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Abstract

Recently, organic electronics have increasingly gained attention for many different appli-
cations thanks to the unique properties of organic materials such as flexibility, low-cost
fabrication and biocompatibility.

The latter allows organic materials to be used as active part for biosensors, mainly
based on FET structure.

This works deals with the development and characterization of an Electrolyte-Gated
Organic Field-Effect Transisor (EGOFET) for the detection of a tumoral biomarker
known as Angiopoietin-2, using two commercially available p-type organic semiconductors
(OSCs), P3HT (poly(3-hexylthiophene-2,5-diyl)) and P3CPT (poly|[3- (5-carboxypentyl)
thiophene-2,5-diyl|), both based on polythiophene.

The physical background is introduced in order to better understand and exploit the

sensing mechanisms of the devices.

A detailed study of the stability of the two polymers under different working condi-
tions is carried out and interesting results are obtained, suggesting the presence of some

charge trapping phenomena or some electrical polarization of the OSC.

The sensing tests involving Ang-2 have provided promising results when dealing with
P3CPT-based devices, for which a quite sensitive response to different concentrations of
the target molecule was recorded.

Also, P3HT with the current device configuration has proven to be unable to detect

Ang-2, probably due to its low capacitance with respect to the gate’s one.
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Introduction

1.1 Purpose of this work

The work consists in the development and testing of an Electrolyte-Gated Organic Field-
Effect Transistor (EGOFET) - based sensor by means of a deep study of its stability in
time and its sensing application through electrical characterization and real-time current
measurements. The purpose of the project was to find the best configuration for the
sensor to be able to achieve the detection of Angiopoietin-2 (Ang-2) by playing with

several parameters:

e Organic semiconductors: PSHT (poly(3-hexylthiophene-2,5-diyl)) and P3CPT (poly|3-
(5-carboxypentyl) thiophene-2,5-diyl|);

e Microfluidic optimal geometry;

This research is part of the DEFLECT project, which focuses on the early diagnosis of
lung cancer by means of the detection of tumor biomarkers in physiological fluids (liquid
biopsy). This justifies the choice of Angiopoietin-2 as target of the sensing, being it a
growth factor that plays an important role in the angiogenesis and vascular permeability
related to cancer. Many studies have reported an enhanced expression of Ang-2 in lung

cancer tissues N I Bl suggesting it as a useful marker for tumor early diagnosis.

After a general overview about organic field-effect transistors (OFETs) and biosen-
sors in chapter 1, the discussion will move to the theoretical background (chapter 2). In
particular, the electrical and physical description of FETs is presented, focusing on Or-
ganic FETs and Electrolyte-Gated Organic FETs. The theory of Electrical Double Layer
(EDL), on which the sensing mechanism of EGOFETSs is based, is then treated followed
by the detailed description of the two organic semiconductors used in this work for the
realization of the sensors. Chapter 3 is dedicated to the fabrication of the sensor, the

description of the measurement set-up and the measurement protocols and finally the



biological functionalization of the device. All the results about both the stability and the

sensing tests are presented and discussed in chapter 4.

The whole thesis work has been carried out at Politecnico di Torino, in Nanoscience

Laboratory and Chilab Materials and Microsystems Laboratory, DISAT department.

1.2 General aspects of organic FETs and biosensors

The core element of this work is a biosensor based on an Electrolyte-Gated Organic Field-
Effect Transistor (EGOFET) for the detection of biological molecules.

The main idea is to have a smart and disposable sensor to be employed in clinical
analysis that eventually could be exploited in point-of-care (POC) application. In this
context, electrochemical biosensors are the ideal devices. They rely on the modification
of physical/chemical characteristics of an active material due to a reaction between the
bio-recognition element and the analyte. Usually they are based on a Field-Effect Tran-

sistor.

The need for a smart detection system that could be also miniaturized, scalable and
low-cost drives the attention on Organic FETs instead of silicon-based ones. In fact,
organic materials have several advantages: they’re lighter, more flexible, they can be
processed at very low temperature and with low cost technologies like printing tech-
niques, which makes them suitable for mass production [ B8l The possibility to have
bio-compatible organic materials makes them the most promising choice for biosensors.
Moreover, the functionalization of the surface with proper biological receptors allows for

high selectivity, that is one of the most important features a biosensor is required to have
[6]

The device of interest of this work, the EGOFET, is a further evolution of OFETS,
where an electrolyte is included in the structure. Its presence is a crucial element for
biological applications since it allows operation in aqueous environments, so that even
the use of water as liquid electrolyte was reported [l. Moreover, EGOFETs display much
higher gate capacitance (up to ~ 1000 higher) than other types of OFETs and this allows
to work at much smaller voltages than those necessary for OFETs (< 1V instead of
> 10V or even higher) ¥,

All these features, in addition to the ones previously discussed about the organic

material, make EGOFETs the most promising candidate for the development of new



biosensors.

In recent years, examples of EGOFET-based biosensors can be easily found for the
detection of pro-inflammatory cytokines ! ([fig. 1.1]), drugs!* (|fig. 1.2]), enzymes '],
dopamine "2 and a lot of other applications, justiifying the high interest these devices

have acquired as part of a new frontier of biosensing.

Affimer % o B8 e T
//@j/ incubation L LR

Figure 1.1: Schematic drawing of the experimental set-up and components of EGOFET im-

munosensor by M. Berto et al 1]

Figure 1.2: Schematic drawing of the experimental set-up and components of EGOFET im-

munosensor by M. Sensi et al 10



Theoretical background

As already said, EGOFETSs belong to the family of OFETs, from which they differ for the
presence of an electrolyte replacing the gate oxide. In this case, the electrolyte is liquid
and it electrically couples the organic semiconductor with the gold gate.

When a voltage is applied to the gate, the ions in the electrolyte will rearrange on
the gate/electrolyte and polymer/electrolyte interfaces depending on their charge sign,
so two EDLs are formed. For this reason it is also convenient to introduce the physical
aspects of EDL to fully understand the working principle of the device, along with a

discussion about the organic semiconductors used in this work.

Unfortunately, a definitive model for the OFET transport mechanism is still to be
developed. Anyway, the MOSFET model can be applied in a first approximation to

electrically describe the device behavior M 1131,

2.1 MOSFETs

A simplified structure of an n-channel MOS is shown in [fig. 2.1|. Tt is composed by a
p-doped silicon substrate called body, an oxide layer covering the center part of the body,
an electrode called gate on the top of the oxide and two lateral heavily n doped regions

(opposite to the body doping type) called source and drain. The region between source

Source @? sabe Oxide

@ Drain

Body l
(Substrate)

Figure 2.1: Simplified structure of an n-channel MOSFET [14]

10



and drain, where current flows, is called channel.

For an n-channel MOS as in [fig.2.1], a positive voltage applied on the gate electrode
Vas can attract the electrons from the n™ regions below the oxide, where they will fill
the holes due to the p-doping of the body and they will form the n-channel. In case of
reverse doping type, a negative Vg is required to have a holes current flow and the MOS
is said to be a p-channel MOS.

It is important to remember that MOSFETs are threshold-based devices, that is |Vgg|

has to be bigger than a threshold value V};, in order to switch on the device.

Depending on Vg, three operational modes are possible. For the n-MOS 4 [14] [15]

these are:

e Accumulation regime: when |Vis| << Vj;, an electric field from the substrate
towards the gate is created. This means that the gate electrode is negatively charged
so positive charges, i.e. holes, accumulate at the surface of the substrate for charge

balance;

e Depletion regime: As Vg increases and overcomes the so called flat band poten-
tial Vep (voltage value at which the energy bands of the system are flat), the gate
becomes positively charged. The holes in the substrate are repelled so the surface

is depleted of charges:;

e Inversion regime: Vg is sufficiently high to attract electrons from the source to
the surface, so that an inversion layer is formed and the conductive channel connects

the source and the drain.

