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Abstract

The interest in organic field 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 Charge-Modulated
Organic Field-Effect Transistor (CM-OFET). In the CM-OFET, 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 modulates the transistor’s output source
drain current, providing sensing activity that is spatially separated from the organic

semiconductor layer.

Here, a CM-OFET based on solution processed Tips-pentacene as the organic
semiconductor that is both low cost and very simple to fabricate is reported. The thesis
includes a detailed description of the CM-OFET fabrication alongside a detailed discussion
of the principle of operation, both as OFET and as analytical for monitoring pH and protein

detection.

The thesis focusses primarily on the characteristics of CM-OFET devices based on the
Si/SiO2 substrate. The fabrication of Si/SiO, CM-OFETs was very simple, requiring only a
single evaporation stage. Despite the simplicity, the CM-OFETs reliably displayed electrical
characteristics typical of OFETs. However, the responses of the devices when tested for pH
sensing and protein detection, were inconsistent and with large error. Further analysis of
the CM-OFET architecture revealed limitations associated with the geometrical layout of

the Si/SiO2, CM-OFET device may have caused the sensing response deficiency.

A modified CM-OFET employing Al/Al,Os; was designed in which the geometry was
optimized to maximise sensitivity. Developed Al-based CM-OFETs were found to exhibit
typical OFET behaviour, albeit with relatively lower source drain current compared to
Si/SiO2 CM-OFET devices. Due to limited time, the sensitivity of the Al-based CM-OFET was
not fully characterized. Further work regarding the enhancement of the device’s charge
carrier mobility and particularly, experimental investigation of the Al/Al,03 CM-OFET for

sensing applications is needed.
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Chapter 1: Introduction

1.1 Biosensors

From identifying contaminants and toxins to ensure food product safety, to detecting
biomarkers of disease and monitoring pollutants in the environment, technologies for
detection and quantification of chemical and biological molecules are today an integral part
of the modern world. A broad range of technologies, generally known as biosensors, have
been demonstrated to meet these analytical challenges, and the innovation of novel
biosensors with improved sensitivity, speed and applicability remains a significant 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).

The term “biosensor” is believed to have been coined by Cammann in 1977 [1-2], however,
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 Electrode [3-6]. His concept, which earned
him the title of the father of the biosensor, involved electrochemical 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 and management of diabetes through the
detection and quantification of glucose using glucose oxidase (GOx) enzyme immobilized
on an electrode [3,5,7]. Today, biosensor technologies have become a multi-billion dollars
market [8-10] and the development of novel biosensors 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, environmental monitoring, precision

agricultural, industrial monitoring, homeland security and defence [3-6,11-13].

Generally, biosensors are analytical devices that combine a biological or biologicaly derived
recognition element with a physicochemical detector element commonly referred to as
“transducer” [3-4,11-12]. The role of the transducer is to convert a specific interaction

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



qguantified to provide a measure of analyte concentration [3-5,12]. Specificity to the

required analyte 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 illustrated in figure 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 analyte is 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 bio-recognition element which is able to interact with the target analyte
specifically and with high 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 bio-recognition into a quantifiable
response. The final part of the system is the instrumentation that processes the signal from
the transducer and presents it to the user in a user-friendly 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 [6,9,11-12].

Processing

1
1
1
io- iti > >
Analyte Bio-recognition element Transducer [T” measurable
1
1

Biosensor

Signal

Figure 1.1: The 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 the essential role of the processing

unit, some consider the biosensor as a three-element system [4,8]

A range of bio-recognition elements have been implemented in biosensors, including
enzymes, nucleic acids (RNA and DNA), antibodies and antibody mimetics, antigens, living
cells or tissues. The choice of bio-recognition element depends, to a large degree, on the

targeted analyte. For example, bio-recognition elements based on oligonucleotides are



best suited for the detection of DNA and RNA biomarkers while the selectivity 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 following the specific interaction
between the target analyte and its associated bio-recognition element. These include
transducers sensitive to a change in electric current/potential, conductance, refractive
index, mass, viscosity or temperature [3,5-6,11,14]. The 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 bio-recognition element.

A key consideration for biosensor engineering is the method of integrating the bio-
recognition element with the transducer, a process often referred to as “immobilization”.
The process of immobilization is critical to ensure the functionality of the bio-recognition
element is preserved following integration and that the transducer remains sensitive to
interactions between the analyte and bio-recognition element [5-6,17-18]. The most
common immobilization methods are physical adsorption [19], covalent binding [20],

matrix entrapment [21], cross-linking [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 analyte
concentration. [17-24]. 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 [25-28]. 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 duplicate assays 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 target analyte 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 detect a specific analyte within a complex sample matrix



is known as specificity [17-24]. 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 mixture of biological molecules. Here, complete specificity is often
unachievable as the transducer is often also sensitive to interference and non-specific
interactions from other substances in the sample matrix, complicating the biosensor
response. Typically, a compromise is often sought, where interference and non-specific
interactions are minimized and sensitivity to the targeted analyte in the sample is
maximized; this is known as selectivity [11,24-25,29]. It should be noted that this distinction
between the selectivity 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 and cost [3,5-6,30].
1.1.1 Exemplar Biosensors: ELISA and SPR-based biosensors

Two of the most commercial successful stories of biosensor that have been applied widely
to detect numerous biomolecules are the enzyme-linked immunosorbent assay (ELISA) and

biosensors based on surface plasmon resonance (SPR) technology.
1.1.1.1 Enzyme-linked immunosorbent assay

In the simplest format of ELISA, an antigen is detected using its associated antibody which
is linked to a reporter molecule, typically an enzyme hence the name ELISA, that is capable
of producing a colorimetric response. Typical ELISA assays are performed in microwell
plates and the basic process comprises two phases; the capture phase, where the target
antigen is captured and immobilized to the plate, followed by the detection phase where
the captured antigen is labelled via a specific antibody to enable detection (see figure 1.2).
The capture phase can either be direct or indirect (also referred to as a “sandwich” assay).
In direct capturing, the target antigen is directly immobilized to the assay plate. In contrast,
indirect capturing employs an antibody specific to the target antigen that is first coated to
the surface of the microwell plate. Subsequent binding of the target antigen to the
immobilised antibody allows the antigen to be tethered to the surface. Once immobilised,
detection and quantification of the target analyte is achieved using an enzyme-labelled,
analyte-specific antibody. Again, the detection phase can be direct or indirect. In direct

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



while in indirect detection the captured antigen is first complexed with an unconjugated
antibody (referred to as primary detection antibody), which subsequently binds to a
secondary detection antibody that is conjugated with an enzyme. For both detection
methods, once the enzyme-conjugated antibody is bound and the unbound antibodies are
washed away, a substrate for the enzyme is added, and catalysis by the enzyme leads to a
change in colour either chromogenically or by means of chemifluorescence or

chemiluminescence indicating the presence of the antigen [31-32].
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Figure 1.2: The four different combinations of antigen capture and detection used commonly in

ELISA.

The most widely used ELISA methodology is indirect capture with indirect detection. This is
because antigen detection is effectively performed twice to increase specificity; first using
a pre-immobilized capture antibody and second with the primary detection antibody.
Furthermore, in indirect detection, the primary detection antibody can bind multiple
secondary detection antibodies. As each secondary antibody is conjugated with a reporter
enzyme, the final signal when the substrate is added is amplified. This signal can be further
amplified by conjugating the primary antibody with multiple reporter enzymes, for example
using the multivalent biotin—avidin interaction (the biotin — avidin interaction will be

discussed further in chapter 5) [31,33-34].
1.1.1.2 Surface plasmon resonance based biosensors

ELISA belongs to a class of biosensor known as labelled biosensors. These biosensors rely

on the addition of a label, typically fluorescent dyes, radioactive isotopes or redox-active



labels (conjugated enzymes), to quantify detection [11,35]. Although generally considered
robust, label-based biosensors have fundamental shortcomings. The labelling process itself
can impede the antibody-antigen 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 steric hindrance. The labelling process is also costly
and can take a considerable amount of time, making real-time measurement impractical
[36-39]. Label-free biosensors on the other hand essentially eliminate complexity, time,
and cost associated with labelling techniques. Label-free biosensors detection requires the
use of a transducer that is sensitive to changes in physicochemical properties that occur
inherently following biochemical binding [9,36-38,40]. For example, surface plasmon
resonance (SPR) detects local changes in refractive index that occur following binding of an

analyte to a surface-immobilized bio-recognition element.

SPR is an optical phenomenon that can occur when light is reflected from a conducting film
at the interface between two media having different refractive indices. In SPR, light is
focused through a glass prism onto a conducting film covering a glass substrate. Above a
critical angle of incidence, total internal reflection occurs and the reflected light is detected
on the reflection side of the prism. Under total internal reflection conditions, the
interaction of the incident light with the sea of free electrons in the conducting film creates
a plasmonic wave on the metal surface (surface plasmons). The evanescent electrical field
of this plasmonic wave extends hundreds of nanometers into the medium adjacent to gold
surface. At a certain angle of incidence (known as resonance angle), the plasmons resonate
with the incident light, resulting in absorption of light at that angle. This creates a dark
region in the reflected beam. A change in the refractive index of the medium 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 quantified to provide a label-free

measure of analyte binding [41-44].

The SPR sensor, often a glass substrate coated with thin metallic film, is typically
functionalized with the bio-recognition element. This sensor is integrated into an optical
detection system, commonly using the kretschmann configuration (see figure 1.3a), where
the sensor is mounted on top of a prism. Here, binding between the bio-recognition

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



leads, in turn, to a shift in the resonance angle [41-42,45-47]. The local change in refractive
index and consequently the resonance angular shift is observed by the shift in the
characteristic reflectivity curve measured at the light detector (see figure 1.3b). The
magnitude of the angular shift provides information regarding the surface concentration
of analyte, while monitoring the reflectivity curve as a function of time during the course
of the interaction provides information regarding the kinetics of a biomolecular binding

event, as shown schematically in figure 1.3c.
1.1.1.2.1 Label-free biosensors for real-time measurements of biomolecular interactions

The change in SPR reflectivity can be plotted as a function of time can to produce a
sensorgram that provides information regarding the kinetics of a biomolecular interaction
and allows the different stages of a binding event to be visualized and evaluated. A typical
sensorgram is displayed in figure 1.4 it comprises of an association phase, equilibrium

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 response and (c) how the angular shift is translated in a sensorgram [48].



The association phase which occurs immediately after sample injection, is associated with
binding of molecules from solution to surface immobilised bio-receptors. After a certain
time, the rate of binding and dissociation 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 solution. When the analyte injection is stopped, and an analyte-
free buffer is injected to the system, dissociation dominates the sensorgram leading to a
decrease in biosensor response. With sufficient time, the response will ideally return to the
initial condition however, depending on the dissociation rate, a regeneration step maybe

necessary to remove all bound analyte molecules.
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Figure 1.4: Typical SPR sensorgram showing the four phases: association phase, steady state or

equilibrium phase, dissociation phase, and regeneration phase [49].

The sensorgram can give a detailed picture of a biomolecular interaction and valuable
information can be extracted from it, including the association and dissociation rates and
binding affinity. The simplest and one of the most widely used kinetic binding model to
describe molecular interactions is the so-called Langmuir model (also termed 1:1
interaction model or 1:1 Langmuir model). This model was developed by Irving Langmuir in
1916 to describe the adsorbtion of gas onto a solid surface [41, 50-51]. This model describes
a reversible biomolecular interaction between an analyte, A, at a concentration of [A] and

an immobilized ligand, L, at a concentration [L]:



[A] + [L] [A.L] (1.1)
kq

In equation (1.1), ka and kq are the association and dissociation rate constants, respectively
[A] is the concentration of analyte, [L] is the concentration of immobilized ligand and [A.L]
is the concentration of the analyte-ligand complex. This model assumes that all binding
sites are equivalent, that binding events are independent i.e. 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 adsorption [52-53].

Combining the dynamic equilibrium equation with the sensorgram response provide
estimates of both association and dissociation rate constants (ka and kq). This is usually
done from the net rate equation of the complex formation which is expressed as:

d[A.L]
dt

=k, [AL[L] - ky.[AL]  (12)

In a label-free biosensor, such as one based on SPR, the response, R, is proportional to the
concentration of the analyte-ligand complex, [A.L]. The relationship of equation (1.2) can

then be rewritten as:

dR
— =ka-C.(Rmax —R) — kg .R  (13)

Where R is the label-free biosensor response at time t which is proportional to [A.L], Rmax is
the maximum response and C is the concentration of the analyte in solution, [A]. Here, [L]
is expressed as (Rmax — R) because at any time the concentration of free ligand equals the
concentration of maximum analyte binding capacity (Rmax) minus the concentration of the

complex formed R [41, 53-54].

Solving this equation at the association and dissociation phases of the sensorgram gives
values of the association and dissociation rate constants, ka and kq. From these rate
constants it is then possible to calculate the equilibrium association and dissociation

constants, Ka and Kp respectively, which are defined as:



These two equilibrium constants are the characteristic of the affinity between two

biomolecules i.e. the strength of the interaction. More detail will be provided in chapter 5.

This approach to quantifying biomolecular interactions is commonly referred to as kinetic
analysis where the kinetics of the interaction can be measured. For time-independent
measurements, such as those performed in ELISA, an alternative approach known as
equilibrium analysis can be implemented. In equilibrium analysis, a Langmuir binding
isotherm can be generated by challenging the biosensor with a series of solution of differing
analyte concentration and plotting the corresponding equilibrium response (or steady-

state response as in figure 1.4) against analyte concentration, as shown in figure 1.5.
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Figure 1.5: (a) An example of SPR sensorgrams generated by challenging a surface functionalized
with a specific bio-recognition element with a range of solutions of differing analyte concentrations,
(b) SPR response at equilibrium from all sensorgrams from (a) plotted against analyte concentration

[55].

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

becomes:
0=k;.C.(Rpax —R) — ky4.R (1.4)

By rearranging this equation and defining the response, R, as the equilibrium response, Req
(i.e. R = Reg), @ new equation can be formed to estimate the equilibrium dissociation

constant, Kp, between the analyte and the ligand as follows:

R
Req = (1.5)



It can be seen that in this equation when the concentration of the analyte is equal to Kp (C
= Kp), then Req/Rmax = %. Therefore, the Kp value can be easily estimated from a plot of
equilibrium response against analyte concentration (Req vs C), as the concentration that

yields half the maximum response.

1.1.2 Next generation biosensors

The label-free nature of SPR provides significant advantages to traditional labelled
approaches such as ELISA. These include a reduction in laborious sample processing steps,
lower reagent costs and reduced sample volumes. Moreover, the ability to monitor
biomolecular interactions in real time allows the determination of binding kinetics and not
just binding affinity as in ELISA. Despite these advantages, SPR equipment is significantly
more costly than the equipment required for ELISA. For example, commercial SPR
instruments such as Biacore models costs hundreds of thousands of dollars, moreover, they
require consumable sensor chips which each cost tens of dollars. ELISA and SPR also require
trained personnel to perform the assay. There is thus significant interest in alternative,
label-free 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 system, from the bio-recognition 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 label-free 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 cost-effective way. [8,56-57].

Printing technology and microfluidics among others are 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 of low 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 (OEDs). The 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 devices (OEDs) are electronic devices that have one or more of its
fundamental layers (semiconducting, conducting or insulating) made of organic materials
[59]. Although organic materials have been used in the electronic industry for many years
either as an insulator or a sacrificial layer, e.g. photoresist [60-61], the discovery of organic
materials that exhibit electrical conductivity, transformed the role of organic materials in
the fabrication of electronic devices. Early organic electronic (OE) materials exhibited very
low electrical conductivity and, as a result, much of the early work into OEDs was limited
to academic research. Since then, improvements in the electronic properties of OE
materials have led to the demonstration of many OEDs, from both industry and academia
alike [61-62]. While the performance of OEDs remained below that of more traditional,
inorganic electronics (largely dominated by silicon), industrial interest in OEDs was
motivated by the possibility of manufacturing devices at significantly lower costs, as

explained schematically in figure 1.6.
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Figure 1.6: cost vs performance comparison of silicon-based devices and OEDs [61].



Currently OEDs have found widespread use in the low resolution, low speed, mass
production electronics market such as for smart cards and labels, flat, flexible and large

displays, logic for radio-frequency identification (RFID) tags and sensors [61,63-65].

From a solid-state perspective, organic semiconductors (OSCs) are very different to their
inorganic counterparts. This is because they are formed from organic molecules which are
bound together by relatively weak van der Waals interactions, in contrast to the covalent
bonding between atoms observed in inorganic semiconductors. Consequently, the band
structure and charge transport mechanisms are fundamentally different. Specifically, the
weak intermolecular electronic coupling in OSC, typically results in movement of charge
carriers via an inefficient process of ‘hopping’ between molecules. This leads to a reduction
in the electron and hole mobility compared to that observed in inorganic semiconductors,
where the periodic structure associated with covalent bonding results in an energy band
where charge carriers can diffuse freely with limited scattering, hence feature relatively

high mobility [60,66-68].

From the manufacturing and commercial perspectives, organic semiconductors offer some
very appealing advantages over inorganic semiconductors. Unlike inorganic
semiconductors, which are highly crystalline and require extremely high purity and rigorous
processing under highly controlled conditions, organic semiconductors are generally much
less expensive, and their synthesis involve inexpensive reactants and reaction conditions.
Manufacturing of electronic devices based on inorganic semiconductor requires high-
temperature, high-vacuum deposition, and costly patterning procedures. In contrast,
processing temperatures for organic semiconductors are typically low (generally less < 100
°C), enabling the fabrication of electronic devices on plastic and flexible substrates.
Moreover, many organic semiconductors are soluble in common solvents which allows
processing directly from solution using low cost technologies such as roll-to-roll and inkjet
printing. This allows the production of OEDs on large scales and at a fraction of the cost. It
is worth noting that fabrication processes for inorganic semiconductor-based devices are
standardized which is of great importance from the manufacturing point of view. At least
for now, such standardization has not been applied to organic semiconductor-based
devices. Finally, advances in synthetic chemistry make it possible to tailor the electronic

and optical properties of organic semiconductors such that they can be engineered for a



specific application. [69-70]. Table 1.1 summarizes some of the main differences between

organic and inorganic semiconductors.

Table 1.1: The main differences between organic and inorganic semiconductors.

Organic semiconductors

Inorganic semiconductors

Bonding

van der Waals interaction
between molecules

covalent

Charge transport

Hopping transport

Band transport

Charge carrier mobility

low

high

Mechanically

Flexible

Inflexible

Fabrication and processing

Simple and cheap

Complicated and expensive

(but standardize)

The main active OEDs that have seen significant investigation and investment are. 1)
Organic Light-Emitting Diodes (OLEDs) which are now sufficiently advanced that they are
widely used in the electronics market. 2) Organic Photovoltaic Devices, (OPVs), which,
despite having efficiencies lower than their inorganic counterpart, are constantly
improving, and with the advantage of low cost materials and processes, soon the balance
of efficiency and cost may shift towards OPVs especially for large solar panels [66,71]. 3)
Organic Thin-Film Transistors (OTFTs) which exhibit performances competing with that of
transistors based on amorphous silicon (a-Si:H), making them a competitive replacement

in liquid crystal displays and similar applications [61,66].

Another application for low-cost OTFTs that has recently gained attention, is the use of
OTFTs in chemical and biological sensing applications. Here, the relatively low charge
carrier mobility associated with organic semiconductors is not critical, as detection can take
place over tens or even hundreds of seconds [72]. 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 conventional inorganic

counterpart.
1.3 Conductivity in organic materials

The bulk conductivity of organic materials arises from two charge transport mechanisms;
intra-chain where charge transport occurs within a single molecule or chain and inter-chain

which describes charge transport between molecules or chains.



1.3.1 Intra-molecular charge transport

Intra-molecular charge transport originates from the ability of carbon atoms, the
fundamental building block of organic molecules, to form hybrid orbitals. On the atomic
level, carbon has six electrons, two core electrons and four valence electrons. In the ground
state, the electrons in a carbon atom are distributed over its atomic orbitals in a 1s22s22p?

configuration as in table 1.2.

Table 1.2: Electrons distribution on carbon’s atomic orbitals.

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

No. of electrons 2 2 1 1

Without hybridization, the structure of a carbon molecule, such as methane (CH4), would
be defined by the geometric orientation of the atomic orbitals. However, mixing of the
atomic orbitals of carbon can occur in order to form energetically favourable molecular
orbitals which differ in energy and orientation from the atomic orbitals. This process is
known as orbital hybridization, or simply hybridization. In carbon molecules, an electron
from the 2s carbon orbital can be promoted to the 2p; orbitals (see figure 1.7) to yield four
orbitals each occupied by a single electron. In order to minimise energy, the resulting singly
occupied s-orbital mixes with one (or more) of the p-orbitals to create a new hybrid orbital
known as sp-orbital. Three hybridization possibilities can occur depending on the number

of p-orbitals contributing in the hybridization, namely sp, sp? or sp? [73-75].

In sp3 hybridization, the s-orbital mixes with each of the three p-orbitals to create four
singly occupied sp3-orbitals. The angle between sp3-orbitals is 109.5°, which results in the
tetrahedral crystal structure of crystal. An example of a molecule containing sp3
hybridization is ethane CoHe (see figure 1.8). Here, both carbon atoms are sp3 hybridized.
Three sp-orbitals from each atom form o-bonds (direct orbital overlap) with the s-orbital
of three H atoms. The remaining sp3-orbitals overlap head-on to create a o-bond between

the C atoms which lies along the plane of the molecule.

sp? hybridization arises from a combination of one s-orbital and two p-orbitals. This results

in three sp?-orbitals that lie in the same plane, separated by 120°, plus one non-hybridized



p-orbital perpendicular to 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 o-bonds from overlapping sp2-orbitals with the remaining p-orbitals forming
m-bonds (partial orbital overlap). A similar structure is also observed in simple molecules,
such as ethene, shown in figure 1.9. As a result of the reduced orbital overlap compared to
o bond and the relatively large spatial distance from the atom, the it bond is weaker. This
results in a double bond between the two carbon atoms. The electron in the it bond, also
called m-electron, is “delocalized” between the two carbon neighbouring atoms and lies
above and below the molecular axis. The delocalization of nt-electrons can extend over an

entire molecule giving rise to intra-molecular charge transport [73-75].
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Figure 1.7: Types of the orbitals hybridization in the carbon atom [75].
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Figure 1.8: Bonds and orbitals overlap in the ethane, C;Hs, 7 6 bonds; one C—C o bond
results from overlap of sp? hybrid orbitals in the two carbon atoms and six C—H o bonds
result from the overlap between the C atoms sp? orbitals with s orbitals on the hydrogen

atoms [76].
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Figure 1.9: Bonds and orbitals overlap in the ethene, C;H4, (a) five o bonds; one C—C o bond results
from overlap of sp2 hybrid orbitals in the two carbon atoms. Four C—H bonds result from the
overlap between the C atoms’ sp2 orbitals with s orbitals on the hydrogen atoms. (b) The t bond is
formed by the side-by-side overlap of the two unhybridized p orbitals in the two carbon atoms. The

two lobes of the it bond are above and below the plane of the o system [77].

Finally, in sp! hybridization, one s-orbital and one p-orbital mix to produce two sp-orbitals
with a characteristic angle of 180° and two unhybridized p-orbitals. In acetylene, shown in
figure 1.10, the two C atoms are bound together by a strong o-bond formed by overlapping
of sp'-orbtials, while the remaining p-orbitals overlap above and below the plane of the
molecule to form m-bonds, leading to a triple bond between C atoms. Again, since sp!
hybridization leads to m bonding, electron delocalization occurs and accordingly, intra-

molecular charge transportation is expected in molecule with sp* hybridization [73-75].
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Figure 1.10: Bonds and orbitals overlap in acetylene, C;H,, (a) there are 3 ¢ bonds; two C—H o bonds
and one C—C o bond and two C—C it bonds. The dashed lines, each connecting two lobes, indicate
the side-by-side overlap of the four unhybridized p orbitals. (b) the overall outline of the bonds in
C;H,. The two lobes of each of the t bonds are positioned across from each other around the line

of the C—C o bond [77].



1.3.1.1 Band gap, conjugation and semiconducting behaviour

According to molecular orbital (MO) theory, when 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 (called bonding orbital) and one with a higher
energy than the initial atomic orbital (called anti-bonding orbital). The difference in energy
between the bonding and anti-bonding orbitals, reflects the energy of the original atomic
orbitals prior to the splitting and the nature of the bond. For example, the direct overlap of
atomic orbitals that occurs in the o bond, will result in greater energy splitting between the
o bond and anti o-bond (6*) compared to splitting between the m-bond and anti m-bond
(m*). The new molecular orbitals are populated with electrons according to their energy
from low to high, obeying Hund’s rule and Pauli exclusion principle. The last molecular
orbital to be occupied with electrons is referred to as highest occupied molecular orbital,
or HOMO, while the first unoccupied molecular orbital is referred to as lowest unoccupied
molecular orbital, or LUMO. The distinct HOMO and LUMO orbitals are also called
frontier orbitals and they determine the optical and electrical properties of a molecule. As
the energy difference between the bonding and antibonding molecular orbitals is smaller
for the m-it* case than for the 0-0*, for molecules that contain - * molecular orbitals, the

HOMO and LUMO levels will be of - rt* orbitals.

