UV light source
for 5 minutes to activate the silanol groups on the PDMS surface.

16- Mount the PDMS chamber to the sensing region of the sample.

17-Transfer the sample to a 90C° hotplate.

18- Pour liqguid PDMS aro the corner of the PDMS chamber.

19-Leave PDMS to cure for 20 minutes.

If performed after OSC deposition

1- Cover the contacts and OSC region with gfidra.
2- Dip the sensing region (exposed Si) of the sample in Piranha solutis@ (K3
H.O,) for 3-5 minutes.



3- Dip the sensing region (exposed Si) of the sample in a large beaker of DI water to
remove the majority of the Piranha residue.

4- Dip the sensing region (exposed Si) of the sample in a second beaker of DI water for
a minute.

5- Blow dry sample with nitrogegun.

6- Put a preprepared PDMS chamber in an IPA beaker and sonicate for 3 minutes.

7- Remove PDMS chamber from IPA and dry with nitrogen gun.

8- Load the PDMS chamber to the {OZone cleaner and turn on the UV light source
for 5 minutes to activate the silanot@ups on the PDMS surface.

9- Mount the PDMS chamber to the sensing region of the sample.

10- Transfer the sample to a 90C° hotplate.

11- Pour liqguid PDMS around the corner of the PDMS chamber.

12-Leave PDMS to cure for 20 minutes.

13- Prepare 1ml of 5% APTES solutioriPid by volume in a micicentrifuge tube.

14- Connect tubing to the inlet and output of the PDMS chamber.

15-Using a micrgpump draw a 10€200pl of the functionalizing APTES solution to the
sensing region inside the PDMS chamber.

16- Leave thefunctionalizing APTES solution resting on the sensing region inside the
PDMS chamber overnight (approximately 18 hours).

17-Using the micrepump flow IPA through the PDMS chamber for 5 minutes to wash
away the urattached APTES molecules.

18- Disconnect tubes anidave sample to dry before use.

Figure A.6:A complete Si/SiECM-OFEIsensor with functionalized sensing region and

integrated PDMS microfluidic chamber.



Appendix B: Masks

B.1 PhoteMask Design

Using LEdit software provided for drawing IG@s/out designs a photmask was desigd

to perform the photolithography stages necessary for the fabrication of the OFET/Sensor.

The photemask depicted in figur®.1aA & 2F | o0¢é¢ RAFYSGSNI YR A& RA
NEIA2yas G§KS aAiph&amasktre pakksd witkEmuliplelsovirsaiasddiain

contacts structure (see b figui.1). These were used in preliminary device investigations

as they have high density of devices per area allowing for less consumption of substrates

and materials.

(@)

(b) (€)

FigureB.1 (a) A depiction for our designed Phettask, (b) S/D first geometry and (c) S/D

second geometry.

The middle part of the photmask was divided into two regions. The upper half contains
the gate contact patterns for the first photolithography stage in &t contact transistor
design. The lower half contains a second geometry of source and drain contacts. When

rotated by 180°, the lower half aligns with the upper half for the second photolithography



stage. The second geometry for S and D contacts (figLio} was designed to be used for
a sensor architecture. The mask geometry was designed to ensure sufficient space for
microfluidic channel integration and that the contact pads are located a sufficient distance

from the sensing region to avoid contact wiolution
B.2 Shadow Masking
B.2.1 Au deposition

shadow masking was selected as an alternative approach for the fabrication of metal
contacts. In the shadow masking technique, selective deposition is accomplished by
directly depositing material ofhoice through a stencil mask patterned with the desired

features. As a result, the electrical contacts for the fabricated device are formed in a single

processing step.

Two shadow masks were used in the fabrication of the@MET device, the first masksva
ordered from Ossila Ltd specialist in organic electronic devices. The mask is designed to
accommodate 12 sets of S/D contacts structure. Each set contain S/D contacts for 5
transistors (see figurB.2. Rectangular disks in the design separating S/Dvnsats utilized

as control gate contacts. This mask was used to make S/D and control gate contacts for

both designs of the CMDFET deviceSiSiQand Al/AbOs).

30, 40, 50. 60, 40 um  [insae OFET mask

Capyright Ossila Limited 2008 - 2012

FigureB.2 A picture of the shadow mask ordered from Ossila Ltd for source, drain an

control gate patterning.



B.2.2 Al gate patterning

In the second CMOFET design based onA40s, a second shadow mask washiouse

made in the electronic engineering laboratories and used for depositing the Al gate layer

as can be seen in figug3

FigureB.3 A picture of the shadow mask madehouse for Al patterning.