The current flowing in the device Ipg is measured as function of the voltage applied
between source and drain Vpg, that is responsible for the actual movement of charges,
provided that |Vgg| > Vin. The typical behavior of Ips(Vps) is shown in [fig. 2.2], where

three regions can be easily noticed 19,

e For small Vpg, the channel behaves as a linear resistance and the value of the current
is simply given by

wCor W

Ips = —7 [(Vas — Vin)Vbs] (2.1)

This is called linear region;

e At higher Vpg, the voltage drop across the channel increases gradually from the

source towards the drain and consequently the voltage between the gate and the

11
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Figure 2.2: Output characteristics of a MOSFET [14

channel decreases from the source to the drain. Since the channel depth depends on
this voltage, it is no more uniform and its resistance increases. Hence the behavior
of the current is not linear anymore but it is given by a quadratic expression, leading

to the quadratic region:

G W

Ips i

1
(Vas — Vin)Vps — §V55 (2.2)
When Vpg > (Vs — Vi) the device is said to be in saturation region since every
further increase of the voltage does not affect the current anymore. This happens
because the channel at the drain has reached zero depth (so called pinch-off), so

the current saturates at:

G W

Ips 7

VDQS,sat (23)
where Vpssat = (Vas — Vin)

In these equations, W is the width of the channel, L is the length, u is the mobility

of the carriers responsible for the current flow and C,, is the oxide capacitance per unit

gate area. Typically, C,, is in the order of femtoFarad (fF = 1071 F), L is in the range
of [0.03 — 1] wm and W is in the range of [0.05 — 100] pm 16,

Another important electrical characteristic to consider is the transfer characteristic,

namely the behavior of the current Ipg depending on the gate voltage Vg when the

drain-source voltage is fixed in the saturation regime ([fig. 2.3]).

12
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Figure 2.3: Transfer characteristic of a MOSFET. Adapted from [1!

In this region, Ipg goes quadratically with Vg, being Vps = Vigg — Vip. 1t is easy then
to extract one of the most important figure of merit of the device, the threshold voltage
Vin, that gives information about the switching of the MOS, through the intersection of
V/Ips and the horizontal axis V.

One could also calculate the transconductance g,,, that tells how much the channel
current is sensible to variations of the voltage Vi;g. Graphically, it is the slope of the

transfer curve and it can be derived from eq. 2.3 as

0lps w

= s :ucoxf (Vas — Vin) (2.4)

Im
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2.2 Organic FETs and EGOFETs

OFET structure
Source| Drain
0SC Ves
2
& dielectric §
" Gate " |3 |_
v(ﬂ
N

Figure 2.4: Typical OFET device structure [

OFETs are a modification of the previously discussed MOSFET. A typical OFET
consists of an organic semiconductor film, three electrodes (gate, source, and drain), and

a gate dielectric (insulator) ([fig. 2.4]).

Its working principle is basically the same of the MOSFET, except for the working
regime. Considering a p-type organic semiconductor, the application of a negative Vg
leads to the formation of an accumulation layer of positive charges at the organic semi-
conductor (OSC)/insulator interface, so the device is said to operate in accumulation

mode.

The transport mechanism is different too: while for inorganic semiconductors charges
move through the channel thanks to drift through a band of states, in organic materials
carriers move by sequential hopping between different states . Because of this, the con-
ducting channel is highly sensitive to external stimulus, so that OFETs can be utilized
as sensors 1!

A detailed description of organic semiconductors and their electrical properties will

be addressed in the following chapter.

EGOFETs are a further modification of OFETs: the gate electrode is separated from
the organic semiconductor by an electrolyte and source and drain electrodes, isolated
from the electrolyte, provide electrical contact to the channel [fig. 2.5].

Only capacitive processes occur for EGOFETs 8. In fact, considering a p-type
EGOFET with a negative Vg applied on the gate, positive ions will accumulate at

the gate/electrolyte interface and negative ions will accumulate at electrolyte/semicon-

14



Figure 2.5: Simplified structure of an EGOFET [17]

ductor interface. This in turn leads to accumulation of positive charges (i.e. holes) in the
topmost layer of the organic semiconductor, that is the formation of FElectrical Double

Layer (EDL), making the channel conductive and allowing the flow of current.

The aqueous environment allows the possibility to guarantee bio-compatibility and
in-situ sensing of molecules. Moreover, the functionalization of a surface in contact with
the electrolyte provides very high selectivity to the sensor. Both gate and OSC surface
can be modified with different techniques, even though gate functionalization is to prefer

since it is normally isolated from the channel regions, thus channel properties are not
affected 191,

The EDL can be seen as a capacitor whose capacitance is inversely proportional to
the charge separation. Its thickness is extremely small, typically less than 0.1A in metals
and few A in electrolytes, so the capacitance can reach tens of wF/cm? which enables

the transistor to be operated at very low potentials '],

Some attempts to derive a specific model for EGOFETs were recently done by Tu D.
et al. 1181 who proposed a dec model to simulate the static performance of EGOFETs.
Basically, the charges accumulated in the channel are considered being contributed from
voltage-dependent EDL capacitance and the voltage-dependent contact effect and short-
channel effect are also taken into account with the introduction of two parameters y and

v, EDLC voltage-dependent factor and Enhancement Mobility factor respectively.

Anyway, MOSFET equations turn out to be well suited and predictive for the electrical
description of these devices, so that all the derivation of the most important figures of
merit when dealing with the sensing experiments in this work will follow the methodology

previously discussed.

15



-

Cs
Coio
VE'.
Ret
CUSC

Vig | L_g%

Figure 2.6: Simplified electronic circuit to model an EGOFET bioelectronic sensor integrating

a biorecognition layer attached to the gate 18l

2.3 Theory of EDL

An Electric Double Layer (EDL) is formed when an electric field is applied between two
electrodes separated by an electrolyte (liquid or solid). More specifically, when a voltage
is applied, cations and anions composing the electrolyte are attracted towards the surface
of the electrode that is oppositely polarized in order to satisfy the charge balance. Thus
the EDL is the space including the charge layer of the electrode surface and the ions of
the electrolyte, as shown in [fig. 2.7].

Charging Complete Discharging

=

Electrolyte

Electrode Electrode Electrode \ / Electrode Electrode Electrode
Electric double layer

Figure 2.7: Schematic representation of an EDL formation process [1°!
More accurately, the charge layer in the electrolyte is further composed by two layers:
the Stern layer and the diffuse layer 2°). The former is the very first layer of ions that are

strongly absorbed on the electrode surface due to the high electrostatic attractive force,

while the latter is composed of mobile charges of the electrolyte that move thanks to the

16



electrostatic interaction. Rigorously, also the Stern layer can be divided in two further
layers, Inner Helmholtz Layer and Outer Helmholtz Layer, depending on whether the ions
are specifically or non-specifically adsorbed. Of course, the excess of ions decreases with
the distance from the electrodes and the dimension of the diffuse layer decreases with

increasing ions concentration.

The EDLs at the interfaces can be considered as nanometer-thick capacitors. The
capacitance estimation is generally assumed to follow that of a parallel-plate capacitor
[20].

‘ €-€0A
A
where ¢ is the vacuum permittivity, €, is the effective dielectric constant of the EDL,

C:

and A is the Debye screening length, that is the thickness of the double layer.
More specifically, the total capacitance of the EDL is given by the series of the Stern

layer’s and the diffuse layer’s capacitances:

L1,
Ctot CS tern Cdi ff

(2.5)

and it is governed by the smaller of the two, typically Csiepr.

It is easy to demonstrate that thanks to the formation of the Stern layer within only
a few A, very large capacitances are achieved. In fact, considering a typical value of
A~ 1nm, Ciy > 1 uF/em? can be reached, which exceeds the capacitances of conven-

tional ‘high-k’ dielectrics such as T'a3Os by an order of magnitude 21,

The Debye length is the characteristic distance over which the electric field is screened
by the charges of the EDL and it defines the exponential decay of the potential in the
electrolyte:

p(2) = Ceap—- (2.6)

where ( is the so called zeta potential, that is the potential at the beginning of the EDL

(o(z = 0)).
Rigorously, the exponential decay occurs in the diffuse layer only, while the Stern layer
is concerned with a linear drop of the potential, so the zeta potential should be defined

as p(z = zq4ifs) at the beginning of the diffuse layer.