The energy difference between the HOMO and LUMO is analogous to the forbidden energy
gap, or band gap, observed in the energy band structure of solids [73-75]. In organic
molecules, the size of the band gap depends on the delocalisation of it electrons. Electron
delocalization is observed in large organic molecules containing alternating single and
multiple (double or triple) bonds between carbon atoms i.e. in molecules in which the
bonding alternates between o and (o +m) bonds. In these molecules, the overlap of p-
orbitals leads to the formation of m-conjugate systems which extend over the whole
molecule leading to electron delocalization along the backbone of the molecule [73-75,78-
79]. This alternation in bonding is referred to as conjugation and molecules that have this
structure are referred to as conjugated molecules. As illustrated in figure 1.11, as the
conjugation of a molecule increases, the m electrons become more delocalized and the

band gap decreases leading to a semiconducting behaviour of the conjugated molecule.



Since the gap between occupied () and empty (n*) orbitals in delocalized m-systems
become smaller with increasing delocalization, it implies that in molecules with extended
delocalization (e.g. infinitely long conjugated polymer), the band gap could be diminished,
leading to an organic conductor. However, the complete elimination of bandgap in a one-
dimensional m-system and thus, the development of organic conductors, is inhibited by the
so called Peierls’ distortion. This structural distortion happens spontaneously to reduce the
energy of the system, and leads to alternating pairs of carbon atoms to move closer to each
other breaking the symmetry of the bond length in the alternating carbon bonds [80-82].
This bond dimerization opens up a small gap between fully occupied (n) and empty (1t*)
orbitals. Organic conjugated molecules are thus classified as organic semiconductors and
metallic behaviour can only be achieved in some polymers by chemical “doping”. Here,
doping of organic semiconductors refers to a redox process where electrons are either
removed from the full t-orbitals (oxidation) or added to the empty n* orbitals (reduction)

using an oxidizing or reducing agent [80,83].
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Figure 1.11: Schematic of energy-level in alkenes with increasing conjugation length, highlighting
the energy gap between HOMO to LUMO. The bandgap of polyacetylene depends on the number

of monomers n in the polymer. Arrows represent spin-paired electrons [84].

1.3.2 Inter-molecular charge transport in organic semiconductor films

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

films. This OSC films are typically discorded both spatially and energetically. Critically,



localized states can be generated within the band gap at the grain boundaries between
molecules, which act to trap the delocalized, mobile charge carriers. For a charge to
transport from one molecule to another, it is thus necessary to excite charge carriers from

the trap states typically through a thermally activated process known as hopping [85-90].

Many models have been proposed to describe the microscopic motion of charge carriers in
organic semiconductor materials. Since the microstructure of the organic material plays a
significant role in charge hopping, transport models will vary depending on the degree of
disorder in the OSC film. In highly ordered, molecular single crystals, charge transport can
be considered to occur through a band-like transport mechanism. On the other hand, for
amorphous films, the variable range hopping (VRH) model is the widely used to describe
charge transport. Other models, such as Bassler’s Gaussian disorder (BGD) model and the
percolation (PER) model have also been proposed for amorphous and highly disordered

semiconductors [91].

Polycrystalline organic semiconductors, such as the OSC chosen for this PhD research, lie
between these two extremes (i.e. single crystal and amorphous films). Charge transport in
these materials is widely considered to be properly described by the multiple trapping and
release (MTR) model. This model considers two conducting mediums; crystalline ordered
grains which are separated from each other by disordered amorphous grain boundaries.
Inside the grains, carriers are delocalized while at the grain boundaries, carriers become
trapped in localized states and they require thermal assistance to transport to another
delocalized region [89,92-93]. The main assumption of the MTR model is that charge
carriers arriving at grain boundary are trapped instantaneously with a probability close to
1. The release of trapped carriers is controlled by a thermally-activated process. The key
parameters that govern the charge transport through these OSC films are thus the density
of trap states and the energy levels of those traps. The effective mobility, pef, can be related
to the delocalized band mobility, po, by the following mobility — temperature, T,

relationship:

E
Herr = Ho@exp[——2]  (1.6)



where o is the mobility at the band edge (delocalized mobility inside grain), a is the ratio
between the effective density of states at the transport band edge and the density of traps,

and Er is the energy of the trap state [94].

1.3.3 Approaches to 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
enhance intermolecular charge transport conditions. In an extensive review on charge
transport in organic semiconductors, Coropceanu et.al [95] discussed 8 factors that
influence charge mobility namely molecular packing, disorder, temperature, electric field,
impurities, pressure, charge-carrier density and size/molecular weight [95-96]. In general,
the fundamental concept is to increase the organization and arrangement of OSC
molecules, in order to minimize the density of traps generated at grain boundaries between
the OSC molecules [97-98]. Two key factors are normally considered. Firstly, controlling the
OSC chemical structure and processing conditions during the material deposition. For
example, during synthesis, the molecular weight, side chain chemistry and regioregularity
of the OSC can be controlled alongside regulation of the film thickness and deposition
method. In the case of material deposited from solution, this includes consideration of the
solvent selection and subsequent thermal annealing temperature and deposition
environment [61]. The purity of the OSC material can also impact the charge transport due

to additional traps associated with impurities [97,99].

The second main factor is control over the surface on which the OSC will assemble. In the
OTFT context for 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
injection to the OSC while the second dictates charge transport [61]. A common technique
used to improve molecular ordering of the OSC at the OSC/gate dielectric interface is the
use of self-assembled monolayers SAMs (silane SAMs in particular). Modifying the interface
with a SAM provides a uniform and controllable intermediate layer that promotes
alignment of the OSC molecules by dictating the nucleation and growth of the OSC films
[61, 100-101].



It is worth noting that high mobility is of particular concern to those developing high
performance devices. While high mobility is advantageous for sensor applications, the

stability of the OSC is of higher significance for sensor performance.

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 (OTFT), first proposed by A. Tsumura, H. Koezuka and
T. Ando in 1986 is a special case where the semiconductor layer is an organic film, although
since then OTFTs with both OSC and organic dielectric films and an all organic based OTFTs
have also been reported [102-109]. OTFTs are commonly field effect transistors, FETs, and
their basic operation can be described by the modulation of a conducting channel inside an
OSC layer assembled between two contacts, known as the source, S, and drain, D,
electrodes by an electric-field generated at a third contact, the gate electrode, G. It also
can be modelled as a parallel plate capacitor, where one plate is the gate electrode and the
other plate is the S/OSC/D assembly, separated by the gate dielectric. OTFTs have been
demonstrated in various architectures, depending on the arrangement of the gate, source
and drain contacts with respect to the organic semiconductor OSC layer [61,106]. The most
common device architectures are presented in figure 1.12. Regardless of the OTFT
structure, three fundamental layers and the interfaces between these layers determine the
OTFT performance; the active OSC layer, S/D contacts and gate dielectric layer. Specifically,
the interface between the OSC and gate dielectric strongly influence the field effect
mobility, prer, (or simply mobility, u) while the contact resistance, Rc, is regulated by the

OSC layer and source and drain interface [61,106,110].

OFETs normally operate in accumulation mode where charge accumulates in the OSC upon
application of an electric field, creating a conducting channel between S and D. Typically,
the source contact is held at ground potential and the accumulation channel is controlled
by the bias applied to the drain and gate contact. With no gate voltage, the flow of charge
carriers between S and D is dominated by the intrinsic conductivity of the OSC, which is
typically low in organic films due to the high density of trap states from grain boundaries.

This is the OFF state of the transistor. Upon application of a voltage to the gate electrode,



a potential gradient is generated in the capacitor structure and at a certain threshold
voltage when all the traps are occupied, the transistor is turned ON. As the gate voltage
increases, charges inside the OSC with the opposite sign to the gate voltage will 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 drain leading to a net current flow [61,111-114].
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Figure 1.12: Typical architectures of OTFTs (a) Bottom contact, (b) Top contact, (c) Top gate-Bottom

contact and (d) Top gate-Top contact. S: Source, D: Drain, G: Gate, and OSC: organic semiconductor.

The current voltage relationship between the source drain current, Isp, and the applied
voltages, namely the source drain voltage, Vsp, and gate voltage, Vg, is given by equation

1.7 [111,115]:

wuc;

v
Isp = - [(VG - Vry) — %] Vsp (1.7)

Where W is the transistor channel width, L is the transistor channel length, u is the field-
effect mobility, V4 is the threshold voltage and C; is the capacitance per unit area of the
gate insulator.

From the general equation (1.7), the OFET can be seen to operate in two regimes. When
Vsp << (V6-Vmm), the term V% becomes negligible and equation (1.7) is simplified to (1.8)

where the current flowing through the OSC between the source and drain contacts, Isp, is

linearly related to the source drain voltage, Vsp. This is known as the linear regime.



wuc;
Isp = + (VG - VTH) Vsp (1.8)

In the second regime Vsp > (Ve—V7H). Here, Vp becomes comparable to Vs creating a
depletion region near the drain electrode (due to the absence of potential difference)
leading to saturation of Isp. In this regime equation (1.7) is approximated to (1.9).

wuc;
Isp = ZHL (Vg — Vry)? (1.9)

These equations, particularly equation (1.9) are used estimate the mobility of the OSC and
the threshold, V4, of the OFET device, which are two important features in describing the
characteristic behaviour of the OFET device. When used in sensing applications, the change

in Isp can be related to changes in the sensing region, as will be explain in later chapters.

1.5 Organic thin film transistors for chemical and biological sensing

Chemical and biological sensors based on OTFTs can potentially benefit from the
distinguishing features of organic semiconductor materials. Firstly, the powerful transistor-
based sensor which have inherent signal amplification can be made at low cost and can be
exploited to create commercially viable, single use sensors. Being carbon based, OSCs are
compatible with the integration of selective biological recognition elements. For example,
a recent review by Feron et.al [116] demonstrated the ability to culture cells on various
OSC layers in cell-based OTFT biosensors. Furthermore, the synthetic freedom of organic
chemistry can be exploited to modify OSCs, for example by adding functional groups (in the
form of side chains) to the organic semiconductor backbone for directly integrating bio-
recognition elements. In addition, the low temperature processing conditions used in the
fabrication of OTFTs is compatible with biological molecules, such as enzymes which
denature at the high temperatures associated with processing of traditional electronic
materials. Finally, the mechanical flexibility of OSCs make them good candidates for

fabricating implantable or wearable sensors [117-123].
1.5.1 Types of OTFTs used for biosensing

The two main classes of OTFTs used for biosensing applications are organic electrochemical
transistors (OECT) and organic field effect transistors (OFET). These are shown in Figure

1.13. The main difference between these two devices is that the OECT does not contain a



thin gate dielectric layer between the gate electrode and OSC. Thus, unlike conventional
field effect devices, the OECT does not operate by capacitive coupling. Instead, OECTs
employ conducting polymers (CP) as their active layer as opposed to OSCs in OFET devices,
which is in direct contact with the surrounding electrolyte. The most widely used CP is
poly(3,4-ethylenedioxythiophene) doped with poly(styrene sulfonate) (PEDOT:PSS) which
is a p-type CP, where the negative charge of PSS is compensated by a hole in the PEDOT
backbone. The operation mechanism of the OECT is explained by migration of ions between
the CP and adjacent electrolyte causing electrochemical doping/de-doping that alters the
polymer conductivity [121,124-125]. Specifically, a positive voltage applied to the gate
electrode leads to diffusion of hydrated cations from the electrolyte into the CP channel,
leading to de-doping and a reduction in source drain current. Since the doping/de-doping
process is reversible, the conducting channel can be switched between different doping

levels by the gate voltage and/or a sensing event in the sensor [126-127].

In the OFET biosensor, the behaviour is similar to the typical OFET, where the insulating
layer acts as a dielectric spacer between the OSC and the gate electrode and the electric
field generated by a bias applied to the gate electrode causes charge carriers to accumulate
at the OSC/insulator interface, however, as shown in figure 1.13 (a), the active OSC layer
can be exposed to either liquids or gases containing analytes which can further modulate

charge accumulation in the OSC.[121,124-125].

Gate

Electrolyte
Electrolyte

Drain 0SC Source
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Figure 1.13: The schematic structure of a typical (a) organic field effect transistor (OFET) biosensor

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



A more commonly used OFET structure in sensing application is the ion-sensitive organic
field effect transistors (ISOFET). In the ISOFET (see figure 1.14) the OSC and electrolyte
solution are separated by a dielectric layer and the transistor response is highly dependent
on the sensitivity of this dielectric layer [72,121]. A change in charge concentration at the
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.

Gate

Electrolyte
Insulator

0OSC Source

Figure 1.14: Schematic diagram of the ion-sensitive organic field effect transistors (ISOFET).

Another more recently developed OFET structure is the electrolyte-gated organic field
effect transistor (EGOFET), is displayed in figure 1.15. The structure is very similar to the
OECT sensor (figure 1.13 (b)) but employs an OSC as the active layer rather than a CP in the
OECT. In the EGOFET, cations/anions from the electrolyte accumulate at the gate electrode
in response to a small bias voltage applied to the gate electrode. As a result, an electrical
double layers (EDL) is created at both the gate/electrolyte interface and at the
electrolyte/OSC interface. In this scenario, both double layers are formed from a layer of
hydrated ions and a layer of electronic charge separated by (few A), leading to a very high

capacitance [120,122,125,128-129].

The OECT biosensor is distinguished from the EGOFET in that the whole volume of the CP
layer participates in the conduction of the transistor channel compared to field effect
gating in a thin OSC layer in the EDL of EGOFET, this yield a higher current in OECT compare
to EGOFET [120,125]. It must be noted that, it is not always firmly verified that only the

field effect mechanism dominates channel modulation in the EGOFET channel modulation



and it is possible that both field effect and electrochemical modulation can occur

simultaneously [122,125,130-131].
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Figure 1.15: Schematic diagram of the electrical double layers formed in the electrolyte-gated

organic field effect transistor (EGOFET).

In both the OECT and EGOFET, the absence of the gate dielectric layer means they require
reduced operation voltages; normally 1V or less. This is a significant advantage when using
aqueous electrolytes as at these voltages electrolysis/ hydrolysis are supressed

[120,125,130].

Apart from the ISOFET, in all other configuration of OTFT biosensors, the OSC is in direct
contact with the electrolyte. 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 used, especially when aqueous solutions are used due to the instability of some
OSCs in both air and water [132]. Moreover, in some cases the effect of the sensing activity
on the morphology of the active layer cannot be easily reversed. Also, apart from the OFET
transistor the other types suffer from the presence of a large, macro gate electrode which
restricts the feasibility of miniaturization [132-133]. To overcome these limitations, two
more architectures have recently been investigated; the dual gate OFET concept and

extended gate OFET.



1.5.1.1 The Dual Gate OFET (DG-OFET) biosensor

In the DG-OFET (figure 1.16), 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 characteristics. When configured as a biosensor, the second gate
electrode is replaced by a layer of bio-recognition elements attached to the second gate
dielectric. Any change in this layer of bio-recognition elements, for example a change in
charge due to analyte binding, effectively lead to a change in the performance of the

transistor.

Although the DG-OFET 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 device will vary 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 a crossover
interference (mutual channel) is taking place [134-136]. Also, 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

(a) (b)

Figure 1.16: schematic structure of (a) DG-OFET, and (b) the DG-OFET configured as a biosensor.

1.5.1.2 Extended Gate OFET biosensor

Another attempt to overcome the challenges of the instability of some OSCs in agqueous
solution is the extended gate biosensor. Here, the gate electrode extends beyond the
transistor region. In this way, the sensing area is spatially 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 sensing area, is coupled to the OFET through
the extended gate. This causes a shift in the threshold voltage of the transistor, that can be

used to quantify the specific analyte [133,137-139].

The extended gate concept has been used to make OFET biosensor for pH sensing, nitrate
and immunoglobulin G (IgG) detection [140-142]. While this approach overcomes the
instability of many OSCs in aqueous solutions, a macro-scale reference electrode was used
in order to bias the transistor. This makes the microfabrication of extended gate biosensor
arrays challenging. Recently, a group from the Department of Electrical and Electronic
Engineering, University of Cagliari has taken the concept further, and developed an
innovative design that not only protects 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 (CM-OFET), employs two gates; an
extended gate and a control gate, as shown 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 bio-recognition elements. The control gate is separated from the extended floating
gate by the dielectric layer of the transistor. This control gate is also isolated 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 extended floating gate, modulates this conduction channel. The first demonstration of
the concept was achieved using an inorganic FET [143], but later the group developed the
organic version and demonstrated the concept for sensing of local pH [144]. The concept
has since been applied for the detection of DNA hybridization [145], electrophysiological

monitoring of excitable cells [146] and as a pressure sensor [147].

It is noteworthy, that even though there is no direct contact between the OSC and the
analyte in either of the DG-OFET and extended gate devices, the sensing mechanism results
in a shift in the threshold voltage, Vi, which according to equation (1.9), changes
guadratically with the saturated current, Isp, so can still provide a pronounced effect on the

transistor behaviour.



Source " O5C i Control Gate

Floating Gate

Sensing Area

Substrate

Figure 1.17: OFET with Extended Gate, Charge Modulated OFET (CM-OFET).

Given isolation 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-OFET was the most attractive version of OFET-based biosensor to take forward for

further research in this thesis.

1.6 Summary and thesis outline

This chapter has provided a general overview of biosensors for healthcare, environmental
and security applications and the need for 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 needs. The main organic electronic devices
being developed for biosensing applications is the organic field effect transistors OFETs.
While a number of OFET-based biosensor architectures have been demonstrated, the
recently developed charge modulated organic field effect transistor CM-OFET shows

particular promise.

In chapter 2, a thorough description for the fabrication process of two CM-OFET designs
based on Si/SiO; and Al/Al,03 as gate and gate dielectric layers respectively is provided,

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



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

methods for characterization of the CM-OFET device is discussed.

Chapter 4 presents an investigation into the Si/SiO, CM-OFET biosensor for pH sensing. The
chapter includes discussion on the sensing mechanism including surface functionalization
of the floating gate to improve sensitivity as well as surface analysis of the functionalized
sensing surface. The chapter is concluded with electrical characterization of the fabricated

CM-OFET devices.

Chapter 5 looks at the use of the Si/SiO, based CM-OFET device for protein detection, here
exploiting the well-defined avidin-biotin interaction. The chapter presents results of a
quartz crystal microbalance with dissipation study to verify the surface biotinylation
protocol for avidin binding. Experimental results and investigation of the CM-OFET for the
detection of avidin binding to a biotinylated extended gate are discussed and analysed.
Finally, major shortcomings in the Si/SiO, CM-OFET device are highlighted and a new
modified CM-OFET device based on a new design with Al/Al,Os as gate and gate dielectric

layers respectively is introduced.

Finally, chapter 6 concludes with final remarks on the research programme and suggests

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 CM-OFET concept in chapter 1, this
chapter will introduce the structure and fabrication of the CM-OFECT. 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 CM-OFET device.

2.1 Substrate, Gate electrode and Gate Dielectric

The main requirement for gate electrode selection is to be conductive to produce an
effective electric field to attract charge carriers to the transistor conducting channel,
secondary to that, is the compatibility with the 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 requirements 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 OSC, a relatively high gate voltage
(compared to devices based on inorganic SC) is often required to gate the device
sufficiently, hence the gate dielectric has to have a high breakdown voltage [1-4]. Metal
oxides and organic materials are commonly used as gate dielectrics providing they fulfil the
above-mentioned 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 matching [5-6].

Two material systems were adopted for the substrate, gate electrode and gate dielectric
materials for the CM-OFET. The first approach, based on Si/SiO, materials, provides a
reliable, simple and inexpensive approach to device fabrication. The second approach

based on Al/Al,Os3, requires relatively more complex fabrication processes but offers lower



power consumption and increases in what can be referred to as the effective sensitivity of

the CM-OFET sensor (to be discussed in Section 2.1.3).

2.1.1 Si/SiO2 approach

The combination of Si/SiO is a conventional choice for bottom-gate architecture OFET
devices (as employed in the CM-OFET) that has been used for 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 [7-9]. Furthermore, the manufacture of OFETs on
Si/SiO; is very simple requiring only two stages of fabrication; contact formation and OSC

deposition.

In the Si/SiO; architecture, the Si substrate plays a dual role; mechanical support for the
whole device and a conductive 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 [7-8]. The silicon dioxide layer produced by direct thermal oxidation
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 subsequent layers [7,9].

Although this approach is simple and reliable, Si/SiO> OFETs suffer from a fundamental
shortcoming associated with the large operating voltage required to operate the device.
This requirement for large operating voltages has two consequences. First, is 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 CM-OFET. The 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, V1u. This shift is translated into a change in the source-drain current, Isp,
which is reflected in the current-voltage relationship curve. The ratio of the change in
source-drain current, Alsp, to the shift in threshold voltage change, AV, is what was

referred to as the effective sensitivity (Alsp/AVTH).



The impact of a given sensing activity (i.e. threshold voltage shift) on the current-voltage
relationship curve of a measurement is not equal for two devices working in two operating
range/window. Providing the OSC layer is similar (i.e. = Mobility), the rate of Isp current
change per Vg unit will be different for different operating range/window. The Isp current
change will be more rapid if the operating voltage range is lower. Figure 2.1 illustrate the
difference between the two cases, it shows that a 1V gate shift produces a more significant

Iso change if the operating voltage is lower.
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Figure 2.1: lllustrate the effect of 1V gate shift on the current-voltage 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 voltage needed to operate Si/SiO, devices stems from the relatively
low dielectric constant of SiO2 (k = 3.9) and the need to have thick 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 equations (1.8) and (1.9) the source drain current Isp is proportional to the

capacitance per unit area of the gate dielectric layer, C;, where:

Ci=keo /t (2.1)
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€o 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 source-drain current can be
practically achieved either by using gate dielectric 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 layer [1-4].

2.1.2 Al/Al,03 approach

In this approach, the Si/SiO, wafer was used only as a substrate to provide mechanical
support and polished surface for CM-OFET fabrication. A thin layer of Al deposited on top
of a Si/SiO, wafer acted as the gate electrode. The Al electrode was subsequently coated
with a thin layer of Al,Os which acts as the gate dielectric. A number of approaches are
available for deposition of Al,0s. An inexpensive approach is to grow Al,O3 by anodization,
as proposed by Majweski et al [10]. Here, Al is anodized using citric acid as an electrolyte
in an electrolytic cell enabling the production of pin hole free Al,0s films of 6.5nm thick.
While anodizing of Al evaporated layers was attempted, it was found that delamination of
the Al layer occurs at much lower voltage than the maximum 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 and our attention was

shifted towards depositing Al>Os layer by another method.

Figure 2.2: Delamination of the Al layer during anodization process.

The alternative method chosen for depositing the Al,O3 gate dielectric layer was Atomic
Layer Deposition ALD. Precise control of Al,Os film thickness can be produced by ALD and
the film is highly conformal and predominantly defect-free, making it ideal as gate dielectric

[11-13].



From the source drain current equation 2.2, 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.
wuc;
bs= = Va— V)2 (22)

Thus, Ci for an Al,03 gate dielectric will be 2.5 times higher than the capacitance of a SiO;
dielectric (assuming a constant thickness) owing to the dielectric constant of 9-10 for Al,O3

compared to 3.9 for SiO,.

As the ALD deposited layer is almost defect free, this enables the deposition of very thin
gate dielectric layer, thus enabled us to reduced the thickness of the Al,O3; gate dielectric
layer to only 40nm compared to 300nm for SiO;. This 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 Al,Os dielectric constant and reduced gate dielectric

thickness nearly a factor of 15.

This simplification is however far from accurate, and as will explained (in chapter 5 section
5.8) that another factor (surface energy of the gate dielectric layer) plays a vital role in
determining the drain current and hence the operating voltage required. Nevertheless,

lower operating voltage compare to Si/SiO, devices was achieved.

2.1.3: Effective sensitivity (Alp/AVrH) of the Al/Al>O; and Si/SiO> devices

In principle Alp/AVtH should be higher for Al/Al,O3 based devices compare to Si/SiO2 based

on the following valid assumptions:

1- For the same given sensing event, the charge accumulated in the sensing area for
both devices should be the same. The resulting shift in threshold voltage, AV, will
thus be the same for both devices.

2- For the same OSC (i.e. same mobility) and identical geometry, a similar Isp transfer
characteristic curve can be drawn by smaller gate voltage range for Al/Al>Os device
compare to Si/SiO,. This in turns means that for the same gate voltage change the
corresponding change in the magnitude of Isp will be different as follows:

AVg (Al/Al;03) = AVg (Si/SiO) then
Alp (Al/Al,03) > Alp (Si/SiO3)



So any change in Vg value and thus V4 will be more significant in Al/Al,O3 devices.

2.2 Source/Drain 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 not a sufficient 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 efficiency of carrier (holes/electrons) injection is the alignment of the S/D
metal contact work function, ®n, to either the HOMO or LUMO levels of the OSC active

layer (depending on whether the OSC is p or n type material respectively) [14-16].

The best choice to enhance 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

between the metal work function or the Fermi energy level and OSC HOMO/LUMO level

[14,17].
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Figure 2.3: Energy barrier between Metal work function and HOMO / LUMO of OSC. h*and

e are holes and electrons respectively.

For p-type OSCs, which have HOMO level in the range of -5.1+0.3eV, a metal like Au is
commonly used and sometimes Pt and Pd. For n-type 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 the p-type OSCs, they are used
more widely in organic electronics devices than n-type materials even though they require
contacts fabricated from relatively expensive metals. It is worth noting that cheaper

alternative metals coupled with simple modification have been demonstrated as an



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

moment that alters the work function of metals [2,19-23].

Contact engineering was not the scope for this project, so based on the HOMO level of the
p-type OSC chosen for this project (Tips-pentacene 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 Tips-pentacene ~ 5.2eV [1,24-26].