The Debye length is specific of each solution and it is defined by:
A=
o

17



where D is the Diffusion constant of the electrolyte, € is the dielectric constant and o is
the ionic charge of the electrolyte.

In sensing application, A is an important parameter to consider since it represents
the distance over which detection is not possible anymore 1?2, even though more recent
researches have proven that detection beyond Debye length is possible 123 24,

For instance, Palazzo et al. 123l demonstrated an EGOFET sensor capable to detect
events at distances that are 30 times A also in presence of high salt concentrations. The
mechanism of sensing was ascribed to an additional in-series capacitance due to the pro-
tein layer of the gate functionalization that was shown to be insensitive to the Debye

length value.

Anyway, generally a trade-off is necessary: it would be desirable to have large EDLs
in order to increase A through diluted solutions, but biological applications require highly
concentrated solutions. For example, as will be discussed later, in this project PBS 0.01x
with A = 7.3nm 1?2l was exploited to work with anti-Ang-2 antibodies (typically, anti-

bodies size is around ~ 5 — 15nm [291).

It is easy to understand that the sensing process is possible thanks to the properties
of EDL: when a reaction occurs between the biochemical receptor and the target, the
interfacial potential changes and it leads to the channel current response by the EDL
capacitive effect 1201,

Moreover, it has been proven that the charge injection from the source electrode 7]
and the threshold voltage of the device 12! are highly influenced by the gate work function,
that is specific of each metal. Therefore it is reasonable to assume that the effective gate
potential is affected by the binding events that modify the capacitance of the biolayer
Cpro (|fig. 2.6]) and consequently a variation in the threshold voltage and/or the drain

current of the device can be observed 1181,

18



2.4 Organic semiconductors

Recently, organic materials have been extensively employed in large-area electronics, such
as displays [l B wearable electronics 1132133 solar cells 4 35136 and much more
complex applications thanks to their unique properties as light weight, mechanical flexi-
bility, availability, affordability, and easy low-cost processing techniques such as printing,
dip-coating, drop casting, grafting and more "exotic" techniques like nano-imprinting

technologies [371 381 139

Differently from inorganic materials, organic compounds have a disordered structure
1401 "je. they do not present a perfect long-range crystalline structure. Consequently
they do not have a properly defined band structure and energy bands and charges are
localized on single molecules with the charge transport limited by the so-called hopping

mechanism 411

In organic compounds, carbon atoms undergo hybridization of their orbitals. It con-
sists in a linear combination of the s and type atomic orbitals during the bonding of
atoms, so that new molecular orbitals are formed. Depending on the number of p or-

bitals involved in this process, there can be three different types of hybridization:

e sp hybridization, when the valence s orbital mixes with one of the valence p orbitals

leading to the formation of two new equivalent hybrid orbitals in a planar geometry;

e sp? hybridization, when the valence s orbital mixes with two valence p orbitals

leading to the formation of three new equivalent hybrid orbitals;

e sp? hybridization, when the valence s orbital mixes with all the three p valence
orbitals leading to the formation of four new equivalent hybrid orbitals in a tetra-

hedral geometry.

Considering the ethylene molecule, where C atoms are hybridized sp?, the overlapping
of the hybridized orbitals gives rise to the so-called o bond, while the remaining p orbitals
establish the so-called m bond perpendicularly. The electron cloud is delocalized between
the two atoms ([fig. 2.8]) and the electrons can move from one carbon atom to another;

" [42 " All the organic macro-

such a delocalized structure is characterized by "conjugation
molecules that are characterized by a backbone of alternating single and double bonds
(so that the overlapping of p-orbitals creates a system of delocalized electrons) are said

to be "m-conjugated systems".

19



When the wave functions describing the orbitals are in-phase and their combination
is characterized by a constructive interference, the final molecular orbital is a low-energy
one and it is said to be bonding, otherwise the high-energy anti-bonding orbital is formed.
Therefore the molecule’s energy levels are divided into HOMO (Highest Occupied Molec-
ular Orbital) and LUMO (Lowest Unoccupied Molecular Orbital), with a gap in between,
as represented in [fig. 2.9]. For Organic Semiconductors (OSCs), since the energy split-
ting of m bonds is smaller than that of ¢ bonds, electronic processes occur energetically

favorably on p orbitals [,

- hond

@ bond

2p, 2p,
HQ o O_...--H ,Ht;:'cw H
Hf"'".é ~H H o 5

N ——

Figure 2.8: Ethylene molecule, formation of o and 7 bonds 1431 [44]

As already mentioned, the lack of a defined band structure is reflected in a particular
type of carrier transport: the hopping. Differently from crystals, that are characterized
by drift transport in conduction or valence band (depending on the charge carrier), in
OSC the conjugated states are separated by energy and space so a continuous transport
of carrier is not possible. Hopping can be seen as a thermally activated tunnel effect of

1],

electrons between conjugation units The transition probability between two states

is therefore based on phonon-assisted tunnel effect and it is described by the Miller-

20
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Figure 2.9: HOMO and LUMO energy levels. The anti-bonding molecular orbital is denoted

with a ™ [49]

Abrahams model, which combines an Arrhenius dependence on the temperature and an
exponential dependence on the distance between the two levels involved in the jump 16!,

Later, the model was refined by Rudolf A. Marcus (Nobel prize, 1992). In his model,
the transition of an electron between two states is no more a simple tunneling problem,
but it can be seen as an exchange of a polaron (that is a quasi-particle representing the
combination of the charge and the lattice distortion 1), so that also the polaron binding

energy plays an important role in the transport rate [,

Given the hopping-based nature of the charge transport mechanism, the mobility
associated to the OSC - based transistors is much smaller compared to the one of inorganic
FET 1,

In order to achieve high carrier mobilities, it has been shown that high long-range
order of the polymer chains is an important factor. In this way, efficient chain intercon-

nections between the sites of the polymer are assured 9.

Crystalline polymers turn out to be the best candidates for high-mobility applica-
tions. In this work, P3HT (poly(3-hexylthiophene-2,5-diyl)) and P3CPT (poly|3-(5-
carboxypentyl) thiophene-2,5-diyl|) have been used and their chemical structure is re-
ported in |[fig. 2.10]. They are both composed by a polythiophene backbone and only
differ on the terminal group on their side chain. In fact, P3CPT has a terminal carboxyl
group (-COOH) in the side chain, while P3HT has a methyl group (-CHjs). The side
chains also are responsible for the solubility of the two polymers in several solvents (for

example chloroform), since polythiophenes are generally insoluble ).
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In this regard, when dealing with the processing of the OSC to get the thin film of the
EGOFET structure, the choice of the solvent is crucial for the final quality of the film,

besides improving the solubility of the polymer. For example, it was demonstrated that

oDCB (orthodichlorobenzene) for P3HT has an important role in enhancing the polymer
511

crystallization so that a high-quality film is obtained.

(a) (b)

Figure 2.10: Chemical structure of (a) P3HT and (b) P3CPT b2

The high value of mobility is due to the morphology of the polymer films: in fact, it
was demonstrated that P3HT self-organizes in a lamellar structure with two-dimensional
conjugated sheets formed by inter-chain stacking [48! 18],

Of course, the alignment of polymer backbones results in a mobility anisotropy that
is an important parameter to consider in a device-design context. It was proven that the
lamellar configuration normal to the deposition surface provides mobility values that are

100 times higher than horizontal configuration 8 [fig. 2.11].

The alkyl chain provides P3HT an hydrophobic behavior, confirmed by the contact
angle of about 105 °, while a smaller value was found for P3CPT (49 °) 53, This leads to
huge behavior differences: P3CPT is much more susceptible to ion penetration, leading to
electrochemical doping that can affect both surface and bulk of the OSC, even if several

studies demonstrated that charges are stored mostly inside the bulk [52.

Concerning P3HT, if on the one hand the strong hydrophobic behavior could lead

531 on the other it could be beneficial

to some challenges in the polymer deposition
for stability: it was demonstrated that direct contact with water reduces the effect of
degradation of the polymer if compared to exposition to air [4.