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 section 1.3.3. Here
the focus will only be on the OSC selected for this project, namely 6,13-bis(triisopropyl-
silylethinyl) pentacene, a small organic molecule commonly known as Tips-pentacene. Tips-
Pentacene is a soluble derivative of the insoluble OSC precursor Pentacene, modified to
include triisopropylsilylethynyl chains at the 6 and 13 carbon terminal positions (see Figure

2.4).

Figure 2.4: Chemical structure of (a) Pentacene (b) Tips-pentacene

Pentacene is one of the earliest known organic semiconductors that has been investigated

widely as an active, semiconducting layer for OTFTs applications [27-28]. “It is a cyclic



aromatic hydrocarbon that forms a well-ordered polycrystalline material in the thin film
phase” [29]. Using evaporated pentacene, field effect mobility as high as 7cm?/V.s have
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-
ordered films with high mobility, the need for expensive vacuum equipment for
evaporation increases the cost and complexity of the whole fabrication process compared
to low cost solution based processes [27,30-31]. In order to process pentacene from
solution, many efforts have been made to increase its solubility [29,31-33]. It has been
shown that attaching a functionalizing group to pentacene improves its solubility, the most
notable example being Tips-pentacene in which solubility of the pentacene precursor is

increase through attachment of triisopropylsilylethynyl.

As Tips-Pentacene 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 ink-jet printing [37]. The performance of devices based on Tips-Pentacene is highly
dependent on the order and morphology of the Tips-Pentacene film, which in turn depend

on the deposition method, the solvent used and any post processing treatment [31,38-39].

In terms of solvent choice, unless a special method is applied for Tips-Pentacene deposition
[40], solvents with high boiling point typically provide films with a higher degree of
crystallinity due to slow solvent evaporation rate [30,41-43]. Similarly, the presence of a
saturated solvent environment surrounding the OFET sample also reduces the rate of

solvent evaporation, further extending the time required for crystallization [44-45].

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

to remove solvent excess and enhance the molecular ordering of OSC layer [46-48].

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 interfacial packing and morphology of OSCs. This
approach was first proposed by T. Ohe et al. [49] and it was found that a mixture of Tips-
pentacene and polya-methylstyrene (PaMS) enables the assembly of a uniform, thermally
stable and reproducible layer [49-51]. It is believed that once settled, the mixture phase
separate into three layers; a well-ordered, semiconducting Tips-pentacene film at the

interface with the S/D contacts, a mixed layer of Tips-pentacene and PaMS in the middle



that provides extra protection for the active Tips—pentacene layer and finally a second Tips-
pentacene layer at the surface. This layer does not contact the S/D electrodes and thus not
does contribute to the operation of the device [49-51]. This is shown schematically in figure

2.5.

Tips-pentacene

Tips-pentacene/PaMS

Au Tips-pentacene = Ay

Figure 2.5: Schematic diagram showing the three phases of Tips-pentacene/PaMS after

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 gate electrode
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 functionalization (with 3-aminopropyltri-ethoxysilane

APTES)

The formation of organosilane (derivatives of silane with at least one carbon-silicon bond
in their structure) monolayers on a substrate surface is typically referred to as silanization
[52-53]. Silanization is commonly achieved via self-assembly of the organosilane either
from the vapor or liquid phase [53-54]. In the process, shown in figure 2.6, the presence of
moisture or water traces catalyses the hydrolysis of alkoxy groups in the organosilane

molecule to form silanol groups (Si—O—H) which reacts with free hydroxyl groups (OH) on



the surface, leading to the formation of a covalent Si-O-Si which tethers the organosilane
molecules to the surface [52,55-56]. Once immobilized by the head group of the
organosilane self-assembled monolayer, the opposite end of the SAMs molecules, the tail

group, will be the new dominant surface chemical species [53-54,57].

One of the most common uses of surfaces modified with organosilane 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-aminopropyltri-ethoxysilane (APTES) [55-56,58], in which the tail group is the chemically

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

In the CM-OFET device, the sensing region was modified with APTES where in principle the
immobilizing mechanism should be that the three ethoxy groups in the APTES hydrolysis to
react with hydroxyl groups (OH) on the Si or Al surfaces to form (Si-O-Si) and (Si-O-Al) bonds
respectively to assemble on the surface, leaving the amine group (NHz) on the other end of

the APTES SAM to be the new electroactive surface of the region.
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Figure 2.6: APTES chemical structure and Optimal APTES Silanization process on Si substrate,

adapted with permission from [54]. Copyright 2012.

The functional amine group terminal was utilized for two fundamental roles in the CM-

OFET at two different phases in the project.

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

of the amine group to the local concentration of H* was exploited to modify the



response of the CM-OFET 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

attachment via a biotinylation process (discussed in chapter 5).

2.5 Polydimethylsiloxane (PDMS) microfluidic chamber

Polydimethylsiloxane (PDMS) is a malleable organosilicon polymer [59]. PDMS can be
readily manipulated to form variety of passive and active components of a microfluidic
system, making it very much the material of choice for most microfluidic based platform

applications as it can be handy in making various microfluidic prototypes [60].

As well as being simple to use, easy to process and commercially available 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 patterns of a master template (down to
microscale features) [63]. Another key physical property, is that the polymerization
(process of cross-linking shown in figure 2.7) of liquid (un-cured) PDMS can be performed
at low to moderate temperatures, making it compatible with 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, hydrosilanes (Si—H) in
the curing agent 2 reacts with vinyl groups (CH=CH2) in the oligomer base 1. In the reaction,

hydrosilation of the double bonds occurs and Si—-CH2—CH2-Si linkages are formed [64-67].

Typically making microfluidics using PDMS is realized by soft-lithography techniques. The
fabrication of PDMS microfluidic devices using soft-lithography is simply achieved by
pouring un-cured PDMS on a master template before the PDMS is cured by curing process

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



the master template [68-69]. Master templates are typically 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 2.7: Polymerization of PDMS when mixing oligomer base (1) and curing agent (2), reprinted

with permission from [64]. Copyright 1999.

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, PDMS can be doped with other materials to tune its elasticity [70].

Besides the unique PDMS physical properties utilized in the fabrication of microfluidics,
PDMS has advantageous chemical properties that are of particular importance for use in
medical and biological applications, similar to our project. PDMS is biocompatible, nontoxic
and chemically inert [61,71-73]; enabling it to be used safely in virtually any biological

applications with little interference 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 groups (Si-O-H) are



formed on the PDMS surface which allows it to irreversibly seal to hydroxylated surfaces
such as Si and glass when brought to conformal contact; by forming a strong (Si-O-Si) bond,

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

2.6 OFET-Sensor Fabrication

2.6.1 Si/SiO2 Devices

2.6.1.1 Substrate Preparation and Cleaning

Substrates used for device fabrication are Si wafers covered with a 300nm thick layer of
SiO2. 3” or 4” wafers were purchased from IDB Technologies Ltd. The Si (100) substrate was
heavily doped (0.001-0.005 Q/cm) n-type to serve as gate electrode, and the covering

thermally grown SiO; serves as gate dielectric.

Wafers were cleaved into individual samples of approximately 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 ultra-sonication 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 2.9: Clean Si/SiO; substrate (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/SiO2
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 then removed, and the
photoresist was hard-baked using a hotplate at 150 C° for 5 minutes. The exposed SiO;
region was then etched using a buffered oxide etch (HF 1:6 NH4F), by dipping the sample
in the solution for 4 minutes. After etching, the samples were washed thoroughly with DI
water and dried with nitrogen. Finally, the hard-baked 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. Finally, the sample was sonication in IPA

for 3 minutes and dried under nitrogen.
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Figure 2.10: etched SiO; sensing region of Si/SiO, substrate (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 photo-mask was designed using L-edit CAD software and

subsequently manufactured by Delta Mask to produce a glass photo-mask of the design.

Prior to photolithography, the samples were cleaned using Piranha solution (H2SO4 7:3
H,03); to ensure any residue from the hard-baked 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 appendix A for 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 Ti (Titanium) acts as an
adhesion layer between Au and SiO; substrate. the evaporation rate for Ti was difficult to
control but largely was kept at 1+0.2 A/s until 6 nm is deposited, for Au the evaporation rate
was gradually increased from 0.1 to 1 A/s and kept at 1+0.1 A/s until 30nm is deposited.

The evaporation was carried out using an In-house designed evaporator.
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Figure 2.11: Deposition of device contacts on Si/SiO; substrate (a) Top view (b) Cross section.

While photolithography works well for the devices based on Si/SiO; substrates, the process
is incompatible with the Al/Al,Os; devices as the Al,Os layer is rapidly dissolved by the

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

In order to deposit contacts on the Al,Os layer, 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 electrodes on the photomask (In-house designed). Thus, both the
Si/SiO2 and Al/Al,O3 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 shadow mask, 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 in figure B.2 appendix B.

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 solution-processing techniques, for



simplicity, the Tip-pentacene was deposited by drop casting, where a small quantity of the
OSC solution is deposited into the source-drain contacts area and left for the solvent to
evaporate. As discussed in section 2.3, for enhanced crystal formation, 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 Tips-Pentacene was dissolved in 1ml of toluene and
10mg of the selected polymer (Poly(a-methylstyrene) (PaMS)) was dissolved in 1ml of a
solvent (Toluene). Then a mixture of Tips-Pentacene 7:3 PaMS by weight ratio (wt%) was

made and the mixture was thoroughly agitated.

Using a pipette, 20ul of the Tips-Pentacene/PaMS mixture was dropped onto the source-
drain contact area and the device was covered and allowed to dry slowly for 20-30 minutes.
Any excess solution that extended away from the source-drain region was removed by

dissolving in Toluene.

Once the Tips-Pentacene has crystallized, (crystallization of the Tips-Pentacene 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 minutes to drive out any solvent

residue.
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Figure 2.12: OSC deposition on S/D contacts of the device (a) Top view (b) Cross section.



Figure 2.13 shows how the Tips-pentacene crystals form on the source/drain electrodes.

(a) (b)

Figure 2.13: Optical 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 Functionalizing 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 SiO; etching stage is functionalized with a 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 of solutions and analytes.

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

various stages/applications set to be tackled for the fabricated 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 the order of this step, the exposed Si region is first



cleaned using Piranha solution (H2SOa 7:3 H20;) for approximately 5 minutes, then
depending on whether this step is performed before or after OSC deposition step, the order

of completing the functionalizing and 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 Ozone cleaning for another 5
minutes. The cleaned sample was then immersed in 5% APTES solution in IPA such that only
the sensing area was covered by the solution. The sample was left in the solution overnight
for approximately 18 hours. The sample was then thoroughly cleaned using IPA to remove
excess APTES and finally dried with nitrogen gun. This process allows for the self-assembly
of the APTES monolayer on the surface of the sensing region. Immediately afterwards, a
pre-prepared microfluidic chamber made from polydimethylsiloxane (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 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 or vapour.

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 3-5 minutes (depending on surface wettability) before being rinsed 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 around the perimeter 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 region. The functionalizing 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).
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Figure 2.14: Complete Si/SiO, CM-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 PDMS (pre-polymer) 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 microfluidic
chamber (see figure A.5 in appendix A) was used to make multiple PDMS microfluidic
chambers. A replica of the master mold is created by casting liquid PDMS over the 3D
printed master which was placed in a petri dish and the PDMS allowed to cure for several
hours in an oven at 60 °C. The polymerized PDMS was then gently removed from the 3D
printed master and dissected into individual microfluidic chambers. Two holes were finally

punched at two opposite ends of the PDMS chamber for the inlet and outlet tubing.
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Figure 2.15: Making of a PDMS replica mold.
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Figure 2.16: PDMS Microfluidic chamber with an inlet and an outlet.

2.6.2 Al/Al,03 Devices:

2.6.2.1 Substrate Preparation and Cleaning

Substrates used for device fabrication were again 3” or 4” Si wafers coated with a 300 nm
thick thermal SiO; layer. Wafers were 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 an ultra-sonication



bath for 3 minutes. The 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 2.17: Clean Si/SiO; substrate (a) Top view (b) Cross section.

2.6.2.2 Al gate deposition

For this device, the gate electrode is formed by thermal evaporation of an Al layer on top
of the Si/SiO; substrate. Initially no gate patterning was used and Al was deposited over
the entire substrate surface. Devices made using Al gate layer covering the entire sample
surface were susceptible to very low breakdown voltage (premature breakdown). It is
believed that this was a result of electric field enhancement phenomenon which caused
dielectric layer breakdown. This originated from the large overlap between 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 scratches. If the dielectric layer
is not thick enough to smooth these defects, then these regions will be a source of electric

field enhancement.



(a) (b)

(c) (d)

Figure 2.18: Deposition of Al gate layer on the entire substrate (a) Top view (b) Cross section, and

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 figure 2.18c). Pattern gate layer helped
the new design to fully comply with the working principle of the CM-OFET device (to be

discussed in chapter 5) 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 through a shadow mask shown in figure B.3 appendix B and the gate layer thickness

was 50nm.

2.6.2.3 Al,0Os gate dielectric deposition

The Al;Os3 layer deposition was performed using the ALD system in the cleanroom of the
School of Electronic and Electrical Engineering at the University of Leeds. Briefly ALD is a
vapor phase thin film deposition technique based on solid-gas reactions. In the deposition
process, different gaseous molecules, normally referred to as precursors, react sequentially
with a solid surface one at a time without overlapping (pulsing). The reaction between a
surface and reactant precursor molecules in ALD is self-limiting where the reaction stops
once all reactive sites of the substrate are used/consumed [75-77]. In 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 the first precursor 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 reaction by-products.
These two steps are together referred to as half-cycle. To complete the cycle, the second
precursor is pulsed into the chamber to react with the product terminus from the reaction
of the first half-cycle. This is followed by another influx of inert gas to purge unreacted
precursor and reaction by-products of the second reaction. This completes one deposition

cycle. The cycle is then repeated until the targeted thickness is achieved [75-77].

ALD deposition of Al,03 is commonly performed using alternating trimethylaluminium
(TMA) and H;0 (or O3) half-cycles. In the first half-cycle TMA reacts with hydroxyl groups -
OH in the substrate, while in the second half-cycle H,O or O; reacts with the Al(CH3)s
terminus produced by first half-cycle to reverse the substrate terminal back to -OH ready
for the next TMA exposure. The by-product from first half-cycle reaction is Methane (CHa)
while the by-product from the reaction of the second half-cycle is either CHa, if H,O is used

or H,0 and CO; if O is used [75-77].

The process carried out for depositing Al,O3 in the fabrication of CM-OFETs was the TMA

and O, combination which is often called plasma-enhanced ALD (PEALD) as an RF-plasma



is associated with the O3 half-cycle process [75]. The chemical reactions of both half-cycles

are illustrated in equation 2.3 and 2.4.
X-OH + Al(CHs)3 (g) = X-OAI(CHs)2 + CHa (g)  (2.3)
X-AICHs + 40 (g) > X-AlOH + H,0 (g) + CO2 (g) (2.4)

Where X represents any support material for the binding site.

TMA pulse Self-saturated
chemisorption

Figure 2.19: PE-ALD cycle for Al,O; deposition [78].

Ten to fifteen Al coated Si/SiO, samples at a time were loaded to the ALD system for Al,03
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 were treated
with O3 plasma in situ for 1 minute at 200C°/300W. Using alternating exposures of Al(CH3)3
(trimethylaluminum [TMA]) and O, 351 reaction cycles were performed leading to the
formation of a 40nm thick Al,Os layer (each ALD cycle leads to a single layer of 0.114 nm
thick).



(a) (b)

Figure 2.20: ALD Al,Os layer deposition on Al gate (a) Top view (b) Cross section.

2.6.2.4 Contact fabrication

Following Al,O3 deposition, the CM-OFET 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 were 6/30 nm thick Ti/Au.

Al,03

(a) (b)

Figure 2.21: Deposition of device contacts on top of Al,O3 layer (a) Top view (b) Cross section.



2.6.2.5 OSC deposition

OSC (Tips-Pentacene) deposition was performed according to the method described in

(section 2.6.1.4).

(a) (b)

Figure 2.22: 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 device is performed on a designated region of the Al gate
electrode. It was thus necessary to remove the overlaying Al,O3 layer from the designated
sensing region. The selected region was dipped in dilute photoresist developer solution (1:3
developer: water) for 30 seconds to remove the Al,O3 layer. The sample was then swiftly

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



(b)

Figure 2.23: Etched Al,05 sensing region of Al/Al,Os bilayer (a) Top view (b) Cross section.

2.6.2.7 Sensing area functionalizing and Microfluidic integration

As with the CM-OFET devices based on Si/SiO,, APTES was used for sensing area
functionalization. Piranha cleaning is not compatible with this structure so functionalization

was performed after only 5 minutes Ozone cleaning.

Functionalization before the deposition of the OSC

After etching of the Al,Os 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 pre-prepared 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 after the deposition of the OSC

Alternatively, functionalization was performed following Tips-Pentacene deposition. Here,

after etching of the Al;Os layer from the sensing region, the sample was transferred to a



hotplate where a PDMS microfluidic chamber is mounted to 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 functionalizing 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

(a) (b)

Figure 2.24: Complete Al/Al,03 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 any type of OFET device is typically characterized by two
experimental measurements; the output and transfer characteristics. Together, these
measurements enable quantification of the relationship between the 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 extracted. The output
characteristic allows the relationship between the two output variables to be examined,
while keeping the input fixed. In contrast, the transfer characteristic curve describes the
relationship between the source drain current and the gate voltage while the second
output variable (source drain voltage) is held constant (i.e. probes the transfer of the input

function on the observed output response).

This chapter will focus on experimental characterization of the fabricated CM-OFET
devices. This includes a detailed description of the experimental measurement setup, the
measurement considerations taken into account as well as how 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 also to inform device future application as a sensor.
Understanding the device’s characteristics, helps distinguish between changes in the
device’s response related to the sensing activity (state of the transistor during or after the
sensing event), from any changes in the device behaviour due to other phenomenon, for

example current drifts, or possible malfunction.



Characterization of the fabricated transistors was performed using the typical output and
transfer characteristics field effect measurements. The output characteristics are obtained
by measuring the source drain current, Isp, while sweeping the source drain voltage, Vsp,
within a certain voltage window, at a number of fixed DC gate voltages, Ve. The resulting
output characteristics are plotted to generate a set of standard Isp against Vsp curves. The
transfer characteristics are recorded by measuring the source drain current, Isp, as a
function of the gate voltage, Vg, at a fixed DC source-drain voltage. The resulting data is
subsequently graphed by plotting Isp against Ve. As is typical, the transfer characteristics
were recorded with the transistor operating in the saturation regime (i.e. at very high Vsp).
These two characteristics were used as a benchmark during the whole project and only
those transistors that exhibited typical characteristics (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

experimental setup shown in figure 3.1.

In the setup, each electrode is connected to an independent source-measurement unit
(SMU) within the parameter analyser. Each SMU is responsible for applying the allocated
voltage to each electrode and for measuring the current drawn 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 pads extended from the electrode. All measurements were automated and
controlled by the interface of Keysight EasyEXPERT software embedded in the Agilent
B1500a. Built-in functions that define the output and transfer characteristic measurements
were imported from the EasyEXPERT Library and configured to the customized test
conditions. Measurement data were exported in CSV format and later processed for

graphing and data analysis using Origin and Microsoft Excel.



Figure 3.1: Electrical characterization measurement setup.

3.1.2 Electrical characterization of the OFET devices

Initially, electrical characterizations were performed on standard OFET devices fabricated
using photolithography process and gated directly via the common heavily doped Si gate.
The purpose here was to confirm the functionality of the solution deposited Tips-

pentacene and to validate the fabrication process using a conventional device geometry.



A photo of the fabricated OFETs can be seen in figure 3.2, the photo shows 4 identical
transistors fabricated on the same substrate, where the common Si gate for the 4
transistors can be accessed by mechanically scratching the SiO; gate dielectric layer on top,
the source and drain electrodes of each transistor are made of Au and separated by 60um.

The Tips-pentacene deposited by drop casting to cover the 4 transistors.

An example of the typical measured output and transfer characteristics for a Si/SiO, OFET

is presented in figure 3.3 and 3.4, respectively.
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Figure 3.2: A photograph of four OFETs fabricated on a Si/SiO substrate. Here, the gold source and
drain electrodes were fabricated by photolithography before Tips-pentacene was drop cast over

the substrate surface. Contact to the degenerately doped Si gate was achieved by mechanical
removal of the 300 nm thick SiO, gate dielectric.

As a result of the relatively low dielectric constant (er = 3.9) of the SiO; gate dielectric

combined with the low mobility of the OSC, gate voltages in the tens of Volts range are

required to operate the device, hence, the range chosen for operation was between 10 to

-40V to achieve linear and saturation regimes.

The output and transfer characteristics of OFETs typically show two distinct regions. A
linear region where Isp increases with Vsp/Ves according to Ohm’s Law and a saturation

regime where Isp reaches a maximum value and remains at this level irrespective of an

increase in applied voltage.
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Figure 3.3: Measured output characteristics of one of the fabricated OFETs, the channel length of

the device is 60 um and the thermally grown SiO; gate dielectric has a thickness of 300 nm.
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Figure 3.4: Measured transfer characteristics of one of the fabricated OFETs at Vsp = -40V, the

channel length of the device is 60um and the thermally grown SiO, gate dielectric has a thickness
of 300nm.

As can be seen in Figures 3.3 and 3.4, this characteristic behaviour was observed for the
fabricated OFET confirming charge injection into a semiconducting Tips-pentacene OSC
layer and effective gating by the underling degenerately doped Si gate electrode. It should

be noted that all devices with successful Tips-pentacene film deposition, i.e. ones in which



Tips-pentacene crystals were observed bridging the S and D contacts as can be seen in
figure 3.5a, were found to operate in this characteristic manner. Those few devices where
Tips-pentacene crystals were absent or insufficient in the channel between source and

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

(a) (b)

Figure 3.5: Optical microscope image of the formation of Tips-pentacene crystals that assemble on
and between source and drain following drop casting. Images were captured using a 5x objective
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 quantify a range of fundamental parameters, also referred to as
figures of merits, that together provide full characterization of the device (Appendix D

details the calculation of these parameters from experimental data).

Although the vast majority (over 90%) of fabricated OFETs exhibited behaviour typical of
an OFET, a large variation in terms of source drain current, Isp, and other estimated figures
of merit was seen among fabricated devices. For example, figure 3.6 shows the transfer
characteristics of four, nominally identical OFETs fabricated on the same substrate, where
the variance in terms of Isp and other figures of merits is clearly visible. Such variable
characteristics were commonly observed in the fabricated OFTEs as a result of employment
of drop casting as the deposition method 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 3.6 Transfer characteristics for four nominally identical OFETs (T1 —4) fabricated on the same
Si/ SiO, substrate at Vsp = -40 V. Here, the channel length (spacing between source and drain

electrodes) is 60 um and the thermally grown SiO; gate dielectric has a thickness of 300 nm.

The histograms in figure 3.7 and figure 3.8 show the variation in maximum source drain
current, IspoMax, and ON/OFF ratio, respectively for of the 131 working OFETs. Here, IspMax
is defined as the source drain current flowing between source and drain contacts at Vsp =
-40 V and Vg = -40 V while ON/OFF ratio is the ratio between the highest Isp in the transfer
curve (i.e. IspMax) and the lowest Isp before the device turn on. Among the working OFETs,
the majority (nearly 60%) displayed an ON/OFF ratio in the range of (1 x 103 -1 x 10°) and
nearly 75% produced IspMax in the range of 0.1 — 10 pA, in this range the estimated field
effect mobility was found to be in the range of (0.002 - 0.02 cm? V1 S!) and the estimated

threshold voltage Vri was (3 V —-16 V).

The highest estimated mobility was 0.055 cm? V1 St while the largest ON/OFF ratio was
1.25 x 107 and the largest measured IspMax was 31.2 pA. In general, if the devices were

divided into 4 different Isp ranges table 3.1 summarizes the estimated figures of merits in

each range.
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Figure 3.7: The range of maximum source drain current, IspMax, for all working OFET devices (total
= 131). Here IspMax is defined as the source drain current flowing between source and drain

contacts at Vsp =-40 V and Vg =-40 V.
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Figure 3.8: The range of ON/OFF ratio for all working OFET devices (total = 131).



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

IipMax | Mobility Weer | on/OFF ratio | Onset Voltage | Threshold th;ﬁ;ld
(nA) em? VL st lon/ lore Vso (V) Voltage Vrx (V) Swing S
0.01-0.1 0.0003 6 x 10° 7 115 115
0.1-1 0.002 2% 10° 4 8 7
1-10 0.02 2% 10° 1 3 5
10 0.05 1% 10° 8 2 7

3.1.3 Electrical characterization of the CM-OFET devices

After confirming the functionality of the fabricated OFET devices, the next stage was to
transform the fabricated OFETs into a charge modulated OFET (CM-OFET) device proposed
for applications in chemical and biological sensing. The CM-OFET, introduced in chapter 1
(section 1.5.1.2) and discussed further in chapters 4 and 5, differ from the typical OFET by
the gating mechanism. In the CM-OFET, gating is achieved using an electrode referred to
as control gate, Cg, that is coupled capacitively to a floating gate. Here the control gate is
an additional gold electrode fabricated on top of the SiO; dielectric layer which acts as a
dielectric layer to capacitively couple the control gate to the degenerately doped Si floating

gate.

It should be noted that during this stage of the project, a plan was made to make a second
CM-OFET device based on Al/Al,O3 as gate and gate dielectric respectively. This alternate
device was designed to achieve a reduction in operating voltage and as explained in chapter
2 (section 2.6.1.3), the photolithography process was incompatible with the fabrication of
such CM-OFET devices. Electrode contacts in the Al/Al,03 based CM-OFETs were thus
deposited via shadow deposition using a commercial shadow mask. In order to enable a
meaningful performance comparison between CM-OFETs fabricated on Si/SiO> and
Al/Al,Os3, all CM-OFET devices were fabricated via shadow masking. As well as reducing the
high operating voltage, The Al/Al,O3 device was designed to comply with the geometrical
considerations for optimum operation of the charge-modulated 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 CM-OFET (adding the control gate on top of the SiO;), few samples were electrically
characterized. The aim here, was to confirm the efficiency of the new gating mechanism,
as previous characterization of the devices fabricated using photolithography enabled us
to confirm the functionality of the OSC Tips-pentacene layer deposition as well as the

charge carrier injection efficiency to the Tips-pentacene from the Au electrodes.

A Si/SiO, CM-OFET device fabricated using the shadow masking technique is shown in
figure 3.9. 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 photolithography (Figure 3.2).
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Figure 3.9: A photograph of four CM-OFETs fabricated on a Si/SiO, substrate. Here, the gold source,
drain and control gate electrodes were fabricated by shadow masking before Tips-pentacene was

drop cast over the substrate surface. The gate dielectric layer SiO; thickness is 300 nm thick.

Two critical dimensions related to the source and drain contacts can influence the output
source drain current of the transistor; the transistor channel length, L, (the distance
between the source and drain) and transistor channel width, W, (the cross-section length
of the channel, parallel to the two electrodes). The channel lengths, L, of the two different
layouts are 60 pum while the channel width of the shadow mask transistor is 1 mm

compared to 3 mm for photolithographic transistor.



According to the source drain current equation (3.1), the channel width, W, is directly
proportional to the source drain current, Isp. Isp is thus expected to be lower for the devices

made using the shadow mask layout.

wuc;
Isp = % (Vg — Vry)? (3.1)

An example of the output and transfer characteristics for a Si/SiO, CM-OFET is presented

in figure 3.10 and 3.11, respectively.
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Figure 3.10: Measured output characteristics of one of the fabricated CM-OFETs, the channel length

of the device is 60 um and the thermally grown SiO; gate dielectric has a thickness of 300 nm

Figure 3.10 and 3.11 shows that the CM-OFET exhibit typical output 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 in chapter 5 (section 5.5).

Due to the additional gating by the voltage applied to the drain electrode, estimating the
figures of merits was problematic for the CM-OFET devices. Critically, most of the
fabricated devices (78%) were in the ON state in the gate voltage range of the transfer

characteristics (+10 to -40V). The threshold and subthreshold regions are thus absent in the



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

merits will be imprecise.
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Figure 3.11: Measured transfer characteristics of one of the fabricated CM-OFETs at Vsp = -40V, the

channel length of the device is 60um and the thermally grown SiO, gate dielectric has a thickness

of 300nm.

For the Characterized CM-OFET devices, the range of maximum source drain current IspMax
achieved is illustrated in figure 3.12. If the lowest Isp current from the transfer
characteristics for tested devices was considered as the OFF Isp current (here normally the
first point in the transfer characteristic curve), then the estimated range of ON/OFF ratio
for the tested CM-OFET devices is between 2 x 10! to 2.6 x 10* and the mobility range is

0.0002 to 0.014 cm? V-1 S'1. However, these figures are not accurate.

Due to the difficulty in estimating the figures of merits for the CM-OFET device, it is clear
that these calculated values would not be an accurate method of quantifying the sensing
activity of the CM-OFETs. Despite this difficulty, the response of the device to sensing
activities that will be investigated in next chapters 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 can be related to the change in the threshold voltage which

is the figure of interest as will be explained next section.
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Figure 3.12: The range of maximum source drain current, IspMax, for characterized CM-OFET
devices (total = 27). Here IspMax is defined as the source drain current flowing between source and

drain contacts at Vsp =-40 V and Vg =-40 V.

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

research.

3.2 Quantification of the CM-OFET sensing response

3.2.1 Maximum source drain current IspMax

The principle underpinning the CM-OFET sensor is that charges accumulated in the sensing
area leads 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 source drain current. This change in source drain current can be related to the apparent
threshold voltage of the transistor using equation 3.1 which describes the source drain

current, Isp, of the transfer characteristics in the saturation regime.

In the CM-OFET 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 in equation
3.1 is the apparent threshold voltage, V1, or more accurately the (Ve — Vru) term. The

capacitance per unit area of the gate insulator, C;, can be estimated using equation 3.2.
Ci=grgo/t (3.2)

Where g is the free space permittivity and €, is the relative permittivity of the gate insulator

material (here silicon dioxide) and t is the oxide thickness.

For a CM-OFET device with a 300 nm thick SiO; gate dielectric layer, the capacitance per

unit area is thus:
Ci=(3.9x8.854 x 10°**F/cm) / (300X107 cm)
Ci =11.51 nF/cm?

The width, W, and length, L, of the transistor channel in the CM-OFET are 0.1 cmand L =
60 X 10 cm respectively. Applying these values to equation (3.1) using a value of mobility

within measured range for the fabricated CM-OFETs (1 X 103 cm? V1 S1).
ISD == 096X10_10 (VG - VT)Z (313)

Figure 3.13 displays the calculated effect that a shift of £1 V (Vg — Vru) has on the source

drain current, Isp, which mimics the effect induced by the sensing activity.

A positive 1V threshold shift results in a 7nA increase of Isp at Vg=-40V, while a negative

threshold -1V shift caused Isp to decrease by 7nA at Ve=-40V.

Quantifying the sensing activity by estimating AV could be prone to error because AVqy is
estimated by fitting (as shown in appendix D) to a plot of Isp¥2 vs Vs and may not be
accurate if the threshold voltage difference is small. V11 estimation which is especially with
unideal curves produced by CM-OFETs could be within an error margin that is close or
higher than the shift induced by the sensing activity. Therefore, comparing the measured
Iso can be simple and reliable method for quantifying the sensing activity. In order to have
a reliable quantification using the change in Isp as criterion, efforts must be made to
eliminate or minimize any effects that may influence behaviour of the investigated CM-

OFET device 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 3.13: Effect of £1V gate voltage range shift on the Isp of a transfer characteristic, (inset) shows
the difference between IspMax. (simulated curves for Si/SiO, CM-OFET device with W=0.1cm, L=
60X 10%cm, Ci=11.51nF/cm?and u=1X 103 cm? v1S?).

3.3 Environmental considerations

All electrical measurements to characterize fabricated CM-OFETs were performed in
ambient conditions, however, some measures were taken in order to minimise external
interference and to ensure that the devices are not influenced by undesirable effects during

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 a grounded Faraday cage, as can be seen in the setup of figure 3.1.



3.3.2 Temperature:

The mobility of charge carriers in OSCs, including those in Tips-pentacene, is known to be
temperature dependant [1-4] since carrier transport occurs through hopping between
localized states in the OSC which can be thermally activated. However, depending on the
type of OSC film the temperature dependency of mobility may differ. For example, some
OSCs exhibit an Arrhenius dependency (i1 a exp(-1/T)), while others show a non-Arrhenius
behaviour (for example p a exp(-1/T2)). For polycrystalline films like Tips-pentacene films,
the mobility is widely considered to exhibit an Arrhenius temperature dependency [3,5].
Nonetheless, in order to minimize the effect of temperature on the CM-OFETs, all
measurements were performed in a laboratory environment in which the room

temperature was regulated at 20 £ 1 °C.
3.3.2.1 Self device heating

Device heating during measurement is generally considered tolerable during short term,
discrete I-V measurements of organic transistors. The so-called self-heating or joule-
heating effect is normally only investigated for long-term device operation when
performing continuous scanning or prolong transistor biasing. However, recent
enhancements in organic semiconductor mobilities means that self-heating levels similar
to those observed in inorganic electronics might be reached even for short term operation,

particularly if a large operating voltage is used.

A recent study by Nikiforov et.al. [6] investigated real-time temperature evolution in the
channel region of Tips-pentacene transistor during |-V scans. Using a platinum (Pt)
resistance temperature sensor they monitored the channel temperature during I-V
measurements under various conditions. Although the experiment was conducted in low
to near room temperatures, these measurements confirmed that the extent of self-heating
depends on the substrate material of the transistor. For example, a significant amount of
self-heating could develop during |-V measurements at large fields on high mobility Tips-
pentacene OFTs if substrates with low thermal conductivity such as glass or polymer are
used. However, the use of a more heat conducting substrate such as doped silicon can
largely minimize the heating effect and hence self-heating becomes negligible. According
to their study, even at 278 K base temperature the transistor channel temperature

increased by less than 3 Kat Vsp-40V and Vg =-40V and at room temperature no significant



Joule heating induced current is observed for Tips-pentacene devices on Si/SiO; substrates.
It must be noted that the mobility in the devices they have fabricated was 0.9 cm? V1 St
which is much higher than the 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 Tips-pentacene channel for
fabricated CM-OFET devices can be estimated using Nikiforov et.al. Current-Induced 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 conductivities and thicknesses of both the OSC layer (Tips-

pentacene) and the substrate on the transistor channel heating.

-1
H = AT <§ dZTL'ps + dTipsdsub> (3.3)
8 KTips Ksub

Where AT = (Tiatips/21 - Tsub) , TidTips/2] is temperature in the middle of the Tips-pentacene
layer and Tsu, = substrate temperature (approximately the room temperature). drips and
dsup are the Tips-pentacene and substrate thicknesses, respectively, krips and Ksup are
thermal conductivities of Tips-pentacene and the substrate, respectively, and H is the
dissipated power per unit volume and is calculated by:

Isp V.
H = _sp’sp

= — 3.4
WLdrips 4D

Considering Krips = 0.1£0.009 W.m1.K? [7] and Ksub (Si) = 149 x102 W.cm™.K? [6], feeding
the known parameters’ values for the fabricated CM-OFETs dsup = 525 pm, L= 60 um, W =1
mm and the Tips-pentacene thickness drjps is expected to be 0.1 - 1 um combined with the

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

Figure 3.14 shows the power dissipated during an I-V measurement of one of the fabricated
CM-OFET devices (defined as Isp x Vsp), 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 3.4 for drjps 0.1 -1 um, the
rise in temperature AT is only = 0.11 — 0.2 K which is insignificant 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 one CM-OFET

device.

For long term measurement, the picture is more complicated when continuous biasing is
applied to the device. A combination of bias stress and self-heating will occur
simultaneously during measurement and the stronger of the two effects may dominate.
The two phenomena have the opposite effects in organic transistors; bias stress causes
charge trapping that leads to a negative shift in threshold voltage (for p-type OSC) and
current reduction, while self-heating can assist hopping of charges between localized states
enhancing the mobility. It has also been suggested that long term operation induces
microstructural modifications of the OSC thin film [8], which depending on the packing of
the OSC molecules and the direction of the applied electric field, may result in increased

intermolecular interactions and enhance the charge transport between molecules.
3.3.3 Light:

The electrical behaviour of OFET devices using a Tips-pentacene OSC has been shown to be
strongly influenced by exposure to light [9-12]. Exposure to light at different illumination
intensities can produce a sizeable variation in the measured source drain current. Here, the
effect of laboratory room light illumination on the behaviour of fabricated CM-OFETs was
briefly investigated by measuring the source drain current (output/transfer characteristics)
under light and dark conditions. Specifically, the combination of light exposure to
measurement interval was investigated in order to highlight the interplay between light

induced changes in current and changes due to measurement biasing.



Here, the laboratory 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 mercury and phosphor. The spectrum of light differs depending on
the type phosphor material used however, peaks in light intensity are typically observed in
the blue region of the spectrum, with less at green and red wavelengths. The decorative
plastic covers covering the lamp may also affect the spectrum. The spectrum of the
laboratory fluorescent lights is shown in figure 3.15, with large spikes at 436 nm (violet)
and 546 nm (green) which correspond to 2.84 eV and 2.27 eV respectively and two smaller
peaks one at 404 nm (violet) and 577 nm (yellow), corresponding to 3.07 eV and 2.15 eV
respectively, all these energies are higher than the energy band gap between the HOMO

and LUMO levels reported for Tips-pentacene (<2 eV) [13-14].

It must be mentioned that while the intensity of the light was low, the effect on the CM-

OFET behaviour was evident as will be discussed in the next experiment.
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Figure 3.15: spectrum of laboratory fluorescent light measured at the position of the tested CM-

OFET devices.

For each of the tested CM-OFET devices, the source drain current was measured
periodically under transition from light to dark and back to light. The effect of the transition
between light and dark on the source drain current was examined by recording the transfer
characteristics first every 25 minutes between successive measurement and then with a 5

minute interval.



The sequence of the experiment is as follows:

1-

Under light illumination the transfer characteristics of the CM-OFET device is
measured. The source drain current is here called Isp (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 the Tips-pentacene region of the 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 characteristics 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 each experiment is summarized in the form of IspMax (t)/IsoMax (0) as a

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

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

IsoMax(t) represent the IspMax for each measurement relevant to the starting of the

measurement The results for five different devices is presented in figure 3.16.
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Figure 3.16: The change in IspMax periodically measured for 5 CM-OFET under light and dark

conditions.



The change in Isp for each CM-OFET when moving between light and dark conditions was
consistent over the whole transfer curve. This can be seen more clearly in figure 3.17 for
one of the tested devices. Figure 3.17 shows the measured Isp (t) change at four different

gate voltages, Vg, -10, -20, -30 and -40 V from the transfer characteristics curve.
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Figure 3.17: The change in Isp periodically measured for a CM-OFET under light and dark conditions
at Vg =-10, -20, -30 and -40V.

Although the five devices differ quantitatively, the general, qualitative behaviour of the
CM-OFET devices was similar. The behaviour can be explained in terms of
trapping/detrapping of trap states, since the device operates in a trap-dominated regime.
The general picture is that carriers generated by optical excitation contribute to the source
drain current. The increase in carrier concentration under light illumination is observed as
an increase in source drain current. Upon removal of the external light source, these
additional photogenerated carriers become 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 external voltages required to bias the OFET also influence the
trapping/de-trapping of charge carriers. Specifically, in this experiment, devices show Initial
large Isp increase in light followed by slower increase and large initial Isp decrease 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 in Isp
(increase/decrease) is smaller than when there is a long interval between measurements.
The influence of optical 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 applied (i.e. with the transistor biased), the
electrons and holes will separate and, because of the direction of the source-drain electric
field (here, negative drain voltage), the holes drift through the OSC and contribute to the
charge transport while the electrons are thought to accumulate at the OSC/gate dielectric
interface where they become trapped. With a SiO, dielectric layer, the electrons are
trapped by hydroxyl groups on the SiO; surface. These traps are believed to be deep (i.e.
the energy required to release them is much greater than the thermal energy) such
electrons remain trapped for a sufficiently long time to influence subsequent

measurements [15-20].

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 in Isp. However, if the device remains under photoexcitation, these
trapped electrons can play additional roles that modulate the source drain current. For
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 holes can experience Coulomb
repulsion or increased recombination before extraction. As a result, the increase in source

drain current reduces between successive measurements [18,21-23].

The reduced source drain current increment under continuous optical excitation (after the
initial large increment) is more pronounced when the time interval between
measurements reduces, as can be seen in figure 3.16 where the increase in Isp between
measurements performed every 5 minutes is smaller than the case where measurements
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 and 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 decay in Isp after an initial large decay.

Another phenomenon that can contribute to the slow decay in Isp, 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 the electric
field associated with remaining trapped electrons [18-19,21,23-27]. 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 excitons may 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 measurements (i.e. with 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 states. Both 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 from trap 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 contribute to Isp).

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 trap states 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 shorter and vice versa.

The results shown in figure 3.16 indicate that influence of photoexcited charge carriers
(either free or trapped) must be considered when operating the CM-OFET device for
sensing applications. Furthermore, the influence of these free and trapped 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, or ideally eliminated before using the device for
any sensing application. As has been shown, the rate at which the CM-OFET current reaches
steady state upon moving to different illumination conditions depends on the frequency
with which the transistor is biased. Furthermore, the relative difference in the decay in Isp
upon removal of external illumination between nominally identical devices can be
attributed to the randomness of Tips-pentacene formation in drop casting deposition. It
may thus be necessary that the minimization of the effect of light on the CM-OFETs needs
to be considered for each device individually. This will be discussed further in chapter 4

section (4.4.2).

3.4 Conclusions

This chapter has presented experimental characterization of the fabricated CM-OFET
devices, focussing on electrical characterization using the conventional output and transfer
characteristics. Preliminary characterization was performed on OFET-like structure 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 the Tips-pentacene, a large number of OFET devices were
fabricated and characterized and the results demonstrate successful fabrication of working
OFETs with over 90% yield, however, with large variations between devices. For example,
a wide range of charge carrier mobility was achieved across devices (0.0002 - 0.055 cm? V-
1 §1). variations between devices is related to the drop-casting method employed for
deposition of the Tips-pentacene layer. Following successful fabrication of OFET devices,
the fabrication CM-OFET devices was demonstrated in which gating is achieved through a

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



technique. Electrical characterization of a number of CM-OFETs showed that while they
exhibited transistor-like behaviour, a distortion in the output and transfer characteristics
was observed that was attributed to the contribution of the drain voltage on the gating of
the CM-OFET devices. Again, it was demonstrated that the approach adopted for
fabrication of the CM-OFET devices was effective. Variation between nominally identical
CM-OFETs was also observed, with the saturation current varying between 18nA and 3.9uA
for functioning devices, variations are ascribed to differences in the OSC layer as a result of
the drop-casting deposition method as well. Despite the distortion in the output and
transfer characteristics of CM-OFET 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 source 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 CM-OFET. Critically,
the influence of light on the behaviour of the CM-OFET was discussed in detail, highlighting

the importance of controlling ambient light in order to minimize its effect on the CM-OFET.
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Chapter 4

CM-OFET Device as pH sensor

This chapter will discuss the possibility of using the charge modulated OFET device
described previously and shown in figure 4.1, as a sensor for local pH. Here, the sensitivity
of the CM-OFET to charge was exploited in order to detect changes in the local
concentration to protons (strictly, the hydronium ion H30* ions), and thus able to operate
as a pH sensor. In order to provide sensitivity to proton concentration, the designated
sensing region of the CM-OFET was functionalized with molecular species able to change
charge as a function of local concentration of H30* ions. The chapter first provides a
comprehensive explanation of the operating principle of the CM-OFET pH sensor, before

experimental measurements of the CM-OFET pH sensor are discussed.

4.1 Architecture of the pH CM-OFET charge sensor

The charge modulated OFET developed in this project is shown in figure 4.1. The device
comprises an OFET coupled to a sensing region that extends away from the organic
semiconductor layer, thus isolating the sensing function from the transistor. Coupling
between the sensing region and the OFET is achieved via the floating gate, which
capacitively couples the charge stored in the sensing region to the transistor. Any change
in the charge local to the surface of the sensing region leads to a corresponding change in
the transistor behaviour (i.e. modulation of the transistor output source drain current), that
is proportional to the charge accumulated in the sensing area. For example, a change 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 on the floating 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
channel of the OSC. Given that the sensing ability 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
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Charge Modulated Organic field effect sensor

Figure 4.1: Schematic diagram of the CM-OFET sensor showing the two key components of the
device; the OFET and the sensing region which can be exposed to an analyte through a PDMS
microfluidic manifold. Coupling between the two components is achieved via the floating gate. The
control gate, Cg, is used to bias the OFET without the need for applying a potential directly to the
floating gate. Here, the schematic shows a CM-OFET responsive to pH where the pH sensitivity
arises from amine groups introduced on the surface of the sensing region by the APTES self-

assembled monolayer.

4.2 Surface chemistry and surface engineering for pH sensitivity

In the Si/SiO, CM-OFET, the floating gate is a degenerately doped Si substrate. The silicon
surface typically contains a large density of active sites (5 x 10'*cm) [1] that spontaneously
react with ambient oxygen to develop a native oxide layer which is normally hydroxylated
to form silanol groups, Si — O — H. When in contact with aqueous solution, these silanol
groups can become ionized by the dissociation of H* ions. 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 Yates et.al. [2]. The model describes
the acid-base reaction occurring at the silicon-solution interface. Here, the silanol groups
are considered to be amphoteric, donating and accepting protons depending on pH of the

solution. This is described by equations 4.1a and b:

Si —OH+ H* o SiOHj; (at pH < 2.3) (4.1a)

Si —0OH & Si0O~ + HY (at pH > 6.8) (4.1b)

As shown by equations 4.1 a and b, the silanol surface sites can go through three different
ionization states depending on the pH of the solution in contact with the silicon surface. At
low pH (acidic medium) the Si — OH will be protonated, Si — OH>*, resulting in a positively
charged surface. As the solution becomes increasingly basic, the Si — OH,* groups start to
deprotonate to become Si — OH such they carry no charge. Finally, at high pH, the Si — OH
groups deprotonate to Si— O and thus the surface carries a net negative charge [1,3]. Figure
4.2 shows the pH levels at which each ionization states of the silanol group dominates and

the corresponding change in net surface charge.

Low High

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

silicon substrate and an aqueous electrolyte as a function of solution pH [4].

Although the oxidized silicon surface exhibits a surface charge that is sensitive to local pH,

the surface exhibits two features that are undesirable for use as the proton sensitive



surface in a pH sensor. First, buried oxide sites respond slower to a change in solution pH
than those sites located directly on the silica surface due to slow ion diffusion. This rate
dependence leads to a drift in the response of silicon oxide based pH sensors [1,5].
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 range pH 2 — 6, where
the silanol groups carry no charge, there is little response of the Si — OH due to solution pH
i.e. the surface charge remains effectively constant. In contrast, at higher pH (in the range
pH 6 — 9), the rate of change of the surface is high [6-8]. Finally, it is worth noting that it is
difficult to control the surface density of silanol groups which could lead to significant

variation in pH sensitivity between nominally identical devices.

Rather than simply exploit the pH dependency of the bare silicon surface, it was therefore
decided to chemically modify the silica with a self-assembled monolayer (SAM) in order to
provide a more repeatable, controlled and reliable pH sensitive surface. For silica surfaces,
modification with an amine terminated SAM, such as 3-aminoproyltrimethoxysilane
(APTES) has been reported to enhance the performance of ISFET pH sensors, particularly in
acidic solutions [6,9-11]. APTES functionalized silica yields a surface with two pH responsive
receptor groups; amine groups, NH2, and naturally occurring silanol groups (Si — OH). Both
these chemical groups act as hydrogen ion receptors. Critically, however the receptor
groups undergo protonation and deprotonation at different pH ranges leading to a
combined response that increases the linearity of the sensor response over what can be

achieved with a silica surface only [12-15].

4.2.1 Combined pH sensitivity of a NH2 and Si — OH terminated 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 groups only

have two ionization states described by equation 4.2:
NHf & NH,+ H* (4.2)

At equilibrium, where the surface density of protonated (NHs*) and unprotonated groups
(NH.) are equal, the equilibrium constant, known as the acid dissociation constant, Kj, is

expressed as:



[NHz][H]

Ka = i

(4.3)

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

protonated amine groups respectively.

Taking the negative logio of equation 4.3 and rearranging, the relationship between the pH
of the solution, the dissociation constant and the concentration of the protonated, [NH3*]
and deprotonated [NH;] form of the amine group can be obtained. This relationship, known

as the Henderson-Hasselbalch equation, is shown in equation 4.4 [16-17].

[NHZ]
H*] =K
[ ] a [NHZ]
H=pK, —log W8l = pc 4 10g WL (44
p _p a g [NHZ] - p a g [NH;-] .

From the Henderson-Hasselbalch relationship it can be deduced that, when the solution
pH is lower than the pK,, the amine groups tend to be in the protonated form, and vice
versa. At a solution pH equal to the pKa,, the concentration of the protonated and
deprotonated form of the amine groups are equal such that the net charge is zero. This is
shown schematically in the plot of the Henderson-Hasselbalch relationship in Figure 4.3.
According to the Henderson-Hasselbalch relationship, 99% of protonation and

deprotonation happens + 2 pH units below and above the pK, value [18].

[NH;]

[NH3+ 1= [NHz]

=

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

p'I(a pH

Figure 4.3: Schematic plot of the Henderson-Hasselbalch relationship of the amine group.



The precise pKa of an amine group depends on the specific molecule and position of the
amine within that molecule. However, for most molecules containing an amine terminal
group, the pKa is typically greater than pH 9 in bulk solution [9,19]. However, when grafted
onto a surface, the amine pKj is typically reported to be much lower than in solution [17,20-
21]. For example, a pK; as low as 3.9 was reported for an APTES monolayer [22] where the
significant reduction in pK; was assumed to be related to the very hydrophobic
environment around the terminal groups. The reduced pK, associated with surface
immobilised amines explains the improvement in pH response of the APTES modified silica
surface compared to the pure silica surface. Specifically, within the range pH 2 — 6, where
the silanol groups of the silica surface are only weakly responsive to pH, the amine groups
of APTES will be in the high sensitivity range around the pKj (i.e. pKa £2 pH units) where
99% protonation and deprotonation happens. Outside of this range (particularly the upper
side of the range > pH 6.8), where the amine groups are either fully protonated or
deprotonated, the silanol groups will be more responsive to pH change. The combined
acidic and basic response provided by the amine and silanol groups enhances the linearity

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

4.2.2 The CM-OFET pH sensor containing both NH. and Si-OH surface groups.

Here the improved pH response of APTES functionalized silica surfaces is exploited to create
a CM-OFET pH sensor. The silica surface within the sensing region is functionalized with an
APTES SAM in order to introduce amine groups. At low pH (i.e. a pH below the pK; of APTES:
pKa = 4 — 5), the surface silanol groups will be neutral while the amine groups will be
predominantly protonated (NHs*). As a result, the surface of the sensing region will be
positively charged. This will, in turn, result in accumulation of negative charge in the
floating gate underneath the sensing region. The corresponding redistribution of charge
within the floating gate will effectively cause a negative shift in the apparent gate voltage,
leading to a decrease in the source drain current, Isp. Conversely, as the pH increases
towards the pKa of APTES, the amine groups become increasingly deprotonated, leading 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 Si — O"), further increasing the positive gate voltage shift and hence, the

increase in Isp.