By contrast, the better wettability of P3CPT simplifies the manufacturing challenges

but can affect its stability in time 53,
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The terminal groups, and primarily the carboxyl group of P3CPT, can be directly
exploited to immobilize biomolecules, making possible to work in a biosensing framework
B3 As already said, since the sensing principle is based on a capacitive effect, the
differences in the capacitance values of the polymers are to be considered and can be
crucial in the sensing application. Specifically, PSHT is characterized by a much lower

capacitance Cosc = 3 uF/cm? with respect to that of P3CPT that is Cosc = 40 uF'/em?
[52]

alkyl stacking direction
a,[100]

Figure 2.11: Lamellar configuration of P3HT (a) deposition normal to the surface (b) deposition
parallel to the surface [°6]
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Materials and methods

The device is overall composed of four elements:
e PMMA holders to support all the elements of the device;
e Two complementary patterned PDMS layers forming the microfluidics;
e Chip with three parallel inter-digitated devices, over which the polymer is deposited;
e Gold gate electrode;

In this chapter, the fabrication of each element is presented, along with the descrip-
tion of the measurement setup and all the electrical characterizations.
All the processes are carried out at Chilab - Materials and Microsystems Laboratory
(DISAT, Politecnico di Torino), unless differently specified.

3.1 Device fabrication

3.1.1 Chip patterning

Each chip hosts three independent interdigitated electrodes, with the corresponding con-
tact pads [fig. 3.1].
The devices are obtained starting from a 4-inch p-type <100> silicon wafer termi-

nated with a 1 ym thick thermally-grown oxide layer.

The electrodes are fabricated through a lift-off process, schematically represented in
[fig. 3.2|.

An adhesion promoter (Ti prime) was spin-coated at 4000 rpm for 30s and then baked
at 120°C for 2 minutes. This step ensures the adhesion of the photoresist, which is fun-

damental for patterning features in the range of tens of micrometers. The AZ 5214 E
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(a) (b)

Figure 3.1: a) Silicon chip with the three interdigitated devices and contact pads, b) particular

of the S/D interdigitation and the passivation window

was then spin-coated at 4000 rpm for 30 seconds and then baked at 105°C for 2 minutes.
The pattern is transferred on the wafer thanks to the exposure to UV light with a mask
(previously fabricated with the laser writer Microtech LW-405) for 6.5 seconds, followed
by a reversal bake of 2 minutes at 105°C. Finally, a flood exposure (i.e. without mask,
exposing the whole wafer) to UV light is performed for 21.5 seconds. The wafer is then

rinsed in AZ 726 MIF developer for 30 seconds to remove the unwanted photoresist.

Compared to standard resists, the image reversal photoresist requires two additional
steps: the reversal bake and the flood exposure process, which make the first exposed
areas insoluble in the developer and then the un-exposed areas able to be developed 7.

After that, a Ti adhesion layer (10 nm) followed by an Au layer (100 nm) are deposited
onto the wafer with an e-beam evaporator (ULVAC EBX- 14D). The lift-off process is
then finalized by stripping the photoresist with acetone for around 30 minutes. The
length of the obtained channel is 10 ym and the width is 9.96 mm.

A 150 nm passivation layer of Al,O3 is deposited with e-beam evaporation and then
patterned again with the same lift-off process previously described in order to expose the

active channel area and the contact pads.
A protective layer is then deposited on the whole wafer and the dicing of the chips is

performed through laser cutting technology (Microla Optoelectronics Srl), obtaining 36
chips of 12.8mm x 11.8 mm.
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3.1.2 Polymer deposition

After a preliminary cleaning step to remove the protective layer through acetone and
isopropyl alcohol, the two organic semiconductors, both purchased from Rieke Metals,
are deposited on each chip by spin coating (illustrated in [fig. 3.3]) ¥ with the SPIN

1501 spin coater.

The deposition process is the same for the two polymers. The only difference is
the employed solvent, which is orthodichlorobenzene (oDCB) for P3HT and Dimethyl
sulfoxide (DMSO) for P3CPT. Here are the steps followed for the deposition:

e Preparation of the OSC solution: P3HT (P3CPT) is dissolved in oDCB (DMSO)
to get a 2.5 mg/ml concentrated solution, that is heated on a magnetic stirrer to

achieve homogeneity;

e Spin coating: 50 ul of solution are deposited on the chip (previously heated at 110 °C
for 10 minutes to remove any water trace after its cleansing) with a micro-pipette
and then spin coated for 5 seconds at 500 rpm and for 30 seconds at 2000 rpm. Two

deposition steps are performed to improve the homogeneity of the film;

e Baking: the chips are baked at 75°C for 2 hours in vacuum.

3.1.3 Gate functionalization

The functionalization process was performed at the Nanoscienze LAb in Politecnico di
Torino, exploiting rectangular wafer chips (11.8 mm x 7.8 mm) covered with 100 nm of

e-beam evaporated Au.

The core concept of this work is to detect the presence of Ang-2 in a fluid through
a variation of the output signal of the device that occurs only if Ang-2 binds with its
specific antibody tethered on the gold gate. This means that the gate has to be prop-
erly functionalized with a strong strategy that allows the immobilization of reagents on
the surface. The method used in this work involves the formation of a Self-Assembly
Monolayer (SAM) P! of thiols on gold surfaces that will serve as anchoring point for
the antibodies layer 1% and it is usually exploited to arrange organic layers on inorganic

substrates [611162]

Each gold gate is cleaned with acetone and isopropyl alcohol, then it is immersed in a
10nM 3-MercaptoPropionic Acid (MPA) solution (composed of 5 ml of ethanol and 4.4 ul
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of MPA) and left 1 hour in incubation at room temperature to allow the formation of the
SAM. Then, two subsequent immersion in ethanol and one in distilled water (Ultrapure
Water grade) are performed to clean the samples.

After drying with nitrogen, the gates are placed in a 24-multiwell plate with 500 ul of
50 nM 2-(N-morpholino)ethanesulfonic acid (MES) buffer for 15 minutes.

A solution of 2ml MES, containing 4 mM 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide
hydrochloride (EDC, 1.5mg) and 10 mM N-hydroxy-sulfosuccinimide sodium salt (sulfo-
NHS, 4.3 mg) is prepared. Each gate is immersed in 500 ul of this solution for 15 minutes,

then three steps of PBS washing of 5 minutes each are performed.

Carboxylic Primary Amine Stable Conjugate

Acid (amide bond)
0

. "
ORI
k\ / 0 Hvdroyss>
4 QI
NH
\|\ 0- Acyhsourea

Intermediate

NQC (unstable) 0
& Amine-reactive
o : K 7\1 Sulfo-NHS Ester Primary
Gty HO” (dry-stable) Amine
0
Sulfo-NHS

Figure 3.4: Scheme of EDC (carbodiimide) and Sulfo-NHS crosslinking reaction (63!

All these steps are required to increase the reactivity of -COOH terminal groups ex-
posed by the thiols towards primary amines, so that a strong amide bond is formed
with the biorecognition element and eventually the layer of antibodies needed for the
biosensing activity is immobilized on the surface [fig. 3.4]. This technique is called amide

coupling 1631 1641,

At this point, the layer of antibodies can be deposited on the surface. Each gate is
covered by 80 ul of a solution containing 5 pug/mL of anti-Ang-2 specific antibody (500 pl
of PBS and 0.5 pl of a 0.5 mg/mL antibodies stock solution) and then incubated overnight
at 4°C.
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Figure 3.5: Functionalized gate: on the surface of the gold a SAM of thiols is formed and a

layer of specific antibodies is immobilized

After the incubation, three washing steps of 5 minutes each with 500 ul of PBS enriched
with 0.05% tween (v/v) are performed for each gate in order to clean the samples and to
get rid of any un-bond material.

In [fig. 3.5, the final appearence of the functionalized gate is depicted, showing the
binding sites available for the target to be detected.