4.3 APTES surface analysis

Before proceeding to characterise the electrical performance of the fabricated CM-OFET
pH sensor, the surface of APTES functionalized sensing region was first characterised. Here,
x-ray photoelectron spectroscopy (XPS), a standard surface analytical technique, was used

to characterize APTES films assembled on a silicon surface.

4.3.1 APTES SAM XPS Spectra

XPS is a standard tool for surface characterization that can provide a quantitative analysis
of the elemental composition and chemical state of the surface. In XPS, a surface is
irradiated with x-rays (commonly Al Ka or Mg Ka x-ray photons equivalent to 1486.6 eV
and 1254.6 eV respectively) in an ultrahigh vacuum environment. The energetic incident x-
ray photons cause ejection of core-level electrons from the surface atoms [23-24]. These
characteristic electrons are subsequently collected, and their kinetic energy and number
are measured using an electron energy analyser. The kinetic energy, Ex, of an emitted

electron is related to its binding energy, Eg, by equation 4.5:

Ey = hv — Eg — ¢spec (4.5)

Where hv is the energy of the incident x-ray photons (h is Planck's constant and v is the x-

ray frequency), and Dspec is the work function of the 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 energies. Each peak within
this spectra is related to a specific element in the sample under study and the intensity of

the peaks is related to the concentration of that element.



4.3.1.1 XPS: Experimental Procedure

Two Si substrates were prepared for XPS characterization. The reference sample was a bare
silicon surface with a native oxide but without APTES functionalization. The second sample
was a bare silicon surface with a native oxide and functionalized with APTES by self-
assembly. In self-assemble monolayer, initial monolayer coverage can be achieved very fast
(within seconds to minutes), however, the surface coverage from the monolayer formed
within this time scale is quite low and contains conformational disordering, allowing longer
assembly time (typically >12 hours up to days) increases adsorbates packing and reordering
and reduces inter-separation leading to a more organised and compact monolayer [25-28].
To deposit/assemble APTES layer on Si and other surfaces, APTES concentration lower than
10% in various solvents (typically 5% or less) is used [29-32]. Here, 5% APTES in IPA and 18

hours were chosen.

Both Si samples (reference bare Si substrate and APTES functionalized Si substrate) were
initially cleaned in Piranha solution for 5 minutes followed by 5 minutes of UV ozone
cleaning. The reference substrate was then immersed in IPA solution while the second
substrate was immersed in 5% APTES in IPA. Both samples were left immersed in their
respective solutions for approximately 18 hours. Both samples were rinsed with IPA and
dried with nitrogen before immediately being transferred to the XPS specimen chamber

and placed under vacuum for scanning.

The X-ray source was an Al anode on a dual anode X-ray source (Al Ko = 1486 eV). The
chamber base pressure was 2.5 x 10”° mbar. A wide survey scan for binding energies 0-1200
eV was first taken to get an overview of the elements present on the sample surface. The
survey scans, shown in figure 4.4, for both the APTES modified and un-modified Si
substrates showed distinct emission peaks for Si 2s, Si 2p, C 1s and O 1s peaks [33]. No

other elements show a strong signal in these scans.

The survey scans also showed a more intense C peak for the APTES modified Si compared
to the reference unmodified Si. This is as expected, owing the greater C content introduced
by the APTES-modified surface. In order to investigate the origin of this carbon content in
more detail, scans for C 1s, Si 2s, and Si 2p regions were performed, along with the N 1s

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

used to reduce artefacts associated with photoelectrons generate from the sample plate.



4.3.1.2 Detailed spectra of Si XPS peaks
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Figure 4.5: Experimental XPS spectra for Si (2s & 2p) peaks for the (a and c) APTES modified Si
substrate and (b and d) for the unmodified reference Si substrate.

XPS spectra of the Si 2s and 2p peaks for both the APTES modified Si and unmodified Si
surfaces are shown in Figure 4.5. Critically, both the APTES modified and reference samples
revealed two peaks for both the Si 2s and 2p photoelectrons, separated by 3 — 4 eV. The
dominant peaks at 99 eV and 151 eV both correspond to the Si —Si bond while the smaller

peaks are associated with Si— 0O [34-37]. Comparing the peaks between the APTES modified



sample and the reference, the overall shapes were very similar. However, the spectra
indicate the binding between APTES and substrate is through Si-O bonds, as the ratio
between the Si— O peak to the Si — Si peak has increased compare to the reference sample.
A small negative shift of 2p from the expected peak position (~101 eV), suggest the

presence of Si — C bonds on the sample surface as well [36-38].

4.3.1.3 Detailed spectra N 1s XPS peaks

XPS spectra of the N 1s peaks for both the APTES modified Si and unmodified Si surfaces
are shown in Figure 4.6 (a) and (b), respectively. XPS scans around the energy associated
with N 1s revealed a small but distinct peak on the APTES modified Si substrate. In contrast,
no N 1s peak was observed for the reference silicon surface. The position of the peak
observed on the APTES surface was found to be around 401 eV (the low intensity makes
identification of the precise energy challenging). This is the correct binding energy range

expected for N 1s transitions for amine groups [34-36].
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Figure 4.6: XPS spectra for N (1s) on (a) APTES modified Si substrate, and (b) reference Si substrate.

Although the spectra is noisy, the N 1s peak observed for the APTES functionalized surface
was seen to be slightly asymmetric suggesting the presence of two individual peaks. Using

peak fitting, it was possible to identify two individual XPS peaks at binding energies of 400.2



eV and 401.8 eV, which correspond to the neutral (NH;) and protonated (NHs3*) forms of
the terminal amino group of APTES [34-36,39]. As shown in Figure 4.7, the intensities of
the two fitted peaks suggest that there is similar amounts of neutral (NHz) and protonated

(NHs*) groups present on the sample.
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Figure 4.7: Detailed XPS spectra for N (1s) peaks for APTES modified Si substrate. Peak fitting reveals
two peaks associated with the neutral (NH;) and protonated (NHs*) binding energies. All

deconvoluted fitted peaks are Gaussian functions.

4.3.1.4 Detailed spectra C 1s Peaks

As shown in Figure 4.8, the C 1s spectrum for the APTES modified Si is markedly different
in shape to that observed on the Si reference. Furthermore, the C 1s peak for the APTES
functionalized Si surface is higher in intensity. The dominant peak for the APTES
functionalized occurs at 288 eV. In contrast, the dominant peak on the Si reference occurs
at a low energy of 286 eV. This indicates that the surface carbon on the surface of the two

samples are in a different state.



The C 1s peak is commonly attributed to contamination, however, the higher intensity of
the C 1s peak in the APTES modified Si can be a reasonable indication to the presence of
APTES. Furthermore, the broadness of the C 1s peak is indicative of a contribution by
multiple bonds, suchas C—C ~284.4eV,C—N ~286.2eVand C=0 ~288 eV. The presence
of the dominant signal of the peak on the C = O side in the APTES modified Si compared to

the reference is also an indication for the presence of APTES [33-35,39].
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Figure 4.8: Detailed XPS spectra for C (1s) peaks on (a) APTES modified Si substrate and (b) reference

Si substrate.

Using peak fitting (figure 4.9) to probe the proportions of each of the main bonds (C - C
~284.4eV,C—N ~286.2 eV and C =0 ~288 eV) for both the APTES modified Si substrate
and the reference Si substrate shows that, for the reference Si substrate the dominant
peaks are the C— C and C = O which can be expected due to contamination from exposing
the silica surface to IPA for long time, the C— N is very small for the reference substrate. In
contrast, for the APTES modified Si substrate, a large increase in both C— N and C= 0 and

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

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

sensing region of the CM-OFET devices.
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Figure 4.9: Detailed XPS spectra for C (1s) peaks for (a) APTES modified Si substrate and (b)
reference Si substrate. Peak fitting reveals three peaks associated with binding energies of C - C
~284.4 eV (peak 1), C— N ~286.2 eV (peak 2) and C = O ~288 eV (peak 3). All deconvoluted fitted

peaks are Gaussian functions.

4.4 pH CM-OFET: Results and discussion

4.4.1 Surface modification of Si floating gate using APTES and its effect on the OSC layer

Having confirmed the assembly of an APTES SAM on Si substrates, now this section
proceeds to discuss APTES functionalization of the Si sensing surface of the CM-OFET. As
discussed in chapter 2, the sensing area can be functionalized with APTES either before or
after deposition of the Tips-pentacene OSC. Here, the relative advantages and
disadvantages of the two approaches will be explained. First, a reminder of the two
strategies is illustrated in the flowcharts shown in Figure 4.10 showing the sequence of the

fabrication steps for each approach.

Initially, CM-OFET devices were fabricated according to approach 1, where the sensing
region was functionalized with APTES prior to Tips-pentacene deposition. However, devices
fabricated through this approach consistently suffered from very low source-drain

currents. To confirm if APTES contamination was the cause, new devices were fabricated



and the transfer characteristics of the CM-OFET were measured before and after APTES

functionalization.

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

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) 7
v
Microfluidic chamber incorporation Microscope
i inspection (good
tallization?
Tips-Pentacene deposition crystallztion?)
Y

Microscope
inspection (good
crystallization?)

Microfluidic chamber incorporation

v

Sensing area APTES functionalization
(via tubes)

Device testing

v

Y
End

Device testing

v
End

Figure 4.10: The two fabrication sequences implemented for fabricating the CM-OFET devices.




As can be seen in figure 4.11, following exposure to APTES, the source drain current
decreased significantly, falling by around an order of magnitude at the maximum gate
voltage, Vg =-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 deposition. The presence of the NH, groups in the APTES
adsorbed layer which act as traps for the majority charges carriers (holes for Tips-

pentacene) could explain the observed reduction in source drain current [40-42].
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Figure 4.11: Transfer characteristics of a CM-OFET before and after functionalization of the Si

sensing region with 5% APTES in IPA. Here, Vsp=-40 V.

The fabrication process was thus modified to minimise exposure of the OFET to APTES. In
this alternative approach (approach 2 of figure 4.10), APTES monolayer assembly was
performed following Tips-pentacene deposition through an enclosed PDMS chamber,

minimising the exposure of the Tips-pentacene region to APTES contamination.

Figure 4.12 shows the transfer characteristics of a CM-OFET that was functionalized using

the PDMS microfluidic chamber of approach 2. Critically, the source drain current now



remains constant before and after APTES functionalization. However, when the OFET
region of the same device was subsequently exposed to APTES vapour, the transfer
characteristics again showed a decrease in source drain current (a reduction by nearly 60%

at a gate voltage -40 V) and an increase in the threshold voltage.
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Figure 4.12: Transfer characteristics of a device before and after APTES functionalization using

approach 2 and after exposing the device to APTES vapour (Vsp=-40V).

Comparing the two approaches to CM-OFET fabrication, it can be concluded that exposure
to APTES vapour significantly degrades carrier transport in the OSC Tips-pentacene. In
contrast, the OSC Tips-pentacene is protected from APTES vapour deposition using
approach 2. However, due to the delay between hydroxylation of the Si surface and APTES
functionalization (including an additional fabrication step), the quality of the assembled
APTES layer may be compromised. Also, as APTES functionalization occurs inside the PDMS
chamber, the choice of APTES solvents is limited. For example, nonpolar solvents such as
toluene which are ideal for APTES functionalization, are not compatible with PDMS, as they

infuse through PDMS walls causing them to swell [43-45]. Polar solvents, such as IPA, have



been shown to significantly reduce PDMS swelling and was thus chosen here. For example,
Honda et. al. [43] have shown that the degree of swelling in a PDMS plate immersed in
toluene solution is 90% compared to less than 10% in IPA solution over the same time
period (24 hours). This is also shown in figure 4.13 which compares the PDMS microfluidic
chamber following exposure to a 5% APTES solution in Toluene and IPA. Within only 2 hours
of immersing the chamber in APTES-Toluene, the PDMS chamber has clearly swollen.
During the same time, no visible swelling was observed following immersion of a PDMS
chamber in APTES-IPA solution. In fact, no visible swelling of the PDMS was observed when
using APTES-IPA solution even after 18 hours. While swelling was not visible to the 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 compared
to the large sensing region area (0.49 cm?). Moreover, since APTES functionalization is
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 4.13: Effect of immersion in (APTES-Toluene) and (APTES-IPA) solutions on PDMS chamber,

(a) before (b) after immersion in (APTES-Toluene) solution, (c) before (d) after immersion in (APTES-

IPA) solution.



4.4.2 Experimental consideration for CM-OFET testing; the influence of light

A critical consideration 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 of the CM-
OFET is highly influenced by the photogeneration of charge carriers within the Tips-
pentacene layer 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 carriers, it was demonstrated that the effect of
the photoexcitation may last for some time even after the CM-OFET was shielded from light
and it is critical to ensure that this residual effect do not have an impact on the observed

response of the CM-OFET when used as a biosensor.

The dynamic of photogenerated carriers as a result of transferring the CM-OFET from light
to dark conditions can be monitored by recording the reduction in measured source drain
current, Isp, of the transfer characteristics as a function of time. Figure 4.14 shows the decay
in Isp after shielding a CM-OFET from ambient light. As can be seen, Isp decays gradually
over time, with large initial decay in the recorded source drain current, followed by 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 4.6) [46], which is commonly used to describe the

source drain current decay in OFETs due to bias stress effect in dark.

B
Isp (6) = Isp (0) exp [— () ] (46)

Here Isp(0) is the first measurement in the dark, tis the decay time constant (also referred
to as relaxation time), and B is the stretching or dispersion parameter (0 < B < 1) (a
dispersion exponent related to the characteristic width of the band tail of the insulator)

[47].

It must be stressed that, the relaxation time t in this case refers to the general term
describing the time required for the exponentially decreasing current of the entire decay

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



not a physical characteristic time related to return to equilibrium after individual excitation

(biasing).

The fitting is explained in appendix E, and the values of T and B extracted from the fitting

for six nominally identical CM-OFETs are presented in table 4.1.
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Figure 4.14: Time dependence of the maximum source drain current for a CM-OFET device due to

shielding from ambient light. Here, the Tips-pentacene layer is covered by black tape and the

transfer characteristics were measured every 25 minutes for 7 hours and Isp is the maximum source

drain current recorded at Vg =-40 V.

Table 4.1: the extracted values of T and B from the fitting of equation 4.6 to Isp decay for six CM-

OFET devices.
CM-OFET 1 2 3 4 5 6
T(s) 946 1304 895 1818 938 952
B 0.34 0.23 0.34 0.38 0.26 0.29
RZ value 0.984 0.936 0.988 0.97 0.94 0.98




The values of T here indicate a much faster decay than reported values for Tips-pentacene
OFETs (10% - 10° s) [38-39] which suggests a higher concentration of traps in the fabricated
CM-OFETs, however, as explained in chapter 3 section 3.3.3, the longer the time between
measurements the faster the Isp decay, which could also explain the small values of t
estimated here, where the device is relaxed for 25 minutes between successive points in
the decay curve, unlike the bias stress measurement where the current is continuously

measured.

For the particular CM-OFET device measured for Figure 4.14 and given the associated
measurement conditions (transfer characteristics measured every 25 minutes), the
maximum source drain current immediately after the OSC Tips-pentacene was covered was
seen to decrease by 12%. The current decreased by 61% in the first 2 hours of the
experiment relative to the current measured just before covering the Tips-pentacene,
compared to nearly 10% for the rest of the experiment and only less than 3% in the last 2
hours of the experiment. Similar behaviour was also observed in other nominally identical
CM-OFET devices. The percentage change in the measured maximum source drain current

IsoMax over time for six CM-OFETs is summarized in Table 4.2 and figure 4.15.

Table 4.2: The percentage change in the measured maximum source drain current, IspoMax, during

a 7 hours period in the dark compare to IspMax in light.

Max Iso change% CM-OFET1 CM-OFET2 CM-OFET3 CM-OFET4 CM-OFET5 CM-OFET 6

0—-2hrs 590.1 31.2 39.7 52.1 57.6 61.3
2-7hrs 9.7 5.6 12.4 3 3.7 9.8
5-7hrs 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 change (i.e.
difference in Isp between successive measurements), the measurement to measurement
source drain current change can be expressed in terms of the relative standard deviation

RSD over a particular period of time in the experiment.

Figure 4.16 compare the RSD between measurements at different periods during the light

to dark experiment.
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Figure 4.16 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 later stages in
the dark. This observation is of great importance when sensing activity is to be investigate,
where the measured Isp is compared before and after the sensing activity. If the sensing
activity is studied shortly after the CM-OFET device was put in dark condition, 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 inaccurate and 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.

4.4.3 pH sensing using the CM-OFET

To demonstrate the functionality of the fabricated CM-OFET operating as a chemical
sensor, the performance of the fabricated CM-OFET devices was assessed for monitoring
pH. In order to test the pH response of a CM-OFET device, the sensing region was first
functionalized with APTES and exposed to a set of buffer solutions of different pH. The pH
solutions that were used for testing the fabricated devices were based on Mcilvaine’s
buffer solutions [48]. Mcilvaine buffer solutions are prepared by mixing stock solutions of
0.2 M disodium phosphate and 0.1 M citric acid at different concentrations. The pH range
covered by Mcilvaine buffer is from 2.2 to 8 and the relative ratios and associated pH level
used are illustrated in table 4.3. Experimentally, the different pH buffer solutions were
made using the ratios provided in table 4.3 and pH of each made solution was subsequently
measured using a pH meter (METTLER TOLEDO — FiveEasy F20). The table shows the

measured pH of each solution compared to the target pH level.

According to the mechanism described in section 4.2, the charge density of the APTES
functionalized Si surface in the sensing area will change depending on the pH of the
solution. This change in surface charge density will 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. Effectively, a charge equal in magnitude but opposite in sign to that
accumulated in sensing area of the floating 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 charge accumulation on the surface of the sensing region, will result in an

apparent change in the threshold voltage according to the following expression [49].

AVpy = AV, = —2SENS (4.7)

Cror

Here, Qsens is the charge on the surface of the sensing region induced by the
protonation/deprotonation of surface amine and hydroxyl groups, Cror is the sum of all the
capacitances in the device structure i.e. Cror = Ccg + Cs + Cp, where Ccg, Cs and Cp are the
control gate, source and drain capacitance, respectively, V14 is the CM-OFET threshold

voltage and Ve is the floating gate potential.

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

pH of prepared buffer solutions compare to the targeted pH.

0.2M Disodium 0.1M Citric acid Measured
Targeted pH
phosphate (Na;HPO4) ml (CeHsO7) 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

4.4.3.1 pH sensing using the CM-OFET: Transfer characteristics

The variation in the source-drain 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 CM-OFET. Specifically, the maximum drain-source
current, IspMax, from the transfer characteristics of the device measurements was used to
compare the response of the device to each pH solution. IspMax on the transfer
characteristics curve is at a gate voltage (applied through the control gate) Ve = -40 V while

the drain voltage was held constant at -40 V.
The measurement was performed using the following protocol:

(1) A reference pH solution, here citric acid (pH 2.54) was first introduced to the sensing
region of the CM-OFET sensor via the PDMS chamber and the transfer characteristics of the
device measured. This provided a baseline measurement against which the test solution

was measured.

(2) The reference pH solution was replaced by a test pH buffer solution and the transfer
characteristics of the CM-OFET measured. This process was repeated for each pH buffer
solution in the range pH 2.2 — 8. The percentage change in IspMax between the test pH
solution and the previous citric acid reference pH solution was calculated using equation

4.8 and used to compare the response of the device to different pH test solutions:

(Isp Max(pH)—Isp Max(citric) % (4 8)

AlspMax% =
SDb % Isp Max(citric)

Here, IsoMax (pH) is the maximum source-drain current of the test pH solution and IspMax
(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 surface of the sensing region are
expected to change ionization states, thus the surface charge density will vary in the
sensing region accordingly. In the pH sensing experiment described above, each time the
citric acid solution is replaced by a given buffer solution, the surface charge of the sensing
region is expected to change where the amount of change is dependent on the difference
in pH between the citric acid reference and the test solution. For example, replacing the
citric acid solution with a buffer solution of pH 8 will result in the silanol groups changing
from Si — OH,* or Si — OH in acidic conditions (citric acid) to Si — O at pH 8. At the same time
the surface amines initially protonated in citric acid will become deprotonated at pH 8. As
a result, the surface changes from being predominantly positively charged to a surface with

a large negative charged density. Ultimately, this is expected to be translated to a large



positive shift in apparent gate voltage and thus an increase in IspMax . In contrast, replacing
the citric acid with a low pH 2.6 buffer solution, means that the surface groups will remain
largely unchanged (with similar ionization states). Correspondingly, small to negligible

change in the magnitude and sign of the surface charge is expected.

Two types of responses maybe observed in the investigated CM-OFET devices based on the

quality of the APTES layer in the sensing region.

1) Devices with a dense APTES monolayer assembled in the sensing region, should
exhibit a linear pH sensitivity response over the investigated pH range (pH 2.2 - 8),
as a result of the combined pH response of both amine and silanol groups as
explained in section 4.2. Here, the linearity should be observed as a linear increase
in the percentage change in the maximum source drain current as the pH increase.

2) Indevices with poor quality APTES layer, the density of amine groups is significantly
reduced such that the pH sensitivity of the CM-OFET is dominated by silanol groups
on the silica surface. As discussed in section 4.2, these Si-OH groups are known to
exhibit a weak response to pH change between pH 2.3 and 6.8, hence, the change

in IspMax is expected to be minimal in this range.

A total of eight, nominally identical CM-OFET devices were tested for pH sensing. Each
device was challenged with the seven pH solutions presented in table 4.3 before the
transfer characteristics of each device was measured. Each device was tested three times
over the full pH range (pH 2.2 - 8). In two of the three tests, the transfer 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 minutes of it being introduced to the sensing
area. The latter test was done to investigate if reducing the biasing stress that is generated

from immediate measurement affects the pH response.

Experimental results of the eight devices are shown in figures 4.17 to 4.24. Each figure
displays for a particular CM-OFET device (a) the percentage change in the maximum source
drain current between each pH buffer solution and the reference citric solution (calculated
using equation 4.8) for three independent measurements when the transfer characteristics

were measured 25 minutes after the introduction of the pH buffer solution. (b) the average



percentage change over the three (25min measurement) tests. (c) the percentage change

in the maximum source drain for the two measurements performed immediately 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.
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Figure 4.17: Experimental results of pH sensing using CM-OFET device 1. (a) Percentage change in

IsoMax 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 in IspMax for the three independent measurements (25min measurement). (c) Percentage

change in IspMax 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 change in IspMax for the two independent measurements (immediate measurement). Error

bars are £SD.
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Figure 4.18: Experimental results of pH sensing using CM-OFET device 2. (a) Percentage change in
IsoMax 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 in IspMax for the three independent measurements (25min measurement). (c) Percentage
change in IspMax 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 change in IspMax for the two independent measurements (immediate measurement). Error

bars are £SD.
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Figure 4.19: Experimental results of pH sensing using CM-OFET device 3. (a) Percentage change in

IsoMax 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 in IspMax for the three independent measurements (25min measurement). (c) Percentage

change in IspMax 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 change in IspMax for the two independent measurements (immediate measurement). Error

bars are #SD.
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Figure 4.20: Experimental results of pH sensing using CM-OFET device 4. (a) Percentage change in
IsoMax 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 in IspMax for the three independent measurements (25min measurement). (c) Percentage
change in IspMax 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 change in IspMax for the two independent measurements (immediate measurement). Error

bars are #SD.
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Figure 4.21: Experimental results of pH sensing using CM-OFET device 5. (a) Percentage change in
IsoMax 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 in IspMax for the three independent measurements (25min measurement). (c) Percentage
change in IspMax 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 change in IspMax for the two independent measurements (immediate measurement). Error

bars are #SD.
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Figure 4.22: Experimental results of pH sensing using CM-OFET device 6. (a) Percentage change in
IsoMax 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 in IspMax for the three independent measurements (25min measurement). (c) Percentage
change in IspMax 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 change in IspMax for the two independent measurements (immediate measurement). Error

bars are £SD.
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Figure 4.23: Experimental results of pH sensing using CM-OFET device 7. (a) Percentage change in
IsoMax 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 in IspMax for the three independent measurements (25min measurement). (c) Percentage
change in IspMax 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 change in IspMax for the two independent measurements (immediate measurement). Error

bars are #SD.
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Figure 4.24: Experimental results of pH sensing using CM-OFET device 8. (a) Percentage change in
IsoMax 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 in IspMax for the three independent measurements (25min measurement). (c) Percentage
change in IspMax 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 change in IspMax for the two independent measurements (immediate measurement). Error

bars are £SD.
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The results obtained 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. Similarly, 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 the devices showed the linear response (linear increase in
source drain current with pH) expected for CM-OFETs functionalized with a good
quality APTES layer in the sensing area, nor a response with nonlinear current
increase in the middle of the pH range for devices with a poor APTES layer where
the silanol groups would dominate pH response.

3) No repeatable or distinguishable trend can be extracted from experimental data of
the pH response for the eight devices.

4) There was no clear effect of excluding the immediate measurement on the pH
response behaviour of the examined CM-OFET devices.

5) Overall, in almost 70% of measurements, the source drain current was found to
increase after replacement of the citric acid solutions with a test pH buffer.