Two types of sensing tests were performed: one for the biosensor validation and one
for the effective sensing of Ang-2, therefore the former involved the functionalization of
the gates with anti-BSA to detect BSA while the latter with anti-Ang-2 to detect the

tumoral biomarker.
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3.2 Microfluidic Platform

The microfluidic platform is designed to host and guide the fluids over the device, allowing
a continuous flow of the several solutions to be tested.

It consists of PDMS-made fluidic chamber and two holders made of PMMA that
guarantee the sealing of the whole structure and the integration of the chip and the gate

electrode, as seen in [fig. 3.6].

Figure 3.6: EGOFET and microfluidic platform complete structure

The channels are fabricated through replica molding techniques: the PDMS is fab-
ricated by mixing Sylgard 18 silicone elastomer and the curing agent in a 10:1 weight
mixing ratio and then casted into the master, after a vacuum treatment to get rid of
air bubbles. The master was obtained by PolyJet ® 3D-printing (Objet30 by Stratasys)
using VeroWhite resin, a liquid photosensitive polymer that polymerizes layer by layer
under UV light exposure. An additional overnight annealing and a subsequent sonication
in acetone is required in order to make masters suitable for the molding process. The
pieces are then baked at 90 °C and carefully extracted.

The PMMA holders are fabricated with a laser cutting machine (LaserScriber by Mi-
crola Optoelectronics s.r.l.), that defines the final geometry, the holes for the screws and

the housings for the chip and gates.

Two different microfluidic structures were used in this work: one for the stability

study and another one for the biosensing tests.

In the structure used for the stability tests, the gold gate is separated from the chip
through the electrolyte in a vertical stack. Therefore, the chamber that hosts the elec-
trolyte is composed by two complementary parts, as highlighted in [fig. 3.7 a)|]. This
design was chosen for its easiness of manipulation and reduced dimensions, allowing sta-

ble measurements over time and less engineering efforts prior its use.
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For the sensing tests, the design used for the stability was not ideal for two main
reasons.

Firstly, biosensing tests require maximum accuracy given the low concentrations of
involved analyte. Thus, a differential measurements was mandatory to get rid of all the
effects that could affect the quantification of the sensing tests, such as the drift of the
transistor. To obtain that, a structure hosting a double gate was necessary, one exposed
to the analyte and one acting as a reference.

Secondly, the design exploited for the stability test has only one chamber, which
implies that the biomolecule to detect would eventually get in contact with the EGOFET.
This fact can lead to unwanted doping of the semiconductor, which could influence the
measurements and finally the quantification of the target to be analysed.

For these reasons, a new design was proposed |[fig. 3.7 b)|. In this new configuration,
there are two inlets (one for the main buffer and one for the analyte) and two gate
electrodes for the differential measurements.

The outlet is placed near the functionalized gate in order to avoid contamination of the
polymer by the analyte. This was confirmed by several simulations, taking into account

the diffusion of Ang2 and different flow rates of the two solutions (not shown in this work).

The volume of each chamber is around 50 ul with an additional 30 ul for the inlet and
outlet channels, so that for the vertical fluidics the total volume is around 80 ul while for

the planar one the volume is around 200 pl.

Figure 3.7: a) PDMS microfluidics for the vertical structure b) PDMS microfluidics for the

double-gate planar structure
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3.3 Measurement set-up

The measurement set-up for the experimental part can be conceptually divided in two

areas: the electrical one and the fluidics.

The electrical contact of the device is provided by a probe station with three micro-
manipulators that connect source, drain and gate electrodes with triaxial cables to the
Source/Measure Unit (Keysight B2912A) [fig. 3.8]. Two channels are present; in this case
the first channel (CH1) provides the voltage Vps and measures the current Ipg, while
the second one (CH2) provides Vs and measures I, in a common source configuration.
It supports coverage of 210V, 3 A DC and 10.5 A pulse, and a minimum resolution of
10fA and 100 nV.

The software QuicklV allows the configuration of the input signals and the processing

of the output currents.

(b)

Figure 3.8: (a) Probe station (b) Keysight B2912A source/meter unit

For stability tests, the inlet of the device is connected to a syringe, driven by a syringe
pump.

For sensing tests, since the device is equipped with two different inlets, one for the
reagent solution and one for the washing solution, two instruments are required: a peri-
staltic pump drives the flow of analyte in the fluidics channel, while the syringe pump is
devoted to the washing step [fig. 3.9].

The peristaltic pump working principle is based on a rotor that gradually compresses
the tube and makes the solution flowing towards the sample. The pump used for this work
is the ISMATEC IPC High Precision Multichannel Pump that provides four channels and

32



allows setting the flow rate, the flow direction and to start and stop the flux.
The syringe pump is the NE-4000 model from KFTechnology, able to control the flow
rate from 1.5 ul/hr to 7515ml/hr.

The whole setup is represented in [fig. 3.10].

(SMATEC®

(b)
(a)

Figure 3.9: (a) Peristaltic pump (b) Syringe pump
(c) Working principle of a peristaltic pump
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Figure 3.10: Experimental setup in Nanoscienze Lab, DISAT
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3.4 Electrical characterization

The performances and the functionality of each device are investigated through electrical
characterizations, aiming at extracting the most important figures of merit to properly

describe the devices and eventually quantify the sensing of the analyte.

e Output characteristic
The output curves show the behavior of the channel current Ips depending on the

applied voltage Vpg for a fixed gate voltage Vis.

The values used in this work are:

— for P3HT:
Vps sweeping from 0V to —500mV, forward and backward for each gate
voltage applied;
Vas from 0V to —800 mV with step of 100 mV;

— for P3CPT:

Vps from 0V to — 350 mV, forward and backward for each gate voltage applied;
Vas from 0V to —600 mV with step of 100 mV

This characterization is important to distinguish the operational regimes of the de-
vice, in order to apply the proper voltage Vpg that assures the saturation condition

when measuring the transfer characteristics and extracting the figures of merit.

In [fig. 3.11] an example of output curve of a device tested with QuiklV software

is displayed.

e Transfer characteristic
The transfer characteristic shows the behavior of the channel current Ipg with the
gate voltage Vg, upon the application of a fixed Vpg that guarantees the saturation

operational regime.

The values used in this work are Vg sweeping from 0 to —600 mV and back and a
fixed Vpg = —400mV for P3HT and Vpg = —250 mV for P3CPT.

The values used in this work are:
— for P3HT:
Vs sweeping from 0V to — 600 mV, forward and backward for five consecutive
times;

fixed Vps = —400 mV;
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— for P3CPT:
Vas from 0V to — 600mV, forward and backward for five consecutive times;
fixed Vpg = —250 mV

From this curve it is possible to extract the two most important figures of merit
discussed in this work, namely the threshold voltage V;;, and the transconductance

gm (see section 2.1).

Practically, the transconductance is calculated as the maximum derivative of the
Ips — Vs curve, while the threshold voltage as the intercept with the x axis of the

square root of the curve.

An example of a transfer curve is reported in [fig. 3.12].

Real time measurements
During stability tests, the response of the device to the application of a continuous

bias was also investigated.

Constant voltages of Vpg = —400mV and Vg = —600mV for P3HT and Vpgs =
—250mV and Vg = —600mV for P3CPT were continuously applied for a defined
period of time (usually 10 or 20 minutes), then a transfer curve was recorded in
order to monitor the effect of the bias on the degradation of the device performances

through the extraction of the threshold voltage.

Pulsed measurements

One of the main issues when dealing with forward and backward sweeps (as in this
work) is hysteresis. Recently, new measurement protocols involving pulsed signals
were suggested, which demonstrated to effectively reduce this phenomenon and
decrease the gate current 6% 6] For this reason, a similar protocol was exploited
in this work during some stability tests and all sensing measurements. The voltage
Vps was pulsed with a pulse base of —400mV and peak of 0V, with a pulse width
of 0.02s, while V5 has a more complex shape: a base voltage of —50 mV was fixed
and the pulse peaks sweep from 100 mV to —600mV, with a pulse width of 0.202s.

The shapes of the voltages are shown in [fig. 3.13] and a comparison of transfer
characteristics obtained with the standard protocol and the pulsed one is reported

in [fig. 3.14|, where the hysteresis is noticeably reduced.
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Figure 3.13: Pulsed protocol by QuikIV software
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Figure 3.14: a) Transfer curve obtained with the standard measurement protocol b) Transfer

curve obtained with the pulsed measurement protocol
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3.5 Experimental protocols

3.5.1 Stability tests

The stability over time was investigated according to different experimental conditions,

such as:
e Effect of the applied bias on the device;
e Effect of storage under vacuum.

Therefore, some devices were assembled and tested right after the fabrication (referred
as "fresh"), while others were stored in a vacuum dryer, then assembled and tested the
day after (referred as "old").

In both cases, the measurement protocol was the same: the device was filled with
PBS 1x and connected to the source/meter through the micromanipulators on the probe
station; then the electrical characterization were performed.

First, an output curve and a preliminary transfer curve are taken to assess the per-
formances of the device.

Then, only one of the three devices on the chip is subjected to a continuous measure-
ment (referred as "bias”), while on the other two devices the transfer characterization is

performed at different times.

A further continuous monitoring of the stability was also performed by measuring
100 transfer curves on a device in two different times. This measure was done in order
to further investigate the charge trapping phenomenon exhibited by the OSCs and their
recovery ability after a rest period. In this case, only one device is interested by the
measure and the pulsed protocol was chosen, since much more stable curves can be

obtained.
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3.5.2 Sensing tests

Two types of sensing tests were performed: one involving the BSA, whose aim was the
validation of the fluidics, and a second one involving Ang2.

In both case, the measurements follow the same steps.

All the devices were stored in PBS and in dark and were assembled and tested one
day after their fabrication.

When the vertical structure was employed, mainly for the first BSA sensing tests,
a functionalized gate was inserted above the PDMS structure, so that a small area of

2 was exposed to the electrolyte. The inlet of the structure was connected to the

9mm
peristaltic pump, which pulls the fluid inside the device.

After the preliminary transfer measurements, a first transfer curve with only PBS is
taken (Blank measurement).

Then, PBS with increasing concentration of BSA flows into the device and the transfer

curves are measured,according to the following protocol:
e The device is filled with the first BSA concentration;
e an incubation time of 15 minutes is observed, in order to let binding events occur;

e a washing step is done by inserting PBS only, to get rid of any non-specific absorp-

tion on the gate functionalized surface;
e the transfer curves are measured on each of the three devices on the chip.

Then, the next BSA concentration is inserted in the device and the protocol starts over

again.

Few sensing experiments were performed with this vertical structure, since the risk
for contamination for the polymer surface was very high. This reason, along with the
ones already explained, led to the design of the double-gate planar fluidics.

Also in this case, the preliminary transfer curves and the blank measurements are
performed after the assembly of the device with one functionalized gate and one bare

2

gold gate. The exposed areas are the same as before, i.e. 9mm=. The protocol is the

following;:

e The peristaltic pump drives the solution of analyte (BSA or Ang-2) inside the device
from the inlet near to the functionalized gate. Since the outlet is positioned under

the functionalized gate, contamination of the polymer with the analyte is avoided;
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e the incubation time of 15 minutes is observed;

e the syringe pump drives the PBS in the device from the opposite inlet, near to the

bare gold gate, for the washing step;

e the transfer curves are measured for each of the three devices on the chip, both

with the functionalized gate and the reference bare gate.

Then, the next target concentration is inserted in the device and the protocol starts over

again.

Flow of the target Incubation Washing step Electrical
solution 15 mins with PBS characterizations

Figure 3.15: Process flow of sensing measurements

(b)

Figure 3.16: a) EGOFET vertical structure during a stability test measurement

b) EGOFET double-gate structure during a sensing test measurement
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Results and discussion

This chapter deals with the main experimental results found in this work. In the first
part of the chapter, the results of the stability study will be presented with a discussion
on the different impact of the electrical bias stress on the two polymers, while in the
second section the data about biosensing experiments involving Ang-2 detection will be

shown.

4.1 Stability results

Before any attempt of biosensing application, it is necessary to assess the reliability of

the device by investigating its stability in time.

The effect of storage on the polymer performances and the degradation causes are
poorly understood. Stability of organic materials in different environmental conditions
has been explored in a general way, mostly regarding different polymers with respect to
the ones used in this work 6711581 Instead, the response of OSC to an electrical bias
stress has been more extensively reported in OFET, even though the physical mechanism
underneath the consequent degradation of the polymer is not yet fully explained and the

presence of electrolyte has not been addressed.

For this reason and given the proposed application to provide a disposable device for
the POC (Point of Care) framework, it is important to carry out a deeper stability study

and to define the best conditions of storage and operation for the biosensor.

The task was achieved by monitoring the behavior of the device in the different con-
ditions described in section 3.5.1, i.e fresh (used right after fabrication), old (stored one
day in vacuum before measurements) and bias (used right after fabrication with an ap-

plication of a continuous bias).
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Since each fabricated chip presents three different devices, the figures of merit ex-
tracted from each measurement on each device were averaged.

The time evolution was monitored by sampling on 10, 20, 40, 70, 100, 300 and 1000
minutes, so that every measurement performed outside these values was aggregated to the

corresponding nearest value. All the variations are normalized to the first measurement.

Storage

The effect of the storage in vacuum on the device performances is presented in [fig. 4.1]
and |fig. 4.2|.

The variation of the threshold voltage AV}, was calculated as:

Vini — Vino

G Vino

where the index 0 stands for the first measurement and the index 7 stands for the follow-

ing ones. The same formula holds for the variation of the transconductance g,,.

Since both polymers are p-type, they are characterized by negative threshold voltages.
This means that:

AVipi < 0 = [Vinil < [Vinol
AVipi > 0 = [Vini| > [Vinol

In the first case, the threshold voltage (in absolute value) is decreasing and the device
is always easier to switch ON; in the second case the threshold voltage is becoming more
and more negative, so the device is progressively harder to switch ON since a higher |V
is needed.

Similarly for the g,,: Ag, < 0 means that the transconductance is decreasing while
Ag,, > 0 stand for an increasing transconductance, which makes easier the flowing of

carriers in the polymer.

As depicted in [fig. 4.1|, P3HT appears very stable in time: the threshold voltage of
fresh devices presents a quite stable variation of [—5 %, +5%] for a fairly long period.
The storage in vacuum (old) seems to have no visible effect on the threshold voltage un-
less for longer testing times, i.e. 103 minutes, when a slight worsening of the performances

appears.
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Figure 4.1: Effect of storage in vacuum on a) the threshold voltage V;;, and b) the transcon-
ductance g,, for P3HT-based devices
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Figure 4.2: Effect of storage in vacuum on a) the threshold voltage V;; and b) the transcon-
ductance g, for P3CPT-based devices
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The transconductance presents a much wider variation Ag,, of about [—20 %, +20%)].
Nonetheless, similar values are found for old devices, confirming the little effect of storage
condition on P3HT.

Again, when approaching longer measuring times, a worsening of the performances

appears both for fresh and old devices, suggesting a natural degradation of the polymer.

Fresh P3CPT presents slightly wider variations of the threshold voltage with respect
to P3HT: AV}, falls into [—10 %, +5%] for a time period of about 5 hours as highlighted
in the inset of [fig. 4.2]. The most important thing is that storage has a very dramatic
effect on P3CPT threshold voltage: mean variations of more than +50% occur already
at few tens of minutes of testing, with very large dispersion. As anticipated before, this
means that 1}, is becoming more and more negative, thus increasing the Vizg needed to
turn the device ON.

This is also reflected by a negative shift of the transconductance g,,: in the fresh con-
dition Ag,, tends to stabilize to about 30 %, while in the old condition a rapid and very
large reduction of g, is observed, meaning that the transport of carriers in the channel

is more and more difficult.

These results suggest that in general storage in vacuum can lead to a decrease of the
performances of the EGOFET, that is much more evident in P3CPT-based devices for

which an alternative storage method has to be found.

The literature about polymers’ stability 1% P4 suggests that the exposure of the poly-
mer to dry air and even vacuum is more detrimental than water or humidified air.