6) The change in IspMax between the citric acid solution and the test pH solution was
routinely very small. Specifically, in almost 90% of measurements IspMax(pH)

changed less than 10% relative to Isp(citric).

The average change in AlspMax across all devices for each pH buffer is shown in figure 4.25
and it concur with the above-mentioned conclusions, particularly, the error margins for the
detection was high and the change in AlspMax was largely within the noise range of the

devices.

From these experimental results, it is clear that there is no consistent, predictable or
distinguishable response for CM-OFET when challenged with buffers of changing pH. Also,
except in limited cases (7.7% of the times), the change in maximum source drain current of
the investigated pH buffer solution IspMax(pH) relative to the source drain current of the
corresponding citric solution IspMax(citric) was below 10%. This is comparable to the shifts
in maximum source drain current, IspMax, due to the inherent behaviour of the OSC. In the
following section, an alternative test was performed in which the source drain current was

recorded as a function of time while the bias voltages remain constant.
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Figure 4.25: The average of [(IssMax (pH)- IssMax (citric))/ IssMax (citric) %] change for each

investigated pH level across all tested CM-OFET devices (25min measurement). Error bars are +SD.

4.4.3.2 CM-OFET pH sensor: Time domain measurements

Another measurement used to investigate the pH sensitivity of the CM-OFET devices was
time domain measurement. Time domain measurements were performed on APTES
functionalized CM-OFET pH sensors to monitor the instantaneous change in the source
drain current Isp of the devices as a function of solution pH. Exposure of the sensing region
to a buffer is expected to induce a change in the source drain current corresponding to the

change in charge accumulated in the sensing area.

It is expected that the source drain current of the CM-OFETs will increase when an alkaline
solution replaces an acidic solution in the sensing region, due to deprotonation of both the
NH2 and Si — O groups. The reverse is expected when the solution becomes increasingly
acidic due to the protonation of surface amines to NHs* as well as Si-O" converting to Si —

OH and Si — OH* depending on the pH level of the investigated solution.

For the source drain current, Isp, versus time measurement, Isp was monitored in real time
(one acquisition per 1s) while Vp and Vs remained fixed at -40 V. Measurements were
started prior to flowing any solution into the microfluidic chamber after which solutions

were introduced to the sensing region via microfluidic tubes inserted 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 terms of solution flowing into the sensing region of
the examined devices. In 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. The second approach was performed to establish a possible Isp baseline for each

investigated pH solution.

The general behaviour of the Isp vs time measurements obtained for fabricated CM-OFET
devices can be seen in figure 4.26 for the case where the PDMS chamber was filled with
air. The large initial current decay in the Isp vs time measurement is typical of bias stress in
OFETs. The large initial current decay in the Isp vs time measurement can be problematic
when examining the sensing effect, as the large decay could be far greater than shifts in Isp
due to charge accumulated in the sensing region. In order to minimise the influence of bias
stress, the electrode voltages were applied and maintained for 5 minutes before data

acquisition was started.

Isp(t) NA

0 1000 2000 3000 4000 5000 6000 7000 8000

Time (s)

Figure 4.26: Source drain current decay over time due to bias stress effect for a CM-OFET device.



Figures 4.27 to 4.33 show experimental Isp vs time traces for seven nominally identical CM-

OFETs with APTES assembled on the surface of the Si sensing region. Here, three different

buffers were used corresponding to pH 2.2, pH 5 and pH 8. The change in source drain

current over time is presented as Isp(t)/Isp(0) in order to enable comparison between

different CM-OFETs where Isp(0) is the source drain current at t=0.
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Figure 4.27: Normalized real time source drain current as a function of solution pH for CM-OFET
device 1. The data has been smoothed using a 200s averaging period. Here, air was injected into
the PDMS chamber prior to the injection of each buffer.
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Figure 4.28: Normalized real time source drain current as a function of solution pH for CM-OFET
device 2. The data has been smoothed using a 200s averaging period. Here, air was injected into
the PDMS chamber prior to the injection of each buffer.
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Figure 4.31: Normalized real time source drain current as a function of solution pH for CM-OFET
device 5. The data has been smoothed using a 200s averaging period.
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Figure 4.32: Normalized real time source drain current as a function of solution pH for CM-OFET
device 6. The data has been smoothed using a 200s averaging period.
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It must be noted, that in some of the examined devices (figures 4.27, 4.28 and 4.31), the

source drain current was very low when the data acquisition has started (< 3nA), indicating

the possibility of massive holes migrating into the gate dielectric layer which can screen the

electric field from the gate [50]. In these devices, associating the current change to the

sensing effect may be inaccurate.

The source drain current of CM-OFET device 3 shown in figure 4.29, seems to be unaffected

by the introduction of buffer solutions. An unknown effect dominated the device response,

manifested as a constant current increase over time, possibly due to an effect at the

contacts/Tips-pentacene interface that causes decrease in contact resistance.



The remaining devices (associated with figures 4.30, 4.32 and 4.33), did not show a
repeatable behaviour with solution pH. Instead, the CM-OFET response is dominated by
current fluctuations 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 region. It should be noted that if 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 of Isp. Therefore, the relative change in current due to a

change in charge density in the sensing region is expected to reduce with time.

4.5 Conclusion

Using a simple fabrication process, an OFET structure was transformed into a CM-OFET
device and explored as pH a sensor. Here, the CM-OFET sensor exploits modulation in
charge on 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 pH. The associated change in surface
charge couples capacitively to the OFET leading to a change in the source drain current,
seen either in the transfer characteristics or time domain measurements. Due to the
limited range of pH over which the silanol groups are expected to change charge, the
surface was further modified using silane chemistry to introduce amine groups at the
surface. These amine groups were introduced to the Si floating gate surface by assembly
with a 3-aminoproyltrimethoxysilane self-assembled monolayer which was characterized
by x-ray photoelectron spectroscopy (XPS) to confirm the assembly of the layer and
successful functionalization with amine groups. Characterization of pH-sensitive CM-OFET
devices using both transfer characteristics and time domain measurements, did not
demonstrate 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 and within devices and typically comparable in magnitude
to the changes in current inherent to the OFET. The final section of Chapter 5 will address
the sensitivity limitation of the proposed CM-OFET 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 CM-OFET 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 CM-OFET sensing region. In this chapter, the charge
sensing capability of the device is explored to detect biomolecular interactions occurring at
the sensing surface of the device. The ability to detect and quantify specific biomarkers is
central to next generation clinical diagnostics. The label-free CM-OFET biosensor presented
in this chapter has the potential to address this challenge. The biosensor is investigated
here for monitoring one of the strongest non-covalent interactions, the binding of biotin to
avidin. The combination 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 interactions is
given. Then a study of quartz crystal microbalance with dissipation (QCM-D) that were used
to assess a protocol for biotinylation of the sensing surface and confirm the immobilisation
of avidin is presented. Finally, the use of CM-OFET device for label-free 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 a co-factor for five biotin-dependent carboxylase
enzymes [1-2] is a water-soluble 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 human intestine

[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 concentration than non-cancerous tissues
[4]. Biotin deficiency has also been linked to metabolic disruptions that could lead to more
serious health problems. For example, biotin deficiency during pregnancy could lead to
neonatal complications for new born babies [5-6]. 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 5.1: Chemical structure of 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 is relatively 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 functionality (conformation, size or biological activity) [8-9]. 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 homotetramer formed from



four, identical subunits (each 128 amino acids long) with twofold symmetry, and molecular

dimension of 6 x 5.5 x4 nm [1,9-11].

Figure 5.2: A ribbon representation of the avidin tetrameric arrangement [12].

The scientific and commercial value of avidin comes from its ability to bind biotin and
biotinylated molecules with extremely high affinity (the binding affinity constant of avidin
to biotin around 10* M [1,10,13]). This has been exploited in a great number of
biotechnological 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 x 5.5 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 point (pl = 10-10.5) [10,15]. This feature of avidin can be exploited
to enable non-specific, electrostatic binding to negatively charged surfaces and
nanoparticles. The charge of avidin at pH below its pl point was exploited here as the

detection mechanism using the CM-OFET device as will be explained in section 5.3.2.
5.1.3 Biotin-Avidin interactions for surface functionalization

Immobilization of the biotin-avidin 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. Alternatively, the carboxylic moiety on biotin allows it to be

chemisorbed to the surface and utilized as a primary tether to which avidin can



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 diagram of the two strategies

can be seen in figure 5.3.
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Figure 5.3: Schematic representation of the two methods utilizing biotin-avidin conjugation to bind
targeted biomolecules to sensor surface. In a) the surface is first chemically modified for
conjugation to biotin. 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 a pre-silanized
surface. This method was adopted here. Silanization of the Si surface of the sensing region
of the CM-OFET floating gate was demonstrated in chapter 2 (section 2.6.1.5) and was
utilized as a charge sensing surface as explained in chapter 4. Here, the very same surface

is exploited to biotinylate the sensing region.

5.1.3.1 Biotin-Avidin stacking on Si

The layer by layer stacking shown in figure 5.4 starts with a Si floating surface silanized
using APTES SAM as described in chapter 2 (section 2.6.1.5). To biotinylate the amine
derivatised surface, a synthetic derivative of biotin functionalized with N-
hydroxysulfosuccinimide (NHS) was used. Specifically, biotin modified with the sulfonated
version of NHS (Sulfo-NHS, NHS esters with a sulfonate (-SOs) group on the N-

hydroxysuccinimide ring) was used, in which the charged sulfonate group increases water-



solubility. The N-hydroxysuccinimide (NHS) ester of this modified biotin can be attacked by
nucleophiles [16-18], in our case it is the amine group (NH;) of APTES, leading to the

formation of a covalent chemical bond.

The amine group has to be deprotonated (NH;) to attack the NHS ester. The reaction
between the APTES functionalized surface and the Sulfo-NHS-Biotin was thus performed in
sodium phosphate buffer solution at pH 8 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 pockets 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 5.4: Si 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 characterization term used to describe the stability of binding between
two biomolecules with mutual affinity (biomolecule partners) generally referred to as
receptor and ligand (but can also be referred to as ligand and analyte as in SPR presented
in section 1.1.1.2.1). It is a measure of the strength of noncovalent intermolecular forces
interactions at specific binding sites in the ligand and its analyte. For example, in antibody-
antigen interactions, binding affinity is the strength with which an epitope (specific

segment on the antigen) binds to a paratope (specific segment on the antibody) or antigen-



binding site on the antibody. This means, the greater intermolecular force between an

analyte and its ligand the higher the binding affinity and vice versa [20-22].

In reality, the binding process between a ligand and an analyte involves a combination
of noncovalent interactions such as hydrogen bonds, hydrophobic interactions,
electrostatic and van der Waals forces between the binding sites on both the ligand
and the analyte. This interaction is dynamic, which means that the relationship
between the concentration of free analyte, ligand and the analyte-ligand complex
exists in a dynamic equilibrium govern by basic reversible biomolecular interaction

expressed as:

[A] + [L] [A.L] (5.1)
kq

Where k, (also referred to as kon or ki) and kq (also referred to as koff or kz2) are the rate
constants for the association and dissociation reaction, respectively and [A], [L], and [A.L]
are the concentrations of free analytes, free ligands, and analyte—ligand complexes at

equilibrium, respectively.

The concentration of analyte-ligand complex at equilibrium can be calculated by the so-

called association constant, Ka, or its reciprocal, the dissociation constant, Kp, by:

K _Kkon _[A.L] 1 5 5
A 7 ko [AI[L] T Kp (5-2)

The association constant, Ka, (with units of M) and its reciprocal, the dissociation
constant, Kp, (units M) are used widely to quantify the strength of a ligand receptor affinity
interaction. The higher the magnitude of Ka (or conversely, the lower the value of Kp), the

higher the affinity of ligand-analyte.

In practical terms, as was introduced in section (1.1.1.2.1), Kp is defined as the
concentration of analyte that leads to 50% occupancy of the ligand’s binding site or in other
words, the concentration of analyte at which the concentration of analyte-ligand complex
equals the concentration of ligand with no analyte bound. This means that a system with

low Kp requires a lower analyte concentration to achieve 50% occupancy.

On the noncovalent binding affinity scale, the biotin—avidin complex investigated in this

chapter comes at the higher end with very strong affinity (around 10> M) comparable to



the strength of weak covalent bonds. Typical antibody-antigen interactions have a binding

affinity in the range of 107 to 10'* M [23-24].
5.1.3.2 Biotin-Avidin immobilizing protocol on Si

Once the sensing region of the Si floating gate of the CM-OFET device is silanized,
biotinylation was performed inside the PDMS chamber of the CM-OFET device. 1 mg of
Sulfo-NHS biotin was dissolved in 0.1 M sodium phosphate buffer solution (SPB) at pH8 and
was injected over the pre-silanized Si surface through the PDMS fluidic channel. After 25
minutes, the biotinylated Si surface was washed with a stream of the SPB (pH8) for several
minutes to remove excess unreacted biotin. The biotinylated Si surface was then exposed
to 0.1 mg of avidin in 0.1 M sodium phosphate buffer solution SPB (pH8) through the PDMS
chamber and left to incubate on the biotinylated Si surface for 25 minutes. Finally, excess

avidin was washed from the surface with SPB (pH8).

The SPB concentration (0.1 M) was selected to ensure that the molecular stack of APTES +
Biotin + Avidin is shorter than the Debye length, Ap, and the molecular charges on the avidin
surface are thus not fully screened by free ions in the buffer solution. The Debye length

was calculated using equation 5.3 [25].

_ € €9 kT
Ap = /—ZNquz (5.3)

Where g is the electrical permittivity of the vacuum, &, is the relative dielectric constant of
the solution, k the Boltzmann constant, T the absolute temperature, Na is Avogadro’s

number, g the elementary charge and / the ionic strength of the solution.

At room temperature, this can be reduced to

€
Ap = 1.085 x 107° /Tr
ST
AD = 1.085 T nm

The relative dielectric constant for SPB was & = 80 [26] while | was calculated using

equation 5.4:

1
I=-¥Licz (5.4)



Where c;is the molar concentration of ion i (M, mol/L) and z; is the charge number of that

ion.

The Debye length for the 0.1 M SPB pH buffer was calculated to be Ap = 10.8nm which is

larger than the APTES + Biotin + Avidin stacking (approximately 6-8nm).

5.2 Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D)

In order to confirm and quantify the effectiveness of the surface biotinylation and avidin
binding protocol, it was initially tested using a quartz crystal microbalance with dissipation
monitoring (QCM-D). Commercial QCM-D systems were developed in the 1990’s by Q-
Sense AB (Goteborg, Sweden) and it is a special variant of the conventional mechanical
QCM sensing technique [27] which has been used for decades to measure film thicknesses

in thin film deposition systems.

The quartz crystal microbalance is an extremely sensitive mass sensor that exploits the
piezoelectric properties of a quartz crystal. A conventional QCM sensor, shown
schematically in figure 5.5, comprises an AT-cut quartz crystal sandwiched between two

electrodes, normally gold.

(a)
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Figure 5.5: Schematic diagram of (a) QCM quartz crystal sensor with drive electrodes, (b) initial

geometry of the crystal before applying the AC drive voltage and (c) oscillation of the crystal upon

applying AC voltage.
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Because of its piezoelectric nature, when an AC voltage is applied between the two
electrodes on the opposite sides of the quartz crystal, the crystal lattice experiences
alternating expansion and contraction. When the applied AC voltage alternates with a
frequency near the resonant frequency of the crystal, the crystal can be seen to resonate
at its fundamental frequency [28-29]. This occurs when the wavelength of the standing
wave produced by the alternating expansion and contraction is twice the thickness of the
crystal. At resonance, the nodes and anti-nodes 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 shown in figure 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) produced by crystal oscillation [30].

When mass is adsorbed to the surface of the quartz crystal, the resonant frequency of the
crystal shifts proportional to the newly added mass. In 1959, Sauerbrey [31] studied and
analysed the physics of the QCM and determined the mass sensitivity of the sensor to be:

CAf
n

Am = (5.5)



Where Af is the change in resonant frequency, Am is the mass of the newly adsorbed layer,
n is the harmonic number and C is the mass sensitivity constant. This relationship became

known after his name and commonly referred to as the Sauerbrey equation.

QCM became popular after Sauerbrey’s findings and began to be used in many applications.
Early applications of QCM were limited to applications in dry environments, notably for the
measurement of film thickness in thin film deposition systems [27]. However, in 1982
Nomura and Okahura [32] demonstrated 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 modified the Sauerbrey equation to account for the liquid
environment, opening up the possibility of QCM as a tool for investigating biological
systems [33]. The use of QCM for biological studies posed a challenge to the Sauerbrey
model. This is because, the linear relationship between added mass and shift in resonant
frequency predicted by Sauerbrey equation assumes the adsorbed film to be relatively thin,
rigid and evenly distributed over the crystal active area to be valid. These three conditions
mean that the adlayer 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 the
oscillation of the crystal [27-29,34]. In these films, the Sauerbrey relationship
underestimates the adsorbed mass and hence, a new and more complex model is needed

to fully quantify the new adlayer beyond the simple Sauerbrey regime [28,35].

Structural flexibility or viscoelasticity can be hidden when simple single parameter QCM
measurement (frequency shift Af) of QCM is used. Investigating the energy loss
(dissipation) in the system alongside frequency shift can reveal more information about
these mechanical characteristics. Dissipation, usually described by the dissipation factor

(D), is described by equation 5.6.

1 1 Edissipated

= 5.6
Q 2n Estored ( )

Here, Q is the quality factor of the resonator while Egissipated and Eswored are the energy

dissipated and stored during one period of oscillation, respectively.



In QCM-D, dissipation is measured by exciting the crystal with a voltage pulse i.e.
periodically switching on and off the driving voltage. The time taken for the oscillation to
decay is recorded during the off state and is related to the energy dissipated in the system

as described in equation 5.7:
2
D= — (5.7)

Here T is the decay time and w is the angular frequency of the oscillation [28,34].

Dissipation in rigid and viscoelastic layers unfolds differently; the energy in viscoelastic

systems dissipates faster than for rigid layers, as shown schematically in figure 5.7.
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Figure 5.7: lllustration of the difference in frequency and dissipation response in a QCM-D system
for rigid and soft films [36].

Combining information from the shift in resonant frequency, Af, with energy dissipated, D,
can provide a finger print of the characteristics of the adsorbed layer, and measurements
of both parameters can be utilized in a comprehensive model that take into account the
viscoelastic properties of the adsorbed layer. The Voigt model (sometimes called Kevin-
Voigt model) is one of the most widely used QCM-D models used to analyse viscoelastic
and soft films [37-38]. In the Voight model, the viscoelastic properties of the adsorbed film

including the density, viscosity, elasticity, and thickness are correlated with the measured



Af and D, so when they are recorded for multiple overtones these parameters can be
estimated (some valid assumptions are needed as the Voigt model deal with multi-

unknown parameters) [37,39].

5.3 Results and discussion

5.3.1 QCM-D results

QCM-D was used to monitor surface biotinylation and subsequent binding of avidin to the
biotinylated silicon oxide surface. Measurements were performed using a Q-sense E4
instrument (Q-Sense, Biolin Scientific, Sweden) with SiO, coated quartz crystal sensors (QSX
303). The frequency and dissipation responses were recorded at the fundamental resonant
frequency (5 MHz) and several overtones (harmonics), n=3,5,7,9, 11 and 13. For clarity,
only the frequency shift, Af, and the dissipation shift, D, for the 3" overtone is presented.
The measurements were conducted at 21°C maintained by a Peltier within the fluidic

chamber.

Four measurements were performed simultaneously, two replicates designed to quantify
the specific binding of avidin to biotinylated crystal (sensors 1 and 2) and two replicates to
investigate the degree of non-specific binding of avidin to a silanized, non-biotinylated

crystal (sensors 3 and 4).

5.3.1.1 Experimental protocol

- Four, SiOz-coated QCM-D sensors were immersed in a 5% APTES IPA solution
overnight (approximately 18 hours) to form an APTES SAM layer. The sensors were
then washed in IPA and dried under nitrogen before being loaded into the four,
independent QCM-D flow chambers.

- After loading the sensors into the QCM-D system, sodium phosphate buffer (SPB at
pH8) was first pumped over both crystal resonators at 20 pl/min and left running
until the frequency and dissipation response curves were stable (Af < 0.5 Hz).

- After astable baseline was obtained, sensors 1 and 2 were biotinylated by exposure
to Sulfo-NHS Biotin (1 mg/mL in SPB, pH8 at 20 pl/min) for 48 mins. Simultaneously,
sensors 3 and 4 (control measurement) were left with SPB (pH8) running through

the system.



- Sensors 1 and 2 were then rinsed with SPB (pH8) to remove unreacted Sulfo-NHS
Biotin and left for approximately 20 minutes until a stable baseline was achieved.
During this time the flow of SPB (pH8), was maintained over sensors 3 and 4.

- Following system equilibration, 0.1 mg/mL of avidin protein in SPB (pH8) was
injected over all sensors and left to flow for 48 mins to couple to the biotinylated
surface of sensors 1 and 2 and to the silanized silica surface of sensors 3 and 4.

- SPB (pH8) was finally injected over all sensor surfaces for 60 mins to remove excess

avidin.

Table 5.1: Summary of QCM-D experiment stages

Sensor | Preparation | Stage 1 Stage 2 Stage 3 Stage 4 Stage 5
1,2 Silanization | SPB to Sulfo-NHS | 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 96% of a 1 ml solution
of Sulfo-NHS biotin and avidin at 20 pl/min; this is to ensure no air bubbles are introduced

to the system if the 1 ml is completely drawn and the vial is emptied.

5.3.1.2 QCM-D measurement

The stages of the QCM-D measurement will first be explained for one measurement of the
biotinylated surface and one non-biotinylated surface. The results of the four sensors will

be presented at the end of the section.



Raw QCM-D data following surface APTES functionalized of the crystals surface of sensor 1

is shown in Figure 5.8.
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Figure 5.8: QCM-D Af and D vs time response for the 3™ overtone to the layer by layer adsorption

on the SiO; coated crystal for sensor 1.

The introduction of Sulfo-NHS-Biotin (stage 2 at around 1,000 s) resulted in a decrease in
resonant frequency and an increase in dissipation indicating the start of the biotinylation
of the crystal surface. After 48 minutes and subsequent exposure to SPB solution to remove
excess Sulfo-NHS-Biotin, new baselines were achieved and the change in dissipation was D
= 2.1 X 10°® while the frequency shift was around -12 Hz. Introduction of the avidin solution
at the beginning of stage 4 (around 5,000 s) resulted in a sharp frequency change (Af = -30
Hz) combined with a small dissipation change, associated with the binding of avidin to
surface immobilized biotin. The final SPB rinse showed negligible change in frequency or

dissipation.

In contrast, as shown in figure 5.9, during the first 3 stages of the experiment performed
on the non-biotinylated surface (sensor 3), both the frequency and dissipation curves were
largely stable as only SPB solution was flowing over the silanized crystal surface. However,
when avidin solution was introduced to the system (at around 5,000s), a shift in frequency
was observed accompanied by a very small change in dissipation indicating avidin
absorption onto the crystal surface. By the end of the avidin injection, the frequency shift

was around -7 Hz while the dissipation was 0.2 X 10°®. In the final stage, flowing SPB solution



to the system resulted in a positive frequency shift by nearly 5.25 Hz indicating mass
removal from the crystal surface, characteristic of the dissociation and release of weakly

bound material back into solution.
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Figure 5.9: QCM-D Af and D vs time response for the 3™ overtone to the layer by layer adsorption

on the SiO; coated crystal for a non-biotinylated surface (sensor 3).

Comparing the binding of avidin to the biotinylated and non-biotinylated surfaces, for the
specific binding of avidin to biotin, the frequency shift due to the avidin binding was much
larger (Af = -30 Hz) than the corresponding frequency shift observed due to nonspecific
binding to the silanized surface (Af = -7 Hz). This is as expected due to the less dense
coverage of the crystal surface from nonspecific binding of avidin. Both sensors showed
very small dissipation shift (= 0.07 X 10®) indicating rigid coupling to the crystal surface.
The final washing stage after avidin deposition also confirmed that avidin was bound to the
surface of sensor 1 with high affinity, as flowing SPB solution did not alter the frequency of
the system indicating that avidin remains tightly bound to the biotinylated surface. In
contrast, flowing SPB on sensor 3 resulted in a positive frequency shift (Af = 5.25 Hz)
suggesting dissociation of avidin molecules bound non-specifically from the surface. These

measurements confirm the effectiveness of the avidin binding protocol.



The frequency and dissipation responses (frequency shift, Af, and dissipation shift, D) for

the 4 sensors (using the 3™ overtone) are shown in figure 5.10 and 5.11, respectively.
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Figure 5.10: QCM-D Af vs time response for the 3™ overtone to the layer by layer adsorption on the

4 crystal sensors.
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Figure 5.11: QCM-D D vs time response for the 3™ overtone to the layer by layer adsorption on the

4 crystal sensors

Itis clear that the responses shown by the two sensors used to investigate specific and non-
specific avidin binding are consistent. Table 5.2 and figure 5.12 summarize the estimated
avidin mass adsorbed to each of the 4 sensors, based on the frequency shift and Sauerbrey

equation (5.5) with the mass sensitivity constant C = 17.7 ng.cm2.Hz™.. It must be noted



that, as a result of the change in dissipation associated with biotinylation of the surface,

the mass calculated using the Sauerbrey equation is likely to be overestimated.

Table 5.2: Estimated avidin mass adsorbed to each of the 4 investigated sensors.

Specificl  Specific2 Nonspecificl 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 5.12: Estimated 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 5.13.