Sirringhaus %! proposes a drift of the negative ions of water towards the active in-
terface in the latter case, that should lead to an accumulation of positive charges in the
OSC layer and thus to an improvement of the carrier transport, while the degradation in
vacuum and dry air was ascribed to a not better specified charge trapping phenomenon

at the polymer surface.

According to these considerations, the different impact of vacuum exposition on the
two polymer could be due to the intrinsic properties of P3HT and P3CPT: the polarity
of the P3CPT side chains and its hydrophilic nature could make it more prone to per-
meation by water molecules, so it is possible that the absence of this environment has a

more pronounced effect on its performance rather than on P3HT’s one.
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Electrical Bias

It is known that for p-type OSC, an electrical bias stress results in a negative variation
of the threshold voltage [ (that is Ving — Vino < 0 = |Vipa| > [Vino|) and again
many studies ascribed this behavior to a charge trapping phenomenon at the interface
of the polymer B4 "7 or to proton migration phenomena /2. More specifically, the
application of a gate voltage Vs < 0 leads to a build-up of mobile negative charges
at the OSC interface, that have to be compensated by the subsequent Vg before the
accumulation layer can be formed and the same current values of the previous situation

can be reached 731741,

In this work, the effect of the electrical bias stress was also investigated and the results
are reported in [fig. 4.3] and [fig. 4.4]: the threshold voltage and the transconductance
of the device are measured after a cycle of continuously applied constant bias and then

compared to the fresh situation.

When dealing with P3HT, the main effect of the bias stress seems to be an almost
constant shift of the threshold voltage towards higher values. In fact, the AV}, of bias
devices depicted in [fig. 4.3] seems to follow the same trend of the fresh condition with a
shift of about 5%.

The same observation holds true for the transconductance g,,: upon a 15% — 20%
shift towards lower values, the followed trend in time seems to be very similar to the fresh
situation. Also, the total behavior is consistent between the two quantities: a reduction
of g,, is correctly reflected to an increase of the Vj;, meaning that higher effective Vg
are required to achieve a specific operational point when dealing with biased devices.

Again, when approaching longer times, greater variations of both figures of merit oc-
cur, but it is no more possible to distinguish if the performance decrease is due to the

bias effect or to the natural degradation of the polymer.

Concerning P3CPT, a much more detrimental effect is observed: [fig. 4.4] shows large
positive variations of the threshold voltage with huge dispersion and a rapid decrease
of the transconductance with larger dispersion with respect to P3HT, suggesting that

P3CPT is much more sensitive to bias stress.
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Differently from P3HT situation, while the fresh figures of merit tend to stabilize in
time, in the biased device this never happens. Indeed a continuous degradation of the
performance occurs, suggesting the action of some progressive phenomenon such as the

formation of some trap states in the polymer.

Unfortunately, the origin of these trap states in organic materials is still to be found,
since it is not yet clear whether they arise from structural defects or chemical reaction
with oxigen or moisture [, The influence of water in molecules in the degradation of
some OSC was also proven [ but it doesn’t seem to be the case of this work since
P3CPT proved to be very stable when in contact to an aqueous electrolyte without any
external stress. Indeed, storage in vacuum and electrical stress have almost the same
impact on the P3CPT performances, so the most reasonable hypothesis is that the pro-
longed application of the bias could enable some worsening phenomenon: Raman analyses
on P3CPT surface of biased devices (not reported in this work) highlighted an oxidative
process on the polymer, probably enhanced by the hydrophilicity of P3CPT that makes

easier the penetration of water molecules or oxidant ions.

In order to better understand the mechanism leading to the bias stress instability, a
different test was performed on both polymers. The devices were subjected to two cycles
of continuous measurement of 100 transfer curves, with a pausing time between them of
about one hour. Then, Vj;, and g,, were extracted and they are reported in [fig. 4.5] and
[fig. 4.6].

It is very interesting to notice that the two polymers have completely different behav-
iors, both in the evolution of V;;, and g,, during the bias stress and after the rest period,
when the recovery of both Vj, and g, is almost perfect for PSHT, while P3CPT does
not recover the initial performances but keeps behaving such as the rest period was not

observed.

The negative AV}, and the positive Ag,, for PSHT mean that carriers are increasing,
so an improvement of the performances is occurring.

This last remark is suggesting that the electrical bias could induce a polarization of the
polymer rather than a charge trapping phenomenon. P3HT is known to form a reversible
charge-transfer complex with oxygen (01177154 that eventually leads to the formation
of a mobile hole in the backbone of the polymer ®4. This phenomenon was proven to
facilitate the generation of carriers especially upon application of an electric field across

the polymer 177,
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This suggestion could well explain the shift of V;;, towards lower values, since an
increase of the carrier concentrations leads to a lower effective Vizg to apply in order to
get a specific point of operation.

The recovery of the performances after the non-operating period, already mentioned
in literature ™19 is also clear and strengthens the hypothesis for a reversible polariza-

tion phenomenon.

A completely different situation is depicted for P3CPT, for which the rest period does
not restore the initial conditions: the device seems to maintain the polarization acquired
with the application of the first bias and keeps following the same trend when the second

bias is applied, as it is better shown in [fig. 4.6].

In this case, the suggestion of the charge trapping phenomenon of P3CPT 2 seems
to be confirmed: the negative charges are trapped at the OSC/electrolyte interface,
modifying the surface potential and thus modifying the threshold voltage. Moreover,
these negative charges would induce electrostatic repulsion with the ionic species of the
electrolyte, resulting in a weakened EDL formation that leads to the decrease of the
performances of the device ™.

It is possible that the process of charge trapping for P3CPT could involve bulk states
rather than superficial ones (i.e. charges are stored inside the bulk of the semiconductor)®?;
this assumption could explain the wide variations observed and the divergence between
the trends of fresh and biased devices.

Very likely, only an opposite polarized voltage could restore the neutral condition, as

also mentioned in literature 69
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Figure 4.5: Recovery of a) the threshold voltage V;;, and b) the transconductance g,, of P3HT

after a rest period of 1 hour
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4.2 Sensing results

After assessing the stability of the device for a reasonable temporal window, sensing
experiments were performed with two different analytes: BSA for the device validation
and Ang-2 for the effective device application.

As already anticipated, all the devices were stored one day in PBS before the assem-

bling to guarantee stable performances.

4.2.1 Device validation: BSA sensing

A first sensing test involving BSA was performed on both polymers, exploiting mainly
the double-gate planar microfluidic structure. In this case, differential measurements
were performed: for each of the three devices on an EGOFET biosensor the threshold
voltage and the transconductance were extracted by recording transfer curves both with
the functionalized gate and the bare gold gate for each target concentration. Then, the

variation of the difference between the two quantities was monitored:

/
th — ‘/th - ‘/th,ref

!/ /
A r ‘/;h,i — Yth,0
th — Vv
th,0

where the index 7 stands for the measurements at different concentrations of the analyte
and the index 0 stands for the blank measurement acting as reference. All values are
considered in absolute value, so that an increase of the A corresponds to an increase of

the i-th quantity with respect to the blank. The results are reported in the following.

As shown in [fig. 4.7], for the P3HT-based devices a first important variation is
recorded with respect to the blank condition: a shift of about 100% occurs for both Vj,
and g, already at 1 pM concentration of BSA. Unfortunately, for all the other analysed
concentration, the mean variation does not present a defined behavior and the dispersion
of both values is high, denoting high instability and a not guaranteed replicability of the

measurements. The sensing of the BSA therefore cannot be proven.

A possible explanation is the low capacitance of the P3HT. In fact, as already seen
before, the total capacitance of the EDL formed on the two interfaces can be decomposed

n: . . |
_ v 41
Crot Cosc  Cg (41)

where Cpgc is the capacitance of the polymer and Cg is the capacitance of the gate.
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Figure 4.7: Variation of a) Vj and b) g,,, for P3HT-based devices
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In the series of capacitances, the one prevailing is the smallest between the two, which
in this case is Cpgc. Therefore, any variation on the gate capacitance cannot be detected

since Cqg > Cosc.