The estimated surface coverage from the calculated mass of the specific binding
measurement is 1.6 x 102 avidin molecules/cm?. This value is within the same range of

previously reported surface coverage of similar QCM-D study [40].
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Figure 5.13: The average calculated final avidin mass adsorbed in the carried-out measurement for

specific and nonspecific binding to the QCM-D sensors. Error bars are £SD.

5.3.2 CM-OFET results

As discussed in chapter 4 (section 4.1), a charge on the surface of the CM-OFET sensing
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 reflected in a shift in the source drain

current.

Here, the charge sensitivity of the CM-OFET is explored for detecting the change in local
charge which occurs upon biotinylation and subsequent binding of avidin to the sensing
region. The biosensing capabilities of the CM-OFET device was tested at pH = 8, at which,
the biotin is neutral, but following avidin binding, the surface will become positively
charged, as the avidin has an isoelectric point, pl = 10 — 10.5 [14,41-42]. The change from
neutral to positively charge surface after avidin binding should lead to negative gate voltage

shift and a reduction in the source drain current.

Similar to the investigation performed for pH sensing (chapter 4), the protein sensing
capabilities of the CM-OFET was investigated by quantifying the change in source-drain

current as a consequence of the redistribution of charge in the floating gate induced by the



change in sensing region surface charge. The maximum source-drain current, IspMax, was
used to compare the response of the device at each phase of surface functionalization.
Here, IsoMax was extracted from the transfer characteristics and defined as the current
measured at a gate voltage (applied through the control gate), Vs = -40 V and a constant
drain voltage, Vp = -40 V. In addition to specific binding of avidin to biotinylated CM-OFET,
non-specific adsorption of avidin to a silanized surface of the CM-OFET sensing device i.e.

without prior biotinylation, was also investigated.

5.3.2.1 Specific binding of avidin to biotinylated CM-OFET devices
Measurement protocol for (SPB - NHS-Biotin - Avidin) test:

First, a CM-OFET 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 variation in IspMax
between successive measurements became less than +8%. After that, the NHS-Biotin
solution (1 mg/mL in SPB pH8) was introduced to the sensing region and left to incubate
for 25 minutes. Excess NHS-Biotin was rinsed from the surface using the same SPB (pHS8)
solution and the output/transfer characteristicc were measured three 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 left to incubate for 25 minutes. After 25 minutes
the excess Avidin (unbound avidin) was washed away from the sensing region using the
same SPB (pH8) solution and the output/transfer characteristics were again measured

three times spaced by 25 minutes.
Results

This series of measurements was repeated for nine devices and the response of each CM-
OFET was then compared at the two different stages of surface functionalization (following
biotinylation and after exposure to avidin, respectively). Figure 5.14 shows an example the
raw data of one CM-OFET biosensor. Figures 5.15 to 5.23 show the average of the recorded
maximum source drain current, IspMax, at the two stages of surface functionalization for
the 9 different CM-OFETs. Note, in the last three samples (Devices 7,8 and 9) only one

measurement was taken for biotinylation stage.
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Figure 5.14: The raw data of the three measurements after biotinylation of the sensing region of

one CM-OFET device and three measurements after avidin binding.
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Figure 5.15: The average measured IspMax for CM-OFET device 1 for (a) 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 covered sensing surface.

Error bars are #SD.
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Figure 5.16: The average measured IspMax for CM-OFET device 2 for (a) 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 covered sensing surface.

Error bars are #SD.
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Figure 5.17: The average measured IspMax for CM-OFET device 3 for (a) 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 covered sensing surface.

Error bars are #SD.
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Figure 5.18: The average measured IspMax for CM-OFET device 4 for (a) 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 covered sensing surface.

Error bars are #SD.
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Figure 5.19: The average measured IspMax for CM-OFET device 5 for (a) 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 covered sensing surface.

Error bars are #SD.
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Figure 5.20: The average measured IspMax for CM-OFET device 6 for (a) 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 covered sensing surface.

Error bars are #SD.
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Figure 5.21: The average measured IspMax for CM-OFET device 7 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 solution on the avidin covered sensing surface.

Error bars are #SD.
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Figure 5.22: The average measured lspMax for CM-OFET device 8 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 solution on the avidin covered sensing surface.

Error bars are #SD.
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Figure 5.23: The average measured IspMax for CM-OFET 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 solution on the avidin covered sensing surface.

Error bars are #SD.



The magnitude of the current differs between devices due to differences in the quality of
the organic semiconducting layer. In order to quantifiably compare CM-OFETs, the
measured sensing response was translated into a percentage change in IspMax relative to
the IspMax base line. Specifically, the percentage change in IspMax for a biotinylated CM-

OFET following exposure to avidin was calculated as follows:

Avg IgpMax (Av) — Avg IgpMax (Biotin) o

Avg IgpMax (Biotin) 0
Here, Avg IspMax (Av) is the average IspMax of the three measurements following exposure
to avidin while Avg IspMax (Biotin) is the average IspMax of the biotin baseline. The
response of all CM-OFET biosensor devices following exposure to avidin is presented in

table 5.3 and graphically in 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.
Devicel Device2 Device3 Device4 Device5 Device6 Device7 Device8 Device 9
Change % 10.7 -8.9 -1.7 6.4 2 6.2 0.12 4.4 -4.2
Error % +3.5 +7 5 +1.2 +0.8 +2.7 4.7 +5.6 2.7

Figure 5.24 demonstrates a lack of consistent change in source drain current when the
biotinylated devices are exposed to avidin. Considering the magnitude of the error bars,
the measured source drain current after avidin deposition for devices 3,5,7 and 8 cannot
be consider to conclusively increase or decrease relative to the measured source drain
current prior to avidin deposition. For devices 1,4 and 6, the measured source drain current
after avidin deposition increases moderately relative to the measured source drain current
before avidin deposition, corresponding to an increase in current of 10.7% + 3.5,6.4% + 1.2
and 6.2% * 2.7 for devices 1, 4 and 6 respectively. This increase in current is the opposite
to the reduction in current expected for a positively charged avidin layer at pH8. Only two
devices (devices 2 and 9) showed the expected response after avidin deposition with a
decrease in source drain current of -8.9% + 7 and -4.2% t 2.7, respectively. However, here

the change in source drain current Isp(Av) relative to the source drain current of Isp(Biotin)



was below 10%, which is comparable to the measurement to measurement change in

source drain current inherent to the CM-OFET device.
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Figure 5.24: Comparison of average percentage change in IspMax after avidin deposition IspMax (Av)

relative to the IspMax (Biotin) before avidin deposition for the nine biotinylated CM-OFET devices.
5.3.2.2 Nonspecific avidin binding test using CM-OFET devices
Measurement protocol for (SPB - Avidin) test:

First, a CM-OFET 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 variation in IspMax
was less than +4% between successive measurements. After that, avidin solution (0.1
mg/mL of SPB pH8) was introduced to the sensing region and allowed to incubate for 25
minutes. After 25 minutes the excess Avidin was washed away using SPB (pH8). Finally,
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 repeated for four devices and the response of each CM-
OFET was then compared at the two different stages of surface functionalization (silanized

surface and after exposure to avidin). Figures 5.25 to 5.28 show the average of the



recorded maximum source drain current, IspMax, at the two stages of surface functiona-

lization for the 4 different CM-OFETs.

-6.8E-08

-6.6E-08 '|'

-6.4E-08 l [

-6.2E-08 |

-6E-08

Max Source-Drain current I;;Max (A)

-5.8E-08
SPB Avidin
Figure 5.25:
The average measured IspMax for CM-OFET device 1 for (a) The last three transfer characteristics
recorded with SPB solution on silanized sensing surface, (b) The three measured transfer
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Figure 5.26: The average measured IspMax for CM-OFET 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 solution on nonspecific avidin covered sensing surface. Error

bars are £SD.
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Figure 5.27: The average measured IspMax for CM-OFET device 3 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 nonspecific avidin covered sensing surface. Error

bars are £SD.

-4.15E-08

-4.1E-08 I

-4.05E-08 \ [
-4E-08 \

-3.95E-08

Max Source-Drain current I;;Max (A)

-3.9E-08
SPB Avidin

Figure 5.28: The average measured IspMax for CM-OFET device 4 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 nonspecific avidin covered sensing surface. Error

bars are £SD.



Again, in order to compare the responses of the four devices, the measured sensing
response following exposure to aviding was translated into a percentage change in IspMax
relative to the IspMax base line, here the silanized sensor surface. This is shown in table 5.4
and figure 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 non-biotinylated,

silanized CM-OFET 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
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Figure 5.29: Average percentage change in IspMax after avidin deposition IspMax (Av) relative to
IsoMax before avidin deposition for the non-biotinylated, silanized CM-OFET biosensors. Error bars

are +SD.

It is clear from figure 5.29 and table 5.4, that the magnitude and sign of the percentage
change in source drain current after avidin deposition varied significantly between devices.
Furthermore, the measurement error between successive measurements was significant.
It is thus likely that the observed changes are associated with variations inherit to the OSC
characteristics, rather than due to changes in charge in the sensing region due to avidin

binding.



5.4 Discussion of the Si/SiO2. CM-OFET biosensor

It is clear from the results of this chapter and the previous chapter of a CM-OFET based pH
sensor, that the proposed Si/Si0, CM-OFET device does not display the sensitivity required
to detect the change in surface charge within the sensing region of the device that occurs
due to a chemical or biochemical interaction. Therefore, it is appropriate to reflect on what

could be at fault in this proposed device.

It is instructive to compare the Si/SiO, CM-OFET fabricated here to the similar CM-OFET
transistor developed by Lai et al., and that was successfully employed as a charge sensitive

device for detecting biochemical interactions [43].

A schematic diagram of the CM-OFET device employed by Lai et al. [43] for monitoring DNA
hybridization is depicted in figure 5.30. Four key differences can be highlighted between
this device and the Si/SO, CM-OFET device developed in this thesis.

1. Sensing region materials: The sensing region within the Si/SO, CM-OFET was the
degenerately doped Si surface which was silanized in order to integrate functional
chemical groups. The Device of Lai et al. was an aluminium floating gate capped
with a gold layer. The gold layer was included for biocompatibility and ease 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 to affect the sensing mechanism.

2. Gate dielectric: The Lai et al. devices employed a hybrid gate dielectric layer
consisting of a very thin (= 6 nm) Al,Os layer grown on the Al floating gate capped
with a Parylene C layer. The Parylene C layer can play two roles, first it can serve as
a barrier layer to cover the thin Al,03 grown by UV-Ozone treatment which is likely
to contain pinholes. Parylene C can also reduce the concentration of traps at the
interface with the OSC compared to bare Al,O3 which is known to have a high
concentration of surface traps [44]. While this does not influence the fundamental
detection mechanism, the potential reduction in trap states provided by the
Parylene C could be beneficial in terms of the operational stability.

3. Floating gate area: Due to patterning, the floating gate in the Lai et al. device has a

smaller area than the degenerately doped Si floating gate used in the Si/SO, CM-



OFET, However, the area of the floating gate was shown to have no effect on the
threshold change, AVty, in the CM-OFET due to a change in charge in the sensing
area [45].

4. Device geometry: While the area of the floating itself does not impact on the CM-
OFET sensitivity, the arrangement of the floating gate with respect to the other CM-
OFET electrodes is however critical. This will be discussed in more detail in the

following section.
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Figure 5.30: (a) Cross section of CM-OFET device proposed by Lai et.al [43]; the employed materials

are reported in the palette; (b) the layout of the device.

5.5 Gating by the control gate; the effect of device geometry

In the CM-OFET biosensor, the transistor is typically biased into the operating regime via a
control gate electrode that is capacitively coupled to the floating gate. The efficiency of this
gating mechanism is dependent on the geometry and layout of the device electrodes. To
understand and quantify this dependency, a simple model of the device structure was
developed (figure 5.31) that can be used to understand the relationship between the

various geometrical components of the device and the device characteristics.

As can be seen in figure 5.31, in addition to the control gate, both the source and drain

electrodes are also capacitively coupled to the floating gate. The potential applied 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 to analyse the contribution of each capacitively coupled

electrode. From Figure 5.32, charge conservation yields equation 5.8:

Qs =Qo—Qcg—0Qp (58)

Where Qs is the total charge accumulated in the floating gate opposite the source
electrode, Qq is the inherent charge trapped in the floating gate, Qcg is the charge induced
on the floating gate by the control gate and Qpis the charge induced on the floating gate

by the drain electrode. Equation 5.8 can also be expressed as:

(Veg = Vs)Cs = Qo= (Vrg — Veg)Ceg — (Veg — Vp)Cp (5.9)

VFgCS + VFgCCg + VFgCD = V5C5 + VCgCCg + VDCD + QO (593)
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Figure 5.31: Capacitive coupling in the CM-OFET device and simplified equivalent circuit considering

only capacitive contributions.



Where Vg is the floating gate voltage, Vs is the source voltage, Cs is the capacitance
between the source and floating gate, Vg is the control gate voltage, Ccg is the capacitance
between the control gate and floating gate, Vp is the drain voltage and Cpis the capacitance
between the drain and floating gate. Rearranging 5.9a and setting Vs = 0 (grounded),

equation 5.9a becomes:

Vig = — - ——Q,  (5.10)

—— Ve, + V,
Cegt Cs+Cp €9 1 CegtCstCp P Cegt CstCp

From equation 5.10, it is clear that the contribution of the control gate to the total floating

. c . . .
gate voltage will be ¢ch and the contribution due to the drain electrode
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Figure 5.32: Charge distribution and charge conservation in floating gate.
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Since all electrodes (source, drain and control gate) are separated from the floating gate by
the same dielectric layer with a constant thickness, the expressions of the capacitance ratio
can be simplified to be an area ratio. The contributions of the control gate and drain

electrodes in terms of the electrode areas will be:

ACg

Control gate contribution ——=——V,
Acg+ As+ Ap

Ap

Drain contribution is ————
Acg+ As+ Ap

Vb

According to these terms, if the device has large source and drain electrodes, their
contribution to the floating gate potential is increased relative to the contribution 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 arrangement in the Si/SiO, CM-OFET device, shown in figure
5.33, the surface area of source and drain electrodes overlaps fully with the common Si

floating gate beneath the SiO; dielectric.

(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 e’

Figure 5.33: Electrodes geometrical dimensions and the Si/SiO, CM-OFET device general layout.

In this structure, the area of the control gate is 0.07 cm? and each S/D electrode has a
surface area of 0.0305 cm?. At the maximum applied voltage (Vcg = Vp = -40V), the

contribution of each electrode to the gating of the device is:

Acg

Acg+ As+ Ap VCQ = (0‘07/0'131) x-40 =-21.374V

Ap

— 4y =(0.0305/0.131) x -40 = -9.313V
Acg+ As+ Ap

Which means the overall biasing is -30.7V, i.e. 77% of the intended gating and the control

gate only contributes by 53% of the intended gate and 70% of the effective gating.

Here, the intended gating is the desired biasing applied by the SMU to the control gate (i.e.
-40V) and effective gating is the sum of biasing contribution 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 contribution 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 electrodes as illustrated in figure 5.34.
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Figure 5.34: The relationship 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 floating gate, in this design the floating gate is Al and the
dielectric layer is Al,Os. In the modified Al/Al,Os structure (figure 5.35), the overlap of the
S/D electrodes with the patterned Al gate is reduced significantly (from 0.0305 cm? to
0.0055 cm?), which in turn reduces capacitive coupling of the source drain voltage to the

floating gate.

Figure 5.35: Al/Al,0; CM-OFET device with modified electrodes’ layout.



Furthermore, due to the large dielectric constant of the Al;03, the maximum required
applied voltage in the transfer characteristics is significantly reduced from -40 V to -5 V.
Due to the reduced overlap between S/D electrodes and the floating gate, the contribution
of the control gate will be (0.07/0.081) x -5 = -4.32 V and the drain contribution is
(0.0055/0.081) x -5 = -0.34 V.

Which means that the overall biasing is -4.66V, 93% of the intended gating out of which the
control gate contributes by 86% of the intended gate and 93% of the effective gating. The

drain contribution is only 6% of the overall intended gating and 7% of the effective gating.

It is clear from the previous calculations that the implication of having a large overlap
between the S/D electrodes and the floating gate electrode is that the device will have
smaller overall biasing and reduced control on the biasing by the control gate, moreover,
due to the contribution of the drain electrode to the gate voltage, the conducting channel
in the OSC will be turned ON even with 0 V applied to the control gate, making the

estimation of Vtu difficult.

The effect of having relatively large source and drain electrodes can be observed in both
the output and transfer characteristics of the Si/SiO; CM-OFET. The difference in the
behaviour of the output characteristics for the Si/SiO, device and the modified Al/Al,O3
device are displayed in figure 5.36 and 5.37, respectively where the effect of reducing the

effective source and drain areas can be seen.

In the output characteristics of the Si/SiO, device, the large contribution of the drain
electrode in the biasing of the device causes bending in the output curves. For example, at
0 V gate voltage, only a very low current is expected to be drawn from the device, due 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 channel. However, the
gating effect of the drain voltage in the Si/SiO, CM-OFET is considerable, leading to a linear
increase in source drain current with drain voltage (highlighted by the red rectangle in
figure 5.36). By reducing the source and drain areas this effect is minimized as can be seen

from the output curves of the modified Al/Al,O3 device in figure 5.37.
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Figure 5.36: An example of an output characteristics of a Si/SiO, CM-OFET device. Red rectangle

indicate increase of Isp with Vsp increase.
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Figure 5.37: An example of an output characteristics of an Al/Al,0; CM-OFET device. Red rectangle

shows the massive reduction in of Vp gating.



The effect of the large source/drain electrode overlap is also evident in the transfer
characteristics. Here, the current is recorded as a function of gate voltage with the
transistor biased in the saturation regime i.e. where Vspis large. For the Si/SiO, devices in
which the area of overlap between the source and drain electrodes and floating gate is
large, the large Vsp means that a large charge is induced in the floating gate, which gates
the transistor channel such that it is either be on or turned on in the positive gate voltage
range of the transfer characteristics (within the selected operating gate voltage range), as
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 turned fully OFF in the Al/Al>O3

device, as can be seen in figure 5.40.
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Figure 5.38: An example of a transfer characteristics of a Si/SiO> CM-OFET device (transistor on

from start).
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Figure 5.39: An example of a transfer characteristics of a Si/SiO, CM-OFET device (transistor turn
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5.6 Device geometry and sensitivity

The geometry of the device also has an impact on the sensitivity of the CM-OFET when
operated as a sensor. This can be modelled by the addition of an additional term, Qsens, into
equation 5.10, which accounts for charge accumulated in the sensing area from the sensing

activity:

_ Ceq Cp 1
Veg + Vi + 5.11
Ccg+ Cs+Cp ¢g Ccg+ Cs+Cp D Ccg+ Cs+Cp (QO - QSens)

Vig
The overall contribution of charge in the sensing area to the floating gate voltage is thus:

QSens
Ceg + Cs + Cp

Again, a large overlap between the S/D electrodes and floating gate will reduce the effect
of Qsens, and thus the sensitivity of the sensor. Recently Lai et.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 charge accumulated in the sensing area
(equation 5.12) they deduced a relationship between the sensitivity of the device and the

areas of the other device elements.
_ —Qsens
AVpy = —2 (5.12)
Cror
Here, Cror, is the total capacitance of the device. The sensitivity of the device, defined as

| dVTH/dQSens | ) iS thus:

= L ! (5.13)

CiAsens ATOT/ASens -1

| dVry
dQsens

Where C; is the capacitance per unit area of the gate dielectric layer, Asens is the surface
area of the sensing region, Aror is the sum of all areas composing all elements of the device
(including Asens, area of the control gate Acg, As/Ap, the area of the area of S/D electrodes

and the transistor channel area width (W)x(L) length).

For a given gate dielectric layer, the sensitivity can be optimized by tailoring the different

areas in the device to tune the Aror/Asens ratio. The smaller the Ator/Asens ratio the higher



the sensitivity. In the Si/SiO, device the Aror/Asens ratio = 9.184 while in the modified

Al/Al,03 CM-OFET, the Ator/Asens ratio = 5.51.

5.7 The trade-offs of the design

1-

The sensitivity of the charge modulated device can be tuned by the Aror/Asens ratio;
increasing sensitivity can be achieved by decreasing this ratio. This can be achieved
by having a large sensing area that comprises the largest surface area of the sensor.
However, according to the sensitivity equation (5.13), the sensing area is also
inversely proportional to the sensitivity so reducing the areas of other elements in
the sensor device is a more rational approach.

Other areas that can be reduced to reduce the total area of the sensor device
include the control gate area Acg, the areas of the S/D electrodes, As and Ap, and
the transistor channel area. While these can be reduced, care must be taken to
ensure the area of the control gate electrode, Acg, is considerably larger than As and
Ap to ensure proper control over biasing of the device.

Reducing the surface area of the source and drain electrodes relative to the control
gate area, Acg, and the sensing area, Asens, must be performed with care as these
also influence the output source-drain current. According to the Isp equation (see
chapter 1, equation 1.9), Isp is directly proportional to the transistor channel width,
W, which corresponds to one of the S/D electrodes dimensions, so reducing this

dimension will reduce the measured source-drain current, Isp.

In the modified Al/Al,03 CM-OFET, the transistor channel width W was maintained while

the length of the overlap between the source and drain electrodes and the floating gate, Ls

and Lp, respectively were reduced, as in figure 5.41.

5.8 The modified Al/Al,Os CM-OFET device behaviour as a transistor

In the modified device, the dielectric constant for Al;03 is 9-10; nearly 2.5 times higher than

that of the SiO;. Moreover, due to the uniformity and defect free nature of ALD deposited

layers, it was possible to reduce the thickness of the Al,Os gate dielectric layer to only 40



nm compare to 300 nm for the Si/SiO; CM-OFET. Together, 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 Si/SiO2-based CM-OFET sensor to only (0 to -5V) for the Al/Al,O3 CM-OFET.

Figure 5.41: Comparison between the effective S/D areas As/Ap in the CM-OFET Si/SiO,and Al/Al,O3
devices (W=1mm and Ls=Lp=10.5mm for Si/SiO; devices and W=1mm and Ls=Lp=1.5mm for Al/Al,O;

devices).

An example of the output and transfer characteristic of the Al/Al,O3 CM-OFET device 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 was relatively low
compared to the S/SiO, CM-OFET devices. The highest maximum source drain current

produced among all device was around 70 nA and the vyield 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 cm?V-1S* and the ON/OFF current ratio was 109+68.

The interface of the Al,03 with the OSC is believed to be the cause for the reduced source
drain current and low mobility. High k dielectrics such as Al,O3 are more polar compared to
SiO; and that can increase the energetic disorder at the interface with the OSC, which
results in a higher localization of the charge carriers and reduced field-effect mobility. A
simple solution to reduce this effect is the formation of a self-assembled monolayer (SAM)

on the Al;Os surface prior to OSC deposition [47-49].

Fumagalli et.al. [50] studied the effect of different SAMs (differing in the polar head group
and alkyl chain length) on the electrical properties of transistors with an ALD Al,O3 gate
dielectric. They concluded that the length of the SAM is the most important parameter in
improving transistor performance. A long chain SAM, such as n-octadecyltrichlorosilane
(OTS), moves the active channel of the OSC away from the disordered surface dipoles
present on the surface of Al;03. 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 Al,0s. Critically, SAM modification is simple and
does not required chemical vapor deposition (CVD) instrument to produce as in Parylene C

layer.

5.9 Conclusions

This chapter discussed the use of the Si/SiO; CM-OFET 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 subsequent avidin binding was presented. The effectiveness of the
protocol was confirmed using QCM-D measurement which validated both the specific
avidin binding to the biotinylated surface and minimal nonspecific avidin binding to a

silanized surface.

Using the CM-OFET device, the binding of avidin to the biotinylated Si gate surface was

investigated. Experimental results on a nine, nominally identical biotinylated CM-OFETs



showed significant variation between devices and no clear indication of sensitivity to the

change in charge accumulated in the sensing region following avidin binding.

This chapter then discussed and analysed the shortcomings of the Si/SiO2 CM-OFET sensor
and proposed a modified CM-OFET sensor based on Al/Al,O3 as gate and gate dielectric
layers. The shortcomings of the geometrical arrangement of the Si/SiO2 CM-OFET sensor
were discussed and solutions to overcoming some of the Si/SiO> CM-OFET limitations were
proposed for implementation in the design of new modified Al/Al,03 CM-OFET sensor.
Practical trade-offs in the design of the modified CM-OFET device were also investigated.
Finally, measurements of the AI/Al,03 CM-OFET as a transistor have shown typical
transistor behaviour, validating the design and fabrication approach. While the measured
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/Al,03 CM-OFET layout, the inherent measurement/current noise level seen
in tested fabricated Si/SiO, CM-OFET devices attributed to the Tips-pentacene deposition
method is considerably high (largely within £10%), and could still presents a sensitivity issue
for the modified Al/Al,03 CM-OFET. The improved sensitivity response that can be achieved
by the new geometrical layout optimization may still be hampered by the existing noise
associated with the current fabrication (particularly the OSC deposition method).

Therefore, this needs to be addressed in order to produce a functioning CM-OFET.
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Chapter 6
Conclusions and Future Works

6.1 Conclusions

Despite the scale of research and potential opportunities for innovative biosensors, the
majority of these technologies have had very limited market success. This 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 in the academic literature are often too expensive to use or manufacture, limiting
their widespread use, or require laboratories and trained people to operate. This reality
will continue to motivate researchers to innovate and develop new biosensor technologies

that are inexpensive, easy to fabricate and use-friendly alternatives.

A potential candidate for such new technologies are biosensors based on organic electronic
devices. These devices are easy to fabricate, employing the mass fabrication technologies
established within the microelectronics industry, employ inexpensive organic materials,
amenable for miniaturization, opening up the possibility of portable analysis, and

compatible with microfluidic system integration.

This thesis has presented a study into the fabrication, characterisation and application of
such an organic biosensing device based on the recently developed charge-modulated
organic field effect transistor (CM-OFET). This device architecture is very much in its
infancy; to the best of our knowledge this concept has been investigated by a single group
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
biosensors. 1) 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 agueous sample. 2) the device is biased through
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. Academic literature on the CM-OFET is to date very limited and



the concept has yet to be widely explored, particularly alternative approaches for

fabrication and application of the technology for protein sensing.

The thesis has primarily investigated the characteristics of a CM-OFET biosensor that was
based on widely available Si/SiO; substrate. Here, the degenerately doped silicon substrate
forms the gate electrode while the silica layer acts as the gate dielectric on which the
organic semiconductor layer is assembled between metallic electrodes. This fabrication
approach was adopted due to its simplicity, requiring minimal fabrication steps, and
compatibility with conventional microfabrication technology. Despite the simplicity,
limitations associated with the geometrical layout and high voltage operation associated
with the thickness of the dielectric layer led to a modified design. This second design
employed Al/Al,O3 as gate and gate dielectric layers and was designed to comply with the

geometrical considerations for optimum operation of the charge-modulated device.

Chapter 3 presented rigorous electrical characterisation of the CM-OFET operating as a
transistor biased using both the Si gate and the capacitively coupled control gate electrode.
The chapter also investigate how environmental effects, such as electrical noise,
temperature and light, influence the CM-OFET 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 a functioning Si/SiO2 CM-OFET. Critically, the yield
for working devices showing transistor-like behaviour with maximum source drain current

> 10nA was more than 90%.

In chapter 4, the application of the CM-OFET device based on Si/SiO; as a sensor for
monitoring pH was explored. In the chapter, the sensing mechanism was thoroughly
explained, including how to render the surface of the floating gate within the sensing region
sensitive to local pH by functionalizing the sensing region of the device with 3-
aminoproyltrimethoxy-silane (APTES) SAM. This functionalization was confirmed using
standard surface analytical technique, namely XPS. Finally, electrical measurements of the
CM-OFET devices were presented and discussed. Measured results demonstrated that the
response of the CM-OFETs to pH change was inconsistent. In particular, the response of the

device to change in local pH was found to show no trend across all devices and the



percentage of source drain current change (apart from very limited cases) was comparable

to the fluctuation in source drain current change due to inherent behaviour of the device.

Chapter 5 focussed on the application of the Si/SiO; CM-OFET device for protein detection,
here the model biotin-avidin system. The same APTES coated surface used for pH detection
was also used here to provide a chemical reactive amine group for immobilization of biotin
modified with a reactive NHS ester. The biotinylation protocol was verified using QCM-D
measurements which confirmed biotinylation of the silanized QCMD crystal and specific
binding between avidin and biotinylated sensor surface. The chapter then moved on to
discuss the sensing mechanism by which the avidin binding can be detected in the
fabricated CM-OFET device. Here, sensing exploits the charge sensitivity of the CM-OFET to
detect the change in surface charge between 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 reduction in the source drain current. Again,
experimental results for avidin detection were inconsistent and comparable to the inherent

device noise.

Reflecting on the performance of the CM-OFET device both for pH sensing and avidin
binding detection, an alternative design was presented to account for the effects of device
geometry on the CM-OFET biosensor sensitivity. This alternative design was based on an
Al/Al,03 material system. The change from Si/SiO; to Al/Al,Os addresses two major
shortcomings in the Si/SiO2 device. Firstly, the high operating voltage required for Si/SiO>
due to the low dielectric constant of SiO; and the large oxide thickness. Al,O3 has nearly
2.5 times higher dielectric constant which enabled a significant reduction in the operating
voltage. The second limitation of the Si/SiO, CM-OFET was the device geometry. Optimum
performance for the CM-OFET device requires careful consideration of the electrode
geometry, and in particular the overlap between source and drain electrodes with the
control gate. The alternative Al/Al,03 CM-OFET presented in chapter 5 was designed to
account for these geometrical effects. Finally, the Al/Al,O; CM-OFET was tested and was
shown to exhibit behaviour typical of an organic transistor. 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 to a low carrier mobility attributed to the high



surface energy of the Al;Os gate dielectric layer. A potential solution was given to this

problem in the form of SAM modification to Al,Os gate dielectric layer.

6.2 Future Works

Evidently the main priority for further work regarding this research project is the
experimental investigation of the modified Al/Al,O3; CM-OFET for sensing applications. A
single experiment to test the Al/Al,03 CM-OFET for pH sensing showed encouraging signs
of the device’s response to pH as 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 Si/SiO, CM-OFET. It must be noted that, this has only been shown for a
single device and for three different pH levels and this characteristic needs to be confirmed.
Also, the percentage of source drain current change decreased over time due to the

reduction of the device’s current. This ageing behaviour needs further investigation.
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Figure 6.1: Experimental results of pH sensing using an Al/Al,03 CM-OFET device, the figure shows
the percentage change in IspMax for three independent measurements (at 3 different pH levels).
Here, the transfer characteristics of the device 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 the Al/Al,03 CM-OFET needs to be improved. One

possible solution is the use of a SAM at the OSC-gate dielectric interface. The use of n-



octadecyltrichlorosilane (OTS) SAM has been reported to improve the mobility in OFET
devices with Al,Oz as the dielectric layer. The use of a SAM intermediate layer can also help
regulate molecular ordering of the OSC layer which could lead to a more reproducible OSC

leading to a reduction in the device to device source drain current variability.

Enhanced mobility may also 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 mobility can theoretically result in higher source drain current

change per unit gate voltage shift, this in turn should increase sensitivity.
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Figure 6.2: Theoretical effect of mobility on maximum source drain current change per unit gate

voltage shift for Al/Al,03 CM-OFET (Al,O03 40nm).

The OSC solution deposition method needs to be also be investigated and optimized. The
simple drop casting method chosen for this work, although 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 deposition 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 solution deposition 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 design can produce a functioning

CM-OFET.

From a technological point of view, for the Al/Al,O3 based device, anodization of the Al
layer, rather than deposition via ALD, is a concept worth revisiting. Such a process greatly
simplifies device fabrication and reduces fabrication cost. The use of substrates with a high

surface roughness, such as Mylar plastic sheet could be a good starting choice.

A final suggestion regards the time domain measurement, Isp vs time. Results presented in
chapter 4 showed that the response of the CM-OFET 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 continuous biasing is 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/SiO, CM-OFET device
fabrication steps

A.1. Si/SiO; Substrate Preparation and Cleaning

1- Cut Si/SiO, wafer 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 ultra-sonication 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.1: Clean Si/SiOz substrate.

A.2. Sensing area realization

1- Cover one end of the sample with an insulating tape.

2- Place the sample on the spinner chuck.

3- Dispense photoresist (51813) 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 minutes, and then rinse

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 hard-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.2: Si/SiO; substrate covered with photoresist with one end exposed.

A.3 Contacts formation

a- Photolithography and metal deposition

Photolithography

1- Clean sample in Piranha solution (H2S04 7:3 H,03) 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 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 sample on 190C° hotplate for 1 minute.

10- Place the sample back on the spinner chuck.

11- Dispense photoresist (51813) 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 the Mask-Aligner 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- Develop 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.1: Photolithography recipe

Spin Speed Time Temperature Notes
Primer (HMDS) 4000 rpm | 30sec | Room temperature
Primer bake 1 min 190 C°
Photoresist 5000 rpm | 1min | Room temperature
[€1Q12)
Soft bake 3 min 110C°
Exposure 5 sec Dose (22mW/cm?)
Developer (351 1 min | Room temperature shake
microposit)
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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 second boat.

Lay the samples on a holder 10-15cm 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 1X10™ mbar start evaporation
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 is deposited (thickness monitor reading) and then close
the shutter, turn off the current supply and let boat cool down.
After 5-10 minutes (when pressure is back to 1X10 mbar) turn on heating on the
Au source.

Slowly increase current until Au pellet start to melt.

Open shutter and adjust deposition rate to be approximately 1A°/sec.

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.

After 20+ minutes vent the vacuum chamber and collect the samples.

Lift-off

Soak the sample in Acetone for 15 minutes.

Sonicate for 5-30 seconds (until majority of photoresist is removed).

Transfer to fresh Acetone beaker and leave for 15 minutes.

Sonicate for 0.5 to 5 minutes (depending on the cleanness of the channel between
S and D electrodes).

Transfer sample to IPA beaker.

Sonicate for 30-90 seconds (depending on the adhesion of Au).

Dry with Nitrogen.



b- Metal deposition via shadow mask

1- Mount two Tungsten Evaporation boats in place 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 holder 10-15cm above the Ti/Au evaporation sources.

4- Position the samples against the mask (each sample against a set of transistors’
contacts).

5- Seal the evaporation chamber and pump it down for 2+ hours.

6- Once the evaporation chamber pressure is below 1X10° mbar 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 and let boat cool down.

10- After 5-10 minutes (when pressure is back to 1X10-> mbar) 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 open until 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.3: Si/SiO; substrate with Si exposed at one end and S/D and control Gate contacts

patterned at the other end.



A.4 OSC (Tips-Pentacene) Preparation and Deposition

Preparation

1-

Tips-Pentacene as received from (University of Leeds Biology Lab or Sigma Aldrich)

is dissolved in Toluene in 10 mg/ml.

2- Poly(a-methylstyrene) (PaMS) as received from (Sigma Aldrich) is dissolved in
Toluene in 10 mg/ml.

3- Using an analytical weighing balance the two prepared solutions are mixed in Tips-
Pentacene 7:3 PaMS weight ratio wt%.

Deposition

1- Clean Samples in Piranha 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 Micro-pipette apply a droplet of Tips-Pentacene/PaMS mixture onto the
S/D region of the fabricated sample.

6- Cover the sample and leave for slow solvent evaporation for 20-30 minutes.

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 formation, if 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 Tips-Pentacene on top of the patterned S and D completes the fabrication

of a bottom contact OFET.

Figure A.4: A complete Si/SiO2 OFET including deposited OSC (Tips-Pentacene/ PaMS).



A.5 Microfluidic chamber making

1- Measure a 50ml of PDMS (pre-polymer) precursor in a plastic cup.
2- Add 5ml of the curing 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 the PDMS mixture over the 3D master mold.

7- Place in 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.

(a)

(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-
2-

10-

11-
12-
13-
14-
15-

16-
17-
18-
19-

Clean sample in Piranha solution (H2S047:3 H202) for 5 minutes.

Dip the sample in a large beaker of DI water to remove the majority of the Piranha
residue.

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 seconds.

Blow dry sample with nitrogen gun.

Heat the sample on 110C° hotplate for 1 minute.

Load the sample in a UV-Ozone cleaner for 5 minutes treatment.

Prepare 5ml of 5% APTES solution in IPA by volume in a 50ml centrifuge tube.
Immerse the cleaned sample uprightly in the 5%APTES solution, covering only the
sensing region.

Leave the sample immersed in the functionalizing solution overnight
(approximately 18 hours).

Remove the sample from the functionalizing solution and immersed in a beaker of
IPA and shake for 1-2 minutes.

Remove the sample from the IPA beaker and give it a quick rinse with IPA.

Dry with nitrogen gun.

Put a pre-prepared PDMS chamber in an IPA beaker and sonicate for 3 minutes.
Remove PDMS chamber from IPA and dry with nitrogen gun.

Load the PDMS chamber to the UV-Ozone cleaner and turn on the UV light source
for 5 minutes to activate the silanol groups on the PDMS surface.

Mount the PDMS chamber to the sensing region of the sample.

Transfer the sample to a 90C° hotplate.

Pour liquid PDMS around the corner of the PDMS chamber.

Leave PDMS to cure for 20 minutes.

If performed after OSC deposition

1-
2-

Cover the contacts and OSC region with para-film.
Dip the sensing region (exposed Si) of the sample in Piranha solution (H;S04 7:3

H,0,) for 3-5 minutes.



9-

10-
11-
12-
13-
14-
15-

16-

17-

18-

Dip the sensing region (exposed Si) of the sample in a large beaker of DI water to
remove the majority of the Piranha residue.

Dip the sensing region (exposed Si) of the sample in a second beaker of DI water for
a minute.

Blow dry sample with nitrogen gun.

Put a pre-prepared PDMS chamber in an IPA beaker and sonicate for 3 minutes.
Remove PDMS chamber from IPA and dry with nitrogen gun.

Load the PDMS chamber to the UV-Ozone cleaner and turn on the UV light source
for 5 minutes to activate the silanol groups on the PDMS surface.

Mount the PDMS chamber to the sensing region of the sample.

Transfer the sample to a 90C° hotplate.

Pour liquid PDMS around the corner of the PDMS chamber.

Leave PDMS to cure for 20 minutes.

Prepare 1ml of 5% APTES solution in IPA by volume in a micro-centrifuge tube.
Connect tubing to the inlet and output of the PDMS chamber.

Using a micro-pump draw a 100-200ul of the functionalizing APTES solution to the
sensing region inside the PDMS chamber.

Leave the functionalizing APTES solution resting on the sensing region inside the
PDMS chamber overnight (approximately 18 hours).

Using the micro-pump flow IPA through the PDMS chamber for 5 minutes to wash
away the un-attached APTES molecules.

Disconnect tubes and leave sample to dry before use.

Figure A.6: A complete Si/SiO, CM-OFET-sensor with functionalized sensing region and

integrated PDMS microfluidic chamber.



Appendix B: Masks

B.1 Photo-Mask Design

Using L-Edit software provided for drawing ICs layout designs a photo-mask was designed

to perform the photolithography stages necessary for the fabrication of the OFET/Sensor.

The photo-mask depicted in figure B.1a is of a 3” diameter and is divided to three main
regions, the sides of the 3” diameter photo-mask are packed with multiple source and drain
contacts structure (see b figure B.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.

(a)

(b) (c)

Figure B.1: (a) A depiction for our designed Photo-Mask, (b) S/D first geometry and (c) S/D

second geometry.

The middle part of the photo-mask was divided into two regions. The upper half contains
the gate contact patterns for the first photolithography stage in a bottom 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 (figure B.1c) 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 with solution
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 of choice 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 CM-OFET device, the first mask was
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 figure B.2). Rectangular disks in the design separating S/D sets were utilized
as control gate contacts. This mask was used to make S/D and control gate contacts for

both designs of the CM-OFET devices (Si/SiO2 and Al/Al,03).

30, 40, 50. 60, 40 um  [insae OFET mask

Capyright Ossila Limited 2008 - 2012

Figure B.2: A picture of the shadow mask ordered from Ossila Ltd for source, drain and

control gate patterning.



B.2.2 Al gate patterning

In the second CM-OFET design based on Al/Al,03, a second shadow mask was in-house
made in the electronic engineering laboratories and used for depositing the Al gate layer

as can be seen in figure B.3

Figure B.3: A picture of the shadow mask made in-house for Al patterning.



Appendix C: Al/Al,03 CM-OFET devices
fabrication steps

C.1. Si/SiO Substrate Preparation and Cleaning

1- Cut Si/SiO, wafer to appropriate samples sizes.

6- Blow samples with nitrogen gun to blow of debris.

7- Put samples in Acetone Beaker and sonicate in an ultra-sonication bath for 3 minutes.
8- Transfer to a beaker of isopropanol IPA and sonicated for another 3 minutes.

9- Blow dry with nitrogen gun.

Figure C.1: Clean Si/SiO; substrate.

C.2. Al metal deposition via shadow mask

1- Prepare a tungsten evaporation wire with Al rings around it.

2- Mount tungsten evaporation wire in place in the evaporation machine.

3- Lay the shadow mask on a holder 10-15cm above the Al evaporation sources.

4- Position the samples against the mask (each sample against a gate pattern).

5- Seal the evaporation chamber and pump it down for 2+ hours.

6- Once the evaporation chamber pressure is below 1X10° mbar start evaporation
process.

7- Using a manual Dial start heating the Al source by feeding a high current across the
resistive evaporation wire with the Al source (keep the Al source shuttered).

8- Slowly increase current until Al rings start to melt.



9- Open shutter until 50nm is deposited (thickness monitor reading) and then close
the shutter, turn off current supply and let boat cool down.

10- After 20+ minutes vent the vacuum chamber and collect the samples.

Figure C.2: Pattern Al on Si/SiO; substrate

C.3. Al,03 deposition (ALD)

1- Rinse samples with DI-water for 20 seconds.

2- Put samples in Acetone beaker and sonicate in an ultra-sonication bath for 5
minutes.

3- Transfer to a beaker of isopropanol IPA and sonicated for another 2 minutes.

4- Blow dry with nitrogen gun.

5- Insert samples to the ALD reaction chamber through a load-lock system.

6- Apply in-situ Oz plasma for 1 minutes at 200C2 300W.

7- For first half-cycle apply TMA and then purge the system (200C2 300W).

8- For second half-cycle O; plasma then purge the system (200C2 300W).

9- Repeat deposition cycle for 351 times at (0.114nm/cycle) to deposit 40nm.

Figure C.3: Si/SiO; substrate with patterned Al gate and Al,Os gate dielectric on top (Al203

transparent).



C.4. Au metal deposition via shadow mask

Mount two Tungsten Evaporation boats in place in the evaporation machine.

Load one Ti pellet in one boat and one Au pellet in the second boat.

Lay the shadow mask on a holder 10-15cm above the Ti/Au evaporation sources.
Position the samples against the mask (each sample against a set of transistors’
contacts).

Seal the evaporation chamber and pump it down for 2+ hours.

Once the evaporation chamber pressure is below 1X10™ mbar start evaporation
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 is deposited (Thickness monitor reading) and then close the

shutter, turn off current supply and let boat cool down.

10- After 5-10 minutes (when pressure is back to 1X10> mbar) 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 open until 30nm is deposited (Thickness monitor reading) and then

close the shutter and let boat cool down.

14- After 20+ minutes vent the vacuum chamber and collect the samples.

Figure C.4: Al/Al,O; sample with S/D and control Gate contacts patterned at one end.



C.5 Sensing area realization

1- Prepare diluted 319 microposit developer solution 1:3 water.

2- Dip the designated sensing region in the diluted developer solution for 30 seconds.

3- Remove the sample swiftly from the developer solution and dip a beaker of DI water
for 30 seconds.

4- Immerse the sample in a second beaker of DI water for 2 minutes.

5- Dry the sample with nitrogen gun.

Figure C.5: Al/Al,03 sample with S/D and control gate contacts patterned at one end and

Al exposed at the other end.

C.6. OSC (Tips-Pentacene) Preparation and Deposition
Preparation

1- Tips-Pentacene as received from (University of Leeds Biology Lab or Sigma Aldrich)
is dissolved in Toluene in 10 mg/ml.

2- Poly(a-methylstyrene) (PaMS) as received from (Sigma Aldrich) is dissolved in
Toluene in 10 mg/ml.

3- Using an analytical weighing balance the two prepared solutions are mixed in Tips-

Pentacene 7:3 PaMS weight ratio wt%.
Deposition

1- Blow sample with nitrogen gun.

2- Load the sample in a UV-Ozone cleaner for 5 minutes treatment.



8-

Using a Micro-pipette apply a droplet of Tips-Pentacene/PaMS mixture onto the
S/D region of the fabricated sample.

Cover the sample and leave for slow solvent evaporation for 20-30 minutes.

Check under optical microscope for crystals formation.

If crystals have not satisfyingly formed a second droplet is applied.

Check again under optical microscope for crystals formation, if crystals still not
satisfyingly formed strip the layer by dissolving in Toluene and start the process
from step 1 again.

Anneal the sample on a hotplate at 80C° for 20 minutes in ambient condition.

Depositing the Tips-Pentacene on top of the patterned S and D completes the fabrication

of a bottom contact OFET.

C.7 Microfluidic chamber making

See A.5 (Appendix A)

C.8 Gate sensing region functionalization and fluidic chamber integration

If performed before OSC deposition

1-

9-

Place samples in Acetone Beaker and sonicate in an ultra-sonication bath for 1
minutes.

Transfer to a beaker of isopropanol IPA and sonicated for another 1 minutes.

Blow sample with nitrogen gun.

Load the sample in a UV-Ozone cleaner for 5 minutes treatment.

Prepare 5ml of 5% APTES solution in IPA by volume in a 50ml centrifuge tube.
Immerse the cleaned sample uprightly in the 5%APTES solution, covering only the
sensing region.

Leave the sample immersed in the functionalizing solution overnight
(approximately 18 hours).

Remove the sample from the functionalizing solution and immersed in a beaker of
IPA and shake for 1-2 minutes.

Remove the sample from the IPA beaker and give it a quick rinse with IPA.

10- Dry with nitrogen gun.

11- Put a pre-prepared PDMS chamber in an IPA beaker and sonicate for 3 minutes.



12- Remove PDMS chamber from IPA and dry with nitrogen gun.

13- Load the PDMS chamber to the UV-Ozone cleaner and turn on the UV light source
for 5 minutes to activate the silanol groups on the PDMS surface.

14- Mount the PDMS chamber to the sensing region of the sample.

15- Transfer the sample to a 90C° hotplate.

16- Pour liquid PDMS around the corner of the PDMS chamber.

17- Leave PDMS to cure for 20 minutes.

If performed after OSC deposition

1- Clean sensing region with DI water by dipping the sensing region only

2- Dry with nitrogen gun.

3- Put a pre-prepared PDMS chamber in an IPA beaker and sonicate for 3 minutes.

4- Remove PDMS chamber from IPA and dry with nitrogen gun.

5- Load the PDMS chamber to the UV-Ozone cleaner and turn on the UV light source
for 5 minutes to activate the silanol groups on the PDMS surface.

6- Mount the PDMS chamber to the sensing region of the sample.

7- Transfer the sample to a 90C° hotplate.

8- Pour liquid PDMS around the corner of the PDMS chamber.

9- Leave PDMS to cure for 20 minutes.

10- Prepare 1ml of 5% APTES solution in IPA by volume in a micro-centrifuge tube.

11- Connect tubing to the inlet and output of the PDMS chamber.

12- Using a micro-pump draw a 100-200ul of the functionalizing APTES solution to the
sensing region inside the PDMS chamber.

13- Leave the functionalizing APTES solution resting on the sensing region inside the
PDMS chamber overnight (approximately 18 hours).

14- Using the micro-pump flow IPA through the PDMS chamber for 5 minutes to wash
away the un-attached APTES molecules.

15- Disconnect Tubes and leave sample to dry before use.



Figure C.6: A complete Al/Al,03 CM-OFET-sensor with functionalized sensing region and

integrated PDMS microfluidic chamber.



Appendix D: How to extract the figures of
merits

Utilizing the transfer and output characteristics the following parameters which evaluate

the performance of the fabricated Si/SiO, OFET devices can be extracted:

Mobility ON/OFF ratio | Onset Threshold | Sub-threshold
HFET lon/ lorr Voltage Vso | Voltage Vru | Swing S

All the transfer characteristics measurements were collected at saturation. The mobility
and the threshold voltage Vi are extracted by exploiting equation (D.1). Plotting of the
square root of Isp against the gate voltage, the slope of the line = (WCip/2L)”* and from the

line equation y=a+bx aty =0i.e. Isp” =0, Vru = -a/b.

Wwuc;
(Vg — Vp)? (D.1)

Ips =

Ci is the capacitance per unit area of the gate insulator = €, o /t

Where € is the free space permittivity and € is the relative permittivity of the silicon

dioxide (gate insulator) and t is the oxide thickness.

Ci=(3.9X8.854 X 10 F/cm) / (300X107 cm) = 11.51nF/cm?
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Figure D.1: Plot of Isp” vs Vg at saturation for one of the fabricated OFETs.

Slope = (WGp/2L)% = p = (slope)2. 2L/ WG = (2.71X10°)? .2. 50X10%/ (2000X10* X
11.51X109), u = 3.2X103 cm? V-1 S,

The table in figure D.1 shows that the intercept a = - 1.9X10%4, the slope b = - 2.71X10
Vru=-a/b =1.9X10%/-2.71X10°=-7 V

The Onset Voltage Vso, the ON/OFF current ratio (lon/ lorr) and the sub-threshold swing S

were extracted from the Logio plotting of the transfer characteristic as in figure D.2.
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Figure D.2: Transfer characteristic at saturation (Logio Iso vs V) for one of the fabricated

OFETs.

The Onset Voltage Vso is the voltage at which the current stat to rise (Vso= -4V in figure
ap4.2), loreis Isp just before the rise (lorr = 4.37X10722A) and lon is Isp at Ve= -40 (i.e. at the
highest gate voltage lon = 8.7X107A) giving lon/ loer = 2X10%, for the sub-threshold swing S
it was estimated as the number of volts per current decades between the Onset Voltage

and Threshold Voltage

S = (Vru— Vso) / [Logio Isp(VTH) - Logio Iso(Vso)] which equal to 1.6V/dec for this device.



Appendix E: Fitting a stretched exponential
function to Isp decay curve

The stretched exponential function for source drain current decay is:

B
Isp (t) = Isp (0) exp [— (%) l (E.1)

Isp(t) t\P
15 (0) = exp I— (;) l (E.1a)

Taking the Log for both sides

ISD (t) t\P
9155 (0) (?) (E.2)

Fitting a y = a.x° to the curve as shown in figure E.1. Here y = Log [lsp(t)/Isp(0)], a =-(1/T) ?
and B =hb.

0.0 + [
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— Plot CM-OFET 3
S 0.2 - a -0.06722 + 4.13739E-4
3 e b 0.34+0
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Figure E.1: Fitting of stretched exponential function to source drain current decay in dark for one
CM-OFET.