This hypothesis is confirmed also by the g,, variation in [fig. 4.7]: it seems to stabi-
lize to a variation of 90%, very close to the initial one. As demonstrated in section 2.1,
the transconductance depends on the mobility of the carriers and the capacitance of the
polymer. Assuming that C,, is not changing, since the contamination of the polymer is
avoided thanks to the double-gate microfluidic structure, also the carrier mobility is not
changing so carriers are not affected by the progressive binding events between BSA and

the anti-BSA layer on the gold surfaces.

Instead, when dealing with P3CPT, more promising results were obtained. The graph
in |fig. 4.8] shows consistent variations of the differential V};, and g, (well beyond the nat-
ural drift variations observed in stability tests) corresponding to different concentrations
of BSA.

These results confirm the above discussion: it is known the capacitance of P3CPT is
higher than P3HT 2l so, in the series of the capacitance as in [eq. 4.1] it is very likely
that Cg has a major impact rather than Cpgc, allowing the detection of binding events
on gold surface.

The isoelectric point of BSA is 4.9 8% meaning that it provides negative charges
when dispersed in a neutral medium. Knowing this, the expected effect of binding events
should be an enhancement of the device performances, with an increase of the output

current. Instead, the measurements give the opposite results as shown in [fig. 4.9].

According to Torsi’s sensing model [, the changes in the electrical quantities due to
binding events can be decomposed in two contributions: the additional charges provided
from the target affect the variation of the threshold voltages, while the changes in the
capacitance due to the formation of an additional layer of molecules affect the variation

of the transconductance g,,.

The obtained results can be explained with the combination of the two effects above.
I,ut decreases following g,,, being the latter its derivative. A decrease in g,, should
indicate a decrease in the capacitance C, that also affects the threshold voltage since
Vin o L, so |Vin| increases, as initially occurs.

Ve

Anyway, the progressive addition of BSA leads to accumulation of negative charges,
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that only affects the variation of the threshold voltage and overcomes the effect of the
capacitance. Thus, when increasing the BSA concentration, Vj;, is correctly decreasing
but the effect of the decreasing capacitance on g, leads anyway to a decrease in the

current.

4.2.2 Angiopoietin-2 sensing

The sensing tests with Ang-2 were performed using P3CPT-based EGOFETs. This choice
was justified by the previous considerations arisen from the BSA sensing and further con-
firmed by a preliminary test on PSHT which did not provide particularly relevant results
[fig. 4.10].

The results obtained from the P3CPT-based devices are not very easy to interpret.

Many tests were performed and a common behavior among all the devices was hard to
find.

Some promising results were collected and an example is depicted in [fig. 4.11].
High variations beyond the stability recorded ones are observed for both the threshold
voltage and the transconductance, already at very low concentrations of Ang-2 such as

0.1pM and 0.5 pM, with a visible trend following the increasing concentrations.
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Figure 4.10: Preliminary Ang-2 sensing test on P3HT: the detection of the analyte cannot be

proven

The more and more negative variation of the AV}, is denoting that the device is
progressively easier to switch ON; also the transconductance of the device is increasing
with increasing Ang-2 concentrations.

The layer of target-antibody on the gate surface is therefore changing the capacitance
C¢ and modifying the surface potential, probably by increasing the surface negative
charge and leading to a greater accumulation of positive charges in the OSC channel,
which in turn allows a much more efficient carrier transport, well represented by the in-

creasing output current (|fig. 4.12]).

When approaching higher concentrations, a plateau is characterizing all the analysed
quantities. This could be indicative of the saturation of the available binding sites on
the surface of the gold gate, so that every increasing concentration is unable to produce

further variations.

These very promising results perfectly match the expectations: the isoelectric point
of Ang-2 is known to be 5.5 — 6 [¥!l meaning that, when dispersed in a neutral buffer as
the used PBS is, it should expose a negative charge. Therefore, the effective voltage Vs

applied on the gate results higher and leads to a smaller V}; in modulus.

From the above analysis, the optimal range of detection results to be [0.1, 10] pM,
which perfectly fits the purpose of this work: concentrations from 25 pM to about 45 pM
of Ang-2 have been recorded in lung cancer patients, depending on the stages of the
tumor [ so it is very likely that the detection of lower amounts of Ang-2 could improve

the chances for the early diagnosis.
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On the other hand, several tests have provided discouraging results since they do not
allow the recognizing of some binding events. Unfortunately, this is representative of poor
replicability of the results and brings out the need for a more in-depth understanding of

the sensing mechanism and a more efficient manufacturing of the device.

A quite random behavior of the figures of merit was recorded ([fig. 4.13]) and in some
cases the behavior is opposite to the one previously described: the variations are posi-

tive, meaning that the threshold voltage is progressively higher and the device is harder
to switch ON ([fig. 4.14]).
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Figure 4.12: Variation of the maximum output current of a P3CPT-based EGOFET during an
Ang-2 sensing test. The increasing of the current is representative of the detection

of binding events

This is in contrast with the results discussed above since it overturns the charge dy-
namics: in this case, it seems that the additional layer of target molecules would make
more difficult the carrier transport and consequently a higher voltage is needed to turn
the device ON.

A possible explanation could be that some contamination between the analyte and
the surface of the polymer is still present, so that a precise evaluation of the binding
events is not possible. The exposed gate area could still be too high, thus providing a
gate capacitance value not small enough to assure a sensitive and precise measurement.

Of course, process variations such as the manufacturing of the polymer leading to a
non-homogeneous layer thickness or a non-uniform functionalization of the gate can add
more unaccountable factors to the experiments that contribute to high variability of the

results.
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Conclusions and future works

This work consists in the development and characterization of an EGOFET-based sensor
for the detection of Angiopoietin-2 in physiological fluids.

A deep study of the effect of storage and electrical bis stress on the performances of the
two used polymers, PSHT and P3CPT, was carried out, highlighting the main differences
between the two and suggesting the physical mechanisms underneath the degradation in

time.

From the obtained results, it seemed that storage in vacuum is to be avoided mostly
for P3CPT, which turned out to be very stable when in contact with aqueous electrolyte.
The reason could be an enhancement of polymer’s performances due to electrochemical
doping by water molecules that improves the carrier transport in the OSC, favoured by
the higher idrophilicity of P3CPT with respect to the P3HT.

Similarly, the electrical bias stress had a more deleterious effect on P3CPT rather
than P3HT. The application of a prolonged bias had two opposite effects on the two
polymers: it resulted in a reduced threshold voltage for PSHT that eventually stabilizes,
which denotes an improvement of the carrier transport, while a continuous increase of
Vin was recorded for P3CPT, which denotes a progressive degradation of the electrical

properties of the polymer.

The different behaviors were ascribed to different physical mechanisms.

P3HT is able to establish a reversible charge-transfer complex with oxygen, which can
improve the generation of carriers under the application of an electric field and eventually
lead to an improvement of the transport. Moreover a complete recovery of both threshold
voltages and transconductance is observable.

P3CPT seems to suffer the electrical bias stress because of some charge trapping
phenomena involving bulk trap states, that prevent the transport of carriers and lead to
the increase of the threshold voltage.

Of course, a deeper study is necessary in order to fully understand the physical origin
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of the charge trapping mechanism, since a precise indentification is still missing in liter-

ature.

Concerning the Ang-2 biosensing application, tests on P3CPT-based EGOFETs only
were performed, since preliminary trials involving BSA highlighted the poor sensing per-
formances of P3HT in the developed configuration, probably due to its low capacitance
with respect to the gold gate one.

P3CPT-based devices provided many promising results and resulted to be quite sen-
sitive to the presence of different concentrations of Ang-2, which adds negative charges
to the systems and enlarges the output current.

Some criticalities were also recorded, denoting the poor replicability of the results.
The reasons could be either contamination of the polymer by the target, either more
technical issues such as the manufacturing of the polymer itself and of the functionaliza-

tion layer on the gold surface.
Future works could improve the fabrication and manufacturing processes and explore

different configurations of the device in order to find the best conditions that guarantee

sensitivity, precision and stability of the device.
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